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This review assesses analytical techniques available for routine structural elucidation of small molecules as
part of high-throughput screening campaigns of natural product libraries. The emphasis is on the speed and
scale of task management and highlights advances in technologies and library tools that enable the
structural elucidation of complex molecules on small-scale and rapid timelines. We present the state of
the art in the natural product field and provide a critical assessment of available techniques and tools,
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speed and scale of high-throughput screening.

1. Introduction

High-throughput screening (HTS) is an automated process that
tests large numbers of biological and chemical samples using
robotic platforms. In natural product-based HTS, libraries of
crude natural product (NP) extracts and semi-purified NP frac-
tions are screened against cell-based and cell-free disease
targets to identify active molecules, which are then examined
for specific activity and future drug development. A key advan-
tage of modern HTS is the ability to use high-capacity micro-
plates (384- or 1536-well) to achieve a throughput of >10 000
samples per day. Ideally, diverse and well-annotated libraries
support the success of HTS discovery campaigns. Although
some early HTS concepts were developed using NP libraries,*
their continued use decreased due to incompatibility with
robotic platforms and HTS timelines.” Notable recent examples
of NPs or NP-derived compounds in pre-clinical drug develop-
ment include Zotatifin, which is based on the plant natural
product rocaglamide,® and RMC-6236, which is based on the
bacterial natural product sanglifehrin.* Despite these current
examples, the speed of identifying activity for a natural product
sample has for many years eclipsed the speed of subsequent
compound identification. Recent developments are trying to
address the discrepancy and bring NP chemistry efforts more in
line with HTS programs.

Extracts from plants, marine biota, or microbial cultures can
be incredibly complex, generally comprising dozens to thou-
sands of chemical entities with a range of polarities and phys-
icochemical properties. Mixtures of unknown solubility and
viscosity can pose serious challenges for liquid-handling robots.
Moreover, NP extracts, depending on the source biota, can
contain high levels of salts, sugars, tannins, pigments, and
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lipids that can interfere with assay endpoints and yield a certain
percentage of false-positive readings. But perhaps the biggest
hurdle is the speed and efficiency of isolating and structurally
elucidating small molecules in NP extracts. Often, isolating the
active principles requires several rounds of chromatographic
separation guided by repeated screening on activity before pure
compounds are obtained and their structures determined. This
adds to the overall cost and completion timelines of NP
discovery projects. In this review, we outline technological
advancements in the separation, characterization, and anno-
tation of small molecules in NP mixtures that have enabled,
among other things, their enthusiastic uptake as a resource for
diverse scaffolds and structures in HTS, and we attempt to
answer whether structural determination of NPs can match the
speed and scale of HTS.

Christopher Thornburg earned
his Doctorate in Pharmaceutical
Sciences from Oregon State
University, where, under the
mentorship of Dr Kerry McPhail,
he focused on isolating and
determining the structures of
biologically  active = marine
natural products. In 2013, he
became a member of the Natural
Products Support Group at the
Frederick National Laboratory
for Cancer Research in Frederick,
Maryland. By 2021, he had
advanced to the position of Senior Scientist and now directs the
microbial and chemistry sections. His research focuses on inte-
grating natural product extracts and fractions into high-throughput
screening workflows for hit discovery and lead identification.

Christopher C. Thornburg

Rohitesh Kumar earned his
Doctorate in Chemistry from
Griffith  University, Australia
under the supervision of Asso-
ciate Prof. Rohan Davis where
his doctoral research focused on
the design and synthesis of
libraries based on natural
product scaffolds. He previously
had worked at Leo pharma in
Australia followed by post-
doctoral positions at the
University of Chemistry and
Technology, Prague and the
Technical University of Denmark. He is currently a Scientist with
the Natural Products Support Group at the Frederick National
Laboratory for Cancer Research in Frederick, MD, a position he
has held since October 2021. His research centers on the extraction
and characterization of secondary metabolites from plants,
marine, and fungal sources to support drug discovery.

il

Rohitesh Kumar

Nat. Prod. Rep.

View Article Online

Review

2. Separation approaches

While most legacy NP libraries and repositories were comprised
of collections of dried plant materials and frozen specimens or
crude extracts, advances in chromatography automation have
led to a notable increase in prefractionated NP libraries for use
in drug discovery.>* A PubMed search for “NP library fraction”
shows the first broad use of the term (>10 hits) in the mid-2000s,
with no notable increase over the following two decades
(Fig. 1A). Cross-referencing the term “HTS” shows a parallel
trend, albeit with fewer counts (Fig. 1B). Most large NP libraries
(defined here as >100 000 samples) use solid-phase extraction,
reversed-phase high-performance liquid chromatography (RP-
HPLC), or a combination of both, to separate crude extracts.®®
Notably, the majority of these large libraries were generated
using standardized chromatography gradients, timed HPLC
collections, and high-capacity liquid-handling instrumentation.
Method development and follow-up screening on prefractio-
nated NP libraries have demonstrated successful sequestration
of nuisance compounds, concentration of minor metabolites,
reduction of activity to a single fraction, and faster active prin-
ciple isolation timelines, underscoring the value of prefractio-
nated NP libraries in HTS discovery campaigns.>*™*°

The development of effective, automated chromatographic
separation technologies has also enabled a faster identification
of the individual components within NP fraction libraries. The
term “dereplication,” referring to the annotation and identifi-
cation of known compounds, was initially developed for NP
prefractionated library collections or single discovery
campaigns,” ™ and is now commonly used for large collections
of both prefractionated NP libraries and crude extracts (Fig. 1C).
The practice involves acquiring high-resolution spectrometric
and spectroscopic analytical data on a semi-purified or crude
NP mixture and using spectral databases and artificial intelli-
gence (AI) tools to rapidly identify compounds present in the
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sample. Initially, dereplication was used simply to weed
out known structures in an effort to find new chemical
entities, but owing to the advancements in analytical
chemistry methodologies, it has become a much more infor-
mative technique in the NP chemist's toolbox that enables
a more holistic view of the chemical space around known
molecular scaffolds.

3. Mass spectrometry techniques

The analytical requirements for identifying specific compounds
from hits in HTS of NP libraries—such as extracting actionable
structural information from chemically complex, low-
abundance mixtures within timelines that are compatible
with screening—highlight the significant progress of mass
spectrometry (MS) as a central analytical platform for high-
throughput (HT) NP discovery.”*** In current discovery work-
flows, MS is routinely employed to dereplicate known chemistry
at early stages, prioritize novelty or actionable compound
classes, identify analogue series for structure-activity relation-
ships, and triage samples for further investigation through
isolation and structural elucidation of active NPs by nuclear
magnetic resonance (NMR) and/or other orthogonal
techniques.'*®

One of the continuing challenges in modern NP discovery is
not merely HT MS data acquisition, but rather the development
of integrated workflows for separation, ionization, acquisition,
and informatics that support the dereplication of NP hits at HTS
speed and scale.™*® This section thus focuses on some of the
current MS platforms and workflows for high-throughput
natural product discovery (HT-NPD), whereas more compre-
hensive discussions of recent methodological advancements
are addressed elsewhere.'®2°>?
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3.1 Ionization sources enabling rapid NP analysis

Electrospray ionization (ESI) is the primary ionization source
used in NP discovery workflows. ESI offers high sensitivity,
broad metabolite coverage, and compatibility with aqueous and
organic mobile phases, making it suitable for online chro-
matographic separation of analytes prior to MS analysis.”>**
Moreover, due to its soft ionization technique, ESI produces
stable molecular ions and supports adduct chemistry, which
aids in accurate precursor assignment and provides high-
quality MS/MS spectra essential for library matching, molec-
ular networking, and in silico structural prediction.>®*® In HT
applications, ESI is combined with rapid chromatographic
gradients to balance sample throughput with chemical
resolution.™

Alternatively, atmospheric pressure chemical ionization
(APCI) and atmospheric pressure photoionization (APPI)
provide complementary coverage to ESI, particularly for less
polar or hydrophobic NPs, such as terpenoids, steroids, and
lipophilic alkaloids.”” Their higher tolerance to salts and
excipients presents advantages for partially purified fractions
and crude extracts prepared in microtiter plate formats.”®*
Multi-mode sources capable of switching between ESI and
APCI/APPI without hardware modifications are increasingly
implemented in HT laboratories to expand chemical space
coverage while preserving throughput.*

Ambient ionization techniques such as desorption electro-
spray ionization (DESI) and matrix-assisted laser desorption/
ionization (MALDI) are used in some HTS formats because
they enable direct analysis of solid and liquid samples, skipping
chromatographic separation entirely.”>** MALDI is especially
attractive for colony-based NP screening, pathway engineering,
directed evolution, and plate-based enzymatic assays. Addi-
tionally, imaging-based MALDI-MS enables spatially resolved
analysis of microbial interactions and biosynthetic
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Fig. 1 A count of publications available on PubMed (https://
www.ncbi.nlm.nih.gov/pubmed/) from 2000-2025 using the terms (A)
“natural product library fraction®, (B) “natural product library fraction” and
“high throughput screening”, and (C) “dereplication”, “natural product”,
“fraction” and “crude”.

phenotypes.>>** Although recent advances in liquid-handling
robotics have enabled partial automation of sample prepara-
tion, as well as the use of high-density sample arrays in HTS
MALDI-MS workflows, resulting in acquisition rates of approx-
imately 1-2 seconds per sample, sample preparation still
remains a limiting factor, and matrix interference can suppress
lower-molecular-weight (m/z < 500) analytes.>**

3.2 Mass analyzer platforms and their impact on throughput

HT-NPD fundamentally depends on high-resolution accurate-
mass (HRAM) mass spectrometry platforms—primarily quad-
rupole time-of-flight (QTOF) and Orbitrap instruments—to
facilitate elemental composition determination, spectral library
matching, and computational annotation workflows.***>

QTOF instruments balance resolving power, mass accuracy,
and acquisition speed, making them well-suited for HT-NPD
workflows.*® They support rapid full-scan and data-dependent
MS/MS acquisition with duty cycles compatible with sub-
minute chromatographic gradients."* Their robustness and
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spectral reproducibility have made QTOFs widely used work-
horse instruments for untargeted metabolomics and NP der-
eplication, particularly when datasets are analyzed through
platforms such as Global Natural Products Social (GNPS)
molecular networking.**

Orbitrap-based mass spectrometers offer enhanced resolving
power and sub-ppm mass accuracy, facilitating precise
elemental composition determination, isotopic fine-structure
analysis, and in silico fragmentation-based annotation.**
These functions are particularly advantageous in datasets that
require automated molecular formula assignment, structural
elucidation, or compound class prediction.*® Recent advance-
ments in scan speed and data-acquisition methodologies have
substantially reduced the traditional trade-off between resolu-
tion and throughput, thereby enabling Orbitrap platforms to
function effectively under short-gradient ultra-high perfor-
mance liquid chromatography (UHPLC) conditions.*”

Ion mobility-mass spectrometry (IM-MS) is an emerging,
powerful tool for natural product discovery, especially for
complex plant and microbial extracts, where chemical diversity,
chromatographic co-elution, and isomerism challenge tradi-
tional LC-MS readouts.***® By introducing a rapid, millisecond
gas-phase separation based on ion size/shape (often reported as
collision cross section, CCS) and charge, IM-MS adds a drift-
time/CCS dimension to retention time and m/z, increasing the
effective peak capacity (i.e., the number of distinguishable
features per run) without extending chromatographic gradients
and enabling partial resolution of co-eluting, isobaric, and in
some cases isomeric metabolites.**** The resulting CCS values
provide orthogonal molecular descriptors that, together with
accurate mass, retention time, and MS/MS fragmentation, can
improve dereplication and minimize false annotations, and
potentially reduce chimeric MS/MS spectra in data-dependent
acquisition via drift-time separation of overlapping precursor
ions.***® These attributes make IM-MS particularly well-suited
for NP extracts rich in terpenoids, polyketides, alkaloids, etc.,
where isomerism is common.*® However, NP-focused CCS
libraries remain incomplete, and broader adoption, especially
in HTS, is limited by factors such as difficulty in distinguishing
subtle isomers, platform- and calibration-dependent CCS vari-
ability, increased data complexity, and potential sensitivity
issues.*”~** Thus, IM-MS currently functions best as a comple-
mentary method within high-throughput LC-MS/MS workflows
rather than as a standalone solution.

Using HRAM with multiple ionization techniques and/or
analyzing both positive and negative ions can increase confi-
dence in the structural identification of analytes in active frac-
tions.** Furthermore, chromatographic-based hyphenated
approaches can considerably accelerate structural elucidation
without requiring large-scale isolation of analytes from complex
matrices.*® Compared with traditional HPLC, UHPLC offers
significant advantages, especially in terms of speed, resolution,
and sensitivity, and remains the backbone of HT-NPD
analytics.”® Because UHPLC columns use smaller-particle
stationary phases (<2 pm), sharper peaks and improved sepa-
ration of closely related compounds can be achieved across
shorter gradients.*” Thus, a well-equipped HT-NP laboratory can

This journal is © The Royal Society of Chemistry 2026
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employ sub-5-min gradients, plate-based injections, and auto-
mated QC strategies to process hundreds of samples per day
and, with parallel instrumentation, thousands per day. Addi-
tional hyphenated platforms, such as GC-MS, SFC-MS, CE-MS,
etc., are particularly effective for volatile and semi-volatile NPs
and hydrophobic metabolites and are essential for definitive
structural elucidation beyond MS analysis. These platforms, as
well as other hyphenated techniques, are more extensively
reviewed elsewhere, as these techniques require specialized
equipment and are best reserved for very specific screens and
assays.l7,50,53,54

4. Nuclear magnetic resonance
techniques

NMR spectroscopy is one of the most comprehensive methods
available for studying the molecular structures of NPs. The
ability to examine all paramagnetic nuclei in a molecule and
establish their inter-atomic bonding patterns, coupled with its
non-destructive nature allowing multiple experiments with
minimal material, makes NMR particularly suitable for deter-
mining the structures and configurations of even the most
complex natural products.®**® The importance of NMR in NP
research is further evidenced by the fact that, at present, the
majority of journals publishing the structures of new NPs
require NMR spectra to be supplied as images in SI, and some
even require the deposition of the associated raw files.® Below,
we outline some technological advances in the last 25 years that
have brought significant improvements in both the sensitivity
and resolution of NMR, and the use of this versatile technique
for the structural elucidation of NPs, rapid dereplication of
known structures, and HT-NPD chemical analysis.

4.1 NMR magnet and probe technology

NMR sensitivity and resolution are dependent on magnetic field
strength and probe design. Since the first commercial NMR
spectrometers became available in the late 1960s and early
1970s, operating at 20-200 MHz for the 'H nucleus,**
continuing developments in superconducting field technology
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Fig. 2 NMR frequencies used for the structural elucidation of new
natural products reported for issues 10, 11, and 12 in 2025, 2015, and
2005, in the Journal of Natural Products. Data are reported as
a percentage of total counts.
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have led to the recent commercial availability of NMR spec-
trometers operating at frequencies of >1 GHz. To gauge the
NMR magnetic field strength available to a contemporary
natural product chemist, we annotated the 'H NMR field
frequencies reported in publications from three issues of the
Journal of Natural Products in 2025, 2015, and 2005 (Fig. 2). In
2025, the overwhelming majority of laboratories used high-field
NMR instruments operating at 500 MHz or higher. Analysing
the data for 2015 and 2005, the trend shows a gradual but
consistent increase in the use of high-field NMR magnets today
compared to 10 and 20 years ago. The ability to record NMR
data at high-field strength affords not only enhanced sensitivity
but also resolution, which can show composite signals of
structurally complex molecules that would be overlapped at
lower field strengths, thereby improving the speed and accuracy
of dereplication, discovery of novel secondary metabolites, and
the acquisition of experimental proofs necessary for structure
elucidation.

Rapid advances in NMR probe technology are equally
impressive. In the early days of NMR spectroscopy, standard
5 mm NMR probes were used. Nalorac 3 mm probes became
available in the early 1990s,% followed by the 1.7 mm probe
a few years later® and the 1 mm probe in 2003. For mass-limited
natural product samples, smaller-diameter probes that require
less volume of deuterated solvent provide an increase in
sensitivity. But perhaps one of the most significant technolog-
ical advances was the development of cryogenically cooled
probes, which became commercially available in the late 1990s.
The use of helium- and nitrogen-cooled probes, generally
operated at very low temperatures—in the range of 25 K to 35 K
for helium and 80 K to 83 K for nitrogen—revolutionized the
capabilities of NMR, accelerated the acquisition speed of
spectra, and enabled structural elucidation work with nmol or
less of material.®**

With the improvements in magnetic field strengths, probe
design, and console hardware of NMR spectrometers, the
overall sensitivity of NMR experiments has increased by over
three orders of magnitude over the past 60 years,” making NMR
a routinely applied fast technique for obtaining critical data on
chemical structures in HTS of NP research.

4.2 Select pulse sequences and NMR experiments

A modern NMR spectrometer offers over 1500 different pulse
sequences. Their widespread use and availability, especially for
2D heteronuclear NMR experiments, have had a major impact
on the ability to determine the structures of NPs. Here, we
highlight only a few that we believe have significantly acceler-
ated data acquisition for natural product samples and have the
potential to be used in HT chemical analysis.

One of the most versatile and useful 2D heteronuclear NMR
experiments used in the dereplication of natural products is the
multiplicity-edited HSQC,®® a proton-detected 2D heteronuclear
NMR experiment that offers much higher sensitivity than DEPT
and is a powerful, time-efficient, and routinely used tool for NP
structural elucidation. When used with pattern-recognition Al
tools such as Small Molecule Accurate Recognition Technology

Nat. Prod. Rep.
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(SMART)*® and DeepSAT,” it provides fast and reliable
compound dereplication. Moreover, its inherent sensitivity
allows for short experimental times, adding to its applicability
in HT-NPD chemical analysis.

Structural elucidation by NMR works best on pure or semi-
purified samples. Analysis of mixtures presents challenges
due to spectral complexity and signal assignment. Pulsed-field
gradients can lower the detection limits by reducing artifacts
and are key to diffusion-ordered nuclear magnetic resonance
spectroscopy (DOSY).”%”> Because resonances from different
compounds are distinguished by their diffusion coefficients (D),
the DOSY experiment has been applied to investigate D values of
structurally diverse mixtures of NPs, dereplicate known NPs,
and identify new metabolites solely on parameters derived by
DOSY NMR.” The advantages of the DOSY experiment include
inherent sensitivity ("H detected experiment) and the ability to
separate signals without the need for sample purification.

4.3 Non-uniform sampling

First proposed more than 40 years ago, non-uniform sampling
(NUS) has been rapidly adopted and widely investigated for
acquiring and processing NMR data.” In contrast to standard
uniform sampling, in which time-domain NMR signals undergo
a discrete Fourier transform to produce a frequency spectrum,
exponential NUS retains about 25-50% of the data points that
would be acquired uniformly. The use of NUS has enabled faster
acquisition of high-quality NMR spectra with increased
sensitivity/resolution, and has offered significant time advan-
tages in the structure determination of small-molecule NPs.”*7>
NUS-based enhancements for very dilute samples of complex
small molecules can often be achieved in 2D NMR experiments,
such as HSQC and HMBC, by lowering the detection limit and
improving sensitivity by up to twofold in a given dimension,*
enabling a broader range of experiments to be used, even with
smaller sample quantities.

5. Other techniques

5.1 Infrared spectroscopy

Infrared (IR) spectroscopy measures how a compound interacts
with infrared light at different wavelengths. Historically, IR
spectroscopy relied on manual sample preparation on a KBr
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disc, which was time-consuming and destructive to samples,
limiting its routine application in HT NP chemistry workflows.
The introduction of Attenuated Total Reflectance Fourier
Transform Infrared Spectroscopy (ATR-FTIR) has largely over-
come these limitations,”® offering non-destructive analysis and
ease of use. With the advent of modern tools such as NMR and
MS, IR spectroscopy is often underestimated and underutilized,
despite providing complementary analytical data. Today, FTIR
spectroscopy is a cost-effective, non-destructive technique that
requires minimal to no sample preparation and offers rapid
data acquisition across diverse sample types, making it well-
suited as an initial screening platform.”*”® Moreover, FTIR
has one of the broadest spectral ranges among analytical tech-
niques used for the structural elucidation of NPs, making it
particularly suitable for pattern matching analysis and library-
based dereplication. However, despite these advantages, FTIR
is still not commonly used for NP dereplication. This is largely
due to a lack of publicly available IR databases™ that would
enable rapid automated compound identification; “non-
discriminatory” spectroscopic information, especially due to
overlapping absorptions in similar regions;* and IR's inability
to provide stereochemical information, which is crucial in NP
chemistry.

Nevertheless, recent work has demonstrated the growing
potential of automated data analysis using IR spectra.
Approaches such as spectral prediction® and functional group
classification using neural networks™ and machine learning®
are rapidly evolving. For example, a transformer-based model
was developed using a large experimental and simulated data-
set, which was capable of predicting molecular structures
directly from experimental IR data.”® Another study has
demonstrated the use of a convolutional neural network trained
and validated on a large subset of IR spectra to automatically
identify a wide range of functional groups without expert
input.®*® Modern FTIR has been designed around standard
format HT IR plate readers capable of analysing microgram
quantities of samples on microtiter plates that can be prepared
using liquid-handling robotic platforms and recorded at high
throughput (Fig. 3). This was demonstrated in a recent HT IR
method for peptide quantification,** as well as NP dereplication
efforts.*® These developments position IR as a HT tool for the
future structural elucidation of NPs, complementing NMR and
MS.

Functional group region

Fingerprint region

Spectral range — 4000-400 cm™

Fig. 3 Summary of modern FTIR sample preparation, acquisition and data analysis. FTIR spectrum of 1”-hydroxycrinemodin bianthrone was
adapted with permission from Freire et al.®¢ Copyright 2024, Royal Society of Chemistry. Instrument and plate images were created in BioRender

(2026): https://BioRender.com/fvplin3.
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5.2 Chiroptical spectroscopic techniques

The use of chiroptical spectroscopic techniques such as Elec-
tronic Circular Dichroism (ECD), Vibrational Circular
Dichroism (VCD), and Optical Rotation (OR) can be vital for
determining the absolute configuration of chiral molecules
after the planar structure has been determined.®” These tech-
niques measure the interaction of chiral molecules with circu-
larly polarized light. The differential interaction of chiral
molecules with light is directly related to molecular handed-
ness, providing important information about three-
dimensional arrangement, enantiomeric purity, and stereo-
chemical information. ECD and OR are based on electronic
transitions, while VCD is based on vibrational transitions of
chiral molecules.®® The complete structural assignment and
absolute configuration of chiral compounds are essential,
particularly in the context of biological activity, as stereo-
chemistry can profoundly influence molecular recognition,
potency, and selectivity.** Being inherently non-destructive,
chiroptical spectroscopic methods are widely used by NP
chemists for absolute configuration determination of small
molecules, as well as for small peptides and proteins.*® These
techniques are particularly advantageous in NP research, where
the availability of isolated compounds is often limited, making
sample preservation critical. The application of chiroptical
techniques in the NP field has been extensively discussed in
several recent reviews.’”** ECD requires UV-vis chromophores®
and only small sample quantities, allowing relatively short
acquisition times, whereas VCD can analyze UV-silent mole-
cules®® but typically requires larger sample amounts and longer
run times. Although chiroptical methods are not commonly
used in HT dereplication work, this field is rapidly evolving with
the inclusion of deep-learning methods® and time-dependent
density functional theory calculations to generate theoretical
chiroptical spectra (ECD, VCD,*** and OR calculations®”*°) with
high accuracy.?” These advances are enabling faster, more reli-
able stereochemical assignments, as well as the integration of
FTIR data—and potentially chiroptical data in the future—into
automated screening pipelines. When combined with minia-
turized sample handling and HT instrumentation, such devel-
opments are poised to render chiroptical and FTIR
methodologies increasingly practical tools for rapid molecular
characterization, thereby complementing traditional spectro-
scopic dereplication techniques.

6. Database tools

At HT scale, annotation throughput often limits progress more
than data acquisition.”” Early dereplication efforts relied on
limited in-house libraries or commercial resources such as the
Dictionary of Natural Products,”® MarinLit,” and AntiBase,'*
often resulting in incomplete coverage of NP chemical space.®”
In recent years, the emergence of large, community-driven NP
databases has fundamentally changed this landscape. Plat-
forms such as the GNPS molecular networking enable large-
scale comparison of MS/MS spectra using molecular

This journal is © The Royal Society of Chemistry 2026
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networking and spectral library matching, facilitating rapid
recognition of known scaffolds and related analogues.*'%**>

6.1 Mass spectral databases

Beyond simply asking “what is this spectrum?”, NP der-
eplication increasingly focuses on “where else does it occur?”
Spectral search engines, such as the GNPS-style Mass Spec-
trometry Search Tool (MASST),'*” along with domain-specific
versions such as plantMASST and microbeMASST,'**'%* allow
users to search public repositories for a single MS/MS spectrum.
This helps link unknown compounds to ecological, taxonomic,
or exposure-related contexts.'*>'* Such contextual information
can significantly influence project prioritization, for example,
by distinguishing strain-specific features from ubiquitous
media contaminants.' When exact library hits are absent, tools
that infer substructures, motifs, or chemical classes from MS/
MS data can guide dereplication and isolation processes.'*”'*®
Machine learning-based analogue search methods, such as
MS2Query, aim to retrieve structurally similar candidates even
when the exact compound is absent from existing libraries,
thereby expanding MS/MS similarity beyond strict library
matching (Table 1).'*°

In parallel, structure-centric databases, such as the Natural
Products Atlas,"**** COCONUT,"® and LOTUS"" have expanded
dramatically in size and scope (Table 1), collectively covering
hundreds of thousands of NP structures with associated taxo-
nomic, bibliographic, and, in certain instances, biological
metadata. These resources facilitate not only direct der-
eplication but also higher-order analyses of NP chemical space,
thereby enabling prioritization based on novelty, biosynthetic
origin, or structural classification.*®

MS-based workflows now provide the speed and information
density necessary for modern HT-NPD, enabling rapid der-
eplication and prioritization at unprecedented scale.**** When
integrated with advanced MS data-processing tools—such as
feature detection, alignment, molecular networking, and in
silico fragmentation—spectral databases enable automated
annotation or triage of thousands of features from a single
experimental run.'®**** Table 1 illustrates the increasingly
complex ecosystem of databases and computational resources
available for matching MS data to putative structures. While
a detailed comparison of these tools is beyond the scope of this
review, the integration of several of them into GNPS molecular
networking workflows has been described by Aron et al.*® In
addition, a growing number of dedicated reviews reflect the
need to navigate this crowded landscape and provide guidance
on their practical use,'****** including those evaluated in the
CASMI (Critical Assessment of Small Molecule Identification)
contest.”>** Qverall, this represents a significant shift away
from traditionally manual, late-stage dereplication paradigms.®”
However, ongoing challenges—including stereochemical
ambiguity, isomer discrimination, and overall data
complexity—limit the interpretability of MS data in isolation.™
Therefore, MS is most effectively employed within a tiered
discovery strategy, where rapid MS-based triage is followed by
targeted isolation and orthogonal structural confirmation of the
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Table 1 Mass spectrometry-based databases and informatics resources for natural products dereplication

Representative resources® Primary function in dereplication

Type

GNPS,** MassBank,''® MoNA,""* METLIN,"'*'"® Direct identification of known compounds

Wiley/NIST,"'* RIKEN/ReSpect,'*® mzCloud,"*® through experimental MS/MS spectral matching

MS"Lib""’

St 3 : 118 119 120,121
ructure databases (general & domain-specific) COCONUT, "® LOTUS, "~ NPAtlas,

molecules Gateway,'*> DNP,”® MarinLit,”°

AntiBase,'®® ChemSpider,'?* PubChem***

SIRIUS/CSI : FingerID,"*® MS-FINDER,'**

MetFrag,'”” MetFusion,'*® CFM-ID,"*° ISDB,"*°

MS2Query,'*® DEREP-NP

DEREPLICATOR+,"*! MolDiscovery'*?

Spectral libraries (experimental MS/MS)

Reference collections of reported natural
product structures with literature and source
annotations

Prediction of molecular formulas and ranking of
plausible structural candidates from MS/MS
data

Dereplication of MS/MS spectra to predicted
spectra or fragments from known natural
products

Organization of MS/MS data into molecular
families and substructures to support family-
level dereplication

Use of collision cross section values to support
isomer discrimination and annotation
confidence

Identification of where and how widely an MS/
MS feature has been observed across public

In silico fragmentation & annotation tools

In silico structure-based dereplication tools

Molecular networking & substructure analysis 26,101,102

frameworks

GNPS molecular networking,
MS2LDA,%”"*3* MolNetEnhancer,"** NAP**

Unified CCS Compendium,*®* METLIN-CCS,*’
PNNL CCS,"*’” CCSbase,'*® AllCCS***%°

IM-MS/CCS resources

Global MS/MS search tools MASST (GNPS),"”* ReDU'*°

datasets
Bioactivity & source annotation NPASS,"*° NPBS Atlas,'*! ChEMBL,"*> PubChem Literature- and assay-linked biological activity
BioAssays'*? context
Raw MS data repositories MassIVE,"** MetaboLights,'*> metabolomics Long-term deposition of raw LC-MS/MS data
workbench*®

“ Raw LC-MS/MS data are typically processed using vendor-specific or open-source feature extraction and alignment software such as MZmine,""”
XCMS,"** MS-DIAL,'* or OpenMS'* prior to dereplication and annotation. Abbreviations. GNPS: global natural products social molecular
networking; MoNA: MassBank of North America; METLIN: METabolite LINk; NIST: national institute of standards and technology; ReSpect:
RIKEN MSn Spectral database for phytochemicals; COCONUT: the COlleCtion of Open NatUral producTs; LOTUS: LOTUS initiative for open
natural products research; NPAtlas: natural products atlas; DNP: dictionary of natural products; SIRIUS: sum formula identification by ranking
isotope patterns using mass spectrometry; MetFrag: metabolite fragmenter; CFM-ID: competitive fragmentation modeling for metabolite
identification; ISDB: in silico spectral dataBase for natural products; MS2LDA: mass spectrometry-based 2-dimensional latent dirichlet
allocation; NAP: network annotation propagation; CCS: collisional cross-section; PNNL: pacific northwest national laboratory; MASST: mass
spectrometry search tool; ReDU: reanalysis of data user interface; NPASS: natural product activity and species source; NPBS Atlas: natural
product and biological source atlas; ChEMBL: chemogenomic database maintained by the European molecular biology laboratory-European

bioinformatics institute. MassIVE: mass spectrometry interactive virtual environment.

most promising candidates
methods."*

using additional analytical

6.2 NMR spectral databases

One- and two-dimensional NMR data, in the form of chemical
shift, multiplicity, and integration, offer a multitude of infor-
mation for spectral searches and structure identification. NMR-
based dereplication on NP fractions and fraction libraries has
been shown to be successful on a small scale (10 s of micro-
grams of a sample) and for a range of NP chemotypes.'>**>*>7
When used as an orthogonal tool to other analytical methods,
such as MS and FTIR, it can increase the confidence of
assignments and annotation of hits.>*® At present, there is
a growing number of NP NMR databases and repositories, but
not a corresponding number of spectral search and Al tools to
complement the increase in the available data access (Table 2).
Attempts to centralise the NMR data of all published NPs in
a single database, such as NP-MRD"* and NAPROC-13,"° have
the potential to simplify spectral searches and spur the devel-
opment of new tools. Likewise, access to fast, accessible search
tools, such as SMART"® and DeepSAT,” that can batch process

Nat. Prod. Rep.

spectral datasets simultaneously can effectively facilitate HT-
NPD chemical searches.

Notably, while most dereplication MS- and NMR-based tools
presented here excel at the identification of known natural
product structures, or even predict tentative structures of
related compounds, they are not capable of identifying
unknown NP structures and chemotypes precisely. If the goal is
to identify all, including the unknowns, and ultimately be able
to compare the speed of NP-based HTS to that of screening pure
compound libraries, multiple orthogonal approaches and
integrated spectral libraries should be considered.

7. Meeting the speed and scale of HTS

The last 25 years have seen significant advances in analytical
chemistry instrumentation, including increased sensitivity,
a smaller footprint, and greater affordability. Structural eluci-
dation is now possible, if not commonplace, to do on 10s of
micrograms®*'**'*® of a small molecule. This, coupled with the
availability of spectral databases and AI tools, has enabled
structural elucidation of natural products to function at an
unprecedented pace.

This journal is © The Royal Society of Chemistry 2026
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Table 2 NMR-based databases and informatics resources for natural products dereplication

Representative resources

Type

NP-MRD,'*® NAPROC-13 **°
nmrXiv,'®* Harvard dataverse'®

NP spectral libraries of raw FID NMR data
Other spectral raw FID NMR data libraries”

NP NMR spectral libraries extracted from publications
Other NMR spectral libraries extracted from publications”
In silico annotation & structural elucidation tools

Jeol CH-NMR-NP*®?
NMRexp,164 NMRExtractor,165 Micronmr*®®
SMART,'*® DeepSAT,”® DP4-AI"*’

¢ Known to contain raw fid spectra of NPs. ? Selected based on criteria that some contain spectra of NPs. Abbreviations. FID: free induction decay;
NP-MRD: natural products magnetic resonance database; NAPROC-13: NAtural PROducts Carbon-13 NMR database; nmrXiv: nuclear magnetic
resonance eXchange; Jeol CH-NMR-NP: '*C/"H-NMR database for natural products; NMRexp: NMR experimental spectra database;

NMRExtractor: NMR data extraction tool utilizing large language models; SMART: small molecule accurate recognition technology.

The speed and ease of data acquisition are critical to
enabling these productivity advances. Fig. 4 compares the
acquisition aspects of LC-MS, NMR, and FTIR spectroscopy with
respect to parameters we consider most relevant to achieving
the speed and scale of HTS. Many vendors of LC-MS, NMR, and
FTIR equipment offer high-capacity autosamplers in 96- and
384-well plate formats, along with the automated sample
acquisition software. Moreover, with the universal use of “SBS
footprint” laboratory microplates, liquid handling robots can be
used for automated sample preparation. While the equipment
formats outlined above may meet HTS's scale requirements,
they will never meet its speed requirements. The sensitivity of
modern instruments has significantly shortened experimental
acquisition times - but most LC-MS and NMR experiments still
require 5-10 min of runtime per sample. At that pace, it would
take up to 16 hours for a single 96-well plate, and years of
uninterrupted experimental time to complete a library of >100
000 fractions.”® The ability to process such data, especially in
high-resolution LC-MS/MS, where a single run file can exceed
one gigabyte, adds another timeline hurdle.

However, in an individual HTS discovery campaign, not all
fractions screened need to be annotated. Focusing the value

Method: Mass Spectrometry
Value: Sensitive

Automation friendly — yes

Sensitivity — nanograms

Run time — 5 to 10 min

File size — large (100s MB to GB)
Added value — Al tools and databases

Method: NMR spectroscopy
Value: Comprehensive

Automation friendly — yes

Sensitivity — micrograms to milligrams
Run time — 5 to 10 min

File size — small (100s KB)

Added value — 2D data

proposition exclusively on fractions that show activity in an HTS
will significantly reduce the analytical burden and shorten
timelines towards compound identification. In one case study
below, we summarise one such example to demonstrate that NP
HTS discovery campaigns can operate at the scales and time-
lines of HTS screening.

7.1 Case studies for the HT chemical analysis of NP hits
from HTS

The National Cancer Institute (NCI) had launched the NCI
Program for Natural Product Discovery (NPNPD) to help rein-
vigorate drug discovery research in NPs.? As an initial aim, the
NPNPD has been producing and releasing prefractionated NP
samples to the public for screening across all disease states. At
present, the NPNPD library comprises over 700 000 partially
purified NP fractions sourced from over 100 000 plant, marine,
and fungal samples. To complement this large NP library,
a rapid isolation and identification method for biologically
active NPs has also been developed.” A recently published
screen® of 326 656 NPNPD fractions against four microbial
pathogens illustrates a workflow for high-throughput analysis
of HTS hits (Fig. 5). Out of 3067 confirmed hits-based on dose-

¢ (ppm)

Transmittance (%)

H (ppm)

Method: FTIR spectroscopy
Value: Affordable

Automation friendly — yes
Sensitivity — micrograms

Run time — 1to 2 min

File size — small (10s KB)

Added value — large spectral range

Fig. 4 Comparison of commonly used analytical methods used for the structural elucidation of NPs and their applicability to high-throughput
data acquisition and processing. Run times indicated were estimated based on the following, MS: 3-8 min LC gradient with MS acquisition
allowing for a column flush and equilibration post and between runs respectively; NMR: *H NMR experiment at 128 scans using standard zg30
Bruker pulse sequence and allowing for sample optimization such as shimming and tune and match; FTIR: 128 scans using standard Bruker
transmittance experimental parameters. File sizes indicated reflect, NMR: *H, COSY and *H-**C HSQC data; MS: MS and MS/MS data acquisition
with 1-5 ppm accuracy; FTIR: transmittance data. Created in BioRender (2026): https://app.biorender.com/.
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Fig. 5 An example of HT chemical analysis to support HTS screening workflows. (A) NP library primary screen results against four microbial
targets; (B) second-stage HPLC purification and repeat testing; (C) HT analytical data acquisition; (D) compound identification results. The NP
library and assay results are reprinted with permission from Martinez et al.8> Copyright 2023, Americal Chemical Society.

response profile data, literature, and taxonomy information,
a set of 75 fractions was prioritised for purification and active
principle annotation work. Following established automation
procedures,” one milligram of each active fraction was sub-
divided into 22 subfractions (nominally 45 pg per well) via semi-
preparative HPLC, yielding 1650 assay-ready subfractions for
follow-up testing within 18 hours. From this set, approximately
250 sub-fractions were identified as active and analyzed by HR
LC-MS/MS, NMR, and FTIR to gather initial chemical data,
requiring approximately seven days in total (2 days for MS and
NMR and 1 day for FTIR). At this stage, active subfractions were
typically found to contain a single, or nearly pure, compound in
approximately 80% of cases. Thus, the use of a HT, reproducible
second-stage HPLC process reduced the complexity of initial hit
fractions, enabling rapid chemical annotation, typically in less
than a week for a set of this size. For larger hit lists of up to 500
samples, analysis can be completed within seven days by
running LC-MS/MS and NMR in parallel after dividing the active
sample, allowing an annotated list of identified active structural
classes to be returned to the screening laboratory within two
weeks. Overall, the workflow described here is one example of
HT chemical analysis of screening hits at an HTS scale.

Other HT NP analyses examples, not limited to a starting
point of biological activity screen, include pattern-based
genome mining approaches as well as chemical reactivity-
based screening. In pattern-based genome mining, genome
sequences are analysed for genomic signatures of specific
compound types or specific biosynthetic genes are targeted
using polymerase chain reaction primers. Once the biosynthetic
gene cluster of interest is identified, confirmation screening is
supported by MS-based molecular networking analysis'”*™*”* or
for specific NP classes such as oxazoles, and piperazic acids
using "H-"C or 'H-">N HSQC NMR fingerprints."’**7® In
reactivity-based screening an additional step is added where
a specific functional group of interest is chemically modified
and the resulting adducts detected MS metabolomics and used
to guide the isolation of new NPs. This can be achieved either in
tandem with genome mining, for example to find new diazo-'""

Nat. Prod. Rep.

and azoxy-containing NPs,”® on crude extracts to identify
reactive carbonyl- and alkyne-containing'’®*** NPs.

8. Conclusions and perspectives

In this review, we outlined how analytical chemistry instru-
mentation, such as LC-MS, NMR, and FTIR, has advanced
significantly in sensitivity and automation. This, coupled with
the availability of NP spectral databases and Al tools, has made
dereplication and compound identification timelines more
productive, focused, and ultimately much faster. As a commu-
nity, we are no longer bound to having knowledge of NP
structures at the very last step of lengthy purification processes
and long analytical data acquisition timelines. The paradigm is
shifting - the technology and tools are available for natural
product science to run at the speed and scale of HTS. To best
use the vast array of analytical chemistry data and machine
learning resources available, NP chemists should expand the
toolbox for NP dereplication by integrating analytical data
streams and incorporating Al methods into structural elucida-
tion workflows. A recent review showed that AI tools for struc-
tural elucidation of marine natural products are relatively
underutilized,*® and most laboratories still rely on well-trained
chemists to solve chemical structures by NMR. In the future, AI-
generated spectral databases may soon outnumber experimen-
tally obtained data repositories - for example Open Molecules
2025 (Omol25) dataset contains 100000 000 high-level DFT
calculated quantum calculations for training AI models.*®* But
high-quality, well-annotated, and accessible experimental
spectral data for natural product structures remain the bench-
mark for structural elucidation efforts. AlphaFold,"®® now
capable of generating highly accurate 3-dimensional (3D)
structure predictions of large biomolecules from amino acid
sequences in mere minutes, was trained on the Protein Data
Bank - a well-curated 3D structural database based on X-ray
crystallography, electron microscopy, and NMR data.
Currently, most natural product structure-predicting tools rely
on a single analytical method, such as tandem mass spectra or
1- and 2-dimensional NMR data. Going forward, using multiple

This journal is © The Royal Society of Chemistry 2026
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data sources together with machine learning tools has the
potential to increase the speed and accuracy of structure
determination and annotation of natural products.
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