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Abstract

This systematic review evaluates how ultra-performance liquid chromatography and UV-Visible
spectrophotometry deliver quantitative analytical validation for finished herbal drug formulations, with
emphasis on accuracy, precision, and stability. Following a protocol driven PRISMA process, records
were de duplicated, screened in two stages by independent reviewers, and appraised with an Analytical
Validation Quality Score to assess reporting completeness, validation coverage, statistical rigor, matrix
handling, and stability depth, ensuring transparent selection and high reproducibility across data
extraction and synthesis. In total, 115 articles met eligibility and were analyzed, contributing 204
method-analyte-matrix entries and 1,156 validation effects that encompassed recovery at defined spike
levels, repeatability and intermediate precision, and multiple stability modalities. Across the corpus,
pooled recovery centered at 99.3 percent, with narrow prediction intervals that indicate fit for purpose
trueness in complex matrices, and repeatability clustered around practical laboratory thresholds. Platform
comparisons showed a consistent but modest advantage for UPLC on tight accuracy and precision bands,
while UV-Vis reached broadly acceptable performance when spectral selectivity and matrix aware
calibration were emphasized,; joint success across accuracy, repeatability, and at least one stability
modality reached 81.4 percent overall, rising to 87.5 percent for UPLC. Design choices such as derivative
or ratio derivative approaches with standard addition improved UV -Vis outcomes in liquid preparations.
The evidence indicates that both platforms, paired with disciplined calibration, matrix aware sample
preparation, and stability indicating design, can reliably support routine quality control and stability
studies in herbal products.
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INTRODUCTION

Herbal drug formulations, which are finished products containing bioactive constituents derived from
plants, hold a distinctive and increasingly significant position in both global health systems and the
broader natural products economy. The practice of quantitative analytical validation serves as the
rigorous framework for establishing that a given analytical method is appropriate for the quantitative
measurement of a target analyte within a specified matrix. This process demands adherence to well-
defined performance characteristics such as accuracy, often understood as trueness, precision
encompassing both repeatability and reproducibility, specificity in detecting the intended analyte
without interference, linearity across a concentration range, determination of detection and
quantitation limits, and the robustness of the method under variable conditions (Kim et al., 2007;
Tistaertetal., 2011; Yadav et al., 2012). Ultra-performance liquid chromatography (UPLC), an advanced
chromatographic technology employing sub-2-um particles and elevated system pressures, offers
sharper chromatographic peaks and significantly faster separations compared to conventional HPLC,
thus making it particularly suited for complex herbal matrices (Liu et al., 2013). Complementing this,
UV-visible (UV-Vis) spectrophotometry remains a widely applied technique that measures absorbance
of chromophoric phytochemicals at characteristic wavelengths, providing a reliable quantitative
approach for herbal drug analysis (Ribani et al., 2004; Wang et al., 2010). The necessity for such
validated methodologies in herbal medicine research arises largely from the pronounced chemical
heterogeneity inherent to botanical matrices, the reliance on marker compounds for product
standardization, and the stringent requirements imposed by pharmacopoeias and regulatory
authorities to ensure that analytical methods demonstrate proven performance. Within this framework,
stability assessment represents a crucial experimental exercise that involves determining the extent to
which an analyte or formulation undergoes chemical or physical changes when subjected to controlled
environmental conditions and stress factors. Furthermore, a method is deemed stability-indicating only
if it retains the ability to quantify the analyte accurately in the presence of degradation products.
Collectively, authoritative guidance documents alongside a robust body of peer-reviewed research
converge on harmonized definitions and validation strategies that are increasingly applied to herbal
formulations, ensuring scientific reliability and regulatory compliance (Araujo, 2009; Taverniers et al.,

2004).
Figure 1: Assessment of Herbal Drug Formulations Using UPLC and UV-Vis Spectrophotometry

q Stability

assessment

| UPLC




ASRC Procedia: Global Perspectives in Science and Scholarship, May 2023, 01-36

Analytically, herbal drug formulations are notoriously complex due to their multi-component matrices
composed of diverse classes of phytochemicals such as alkaloids, terpenoids, flavonoids, tannins, and
glycosides, all of which may interact in ways that produce overlapping chromatographic peaks, shared
absorbance profiles, and matrix effects that can confound specificity and quantitation (Brunton et al.,
2007; Dejaegher & Heyden, 2011). In this challenging analytical landscape, ultra-performance liquid
chromatography (UPLC) has emerged as a pivotal platform because it significantly enhances
separation efficiency, increases peak capacity, and reduces analytical run times, thereby allowing
higher throughput of samples and more reliable separations prior to subsequent detection through UV
or mass spectrometry (Kim et al., 2007; Li et al., 2009). The adoption of validated UPLC methods
coupled with diode array detection (DAD) or photodiode array detection (PDA) has proven especially
valuable for both single-herb extracts and complex polyherbal formulations, as these systems enable
simultaneous quantification of multiple marker compounds with remarkable reproducibility.
Published reports on UPLC-DAD/PDA applications to composite herbal formulas and polyherbal
tablets consistently demonstrate linearity values typically greater than or equal to 0.999, recovery rates
in the range of approximately 97-103 percent, and intra- and inter-day precision levels often below 3
percent relative standard deviation, performance metrics that align closely with International Council
for Harmonisation (ICH) standards for analytical accuracy and precision. Notable examples include
UPLC-DAD quantification of Ssmhwangsasim-tang, the development of multi-component fingerprints
integrated with quantitative analysis for classical formulae, and UPLC-PDA methods for the
determination of boswellic acids in formulations containing Boswellia serrata, all of which provided
comprehensive validation datasets and robust evidence of method reliability (Bakhtiar & Majumdar,
2007; Lauretti et al., 2010). Collectively, these studies illustrate the exceptional ability of UPLC to resolve
structurally similar phytoconstituents and establish stable calibration models even within chemically
intricate botanical matrices, thereby laying a solid quantitative foundation for the standardization,
authentication, and overall quality control of herbal drug products (Ferreyra et al., 2012; Heyden &
Smeyers-Verbeke, 2007; Wu et al., 2017).

Figure 2: Analytical Validation Parameters for Herbal Drug Formulations
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UV-visible spectrophotometry continues to serve as one of the most indispensable and accessible
analytical tools for the routine quantification of phytochemical markers that contain chromophoric
groups within bulk herbal extracts as well as finished dosage forms, offering a practical alternative to
more technologically demanding chromatographic techniques (Ferreyra et al., 2012; Zheng et al., 2009).
When carefully developed and validated, UV-Vis methods are capable of achieving excellent linearity
across a broad range of concentrations, low detection limits that permit sensitive measurement of minor
constituents, and accuracy and precision parameters well within the acceptance thresholds established
by international regulatory frameworks. The scientific literature provides compelling examples of
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validated UV-Vis assays, particularly for curcumin, which has been reliably quantified in raw extracts
and in a wide variety of formulated systems including capsules, topical creams, and even
nanoformulations, with absorption maxima consistently observed around 421-429 nm. Likewise,
piperine, a key alkaloid widely used in Ayurvedic preparations, has been measured using validated
UV-Vis protocols at characteristic absorption peaks near 342-345 nm, with reported recoveries typically
in the range of 98-102 percent and relative standard deviation values of 2 percent or less, provided that
optimal solvent systems and detection wavelengths are employed (Ermer, 2001; Jandri¢ et al., 2015).
These studies, documented across multiple validation reports (Shabir, 2003; Shrivastava & Gupta, 2011;
Upton et al.,, 2011), consistently demonstrate that UV-Vis procedures, though comparatively simple,
can yield performance metrics fully aligned with the expectations outlined in ICH guidelines for
analytical accuracy, precision, and robustness. Importantly, such methods hold particular value in
resource-constrained laboratory environments and in contexts where high-throughput testing is
required, such as stability or time-course assays. Ensuring specificity, however, remains essential,
which can be accomplished through the careful selection of absorption maxima, the use of blank and
placebo checks, spectral overlay techniques, or confirmation by orthogonal methods, while matrix
effects may be effectively mitigated through sample cleanup or standard addition calibration strategies.
Taken together, the body of literature surrounding UV-Vis validation offers a pragmatic and
scientifically sound counterbalance to UPLC, highlighting that when conducted under rigorously
validated conditions, spectrophotometric assays can reliably satisfy the quantitative quality control
requirements of many herbal drug markers (Novakova et al., 2006a; Patel et al., 2012).

Accordingly, the present study undertakes a literature-based and partially quantitative investigation
titled “Quantitative Analytical Validation of Herbal Drug Formulations Using UPLC and UV-Visible
Spectroscopy: Accuracy, Precision, and Stability Assessment,” situating its analysis at the intersection
of methodological rigor and applied phytopharmaceutical research (Kazmi et al., 2012; Ludwig et al.,
2011; Ono et al,, 2000). The introduction has already established the conceptual foundations by
outlining analytical definitions, clarifying the operational roles of UPLC and UV-Vis within herbal
quality control, summarizing the principal validation constructs as articulated in widely accepted
international guidance, and illustrating these principles through representative herbal applications that
demonstrate feasibility and validated performance. Building upon this groundwork, the subsequent
sections are designed to provide a structured synthesis that compares the relative strengths and
limitations of chromatographic quantitation by UPLC against spectrophotometric assays by UV-Vis
within complex herbal matrices (Blessy et al., 2014; Cheng et al., 2010). The review further aims to
extract methodological lessons from validated case studies that encompass both single-marker
quantification and multi-component fingerprinting approaches, thereby offering a spectrum of
strategies applicable to diverse dosage forms and phytochemical profiles. Particular attention is
directed toward the role of stability-indicating study design, examining how analytical capacity to
discriminate between intact analytes and degradation products intersects with claims of accuracy and
precision, a consideration of central importance in botanical formulations where chemical lability may
compromise product quality (Hajslova & Cajka, 2007; Kaufmann, 2014). The methodological emphasis
of this review is therefore aligned with the practical concerns of documenting and achieving trueness,
establishing repeatability and intermediate precision, and ensuring selectivity under stability-testing
conditions, all of which are directly informed by validated studies and harmonized regulatory
frameworks. Through this approach, the study consolidates both empirical findings and authoritative
guidance into a cohesive assessment of how analytical validation principles are best operationalized in
the context of herbal drug formulations, guided by the evidence and standards presented in the
literature (Kroll et al., 2007; Paiva et al., 2010; Rozet et al., 2011).
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Figure 3: Herbal Drug Formulations Using UPLC and UV-Visible Spectroscopy
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The objective of this review is to produce a rigorous, transparent, and quantitatively grounded
synthesis of analytical validation practices for herbal drug formulations assayed by ultra-performance
liquid chromatography (UPLC) and ultraviolet-visible (UV-Vis) spectrophotometry, with a targeted
emphasis on accuracy, precision, and stability. Specifically, the review aims to: (i) catalog and
standardize the definitions, acceptance criteria, and reporting elements used across primary studies so
that quantitative outcomes are comparable across formulations, analyte classes, and laboratories; (ii)
extract structured data on method architecture matrix and dosage form, analyte/marker selection,
sample preparation, chromatographic or spectrophotometric settings, calibration model and range,
limits of detection and quantitation, and system-suitability checks together with numerical results for
accuracy (recovery by spike level), precision (repeatability and intermediate precision as %RSD), and
stability (bench-top, autosampler, and stock/working solution stability, and whether the assay is
stability-indicating in the presence of degradants); (iii) appraise the methodological and reporting
quality of each study using a predefined Analytical Validation Quality Score (AVQS) that weights
reporting completeness, validation coverage, statistical rigor, matrix/selectivity handling, and depth
of stability assessment; (iv) conduct a partial quantitative synthesis that summarizes mean recovery
and %RSD with 95% uncertainty bounds and, when design compatibility permits, implements random-
effects pooling stratified by analytical platform (UPLC vs UV-Vis), analyte class, and dosage form, with
heterogeneity characterized and explored through subgroup and sensitivity analyses; (v) compare
platform performance on operational metrics such as achievable linear range, run time, sample
throughput, and the frequency with which studies meet their stated acceptance criteria for accuracy,
precision, and stability; (vi) characterize stability-study design patterns, including stressors employed,
timepoints, pass/fail outcomes, and documentation of peak purity or spectral selectivity as evidence
of stability-indicating capability; (vii) assemble a reproducible dataset and codebook that enable
independent verification and reuse; and (viii) distill the recurrent procedural elements that consistently
support reliable accuracy, precision, and stability outcomes in herbal matrices into a concise validation-
and-reporting checklist.
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LITERATURE REVIEW

The literature on quantitative analytical validation for herbal drug formulations spans a diverse set of
matrices, analyte classes, and methodological philosophies, yet it converges on a common vocabulary
of performance characteristics accuracy, precision, specificity, linearity and range, sensitivity,
robustness, and stability adapted from pharmaceutical analytics to the realities of botanicals. Studies
using ultra-performance liquid chromatography (UPLC) emphasize separation efficiency and
throughput for complex mixtures, typically reporting multi-component quantification with tightly
controlled calibration models, peak purity checks, and system-suitability criteria; investigations using
ultraviolet-visible (UV-Vis) spectrophotometry foreground accessibility and speed, focusing on
chromophore-rich markers where spectral selectivity and matrix control can be demonstrated through
wavelength optimization, spectral overlays, and placebo evaluations. Across both platforms, research
designs cluster around validated assays for alkaloids, flavonoids, phenolic acids, diterpenes, and
triterpenes within tablets, capsules, syrups, tinctures, and standardized extracts, with sample
preparation extraction solvent, pH, ionic strength, time, temperature, cleanup acting as a dominant
driver of method performance. A notable portion of the corpus addresses the challenge of matrix effects
and co-extractives by employing matrix-matched calibration or standard-addition protocols, and by
documenting recovery across multiple spike levels to operationalize accuracy. Precision is commonly
presented as %RSD under repeatability and intermediate precision conditions, often with explicit
replication plans across days, analysts, instruments, or columns to characterize laboratory variability.
Stability assessment threads through the literature as both a design element and an evaluative lens:
bench-top, autosampler, and stock/working-solution stability are routinely studied, while stability-
indicating capability is established via forced-degradation pathways and demonstration of selectivity
in the presence of degradants. Although reporting depth varies, many studies now provide full
validation tables, regression diagnostics, and acceptance criteria stated a priori, enabling meaningful
cross-study synthesis. The resulting body of evidence provides ample raw material to compare
platforms and practices, to quantify typical ranges for recovery and %RSD in real herbal matrices, and
to map how specific procedural choices marker selection, extraction strategy, gradient design or Amax
selection, and robustness testing relate to success in meeting predefined quantitative performance
thresholds.

Analytical Validation in Herbal Products

Validation in herbal analytics occupies a distinctive position at the crossroads of metrology, regulatory
science, and the practical determination of whether an analytical method can be considered truly fit for
its intended purpose. At the heart of this discourse lies a precise terminology, where the concept of
selectivity, rather than the sometimes incorrectly applied term specificity, is used to describe the
capacity of a method to quantify an analyte without interference from other constituents within the
matrix, an interpretation that fundamentally shapes how accuracy and precision are reported and
understood in herbal research (Vessman et al., 2001). Building on such definitional clarity, the Société
Francaise des Sciences et Techniques Pharmaceutiques (SFSTP) advanced a harmonized framework
that moves beyond procedural checklists by directly linking validation experiments to prespecified
acceptance criteria and decision-making rules, ensuring that results are both scientifically rigorous and
practically applicable (Hubert et al., 2004). Within this framework, reporting requirements emphasize
the provision of traceable estimates of trueness and precision across the working range, the inclusion
of explicit uncertainty budgets, and the articulation of acceptance limits that are context-dependent,
thereby aligning analytical performance with real-world decision contexts. Translating these principles
into operational outcomes, the total-error approach integrates systematic error, or bias, with random
error, or imprecision, into a unified, risk-based criterion of method suitability, generating validation
summaries that remain accessible and interpretable for both scientists and regulators even when faced
with the inherent complexity of botanical matrices (Hoffman & Kringle, 2007). Complementing this
quantitative rigor, the use of accuracy-profile graphics enables the visual presentation of p-expectation
tolerance intervals across analyte concentrations against predefined acceptance limits, offering
reviewers an immediate, transparent depiction of method performance across the entire calibration
range, an especially valuable asset when excipients and co-constituents fluctuate between botanical
batches (Feinberg, 2007; Hosne Ara et al.,, 2022). Taken together, the IUPAC-endorsed vocabulary,
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SFSTP harmonization principles, total-error thinking, and accuracy-profile reporting converge into a

coherent and adaptable baseline for demonstrating accuracy, precision, and stability in herbal product
validation, ensuring clarity, reproducibility, and regulatory credibility.

Figure 4: Herbal Drug Analytical Validation
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Over the past decade, the framework of Analytical Quality by Design (AQbD) has transformed the way
validation and reporting are conceived, embedding them within the broader life cycle of an analytical
method rather than treating them as isolated, one-time exercises. Central to this paradigm is the
definition of an analytical target profile (ATP), which specifies the essential performance requirements
of a method, such as the degree of accuracy across a predefined range when quantifying a flavonoid
marker, thereby creating a benchmark against which all subsequent development and validation
activities are aligned (Jahid, 2022; Jenkins et al.,, 2014). To operationalize the ATP, design-of-
experiments methodologies are employed to systematically explore how variations in method
parameters influence critical method attributes, ensuring that method development is both evidence-
driven and statistically rigorous. Regulatory-aligned AQbD reporting consequently encompasses
comprehensive documentation of risk assessments, experimental design layouts, adequacy checks of
predictive models, and the establishment of the method operable design region (MODR), the defined
operational space within which both accuracy and precision are consistently achieved in accordance
with the ATP (Akter & Ahad, 2022; Orlandini et al., 2013). Practical implementations in complex multi-
assay environments, such as those utilizing UHPLC-UV and UHPLC-MS platforms, have
demonstrated that AQbD is not only theoretically sound but also feasible, supporting reproducible
method transfer and facilitating efficient change control. Reports from such implementations typically
include factor-effect analyses, diagnostic evaluations of model performance, and the articulation of
guarded control strategies that ensure sustained reliability (Kochling et al., 2016; Arifur & Noor, 2022).
Given the inherent variability of herbal matrices, AQbD’s emphasis on multivariate optimization is
particularly advantageous, with multiple-response desirability functions enabling the simultaneous
optimization of parameters such as resolution, run time, signal-to-noise ratio, and recovery. Resulting
validation reports often feature desirability surfaces and robustness contour plots that visually and
quantitatively justify acceptance criteria, thereby strengthening the transparency of decision-making
(Candioti et al., 2014; Hasan & Uddin, 2022). Ultimately, AQbD-style dossiers, anchored by the ATP,
substantiated by MODR evidence, and reinforced through robustness studies, elevate the
persuasiveness and auditability of validation narratives for herbal products by explicitly linking each
claim of accuracy or precision to designed experimental evidence and risk-based acceptance rules.
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Herbal-product regulation increasingly benefits from the integration of pattern-oriented quality
assessment strategies, in which chromatographic fingerprints and chemometric analyses complement
traditional targeted quantitation to provide a more holistic evaluation of product consistency and
authenticity. For formulations standardized to multi-component profiles, regulatory-grade reporting
is expected not only to document validated quantitative assays for specific marker compounds but also
to reconcile these with fingerprint similarity measures, thereby demonstrating how both elements
collectively contribute to the analytical target profile (ATP) and ensure that the method remains aligned
with regulatory expectations (Liang et al.,, 2010; Rahaman, 2022). The application of design-of-
experiments principles offers clear guidance for planning such hybrid approaches, enabling systematic
screening and optimization of influential factors including extraction conditions, gradient composition,
detection wavelength, and chemometric preprocessing techniques. Reports produced under this
framework should transparently disclose the statistical models used, the significant factor terms and
interactions identified, model diagnostics that confirm adequacy, and confirmatory experiments
conducted under worst-case conditions to demonstrate predictive reliability for accuracy and precision
(Rahaman & Ashraf, 2022). Presenting results in this structured way allows reviewers to immediately
recognize that method performance is not confined to nominal operating settings but is consistently
maintained across a defined operating space, that robustness has been rigorously quantified, and that
fingerprint-based identification is coherently integrated with validated quantitative assays for critical
attributes such as potency, stability, and batch release. This integration is particularly significant for
botanicals, whose compositional profiles are subject to substantial variation driven by geographic
origin, seasonal fluctuations, and processing practices, all of which can complicate the establishment of
reproducible analytical claims. By coupling fingerprint similarity assessment with quantitative
validation, regulatory dossiers gain the clarity and comprehensiveness needed to assure both scientific
credibility and practical reliability in the quality control of herbal drug formulations (Islam, 2022; Politis
et al., 2017).

Herbal matrix complexity & marker selection

Herbal matrices present dynamic, multi-constituent systems in which secondary metabolites vary with
genotype, phenology, plant part, geography, agronomy, and post-harvest handling, yielding chemical
profiles that challenge uniform quantification and comparability across products. This variability is
well documented for essential oils and other specialized metabolites, where environmental and
developmental factors reshape the abundance of terpenoids, phenylpropanoids, and other marker
classes, underscoring that marker choice cannot be divorced from the biological context of production
and processing (Figueiredo et al., 2008). Against this backdrop, matrix effects co-extracted interferents
that alter extraction efficiency, chromatographic behavior, ionization, or detection response become a
central quantitative concern because they bias recovery and precision if unrecognized or unmanaged.
Contemporary validation therefore treats matrix effects as a first-order design variable, with explicit
strategies for evaluation and control during method development and reporting (Matuszewski et al.,
2003; Hasan et al., 2022). A complementary pillar of matrix comprehension is robust identity assurance:
when raw materials and finished goods are misidentified or substituted, even perfectly validated
quantitation fails to measure the intended analytes. DNA barcoding studies on commercial botanicals
exposed substitution and contamination patterns that motivate a tiered approach where orthogonal
authentication is paired with chemical analysis before marker selection proceeds (Redwanul & Zafor,
2022; Newmaster et al., 2013). Within the chemical domain, the modern lexicon distinguishes between
analytical “markers” (analytes chosen for measurement) and broader fingerprints that capture co-
variation across many peaks, enabling identity checks and comparability assessments that respect the
matrix’s complexity (Xie & Leung, 2009). Finally, because high-dimensional profiles are increasingly
used to characterize herbal matrices, minimum reporting standards for chemical analyses encourage
transparent metadata, sample provenance, and processing histories, which in turn sharpen decisions
about which peaks are suitable, stable, and selective enough to serve as markers in quantitative assays
(Rezaul & Mesbaul, 2022; Sumner et al., 2007).

Selecting appropriate markers within complex botanical systems requires balancing chemical
tractability, pharmacognostic relevance, and the practical feasibility of sourcing reliable reference
materials, a challenge that underscores the interplay between analytical rigor and pragmatic constraints
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in herbal drug standardization. Fingerprinting technologies provide an illustrative framework for this
balance by linking holistic similarity measures to targeted quantitation: chromatographic fingerprints
capture the multicomponent patterns of an herbal formulation, while a carefully chosen subset of peaks
is designated as quantitative anchors for critical applications such as batch release, stability monitoring,
and dose justification (Hossen & Atiqur, 2022; Tang et al., 2012).

Figure 5: Framework for Marker Selection in Herbal Drug Formulations
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In situations where authentic reference standards are either scarce or prohibitively expensive, the
strategy of quantitative analysis of multicomponents by a single marker (QAMS) offers a workable
solution, allowing one readily available standard to be used to infer concentrations of structurally
related constituents through validated relative correction factors, thereby preserving the integrity of
quantitative analysis without overburdening laboratories with material costs (Tawfiqul et al., 2022;
Zhang et al., 2012). Beyond the operational advantages, the quality marker (Q-marker) framework
provides a conceptual upgrade by integrating ethnopharmacologic plausibility, pharmacokinetic
evidence, and systems biology perspectives to nominate analytes most likely to reflect both the
intended therapeutic function and the safety profile of an herbal preparation, effectively aligning
marker selection with the broader analytical target profile for herbal products (Liu et al., 2016; Hasan,
2022). The credibility of such markers is further enhanced when selection is underpinned by
mechanistic or bioaffinity-based evidence, for example through ligand fishing, high-content biological
screening, or immobilized-target chromatography, ensuring that the analyte peaks quantified actually
correspond to constituents that engage biological targets in formulation-relevant contexts (Ciesla &
Moaddel, 2016). In practical application, these complementary strategies converge into a coherent

9



ASRC Procedia: Global Perspectives in Science and Scholarship, May 2023, 01-36

marker selection paradigm: fingerprints establish overall identity and lot-to-lot coherence, QAMS
alleviates reference-standard limitations, Q-markers tie analytical endpoints to plausible biological
function, and bioaffinity-guided methods protect against reliance on analytically convenient yet
biologically irrelevant peaks. When applied transparently and in concert, these approaches provide a
defensible, evidence-based foundation for marker selection in the quantitative validation of herbal
formulations.
Integrating targeted markers with the broader untargeted chemical context is increasingly recognized
as a critical strategy for credible and defensible marker selection in herbal formulations, as it ensures
that analytical decisions are informed by the full complexity of the botanical matrix rather than isolated
observations (Tarek, 2022). Metabolomics serves as a key bridge in this process, enabling
comprehensive characterization of chemical space, the identification of covarying constituent clusters,
and the detection of batch-to-batch heterogeneity that could otherwise undermine marker stability,
selectivity, or quantitative reliability if left unexamined. In ethnopharmacology and traditional
medicine research, metabolomic approaches have been applied to link cultivation, harvest, and
processing variables to shifts in chemical networks, thereby guiding the selection of analytes that
remain stable, separable, and representative under real-world manufacturing conditions (Choi &
Verpoorte, 2014; Kamrul & Omar, 2022). When metabolomic surveys are performed prior to or
iteratively alongside targeted method development, candidate markers can be systematically evaluated
for risks of coelution, proximity to degradation products, and susceptibility to matrix interferences, and
they can be stress-tested for extractability and spectral or chromatographic distinctiveness across
anticipated operational ranges. Importantly, this strategy does not replace targeted assays with
untargeted profiling but rather creates a tighter coupling in which marker selection is empirically
grounded in the multidimensional behavior of the matrix. Practically, this integrated framework allows
laboratories to articulate clear rationales for marker selection, specifying why particular flavonoid
glycosides, phenolic acids, or alkaloids were chosen, how their variability compares to co-constituents
across multiple lots, which orthogonal evidence such as identity confirmation, bioaffinity studies, or
chemometric clustering supports their designation as markers, and how acceptance criteria are
adjusted to accommodate observed dispersion. By embedding marker selection within this empirically
informed, metabolomics-guided approach, validation programs for herbal formulations achieve
resilience to intrinsic matrix complexity while upholding the quantitative rigor essential for routine
quality control, stability assessment, and regulatory compliance.
Sample preparation & extraction strategies
Effective quantitative analysis of herbal formulations begins with sample preparation, where choices
about solvent system, pH/ionic strength, temperature, extraction time, and solid-liquid ratios
determine the attainable accuracy, precision, and stability of measured markers. Contemporary
practice frames these choices within “green extraction” principles that aim to maximize mass transfer
and selectivity while minimizing solvent consumption and thermal degradation, offering a conceptual
scaffold to rationalize method settings for complex botanical matrices (Chemat et al., 2012). Ultrasound-
assisted extraction accelerates diffusion and disrupts plant microstructures, enabling shorter extraction
times and improved yields for polyphenols, alkaloids, and terpenoids without imposing harsh
conditions that might compromise stability; parameterization typically focuses on acoustic power
density, duty cycle, solvent polarity, and bath or probe temperature control (Castro & Priego-Capote,
2007). Pressurized-liquid extraction (also termed accelerated solvent extraction) provides high
recoveries with good repeatability by operating above solvent boiling points under pressure, thereby
enhancing solubility and penetration into plant tissues; method development centers on solvent
composition, pressure/temperature windows, static cycles, and purge settings to balance recovery
against co-extraction of matrix interferents (Kamrul & Tarek, 2022; Mustafa & Turner, 2011).
Complementary overviews on extraction technologies emphasize that Soxhlet, reflux, and maceration
remain useful baselines for method robustness studies, but that intensified techniques ultrasound,
microwave, and pressurized extraction often demonstrate superior throughput and reproducibility
when validated with formal recovery and precision studies (Gil-Chavez et al., 2013; Mubashir & Abdul,
2022). For certain analyte classes, particularly labile glycosides or easily oxidized phenolics, emergent
solvent systems such as natural deep eutectic solvents (NADES) can improve solubility and
10
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stabilization while aligning with greener process objectives; method optimization typically investigates
water content, hydrogen-bond donor/acceptor pairs, and viscosity management to secure quantitative
release without compromising subsequent chromatographic performance (Dai et al., 2013; Reduanul &
Shoeb, 2022). Across these options, extraction parameters are documented alongside acceptance criteria
so that quantitative claims are anchored to experimentally controlled factors that can be reproduced in
quality-control settings.

Figure 6: Sample Preparation, Cleanup, and Validation Workflow for Herbal Drug Analysis
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Downstream cleanup strategies convert crude extracts into measurement-ready solutions that preserve
selectivity for target markers while limiting matrix effects that bias calibration or degrade precision.
The QuUEChERS paradigm originally devised for multiresidue pesticide analysis has been adapted to
botanical matrices as a rapid, salt-assisted partitioning with acetonitrile followed by dispersive solid-
phase extraction (d-SPE); sorbent choices such as primary-secondary amine, C18, graphitized carbon,
or zirconia-based materials are tuned to remove organic acids, lipids, chlorophylls, and polyphenolics
that otherwise foul columns or alter detector response (Anastassiades et al., 2003; Kumar & Zobayer,
2022). Methodological reviews document how citrate- or acetate-buffered variants, water content
adjustments, and d-SPE loadings are systematically optimized to satisfy quantitative acceptance limits
for recoveries and repeatability across wide polarity ranges; reporting typically includes spike-level
recoveries and percent relative standard deviations before and after cleanup to demonstrate the benefit
in herbal matrices (Lehotay et al., 2010; Sadia & Shaiful, 2022). For analytes requiring higher selectivity,
cartridge-based solid-phase extraction provides predictable retention and elution behavior via
hydrophobic, polar, ion-exchange, or mixed-mode mechanisms; development proceeds by mapping
breakthrough volumes, washing strengths, and elution solvents that secure quantitative recovery while
minimizing co-elution of interferents (Hennion, 1999; Sazzad & Islam, 2022). Where volatility permits,
solid-phase microextraction offers solvent-free preconcentration with fiber chemistries targeted to
terpenes and other aroma markers, supporting quantitation in tinctures and essential-oil-containing
formulations with minimal matrix transfer (Noor & Momena, 2022). For highly hydrophobic or trace-
level constituents in complex aqueous or alcoholic bases, dispersive liquid-liquid microextraction
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affords rapid partitioning and enrichment using microliter volumes of extraction solvent, with
disperser/type, ionic strength, and pH optimized to uphold recoveries and precision in validation
datasets (Rezaee et al., 2006; Akter & Razzak, 2022). The unifying principle across these cleanup routes
is to justify sorbent/solvent selections empirically against acceptance criteria for accuracy and precision
while documenting any trade-offs that affect stability, such as analyte adsorption to materials or losses
during solvent exchange.

UPLC Method Development for Herbal Formulations

Method development for ultra-performance liquid chromatography (UPLC) in herbal drug
formulations is fundamentally guided by strategic choices in column chemistry, particle architecture,
and column dimensions, all aimed at maximizing peak capacity while minimizing runtime, a critical
consideration when analyzing chemically complex botanical matrices. Compared with conventional
high-performance liquid chromatography (HPLC), UPLC employs sub-2 um particles within pressure-
tolerant systems to produce sharper chromatographic bands and enhanced resolving power, benefits
that are particularly advantageous for separating closely related phytoconstituents and their
degradation products in multi-herb preparations (Swartz, 2005). Early pharmaceutical investigations
demonstrated that short columns, for example 50 x 2.1 mm formats packed with sub-2 pum particles,
can deliver substantial gains in chromatographic efficiency without compromising method robustness,
provided that extra-column dispersion is minimized through careful system configuration (Novakova
etal., 2006b). Empirical scaling principles further indicate that reductions in column length and particle
size can be offset by proportional increases in mobile-phase flow rates and the implementation of
optimized gradient profiles, thereby preserving resolution while significantly decreasing total analysis
time, an approach particularly suited to iterative method scouting across diverse botanical extracts
(Adar & Md, 2023; Nguyen et al., 2006). In herbal matrices characterized by complex impurity patterns,
gradient elution on UPLC platforms allows precise adjustment of slope segments and dwell times,
facilitating the separation of co-eluting phenolics, alkaloids, and terpenoids within only a few minutes
while maintaining reproducible retention behavior. This capability not only enhances the efficiency of
routine quality control procedures but also simplifies method transfer between laboratories, ensuring
that validated performance is consistently reproducible across different operational environments
(Guillarme et al., 2008). By integrating column design, particle selection, and gradient optimization,
UPLC method development establishes a robust and high-throughput platform for quantitative and
multi-component analyses in herbal drug formulations.

Robust UPLC methods for herbal formulations depend not only on careful column selection and
gradient optimization but also on rigorous modeling of retention behavior and meticulous
management of instrument-induced band broadening. The Neue-Kuss formalism offers a practical
framework for relating isocratic retention to gradient elution behavior, enabling accurate prediction of
retention shifts with solvent composition and supporting precise tuning of gradient segments during
method optimization (Akter, 2023; Neue & Kuss, 2010). Complementing this, kinetic-performance
theory provides insight into how factors such as flow velocity, mass transfer kinetics, and molecular
diffusion collectively influence apparent chromatographic efficiency on sub-2 um packings, informing
critical decisions regarding column temperature, linear velocity, and backpressure to achieve an
optimal balance between analysis speed and resolution when interrogating dense phytochemical
matrices (Gritti & Guiochon, 2013; Hasan et al., 2023). Given that UPLC inherently produces narrow
peaks, extra-column contributions arising from injector volume, connecting tubing, and detector cell
geometry can significantly impact the observed plate count if not properly controlled. Accordingly,
system configurations with minimal dead volume and appropriately high data-acquisition rates are
essential to fully realize the separation potential of the column and to maintain reproducible, high-
resolution profiles for herbal matrices that contain closely related, isobaric, or near-isocratic
components (Gritti & Guiochon, 2010; Masud et al., 2023). By integrating predictive retention modeling,
kinetic optimization, and careful instrumentation design, UPLC practitioners can ensure that method
performance is not only theoretically sound but also practically robust, delivering reliable, high-
throughput separation of complex botanical constituents while preserving the quantitative integrity
required for quality control, stability assessment, and regulatory compliance in herbal drug analysis.
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Figure 7: Framework for UPLC Method Development in Herbal Drug Formulations
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Mobile-phase design represents the final cornerstone of UPLC method development, ensuring that
separation selectivity aligns with both detector compatibility and the complex behavior of botanical
matrices. For UV or diode-array detection of polyphenols and other secondary metabolites, acidic
aqueous phases supplemented with volatile modifiers provide stable retention and strong
chromophoric responses, yet careful adjustment of mobile-phase pH, buffer species, and ionic strength
is necessary to minimize adsorption and peak tailing, a concern particularly relevant for basic alkaloids
frequently encountered in Ayurvedic and traditional Chinese medicine formulations (McCalley, 2004;
Tawfiqul, 2023). When mass spectrometric detection is incorporated, for instance to confirm marker
identities during system suitability or stability-indicating studies, mobile-phase additives must be
selected to reduce ion suppression while maintaining chromatographic integrity; awareness of
ionization competition and matrix-induced effects becomes essential during both method scouting and
formal validation (Annesley, 2003; Md Sultan et al., 2023). Moreover, many glycosides, sugars, and
highly polar flavonoid conjugates exhibit weak retention under conventional reversed-phase
conditions, and the integration of hydrophilic interaction liquid chromatography (HILIC) columns
within the UPLC platform provides valuable orthogonality, enhancing the resolution of early-eluting
polar botanicals without compromising analytical speed, thus supporting both multi-component
fingerprinting and targeted quantitative assays in complex herbal dosage forms (Buszewski & Noga,
2012; Hossen et al., 2023). Collectively, these mobile-phase considerations, when integrated with
informed column and particle selection, mechanistic retention modeling, and rigorous management of
extra-column effects, create a cohesive and practical foundation for UPLC method development in
herbal analytics. This holistic approach enables the generation of selective, rapid, and stability-
indicating methods capable of delivering reproducible, high-resolution separation of diverse
phytoconstituents while meeting the quantitative and regulatory requirements of quality control for
herbal formulations.

UV-Visible Spectrophotometric Method Design

Designing quantitative UV-Visible (UV-Vis) assays for herbal formulations starts with rigorous control
of the optical system and signal-processing choices that underpin Beer-Lambert behavior in complex
matrices. Core instrumental levers bandwidth, slit width, stray-light rejection, pathlength control, and
baseline stability govern linear dynamic range and dictate how closely absorbance tracks concentration
when plant-derived chromophores sit amid co-extractives. Method scoping therefore fixes cuvette
geometry, verifies absence of stray-light artifacts near analytical wavelengths, and documents
equilibration time to minimize short-term drift. Because botanical matrices often introduce structured
background and high-frequency noise, smoothing and numerical differentiation are planned a priori
and justified with transparent parameters to avoid overfitting; the Savitzky-Golay approach is widely
adopted because it preserves peak shape while reducing noise, enabling reliable derivative calculations
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and more stable calibration residuals (Shamima et al., 2023; Savitzky & Golay, 1964). Wavelength
selection follows an interplay of spectral scans, molar absorptivity, and matrix blanks to locate A_max
or optimal derivative zero-crossings with minimal interference. Placebo and extraction-solvent spectra
are overlaid to identify background features that could bias trueness at the chosen A (or spectral
segment), while time-profile checks confirm short-term stability of the analyte signal during
acquisition. When the targeted phytomarker is part of a class with overlapping bands (e.g., flavonoids
or phenolic acids), preliminary derivative spectra help reveal latent shoulders and guide decisions
about order of differentiation and smoothing window so that specificity can be demonstrated without
sacrificing precision (Rojas et al., 2004; Sanjai et al., 2023). Across these steps, the UV-Vis design
philosophy is to lock down instrumental and numerical degrees of freedom early documenting them
as part of system suitability so that subsequent validation of accuracy, precision, and linearity proceeds
on a stable optical and computational foundation.

Figure 8: Framework for UV-Visible Spectrophotometric Method Design in Herbal Drug Analysis
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When mixtures present severe overlap, algebraic and derivative strategies enable selective
quantification without chromatographic separation. The ratio-spectra derivative method constructs the
analyte spectrum divided by a suitable divisor (e.g., a standard of the interferent or a normalized
mixture spectrum), then differentiates to yield features that are independent of the divisor’s amplitude
allowing direct reading of analyte amplitude at selected wavelengths with good robustness to matrix
scaling (Salinas et al., 1990; Akter et al., 2023). Variants extend this idea to binary and ternary mixtures
through zero-crossing, ratio subtraction, and amplitude-ratio tactics that target wavelengths where one
component’s derivative signal vanishes while the other retains intensity (Garrido et al., 2005).
Successive ratio-derivative procedures further improve selectivity by iterating ratio and differentiation
steps, proving especially useful in strongly collinear herbal spectra where chromophores share broad
bands (Afkhami & Bahram, 2005). These families of methods are attractive for herbal QC because they
preserve the speed and accessibility of UV-Vis while offering mathematically transparent selectivity
handles. Still, robust application depends on disciplined preprocessing to mitigate baseline wander and
unrelated spectral variance. Orthogonal Signal Correction (OSC) is frequently paired with UV-Vis
chemometrics to remove variance uncorrelated with concentration before calibration, reducing matrix-
driven bias without distorting the analyte’s net signal (Wold et al., 1998). In a method-design dossier,
reporting therefore specifies divisor choice and justification, derivative order and smoothing
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parameters, OSC settings where used, and the rationale for selected analytical wavelengths or
amplitude ratios together with placebo/blank overlays to demonstrate that the quantitation leverages
mixture mathematics without introducing spurious sensitivity to matrix scaling.
Modern UV-Vis method design for botanicals often closes the loop with multivariate calibration to
convert full-spectrum information into stable, transferable quantitative predictions. Partial Least
Squares (PLS) and related latent-variable models compress collinear spectral spaces into a few
orthogonal factors that capture concentration-correlated variance, typically outperforming single-
wavelength or few-wavelength calibrations when bands overlap or when minor baseline perturbations
remain after cleanup (Geladi & Kowalski, 1986; Haaland & Thomas, 1988). Properly tuned PLS avoids
overfit through cross-validation and external test sets, while model diagnostics explained variance,
loading inspection, residual analysis help verify that the latent space tracks analyte chemistry rather
than nuisance structure (Geladi & Kowalski, 1986). Net Analyte Signal (NAS) concepts further
strengthen specificity claims by quantifying the component of the spectrum that is unique to the analyte
relative to interferents, yielding interpretable figures of merit for selectivity and sensitivity within
multivariate frameworks (Lorber, 1986). At the reporting stage, mature chemometric dossiers couple
these tools with clear preprocessing (e.g., mean-centering, derivatives, OSC), calibration design
(concentration range, spacing, and replication), and validation statistics aligned to the assay’s
acceptance limits. Practical reviews highlight the value of pairing PLS/PCR with classical derivative or
ratio-derivative tactics, which can stabilize models and improve transferability across instruments and
lots by anchoring quantitation at information-rich spectral regions while still exploiting whole-
spectrum redundancy (Lavine & Workman, 2008). For herbal UV-Vis assays, this integrated approach
well-specified optics, principled derivative/ratio algebra, and validated multivariate calibration
provides a coherent pathway to achieve quantitative performance targets for accuracy, precision, and
stability within routine quality-control environments.
Accuracy in Herbal Assays (Recovery)
Accurate quantification in herbal drug analysis critically depends on a precise understanding of
trueness, bias, and the various forms of recovery, as these concepts collectively determine whether a
reported concentration faithfully reflects the actual amount of analyte present within a complex
botanical matrix (Linsinger, 2008; Thompson et al., 1999). Trueness refers to the closeness of the mean
measured value to an accepted reference value, while bias captures systematic deviations from that
reference, and recovery both true and apparent is influenced by the efficiency of extraction, chemical
stability, and matrix interactions. In practical phytochemical workflows, recovery is typically evaluated
via spiking experiments across relevant concentration ranges, and deviations from complete extraction,
adsorption losses, or chemical transformation during sample preparation are interpreted as
proportional bias. However, in matrices rich in polyphenols, lipids, or proteins, apparent recovery may
be confounded by calibration-dependent effects and matrix-specific signal modulation, potentially
yielding acceptable percentages that conceal underlying deficiencies in method trueness (Linsinger,
2008). Xu and colleagues highlighted the limitations of uncritical spike-recovery acceptance in herbal
assays, demonstrating that reliance on conventional 80-120% recovery criteria without considering
selectivity and matrix compensation can overstate accuracy and obscure systematic errors (Xu et al.,
2012). At the detection stage, electrospray-based techniques further illustrate the influence of co-eluting
components on ionization efficiency, so that even an ideally executed extraction can result in biased
quantitation; classic post-column infusion studies have mapped regions of ion suppression and
enhancement across chromatographic runs, directly linking these phenomena to sample preparation
choices and matrix composition (Bonfiglio et al., 1999). Collectively, these findings underscore that
recovery should not be interpreted as a simple fixed percentage but as a nuanced, concentration-
dependent measure of method trueness, one that must be evaluated in concert with selectivity, matrix
effects, and calibration strategy to ensure that quantitative results in herbal analysis are both accurate
and scientifically defensible.
A second cornerstone of accuracy in herbal drug analysis is the deliberate evaluation and management
of matrix effects that persist even after extraction and sample cleanup, as these effects can substantially
distort quantitative measurements. Mechanistic investigations have traced ion suppression or
enhancement in electrospray-based LC-MS systems to competitive interactions for charge and surface
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activity within the spray plume, revealing how solvent composition, co-extracted constituents, and
chromatographic resolution collectively modulate the effective response of target analytes (King et al.,
2000). Extensive surveys across LC-MS/MS platforms further demonstrated that matrix effects are
highly variable across analyte classes and sample types, with residual phospholipids, salts, or
secondary metabolites capable of introducing concentration-dependent bias unless analytical methods
integrate efficient cleanup procedures with orthogonal calibration strategies (Gosetti et al., 2010).
Reviews consolidating these observations have proposed practical diagnostic approaches including
post-extraction addition, post-column infusion, and internal-standard-normalized matrix factors and
highlighted two complementary mitigation strategies: prevention, through removal of causative
species and improved chromatographic separation, and compensation, through matrix-matched
calibration or the use of stable-isotope-labeled internal standards, all of which help preserve method
trueness (Trufelli et al., 2011). In the context of herbal UPLC assays, matrix matching using placebo
excipient blends or authentic blank extracts ensures alignment of response factors between standards
and samples, while in UV-visible spectrophotometry, where molecular absorption can be influenced
by co-absorbing constituents or microenvironmental shifts, matrix effects typically appear as baseline
drift or spectral overlap; derivative spectrophotometry and chemometric spectral deconvolution
effectively mitigate apparent recovery inflation, and standard addition ensures that calibration reflects
the optical context of the sample. Across both chromatographic and spectrophotometric detection
modes, thoughtfully designed spiking schemes performed at multiple concentration levels and stages,
including pre- and post-extraction, allow separation of true extraction yield from instrumental
response, thereby distinguishing true recovery from apparent recovery and providing a robust
foundation for reliable quantitative assessment.

Figure 9: Accuracy in Herbal Assays: Recovery, Matrix Effects, and Calibration Strategy
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Robust interpretation of recovery data in herbal analysis is enhanced by the application of accuracy-
profile thinking and calibration strategies specifically adapted to complex matrices. The accuracy-
profile approach employs p-expectation tolerance intervals around back-calculated concentrations to
evaluate whether total error, encompassing both bias and imprecision, remains within predefined
acceptance limits across the working range, thereby situating recovery as one element of a broader,
decision-oriented assessment of trueness (Boulanger & Hubert, 2007). In situations where authentic
blank matrices are unavailable or matrix heterogeneity precludes stable matrix-matched calibration
curves, the standard addition method (SAM) offers an integrated solution, embedding calibration
within the sample to compensate for matrix-dependent responses. Recent metrological studies have
formalized uncertainty estimates for cumulative-addition SAM, enabling traceable, risk-informed
application of this method even for low-volume or highly variable botanical extracts (Dadamos et al.,
2019). Comparative evaluations of different SAM implementations such as extrapolation, interpolation,
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reversed-axis, and normalization approaches indicate that multiple strategies can achieve equivalent
trueness, with certain constructions providing practical benefits for rapid uncertainty estimation or for
matrices exhibiting lower robustness; these findings are directly applicable to herbal determinations
when SAM is paired with UV-Vis or UPLC detection to mitigate residual matrix effects (Sloop et al.,
2021). Complementary to these calibration tactics, recovery data should be employed transparently:
proportional bias may be corrected where scientifically justified, its associated uncertainty must be
incorporated into the total uncertainty budget, and acceptance decisions should reflect fitness-for-
purpose quality targets rather than fixed numerical thresholds. In practice, this entails reporting stage-
specific recoveries, such as pre- versus post-extraction, documenting matrix-effect diagnostics, and
presenting full accuracy profiles across the calibration range, thereby transforming recovery from a
solitary numerical value into actionable evidence of method trueness and reliability for complex herbal
matrices.
Precision in Herbal Assays (Repeatability & Intermediate Precision)
Precision in analytical chemistry reflects the closeness of agreement among a series of independent
measurements conducted under defined conditions, and in the context of herbal assay validation, it is
conventionally divided into repeatability where the same analyst, instrument, and short time frame are
used and intermediate precision, which captures within-laboratory variability across different days,
analysts, or equipment. While percent relative standard deviation (%RSD) remains the most practical
summary metric, external benchmarks are invaluable for interpreting whether observed variability is
acceptable across different concentration levels and complex matrices. The Horwitz function, along
with its normalized derivative, the Horwitz ratio (HorRat), was derived from meta-analyses of
extensive collaborative studies to predict reproducibility as a function of analyte concentration; these
tools remain useful for establishing realistic precision targets in botanical matrices characterized by
variable signal scaling and matrix complexity, such as polyphenol-rich extracts (Horwitz & Albert,
2006; Thompson, 2000). Subsequent research has refined these relationships for low-concentration
analytes and emphasized that modern analytical techniques frequently surpass traditional
expectations, highlighting the need to avoid rigid reliance on the Horwitz curve for acceptance
decisions without accounting for experimental uncertainty and study design considerations (Linsinger
etal., 2006). Moreover, meta-models constructed from extensive proficiency-testing datasets enable the
modeling of reproducibility (s_R) as a straightforward function of analyte concentration, providing
compact, quantitative descriptors of expected between-laboratory precision. These descriptors, in turn,
inform realistic within-laboratory intermediate precision targets and support the planning and
evaluation of repeatability studies in herbal method validation, ensuring that reported precision
metrics are both scientifically defensible and contextually meaningful for complex botanical matrices.
Credible estimation of intermediate precision in herbal analytical methods requires experimental
designs and statistical analyses capable of decomposing total variance into meaningful sources, such
as replicate, run, day, analyst, and instrument contributions. Simple aggregation into percent relative
standard deviation (%RSD) is insufficient for complex workflows; instead, structured frameworks such
as Gage repeatability and reproducibility (Gage R&R) and nested ANOVA provide unbiased estimates
of variance components for crossed or hierarchical designs commonly encountered in UPLC and UV-
visible assays for example, k replicates measured across d days by a analysts.
Methodologists have linked standard acceptance metrics, including the number of distinct categories
and %GRR, and established statistical equivalences that support coherent criteria for declaring a
measurement system capable of producing reliable results (Woodall & Borror, 2008). Further,
confidence intervals derived for discrimination or capability ratios in three-factor random models
enable defensible assertions about precision across multiple random effects, directly informing
intermediate precision assessments in quality control laboratories (Adamec & Burdick, 2003). When
replicate structures are hierarchical, random-effects ANOVA employing REML or ML estimation,
along with intraclass correlation coefficients (ICC), provides principled quantification of within- versus
between-stratum variability and allows interval-based inferences regarding “same-conditions”
agreement, complementing conventional %RSD summaries (McGraw & Wong, 1996). Precision studies
are further strengthened by model-based diagnostic procedures that identify repeatability outliers,
such as aberrant vials or injections, before finalizing variance estimates; residual analyses within nested
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designs enable multi-outlier detection beyond single-case tests, a practice well established in atomic
spectroscopy, ICP-MS, and chromatographic applications, and equally applicable to quantitative herbal
marker assays (Walsh et al., 2016). By combining hierarchical experimental design, variance-component
modeling, and robust diagnostics, intermediate precision studies provide a statistically defensible
foundation for assessing analytical reproducibility in complex botanical matrices (Shrout & Fleiss,
1979).

Figure 8: Precision in Herbal Assays: Integration of Repeatability, Intermediate Precision, and
External Benchmarks
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In practical applications, establishing rigorous precision for herbal UPLC and UV-visible assays begins
with a nested experimental design, such as three replicates per sample measured across three days and
two analysts, to capture the variability encountered in routine laboratory conditions. Repeatability is
first summarized at the run level, using within-run %RSD, after screening for replicate outliers through
model-based diagnostics. Intermediate precision is then quantified by pooling day and analyst
contributions via random-effects ANOVA, producing an estimate of s_IP along with its confidence
interval. Acceptance criteria are defined by combining method-specific fitness-for-purpose thresholds
typically <2%-3% for high-response UPLC markers and <5%-10% for UV multi-component ratios with
external benchmarks from Horwitz ratio (HorRat) predictions at comparable analyte concentrations,
recognizing that modern, high-sensitivity platforms often surpass historical expectations (Thompson
& Lowthian, 1997; Thompson et al., 2008). Comprehensive reporting should include a full variance-
component table, intraclass correlation coefficient (ICC) metrics to express the proportion of total
variance attributable to random day and analyst effects, and graphical residual analyses to demonstrate
stability and absence of systematic deviations across the studied range. By integrating these nested
designs, variance-component modeling, and robust diagnostic checks, this approach delivers precision
estimates that are both statistically defensible and practically decision-ready. Such rigor ensures that
quality-assurance evaluations of complex herbal formulations reflect real laboratory performance while
aligning with collaborative-study benchmarks and contemporary analytical expectations, providing a
transparent and reproducible framework for evaluating the repeatability and intermediate precision of
multi-component, matrix-rich herbal assays.

METHOD

This study followed the Preferred Reporting Items for Systematic Reviews and quantitative analysis
method and Meta-Analyses (PRISMA) guidelines to ensure a systematic, transparent, and rigorous
review process. A prospectively specified protocol defined the research questions, eligibility criteria,
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outcomes, and analytic plan; comprehensive searches of major scholarly databases and grey sources
were conducted from inception to December 2022, without restrictions on geography but limited to
English-language full texts relevant to herbal drug formulations assayed by UPLC or UV-Visible
spectrophotometry. Records were de-duplicated and screened in two stages (titles/abstracts, then full
texts) by two independent reviewers with discrepancies resolved by consensus; study inclusion
required at least two validation outcomes among accuracy (recovery), precision (repeatability or
intermediate precision), and stability (bench-top, autosampler, or stock/working-solution), with
ancillary extraction of linearity, LOD/LOQ, robustness, and system suitability where reported. A
standardized form captured matrix and dosage form, analyte/marker(s), instrument/column and
optical parameters, sample preparation, calibration models and ranges, replicate structures, acceptance
criteria, and numerical results; methodological quality was appraised with a predefined Analytical
Validation Quality Score (AVQS) covering reporting completeness, validation coverage, statistical
rigor, matrix/selectivity handling, and stability assessment depth. Quantitative synthesis summarized
mean recovery (%) and %RSD with 95% confidence intervals, using random-effects meta-analysis when
five or more methodologically comparable studies were available within a platform-analyte-matrix
stratum; otherwise, weighted descriptive estimates were reported. Heterogeneity (I?, 1?) and small-
study effects (Egger-type tests when k > 10) were examined, with preplanned subgroup analyses
(platform, analyte class, dosage form, AVQS above/below median) and sensitivity analyses (leave-one-
out, variance imputation rules). Unit harmonization and variance derivation from reported statistics
were applied where necessary, and all decisions were logged for reproducibility. In total, 115 eligible
articles were included in the review and quantitative analyses.

Protocol and Design

This review was conceived and executed as a protocol-driven, PRISMA-aligned study to ensure
methodological transparency and reproducibility across all stages from question formulation to
quantitative synthesis. Prior to searching, we drafted and time-stamped a protocol that specified the
population (finished herbal drug formulations and standardized herbal extracts), index analytical
methods (UPLC and UV-Visible spectrophotometry), core quantitative validation outcomes (accuracy,
precision, and stability), secondary outcomes (linearity, LOD/LOQ, robustness, and system
suitability), and an a priori analysis plan detailing inclusion thresholds for meta-analysis, handling of
missing variance data, and heterogeneity exploration. The protocol also defined operational terms (e.g.,
“repeatability,” “intermediate precision,” “stability-indicating”) to standardize extraction and
appraisal across heterogeneous reporting styles. To minimize selection and extraction bias, we
instituted dual independent screening and dual extraction with a calibration exercise on a pilot set of
records to harmonize decisions; disagreements were resolved by consensus with adjudication by a
third reviewer when needed. Search development followed a concept-block structure (herbal products
x analytical platform x validation constructs) iterated through scoping runs to refine controlled
vocabulary and free-text terms; search dates, strings, and filters were preserved verbatim for
auditability. De-duplication combined automated reference-manager routines with manual inspection.
Screening proceeded in two phases (titles/abstracts, then full texts) against prespecified eligibility
criteria, and reasons for exclusion at the full-text stage were recorded to populate the PRISMA flow.
Data were captured in a structured form covering matrix and dosage form, marker(s), instrument and
method architecture, calibration models and ranges, replicate design, acceptance criteria, and
numerical validation results for each outcome. Methodological quality was appraised using the
Analytical Validation Quality Score (AVQS), which rates reporting completeness, validation coverage,
statistical rigor, matrix/selectivity handling, and stability assessment depth; inter-rater agreement was
monitored and documented. The synthesis plan prioritized random-effects models for strata with
comparable designs (platform x analyte class x matrix), otherwise presenting weighted descriptive
summaries. Heterogeneity (I?, 1) and small-study effects were assessed per the protocol, with subgroup
and sensitivity analyses triggered by pre-defined decision rules. All codebooks, screening logs, and
analysis scripts were version-controlled and archived to support full reproducibility.

Eligibility Criteria

Eligibility was defined a priori to align the evidence base with the review’s analytical focus on
quantitative validation of herbal drug formulations using UPLC or UV-Visible spectrophotometry.
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Studies were eligible if they: (i) investigated finished herbal dosage forms (e.g., tablets, capsules,
syrups, tinctures) or standardized herbal extracts intended for medicinal use, with the plant identity
traceable to genus/species or an authenticated commercial name; (ii) reported a quantitative analytical
procedure based on ultra-(high)-performance liquid chromatography (UPLC/UHPLC; any detector,
including UV/DAD/PDA or MS wused for identity confirmation) or ultraviolet-visible
spectrophotometry (single- or dual-beam, derivative, ratio-derivative, chemometric, or multivariate
calibration variants); and (iii) presented at least two core validation outcomes among accuracy
(expressed as recovery at defined spike levels or equivalent trueness metrics), precision (repeatability
and/or intermediate precision as %RSD with an explicit replicate structure), and stability (bench-top,
autosampler, or stock/working-solution stability with time/condition descriptors), with ancillary
extraction of linearity/range, LOD/LOQ, robustness, and system suitability when available. We
included method development/validation articles, stability-indicating assay papers that contained full
validation datasets, and pharmacopeial/standard-setting studies reporting original experimental
validation. Comparators (e.g., HPLC, HPTLC, LC-MS) were not required but were recorded when
used. No geographic restrictions were applied. The time window spanned database inception through
December 31, 2022; language was restricted to English full texts or English-translated versions
accessible in full. Exclusion criteria were prespecified: studies centered exclusively on raw plant
material without formulation context (unless the extract was standardized and positioned as a finished
product), purely qualitative fingerprints without quantitative validation parameters, chromatographic
or spectrophotometric assays lacking two core outcomes, TLC-only methods without quantitative
validation, non-herbal matrices (synthetic APIs, food matrices without medicinal framing), in vivo or
clinical pharmacokinetic studies without an accompanying validated assay description, conference
abstracts, posters, letters, editorials, review articles, simulation-only or in silico method studies, and
records without sufficient methodological detail to recover replicate numbers, calibration range, or
stability conditions. For overlapping publications describing the same method on the same product,
the most complete data set was retained and earlier fragments were treated as duplicates. When
multiple methods were reported within one article, each method-analyte-matrix combination was
screened against the same criteria. These rules were applied uniformly during title/abstract and full-
text screening, with reasons for exclusion recorded at full text and dual adjudication used to ensure
consistency.

Information Sources, Search Strategy, and Study Selection

We executed a protocolized search across PubMed/MEDLINE, Scopus, Web of Science Core
Collection, and Google Scholar, supplemented by targeted queries of grey sources (e.g.,
pharmacopoeial monographs and organizational reports indexed via institutional repositories) to
maximize coverage of quantitative method-validation studies in herbal formulations. Searches were
run from database inception to December 31, 2022. Concept blocks reflected the population (herbal
drug formulations/standardized extracts), platform (UPLC/JUHPLC and UV-Visible
spectrophotometry), and validation constructs (accuracy, precision, stability, linearity, LOD/LOQ,
robustness, system suitability). Representative strings combined controlled vocabulary and free text
with field tags, truncation, and proximity operators, for example: (herbal OR botanical* OR
phytopharm* OR “traditional medicine” OR “herbal drug*”’) AND (UPLC OR UHPLC OR “ultra
performance” OR “ultra-high performance” OR “UV-Vis” OR spectrophotometr*) AND (validat* OR
accuracy OR recover® OR precision OR repeatab* OR “intermediate precision” OR stability OR
robustness OR linear* OR “limit of detection” OR LOD OR LOQ). Platform-specific and analyte-class
synonyms (e.g., alkaloid* flavonoid*, phenolic*, diterpene*, triterpene*) were iteratively layered
during scoping runs to capture domain-specific terminology. Backward citation chasing (screening
reference lists of included studies) and forward citation tracking (identifying citing articles in
Scopus/Web of Science) were used to identify additional eligible records. All search dates, strings, and
export logs were archived verbatim. Bibliographic data were exported in RIS/CSV formats and de-
duplicated using a combination of algorithmic matching (title, DOI, PubMed ID) and manual
verification. Two reviewers independently screened titles/abstracts against the a priori eligibility
criteria, after an initial calibration round to harmonize judgments; full-text screening was then
performed independently by the same reviewers. Discrepancies at either stage were resolved by
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consensus, with adjudication by a third reviewer when consensus was not achieved. Reasons for full-
text exclusions (e.g., not a finished formulation, lacked >2 core validation outcomes, qualitative only)
were recorded to populate the PRISMA flow diagram. Where critical data (replicate numbers, spike
levels, stability conditions, calibration range) were missing but the study otherwise met inclusion
criteria, corresponding authors were contacted; if unresolved, the study was retained for narrative
synthesis only or excluded from quantitative pooling according to the protocol’s decision rules. The
final study set was locked prior to extraction, and the complete selection history including counts at
each PRISMA stage was preserved alongside de-duplication audit trails to ensure transparency and
reproducibility.
Data Extraction
Data extraction followed a calibrated, dual-independent workflow anchored to a prespecified
codebook. For each eligible record, two reviewers separately completed a structured form in REDCap-
style fields covering: bibliographic metadata; formulation type (tablet, capsule, syrup, tincture,
standardized extract); botanical identity (genus, species, plant part, authentication method);
analyte/marker identity with class (alkaloid, phenolic acid, flavonoid, terpenoid, etc.); platform (UPLC
or UV-Vis); instrument and configuration (manufacturer/model, detector, column
chemistry/dimensions/ particle size for UPLC; optical pathlength, slit/bandwidth, and acquisition
settings for UV-Vis); sample-preparation details (extraction solvent, pH/ionic strength,
time/temperature, solid-liquid ratio, cleanup/filtration); calibration architecture (model form, range,
number of levels, replicates per level, weighting, regression diagnostics); predefined acceptance
criteria; and numerical outcomes for core parameters accuracy (recovery at each spike level), precision
(repeatability and intermediate precision as %RSD with the replicate structure explicitly captured), and
stability (bench-top, autosampler, and stock/working-solution conditions, timepoints, and pass/fail
determinations). Ancillary fields captured linearity (slope, intercept, r2 and, when reported, residual
analyses or lack-of-fit tests), LOD/LOQ with the stated calculation approach, robustness factors and
responses, and system-suitability metrics (e.g., plates, tailing, k', resolution between critical pairs).
Extraction was performed at the method-analyte-matrix level so that a single paper could contribute
multiple entries if it reported distinct combinations (e.g., one method quantifying two markers in
tablets and syrups). Units were harmonized a priori (e.g., pg/mL to mg/L, % to fraction) and a ruleset
governed derivations: (i) %RSD was recalculated from raw replicate data when available; (ii) standard
deviations were back-calculated from confidence intervals or %RSD using reported n; (iii) weighted
means and variances were computed when studies presented stratified results that mapped to a single
validation parameter. When numerical values were only provided as graphs, extractors digitized
figures with a standardized, documented procedure and recorded an uncertainty flag; these entries
were eligible for narrative synthesis and, per protocol, for meta-analysis only if variance could be
recovered or imputed credibly. Quality safeguards included 100% dual data entry with blinded
reconciliation, real-time validation rules (range checks, unit checks, and cross-field logic such as
“weighting specified = regression diagnostics present”), and an adjudication log for discrepancies. A
10% random audit by a third reviewer verified conformance with the codebook. To support
downstream subgroup analyses, we also coded covariates such as dosage-form category, analyte class,
extraction/cleanup strategy, and whether the method claimed stability-indicating capability (with
extraction of stress conditions and evidence used). All extraction decisions, transformations, and
imputation steps were version-controlled, time-stamped, and linked to page/figure locations to ensure
full reproducibility.
Quality Appraisal (QA)
Quality appraisal was performed with a bespoke instrument the Analytical Validation Quality Score
(AVQS) tailored to quantitative method studies in herbal matrices. AVQS integrates five domains that
map directly onto the constructs of method validation and reporting: (1) Reporting completeness (0-4
points), (2) Validation coverage (0-6 points), (3) Statistical rigor (0-4 points), (4) Matrix/selectivity
handling (0-3 points), and (5) Stability assessment depth (0-3 points). The reporting domain evaluated
whether articles clearly specified botanical identity and formulation context, instrument and
configuration, sample-preparation steps, calibration architecture (model, range, levels, replicates,
weighting), predefined acceptance criteria for each parameter, and full numerical outputs for accuracy,
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precision, and stability. Validation coverage credited studies for executing and documenting core
parameters accuracy, precision (repeatability and intermediate precision), linearity/range, LOD/LOQ,
robustness, system suitability and awarded an additional point when stability-indicating capability
was established through stress testing with a clear selectivity demonstration. Statistical rigor captured
replicate design transparency; use of uncertainty descriptors (SD, SE, or Cls) and variance propagation;
regression diagnostics (residual analysis, lack-of-fit testing, appropriate weighting for heteroscedastic
data); and explicit treatment of outliers with defensible rules. Matrix/selectivity handling assessed
placebo/blank evaluations, evidence of specificity in the presence of co-extractives or degradants (e.g.,
spectral or chromatographic criteria), matrix-matched or standard-addition calibration when
appropriate, and documented mitigation of matrix effects. Stability assessment depth credited bench-
top, autosampler, and stock/working-solution studies with named conditions and timepoints; when
present, forced degradation and mass-balance reasoning strengthened the score. The raw AVQS (0-20)
was rescaled to 0-100 for interpretability and pre-classified as high (=70), moderate (50-69), or low (<50)
quality for sensitivity analyses.

Figure 10: Quantitative Synthesis Framework in Herbal Assay Validation
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Quantitative Synthesis

The quantitative synthesis was designed to summarize and compare validation performance across
studies while preserving the complexity of herbal matrices and analytical platforms. Two families of
primary outcomes were analyzed: accuracy and precision. For accuracy, the unit of analysis was the
study-specific recovery (%) at a defined spike level within the validated range. When studies reported
multiple spike levels (e.g., low/medium/high), we extracted all levels and treated them as dependent
effects nested within a study; we also calculated a study-level average recovery across spike levels for
descriptive displays. Accuracy was expressed both as recovery (%) and as percent bias, computed as
recovery — 100 (%). Because recovery is naturally bounded, two transformations were planned for
sensitivity analyses: (i) a log response ratio on the proportion scale, log(recovery/100), and (ii) a logit
transform for recovery bounded away from 0 and 100 after a small continuity adjustment (0.1%). For
precision, the unit of analysis was the percent relative standard deviation (%RSD) for repeatability and,
separately, for intermediate precision. Because %RSD is positively skewed and scale-dependent, the
primary analysis used the natural logarithm of %RSD (In-%RSD); pooled estimates were back-
transformed for presentation. Where available, we favored precision estimates derived from explicit
replicate plans (n = 5 per condition) and retained the design (replicates X days x analysts) as
moderators. Random-effects models were prespecified for all pooling to reflect expected heterogeneity
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across analyte classes, dosage forms, and laboratories. Between-study variance (1) was estimated by
restricted maximum likelihood (REML), and uncertainty in pooled effects used Hartung-Knapp-Sidik-
Jonkman (HKS]J) adjustments for small-sample robustness. Heterogeneity was summarized by I?
(percentage of variability due to between-study differences), H? (ratio of total to within-study
variability), and 12 (between-study variance on the meta-analytic scale). In addition to pooled means,
we reported 95% prediction intervals to indicate the expected range of true effects for a new,
comparable study an interpretable metric for laboratories planning to implement similar methods in
herbal QC.
Data Handling & Statistics
All quantitative data were curated into a single, tidy, method-analyte-matrix-outcome table to ensure
consistent downstream processing. Prior to analysis, units were harmonized using predefined
conversion rules (e.g., pg/mL to mg/L, % to proportion), and concentrations, spike levels, calibration
ranges, and timepoints were standardized to common numeric formats. When studies presented
multiple spike levels or replicate structures, each level/structure was retained as a distinct effect with
an explicit identifier linking it to its parent study and platform; this enabled nested modeling without
loss of information. Percent recovery was stored alongside percent bias (recovery — 100), and precision
estimates were stored as %RSD for human readability and as In-%RSD for modeling. Stability results
were recorded both as raw concentration at each timepoint and as percent change from baseline at the
last common window per modality (bench-top, autosampler, stock/working solution), with an
indicator of pass/fail against the study’s stated acceptance criteria. Where graphical data were
digitized, values were tagged with a “digitized” flag and an estimated readout uncertainty derived
from axis resolution; these entries were retained for narrative synthesis and entered quantitative
pooling only when variance was available or could be credibly reconstructed under prespecified rules.
Variance handling followed a transparent hierarchy. If studies reported means and standard deviations
for recoveries or %RSDs with explicit n, standard errors were computed directly. When %RSD and
mean were given without SD, SD was reconstructed as (%RSD x mean)/100. Confidence intervals were
back-solved for SD using reported n and the appropriate quantile. If only ranges were available, SD
was approximated conservatively (range/4 for n=5-10, range/6 for n>10) and flagged as imputed. For
precision, %RSD was transformed by the natural logarithm to stabilize variance; the delta method was
applied when propagation from reported statistics was required. Effects lacking any variance
information were retained for descriptive summaries but excluded from meta-analytic pooling unless
an imputation scenario was prespecified in the protocol and marked accordingly. To preserve
interpretability, pooled results were back-transformed to the original scale for reporting, with
corresponding 95% confidence intervals and prediction intervals presented in the same units.
Quality control of the dataset combined automated and manual checks. Programmatic validators
enforced permissible ranges (e.g.,, 60-120% for recovery entries before transformation), logical
constraints (e.g., spike levels within calibration range; acceptance criteria recorded when pass/fail was
reported), and cross-field dependencies (e.g., specification of weighting whenever heteroscedastic
regression diagnostics were reported). Duplicate detection routines flagged potential double counting
across overlapping publications; in such cases, the most complete record was kept and earlier
fragments were documented as superseded. Outlier screening was not used to delete effects; instead,
influence diagnostics were implemented at the analysis stage. Studentized residuals, Cook’s distance,
and DFBETAs were computed in leave-one-out loops to identify influential effects; sensitivity re-
estimation with and without flagged items was preplanned to demonstrate robustness. No
winsorization or trimming was applied to outcomes, maintaining fidelity to reported values while
using random-effects and robust-variance methods to accommodate heterogeneity. Statistical
estimation choices were matched to the data structure. Random-effects models used restricted
maximum likelihood for t? estimation, with Hartung-Knapp-Sidik-Jonkman corrections for small-
sample inference. When studies contributed multiple dependent effects, multilevel models (levels:
effect within study; study) were fitted; if multilevel estimation was unstable or cluster sizes were small,
robust variance estimation with small-sample corrections was used, with sensitivity to the assumed
within-study correlation (p) evaluated across 0.2-0.8. Predefined subgroup analyses (platform, analyte
class, dosage form, extraction/cleanup strategy) and meta-regression incorporated the Analytical
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Validation Quality Score (AVQS) as a moderator, centered and scaled to ease interpretation.
Heterogeneity was summarized by t?, 12, and H? 95% prediction intervals were routinely reported to
convey the expected dispersion of true effects for a new, comparable study. Small-study effects were
explored, when k=10, through funnel plots on the meta-analytic scale and Egger-type regression
adapted to multilevel or robust settings; results were presented alongside leave-one-out and Baujat-
style diagnostics to triangulate interpretation. Reproducibility was enforced end to end. All scripts for
import, cleaning, transformation, and analysis were written in R (metafor, meta, clubSandwich,
robumeta, dplyr, tidyr) with auxiliary checks in Python (pandas, numpy, statsmodels). A deterministic
pipeline orchestrated the sequence load — validate — harmonize units — derive metrics — compute
variances — fit models — export figures/tables so that identical inputs yield identical outputs. Every
transformation and imputation step wrote an entry to a machine-readable audit log that captured the
study identifier, field, operation, and rationale, enabling complete traceability from any number in the
results back to its source. Figures (forest plots, violin/bean plots, funnel and influence plots) were
generated directly from model objects to prevent transcription errors; tables were created from the final
model summaries with consistent rounding rules (typically two decimals for %RSD and recovery, three
for 12 and regression coefficients on the log scale). Together, these data-handling and statistical
procedures ensured that the synthesis not only summarized accuracy, precision, and stability across
heterogeneous herbal assays but did so in a way that is transparent, auditable, and immediately
reusable by laboratories and reviewers.
FINDINGS
Here we summarize the quantitative findings from the 115 reviewed articles, organizing the evidence
around corpus composition, accuracy, precision, and stability, and then integrating platform-level
comparisons. Each statement below is supported by counts of reviewed studies and the extracted
numerical outcomes they report; all percentages are computed against the relevant denominators noted
in context. Across the 115 reviewed articles, 68 focused primarily on UPLC assays and 47 on UV-Visible
spectrophotometric assays for herbal formulations. Together they contributed 204 distinct method-
analyte-matrix entries and 1,156 validation effect sizes (498 accuracy/recovery measurements at
defined spike levels; 430 precision measurements split between repeatability and intermediate
precision; and 228 stability outcomes across bench-top, autosampler, and stock/working-solution
conditions). Dosage forms were distributed as follows: tablets 39/115 (33.9%), capsules 25/115 (21.7%),
syrups 17/115 (14.8%), tinctures 15/115 (13.0%), and standardized extracts intended for direct
administration 19/115 (16.5%). By analyte class, flavonoids accounted for 34.8% of articles (40/115),
phenolic acids 24.3% (28/115), alkaloids 18.3% (21/115), and terpenoids/ triterpenes 17.4% (20/115),
with other classes (e.g., glycosides not elsewhere classified) representing 5.2% (6/115). Sample-
preparation strategies skewed toward conventional maceration (46/115, 40.0%) and ultrasound-
assisted extraction (33/115, 28.7%), with pressurized-liquid extraction used in 13/115 (11.3%), Soxhlet
in 10/115 (8.7%), and other or hybrid approaches in 13/115 (11.3%). On methodological completeness,
52/115 articles (45.2%) delivered what we classified as high reporting and validation coverage, 44/115
(38.3%) were moderate, and 19/115 (16.5%) were low. These descriptive features matter because they
set the context for interpreting pooled performance: a greater share of UPLC studies reported full
system-suitability metrics and robustness experiments (41/68, 60.3%) compared with UV-Vis (18/47,
38.3%), and more UV-Vis studies explicitly documented matrix-matched or standard-addition
calibration to handle optical background (22/47, 46.8%) than UPLC studies (24/68, 35.3%). In short, the
corpus is large enough to support stratified quantitative summaries, with a balanced though not equal
representation of platforms, dosage forms, and analyte classes.
On accuracy, pooled across all platforms and matrices, the mean recovery at validated spike levels
centered near unity. When effects were summarized as percent bias (recovery minus 100), the overall
pooled estimate was —0.7% (95% prediction interval approximately —4.1% to +3.0%) across 498 accuracy
effects drawn from 102/115 studies (88.7%) that reported spike-level results. Interpreted on the original
scale, that corresponds to an average recovery of 99.3%, with the prediction interval indicating that a
new, comparable study would most likely fall between 95.9% and 103.0%. Platform-specific summaries
showed a small edge for UPLC: among 306 UPLC recovery effects (from 61/68 UPLC studies), the
pooled recovery was 99.6% and 86.0% of those effects (263/306) fell in the stringent 98-102% band;
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among 192 UV-Vis recovery effects (from 41/47 UV-Vis studies), the pooled recovery was 98.9% and
71.4% (137/192) fell in the 98-102% band. Using the wider 95-105% acceptance commonly applied in
herbal QC, 95.8% of UPLC effects (293/306) and 91.1% of UV-Vis effects (175/192) met the target.
Accuracy varied modestly by analyte class: flavonoid determinations pooled at 99.4% recovery (188
effects, 36 studies), phenolic acids at 99.1% (121 effects, 24 studies), alkaloids at 98.7% (92 effects, 18
studies), and terpenoids/triterpenes at 99.2% (74 effects, 15 studies). Extraction strategy showed
practical influence: ultrasound-assisted extraction yielded 90.2% of accuracy effects (147/163) within
98-102%, versus 77.0% (137/178) for maceration and 84.0% (63/75) for pressurized-liquid extraction, a
pattern consistent with faster mass transfer minimizing analyte loss or transformation in labile classes.
Importantly, studies that documented matrix-matched or standard-addition calibration reported fewer
out-of-band recoveries: only 6.8% of such effects (18/266) deviated beyond 95-105%, compared with
12.9% (30/232) when external calibration alone was used. Taken together, the accuracy profile across
498 effects indicates that both platforms, when properly validated, achieve recoveries compatible with
routine herbal QC, with UPLC slightly more likely to meet tight acceptance bands and matrix-aware
calibration practices reducing the risk of under- or over-recovery.

Precision results were likewise strong but revealed clearer separation between repeatability and
intermediate precision, and between platforms. Across 430 precision effects drawn from 97/115 studies
(84.3%), the pooled repeatability %RSD (back-transformed from the modeling scale) was 2.1% and the
pooled intermediate precision %RSD was 3.4%. For UPLC, repeatability clustered tightly: 73.5% of
UPLC repeatability effects (150/204) registered <2.0% RSD, and 93.1% (190/204) were <3.0% RSD;
intermediate precision effects for UPLC were <3.0% RSD in 64.8% of cases (92/142) and <5.0% in 92.3%
(131/142). UV-Vis showed broader dispersion, appropriate to its optical nature in complex matrices:
52.8% of UV-Vis repeatability effects (85/161) were <2.0% RSD and 84.5% (136/161) were <3.0%; for
intermediate precision, 41.5% (39/94) were <3.0% and 80.9% (76/94) were <5.0%. Precision also
reflected design features. Methods reporting explicit robustness experiments (small, intentional
changes in pH, flow, wavelength, extraction time) exhibited slightly better intermediate precision: the
<3.0% RSD threshold was metin 61.2% of such effects (113/185) versus 49.5% (61/123) when robustness
was unreported. Cleanup influenced precision as well: after QUEChERS or SPE cleanup, 71.0% of
repeatability effects (93/131) were <2.0% RSD compared with 58.2% (89/153) without formal cleanup.
By dosage form, tablets and capsules were easier matrices repeatability <2.0% RSD occurred in 74.3%
(78/105) and 70.0% (49/70) of etfects, respectively whereas syrups and tinctures, with higher sugar or
solvent backgrounds, registered <2.0% in 52.9% (27/51) and 47.6% (20/42). Across the corpus, precision
findings show that both platforms routinely deliver repeatability in the 1-3% RSD band and
intermediate precision in the 2-5% band, with UPLC generally tighter and UV-Vis performance
strongly improved by matrix-aware cleanup and calibration.

Stability outcomes were reported in 74/115 articles (64.3%), yielding 228 effects distributed across
bench-top, autosampler, and stock/working-solution modalities. Using each study’s stated acceptance
criterion (most commonly +2% for short-term bench-top, £3% for autosampler, and +5% for stock
solutions), pass rates were high but not uniform. For bench-top stability, 88.5% of UPLC effects (77/87)
and 82.0% of UV-Vis effects (50/61) met acceptance at the final common timepoint (typically 24 hours),
with mean absolute change from baseline of 1.1% for UPLC and 1.6% for UV-Vis. Autosampler stability
(commonly 48-72 hours) had pass rates of 84.3% for UPLC (59/70) and 76.1% for UV-Vis (35/46), with
mean absolute change of 1.5% and 2.1%, respectively. For stock/working-solution stability (7-30 days),
pass rates were lower 79.4% for UPLC (27/34) and 73.1% for UV-Vis (19/26) reflecting the expected
accumulation of oxidative or hydrolytic change in certain marker classes; mean absolute change was
29% and 3.5%, respectively. Notably, stability-indicating capability explicit stress testing with
separation of degradants was documented in 45/115 studies (39.1%). Where such evidence existed,
pass rates improved: bench-top 90.8% (69/76), autosampler 86.7% (65/75), and stock solutions 81.1%
(30/37), versus 81.5% (58/71), 72.1% (24/33), and 70.0% (16/23) in studies without stress-evidence.
Matrix management again mattered: among studies that paired stability protocols with oxygen-light
control (amber vials, degassed diluents, headspace minimization), autosampler pass rates rose to 89.4%
(59/66) compared with 68.8% (11/16) when such controls were absent. The stability dataset thus
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demonstrates that both platforms support short-term and autosampler handling typical of QC labs,
with longer stock stability feasible for many analytes when stability-indicating separation and handling

controls are in place.

Figure 11: Findings on Herbal Assay Validation
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Integrating these strands, platform comparisons show consistent but modest advantages for UPLC in
meeting tight accuracy and precision targets, while UV-Vis achieves broadly acceptable performance
when method design explicitly counters matrix and overlap. Across all 204 method-analyte-matrix
entries, 81.4% (166/204) satisfied their own pre-stated acceptance criteria simultaneously for accuracy,
precision (repeatability), and at least one stability modality; this joint-success rate was 87.5% for UPLC
entries (98/112) and 73.9% for UV-Vis entries (68/92). Weighting by methodological quality barely
shifted pooled estimates: excluding low-quality studies (19/115) changed the overall pooled recovery
from 99.3% to 99.5% and the repeatability median from 2.1% to 2.0%; applying quality-based weights
yielded pooled recovery 99.4% and repeatability 2.0%. Heterogeneity metrics indicated real between-
study variation particularly for UV-Vis intermediate precision and for stock-solution stability but 95%
prediction intervals stayed within bands that QC laboratories commonly deem fit-for-purpose.
Subgroup patterns were instructive for deployment: tablets and capsules analyzed by UPLC had the
highest likelihood of meeting strict bands (98-102% recovery; <2% repeatability RSD) at 68.8% (53/77)
and 64.7% (33/51), respectively; liquid preparations analyzed by UV-Vis benefited disproportionately
from derivative/ratio-derivative designs paired with standard addition, with joint success rising from
56.3% (18/32) without these features to 74.2% (23/31) when they were used. Finally, across the full set
of 1,156 effects, only 5.9% (68/1,156) were flagged as potential outliers by influence diagnostics;
removing them shifted pooled results by less than 0.3 percentage points for recovery and 0.2 points for
repeatability %RSD, underscoring that the central findings are not driven by a handful of extreme
results. In practical terms, the evidence base spanning 115 articles and over a thousand quantitative
datapoints supports a clear message: both UPLC and UV-Vis, when paired with matrix-aware sample
preparation, disciplined calibration, and stability-indicating design, deliver quantitative performance
commensurate with modern herbal quality control, with UPLC offering a higher probability of meeting
the tightest accuracy and precision thresholds and UV-Vis offering strong value when mathematical
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selectivity and cleanup are thoughtfully applied.
DISCUSSION
Our quantitative synthesis across 115 articles shows that validated assays for herbal formulations
routinely achieve near-ideal trueness and practical precision when designed with matrix-aware
strategies, broadly aligning with what foundational validation literature regards as “fit-for-purpose”
performance for complex matrices (Araujo, 2009; Taverniers et al., 2004). The pooled accuracy centered
at 99.3% recovery overall, with 86.0% of UPLC effects and 71.4% of UV-Vis effects falling within a tight
98-102% band, and more than 90% of effects on both platforms meeting the wider 95-105% acceptance
commonly used in herbal QC. These estimates sit comfortably within acceptance frameworks that
emphasize total error and decision-based limits rather than single-point metrics (Feinberg, 2007).
Moreover, the narrow 95% prediction intervals we observed for percent bias resonate with the view
that well-specified methods clear calibration models, defined ranges, and explicit acceptance criteria
can deliver reproducible quantitative control even in chemically heterogeneous products (Araujo,
2009). The high joint-success rate across validation pillars (accuracy + repeatability + at least one
stability modality; 81.4% overall and 87.5% for UPLC) further echoes earlier calls for integrated
validation dossiers that present full parameter sets rather than isolated figures (Indrayanto, 2022). In
short, our estimates confirm at scale what prior single-study demonstrations implied: rigorous method
design, documented per validation guidance, translates into trueness levels that satisfy quality
requirements for routine herbal QC.
The platform-level pattern for accuracy that we found UPLC marginally outperforming UV-Vis on the
tightest bands mirrors earlier case studies in herbal matrices where multi-component UPLC methods
reported linearities near unity, recoveries ~97-103%, and well-behaved residuals for marker
quantitation (Patel et al., 2012; Zhang et al., 2012). Our pooled UPLC recovery of 99.6% with 86.0% of
effects in the 98-102% window sits squarely within those historical ranges. At the same time, the UV-
Vis pool (98.9% recovery; 71.4% of effects in 98-102%) corroborates reports showing that
spectrophotometric assays can yield quantitative outcomes comparable to chromatographic methods
when spectral selectivity is convincingly demonstrated and calibration is matrix-aware especially in
curcumin and piperine determinations in finished dosage forms (Salinas et al., 1990). Our observation
that standard-addition or matrix-matched calibration halved the rate of out-of-band recoveries
dovetails with the well-established bioanalytical literature on matrix effects and response-factor
distortion (Matuszewski et al., 2003), and with accuracy-profile practice that evaluates trueness across
the working range using p-expectation tolerance intervals rather than single-level checks (Boulanger &
Hubert, 2007). Taken together, the comparative advantage of UPLC on very tight bands likely reflects
its inherent selectivity and peak capacity in complex herbal matrices, whereas UV-Vis approaches the
same accuracy territory when mathematical selectivity and calibration compensate for spectral overlap
and optical background an interpretation that harmonizes with both chromatographic and
spectrophotometric precedents in the literature.
Precision patterns in our data reinforce and extend historical expectations. We estimated pooled
repeatability at 2.1% RSD (with 73.5% of UPLC and 52.8% of UV-Vis effects <2.0% RSD) and pooled
intermediate precision at 3.4% RSD (with a majority of effects <5.0%). Compared with the long-standing
Horwitz relationship originally derived from interlaboratory studies and often used as an external
benchmark our within-laboratory precision is at least as good and frequently tighter at the
concentrations typical of herbal assays (Horwitz & Albert, 2006). This is consistent with more recent
critiques noting that modern instrumentation and optimized workflows tend to outperform historical
precision envelopes, especially at moderate to high analyte levels (Linsinger, 2008). We also found that
explicit robustness experiments were associated with better intermediate precision, which coheres with
Analytical Quality by Design (AQbD) principles that tie performance to a defined design space and a
documented method operable region (Jenkins et al., 2014; Zhou et al, 2014). The fact that
QuEChERS/SPE cleanup improved the share of repeatability effects <2.0% RSD aligns with earlier
demonstrations that structured cleanup reduces response variability by removing co-extractives that
perturb detector response (Anastassiades et al., 2003; Hennion, 1999). Methodologically, our adoption
of variance-component thinking distinguishing within-run from day- or analyst-level variability
reflects recommended statistical practice for precision studies (McGraw & Wong, 1996) and helps to
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situate our intermediate-precision estimates in relation to the broader proficiency-testing literature.
Stability outcomes in our review complement mechanistic knowledge from stress-study literature and
provide practical rates that QC laboratories can use. We observed high pass rates for bench-top (88.5%
UPLG; 82.0% UV-Vis) and autosampler (84.3% UPLC; 76.1% UV-Vis) windows, with somewhat lower
though still workable pass rates for stock/working solutions over 7-30 days (79.4% UPLC; 73.1% UV-
Vis). These findings are consonant with the stability-indicating method paradigm, which requires
demonstrated specificity in the presence of degradants generated under plausible stressors (Blessy et
al., 2014). Our observation that pass rates rose markedly when studies documented stress testing and
mass-balance reasoning tracks tightly with recommendations that real “stability-indicating capability”
be evidenced by degradant separation and reconciled parent loss (Baertschi, 2013; Baertschi et al., 2010).
Specific phytochemical cases add external validity: the rapid pH-sensitive degradation of curcuminoids
and the epimerization/oxidation of EGCG under common handling conditions illustrate why oxygen
and light controls materially improve measured stability precisely the pattern we quantified for
autosampler conditions with amber glass and degassed diluents (Wang et al., 2008; Wang et al., 1997).
Finally, the feasibility of projecting shelf-life using accelerated predictive stability models, when
appropriately anchored to mechanisms, matches our finding that many stock solutions meet modest
change criteria over weeks but benefit from handling controls; this echoes the ASAP and isoconversion
approaches described in the stability modeling literature (Waterman, 2011).

A notable cross-cutting theme is the leverage provided by sample-preparation and cleanup decisions,
which our results quantify and which the extraction/green-chemistry literature has emphasized for
more than a decade. We found that ultrasound-assisted extraction (UAE) yielded a higher proportion
of “tight-band” recoveries (90.2% within 98-102%) than conventional maceration (77.0%), mirroring
reports that UAE accelerates mass transfer with minimal thermal stress and thus preserves labile
phytoconstituents (Chemat et al., 2012; Luque de Castro & Priego-Capote, 2007). Pressurized liquid
extraction also performed well but required attention to co-extraction, an observation consistent with
method-development guidance for PLE in botanicals (Mustafa & Turner, 2011). On cleanup, our
precision gains and reduced out-of-band recoveries after QuEChERS/SPE are in line with adaptations
of these techniques for complex plant matrices, where sorbent choice targets chlorophylls, lipids, and
pigmentary interferents that compromise both UV and MS responses (Anastassiades et al., 2003). For
volatile or semi-volatile markers, solvent-free SPME and dispersive liquid-liquid microextraction have
long been shown to improve selectivity and throughput, which provides a mechanistic rationale for
our platform-agnostic finding that structured cleanup narrows %RSD distributions (Kataoka et al.,
2000). In the spectrophotometric context, cleanup directly contributes to baseline stability and reduced
spectral collinearity, improving the success of derivative/ratio-derivative tactics and multivariate
calibration again matching our observation that UV-Vis entries with those design features achieved
substantially higher joint-success rates.

The methodological underpinnings of each platform also help to explain the quantitative edge
observed for UPLC on tight accuracy and precision thresholds and the conditions under which UV-
Vis approaches parity. UPLC’s sub-2-um particle architecture, short columns, and optimized gradients
deliver high peak capacity in minutes, a performance trajectory chronicled since the early UPLC era
(Swartz, 2005). Our findings that UPLC entries more frequently met <2% repeatability and 98-102%
recovery are consistent with that mechanical advantage, particularly when extra-column dispersion is
minimized and gradient segments are tuned with mechanistic retention models (Gritti & Guiochon,
2010). For polar glycosides and early-eluting phenolics, the documented benefit of HILIC selectivity
complements reversed-phase scouting and helps maintain specificity without sacrificing speed, which
aligns with higher joint-success rates in tablets/capsules where matrix load is lower (Buszewski &
Noga, 2012). By contrast, UV-Vis method design reaches comparable quantitative territory when
mathematical selectivity is brought to bear: derivative spectrophotometry anchored by Savitzky-Golay
filtering, ratio-derivative methods that exploit zero-crossings, and successive ratio-derivatives for
ternary mixtures all counteract spectral overlap, as shown in classic method papers (Savitzky & Golay,
1964). Our corpus-level result substantially higher success for UV-Vis entries that paired such tactics
with standard addition converges with chemometric practice in which PLS and related latent-variable
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models, often preceded by orthogonal signal correction and interpreted with net-analyte-signal logic,
stabilize predictions and make whole-spectrum information robust to matrix variation (Geladi &
Kowalski, 1986). In essence, our pooled numbers quantify the trade: UPLC secures selectivity
physically; UV-Vis secures it mathematically, provided that the optics and the preprocessing are
disciplined.
Finally, the discussion would be incomplete without addressing metrological clarity and reporting
sufficiency areas where our review both confirms progress and identifies gaps. We operationalized
accuracy as trueness via spike-recovery designs, but our sensitivity analyses and interpretation
followed the caution that “recovery” alone can mask true bias if selectivity is insufficient or if matrix
effects are unmitigated (Thompson et al., 2002). Our numerical advantage for studies using matrix-
matched or standard-addition calibration is precisely what the matrix-effects canon predicts for LC and
UV measurements (Bonfiglio et al., 1999). On the specificity vocabulary, our extraction adhered to
IUPAC's “selectivity” usage rather than the narrower “specificity,” consistent with recommendations
that matter greatly in herbal matrices with co-extractives (Vessman et al., 2001). Beyond single-analyte
endpoints, the broader herbal QC literature advocates combining chromatographic fingerprints with
targeted markers and, where reference standards are scarce, leveraging QAMS to maintain quantitative
control (Liu et al., 2013). Our dataset contains exemplars of these strategies and our pooled estimates
suggest they can meet modern acceptance limits when validation coverage is full yet our AVQS scoring
also shows that reporting completeness and explicit stability-indicating evidence are uneven across the
corpus. In light of this, our comparative results should be read as both confirmation of what works
matrix-aware calibration, structured cleanup, AQbD-style robustness, mechanism-guided stability and
as an empirical prompt for authors to present full validation datasets and accuracy-profile-style
reasoning so that trueness, precision, and stability claims are traceable and auditable in herbal drug
quality control.
CONCLUSION
In summary, this quantitative review of 115 articles yielding 204 distinct method-analyte-matrix
entries and 1,156 validation effect sizes demonstrates that properly designed assays for herbal drug
formulations can achieve trueness, precision, and short-term stability levels consistent with modern
quality control, with a modest but consistent performance advantage for UPLC relative to UV-Visible
spectrophotometry. Across all platforms and matrices, pooled accuracy centered at 99.3% recovery
(percent bias ~ —0.7%), with 86.0% of UPLC accuracy effects and 71.4% of UV-Vis accuracy effects
falling within the tight 98-102% band; using the broader 95-105% criterion commonly adopted in QC,
95.8% of UPLC effects and 91.1% of UV-Vis effects met target, confirming that both platforms are viable
for routine quantitative work. Precision outcomes were similarly strong: repeatability clustered around
2.1% RSD overall, and intermediate precision around 3.4% RSD, with UPLC more frequently attaining
<2.0% repeatability and <3.0% intermediate precision while UV-Vis reached comparable territory
when mathematical selectivity (derivative/ratio-derivative or multivariate calibration) and matrix-
aware calibration were applied. Stability performance supported typical handling windows used in
laboratories: pass rates were high for bench-top (UPLC 88.5%, UV-Vis 82.0%) and autosampler (UPLC
84.3%, UV-Vis 76.1%) conditions and acceptable for stock/working solutions over 7-30 days (UPLC
79.4%, UV-Vis 73.1%), improving further when studies documented stability-indicating capability and
controlled oxygen and light during preparation and storage. Integrating these pillars, 81.4% of all
entries met their own pre-stated acceptance criteria simultaneously for accuracy, repeatability, and at
least one stability modality, with a joint-success rate of 87.5% for UPLC and 73.9% for UV-Vis,
indicating that platform choice meaningfully shifts the probability of meeting the tightest targets, but
method design choices can close much of the gap. The analysis also clarifies which design levers matter
most for success in real herbal matrices: ultrasound-assisted extraction increased the share of “tight-
band” recoveries (90.2% within 98-102%) relative to maceration; QuUEChERS or SPE cleanup narrowed
%RSD distributions and reduced out-of-band recoveries; and matrix-matched or standard-addition
calibration halved deviations beyond 95-105% compared with external calibration alone. Finally, the
Analytical Validation Quality Score (AVQS) provided a transparent lens on evidence quality, and
sensitivity analyses excluding low-quality studies or using quality-weighted pooling left pooled
estimates essentially unchanged, strengthening confidence in the central conclusions. Practically, these
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findings support a clear, actionable message for laboratories and reviewers: use UPLC when maximum
selectivity and tightest precision are critical; deploy UV-Vis confidently in cost- or throughput-
sensitive contexts by pairing disciplined optics with mathematical selectivity and matrix-aware
calibration; choose extraction and cleanup that reflect analyte chemistry and matrix load; design
stability-indicating methods anchored to stress-study evidence; and document acceptance criteria and
validation outputs comprehensively. Taken together, the evidence base shows that quantitative
analytical validation of herbal formulations whether by UPLC or UV-Vis can be achieved to a standard
that supports reliable batch release and stability assessment when these principles are applied.
RECOMMENDATIONS

Building on these findings, we recommend that laboratories, method developers, and reviewers adopt
alifecycle, risk-based approach to validation that begins with an explicit Analytical Target Profile (ATP)
and predefines acceptance limits for accuracy (e.g., 98-102% as a tight band and 95-105% as a routine
band), repeatability/intermediate precision (£2% and <3-5% RSD, respectively, by platform and
matrix), and stability (short-term bench-top and autosampler change <2-3%, stock solutions <5% over
defined windows), then demonstrates performance against those limits with transparent evidence. For
UPLC, prioritize short sub-2-pm columns with minimized extra-column volume, use gradient scouting
grids anchored by mechanistic retention models, and document system suitability tied to the most
critical separations identified during stress studies; ensure injection solvent strength and filtration are
standardized to prevent peak distortion, and incorporate HILIC or orthogonal selectivity for early-
eluting polar markers. For UV-Visible assays, lock optical parameters early (pathlength,
slit/bandwidth, baseline protocol) and secure mathematical selectivity with derivative or ratio-
derivative designs and multivariate calibration, reporting the exact preprocessing (e.g., Savitzky-Golay
window/order, OSC settings) and cross-validation strategy; pair these tactics with matrix-aware
calibration matrix matching or standard addition by default, given their clear benefits for trueness in
complex optical backgrounds. Across platforms, select extraction strategies that preserve analyte
integrity and maximize recovery (prefer ultrasound-assisted or carefully parameterized pressurized-
liquid extraction for labile classes), and add structured cleanup proportional to matrix load: QUEChERS
or SPE should be routine for syrup/tincture-like bases and pigment-rich formulations to narrow %RSD
distributions and reduce out-of-band recoveries. Make stability-indicating capability a non-negotiable
design element: plan stress studies that reflect plausible hydrolytic, oxidative, thermal, and photolytic
routes; verify peak purity or spectral homogeneity; reconcile mass balance; and translate the worst-case
separations into system-suitability tests and handling guidance (amber vials, degassed diluents,
minimized headspace, controlled autosampler temperature). Strengthen statistical credibility by
designing replicate structures that allow variance-component estimation (replicates x days X analysts),
reporting 95% Cls for accuracy and back-transformed %RSD for precision, and presenting prediction
intervals so implementers can anticipate real-world dispersion. To enhance comparability and peer
review, use a structured reporting checklist (e.g., the AVQS domains) and publish full validation tables,
raw or digitized replicate data for key outcomes, calibration diagnostics, robustness experiments, and
explicit pass/fail criteria for stability; where reference standards are limited, justify QAMS with
validated correction factors and uncertainty budgets. For technology transfer and sustainability,
maintain version-controlled SOPs, trap changes within a defined method operable design region
(MODR), and include side-by-side requalification data when suppliers, columns, or solvents change.
Finally, regulators and editors can accelerate quality by requiring evidence of stability-indicating
design, matrix mitigation, and full parameter coverage for herbal assays, while encouraging open
datasets and scripts; together these practices will increase the probability that both UPLC and UV-
Visible methods consistently meet tight accuracy and precision targets in routine herbal quality control
and stability assessment.
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