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Accurate detection of botulinum neurotoxin (BoNT) requires assessing both its proteolytic SNARE-cleaving activity and its ability to
inhibit synaptic transmission. While the mouse bioassay remains the traditional diagnostic standard, its prolonged turnaround time,
limited reproducibility, and ethical constraints underscore the urgent need for advanced in vitro methodologies. Recent advances in
analytical chemistry, stem-cell-derived neuronal platforms, and multi-omics profiling enable the development of sensitive systems
that replicate BoNT’s molecular and functional mechanisms with greater precision than conventional in vivo models.

Aim. To evaluate current methodologies for the diagnosis and functional analysis of botulinum neurotoxin and, synthesizing these
findings, to propose a conceptual algorithmic model for comprehensive neurotoxin detection independent of in vivo methods.

Materials and methods. A literature review was conducted utilizing the PubMed, Scopus, and Web of Science databases. Studies
detailing molecular, cellular, multi-omics, and computational approaches to BoNT detection were included. The extracted data were
synthesized across molecular, cellular, and systems-level domains to construct an integrated diagnostic model.

Results. Modern diagnostic strategies increasingly surpass the mouse bioassay in terms of sensitivity, specificity, and mechanistic
insight. SNARE-specific proteolytic profiling, notably Endopep-MS, enables precise detection of BONT serotypes and their functional
states by quantifying cleavage kinetics across a diverse array of substrates. Complementary human iPSC-derived neuronal platforms
allow for direct functional assessment, revealing electrophysiological suppression, altered calcium signaling, and reporter-confirmed
SNARE cleavage within living cells. Multi-omics analyses, including single-cell transcriptomics, epigenomics, and metabolomics,
capture early stress signatures, serotype-specific responses, and determinants of neuronal susceptibility. Additional resolution
is provided by receptor-binding kinetics and intracellular trafficking studies, which elucidate how serotype-dependent variations
dictate overall toxicity. The integration of these molecular, cellular, and systems-level insights establishes the foundation for the
ULTIMA-BoNT framework, a unified platform designed for high-precision BoNT detection.

Conclusions. The convergence of proteolytic assays, physiologically relevant neuronal models, and multi-omics analytics presents
a robust, reproducible, and ethically sustainable alternative to the mouse bioassay. This integrative approach not only provides
profound mechanistic insights but also supports the predictive analysis of emerging BoNT variants.

Keywords:
botulinum toxins,
botulism, diagnostic
techniques and
procedures, mass
spectrometry,
endopeptidases,
SNARE proteins,

in vitro techniques.

Zaporozhye
Medical Journal.
2026;28(3):267-273

MpocyBaHHA AiarHoCTMKK 60TYAI3MY: iHTErpawia MOAEKYAAPHO cneundiuHuX
in vitro nAaT$popm Ta BUCOKOUYTAUBUX aHAAITHUHUX TEXHOAOTIN
AIK aAbTepHaTUBU MULLauoMy bioaHanisy

. A. boHpapeHko, 0. B. KouHeBa

TouHe BusiBNEHHs 60TyniHiYHOro HempoTokcuHy (BoNT) noTpebye oLiHIOBaHHS | I0ro NpOTeoNiTUYHOT aKTUBHOCTI, LLO PO3LLENSTOE
SNARE-Binku, i 30aTHOCTi NpUrHiYyBaTW CUHANTUYHY Nepegady. Xova BioaHania Ha MULLaX 3anuLlaeTbes TPaAULINHM fiarHoc-
TUYHUM CTaHAAPTOM, 10r0 TPUBAsICTb, 0OMEXeHa BiLTBOPIOBAHICTb Ta eTUYHI 0OMEXEHHS MiATBEPAKYIOTL HEOOXIAHICTL PO3PO-
BneHHs cyyacHux in vitro meTogie. OCTaHHi JOCATHEHHS aHaNITUYHOT XiMil, HEPOHHUX NNATdopM Ha OCHOBI CTOBOYPOBMX KMITUH
i MyNBTHOMIYHOTO NPOINIOBAHHA AatoTb 3MOTY CTBOPIOBATY YyTNMBI CUCTEMM, LLIO BiATBOPHOKOT MOMEKYNSPHI Ta DYHKLiOHAMbHiI
mexaHiamy BoNT i3 BinbLLot TOYHICTIO, HiX TpaauLiHi in vivo Mogeni.

Merta poboTi - OLHATK CyyacHi Niaxoam 40 BUSIBMEHHS Ta DYHKLIOHAmNbHOI XxapakTepucTuki akTueHoro BoNT i 3anponoHysatu
KOHLLenTyasbHy in Vitro giarHOCTUYHY paMKy 5K anbTepHaTuBy GioaHaniay Ha MuLax.

Marepianu i meToau. 3aiicHUNM OrNsAA HAYKOBOI MiTepaTypw, LU0 iHOEKCYETLCS Y HaykoMeTpuuHnx 6asax PubMed, Scopus
i Web of Science. 3anyyeHo gocnimkeHHs, fe OnUcaHo MOMEKYNSPHI, KNITWHHI, MyNbTUOMIYHI Ta KOMM'IOTEPHI NiAXoan Ao
BusiBneHHs BoNT. [laHi cuHTe30BaHO Ha MonekynspHOMY, KNiTMHHOMY Ta CUCTEMHOMY PiBHAX ANt NoOY[oBW iHTErpoBaHoI
[iarHOCTUYHOI MoAaeni.

Pesyabtatn. CyyacHi giarHocTuuHi ctparerii aeaani 6inblue nepeBuLLytoTb BioaHania Ha MuLwax 3a YyTIMBICTIO, cneumndidHICTio
Ta MEXaHiCTU4HUM po3yMiHHsSM. [poTeoniTuyHe npodintoBanHs, cneundivHe 4o SNARE, ocobnmueo metog Endopep-MS, aae
3MOry TOYHO BM3Ha4aTu cepoTuny BoNT Ta iXHil oyHKLIOHAMBHMIA CTaH LUASIXOM KifbKiCHOTO BU3HAYEHHS KIHETVKW PO3LLENEHHS
Ha pisHux cybeTtpartax. Kpim Toro, HerpoHHi nnatchopmu, oTpumani 3 nioacskux iPSC, aatotb 3mory 3giiicHuTi GesnocepeaHe
(pyHKLOHANbHE OLiHIOBaHHS!, BUSIBNSIOUM €NEKTPOI3ioNoriYHe NpUrHiYeHHs!, 3MiHW KanbLieBoi curHaniaawii Ta nigTeepmkeHe

© The Author(s) 2026. This is an open access article under the Creative Commons CC BY 4.0 license

3anopisbkuit MeAnyHMIA XypHan. Tom 28, Ne 3(156), TpaBeHb - YepBeHb 2026 p. ISSN 2306-4145

https://zmj.zsmu.edu.ua

KatouoBi cnoBa:
6OTYAIHIYHI

TOKCHHM, 6OTYAI3M,
Ai@rHOCTUYHI METOAM
i npoueaypu,
Mac-CNeKTPOMETPif,
€HAONENTUAA3H,
6inkn SNARE,
METOAM in vitro.

3anopi3bkui
MeAWYHUI XXypHaA.
2026. T. 28, Ne 3(156).
C.267-273

267


https://zmj.zsmu.edu.ua/
https://doi.org/10.14739/2310-1210.2026.3.344174
https://orcid.org/0009-0003-4984-5813
https://orcid.org/0000-0002-1039-9313
https://creativecommons.org/licenses/by/4.0/

Review

268

penoptepamu po3ienneHHs SNARE y xuBux knitvHax. MynsTUOMIYHWIA aHani3, BKOYakouy TPAHCKPUNTOMIKY OKPEMMX KMITUH,
enireHoMmiky Ta MeTabonomiky, dikcye paHHi cUrHaTypu CTpecy, CEpOTUNOBO-CrieLMdidHi peakLii Ta hakTopy HyTIMBOCTI HEMPOHIB.
[lonaTtkoBy TOYHICTb 3abe3nevyroTb AOCTILKEHHS KIHETUKM 3B'I3yBaHHS 3 peLienTopamu Ta BHYTPILLHBOKMITMHHOMO Tpadiky, Lo
rnokasasnu, ik CepoTUNoBO-3anexHi BiAMIHHOCTI BNIIMBAIOTb Ha 3araribHy TOKCUYHICTb. IHTerpaLis Lix MOMEKYNApHIX, KNITUHHNX i
cucTeMHUX faHnx doopmye ocHosy nnatdpopmut ULTIMA-BoNT — eguHoi cuctemm 4nsi BUCOKOTOYHOTO BUSIBNEHHS BONT.

BucHoBKu. [NoegHaHHSA NPOTEONITUYHUX TECTiB, (i3ioNOriYHO PENeBaHTHUX HEMPOHHUX MOZENen i MynbTUOMIYHOI aHaniTukL €
HagiHo0, BiATBOPIOBAHOIO Ta ETUYHO CTIMKOK ankTepHaTUBOK BioaHaniy Ha MuULLaX, MPOMOHYKYM MEXaHICTUYHE PO3YMIHHS Ta

MiZTPYMYKYW NMPOrHO3HY OLIHKY HOBMX BapiaHTiB BONT.

Diagnosing botulism remains a formidable clinical and
analytical challenge, as it necessitates the simultaneous
detection of the highly specific proteolytic activity of botu-
linum neurotoxin (BoNT) and the empirical assessment of
its capacity to block synaptic transmission [1,2]. Although
the mouse bioassay has historically served as the defini-
tive “gold standard”, its clinical and translational relevance
is progressively diminishing. This decline is driven by its
prolonged turnaround time, inherent limitations in inter-lab-
oratory reproducibility, and increasingly stringent ethical
constraints regarding animal testing [1,2,3].

Modern analytical technologies enable the deploy-
ment of molecularly specific in vitro platforms capable
of reproducing the key mechanisms of BoNT action,
achieving diagnostic accuracy that rivals or exceeds that
of traditional in vivo models [4,5]. The relevance of this
study is driven by the need for a rapid, sensitive, and
ethically acceptable platform for detecting active BoNT
in various sample types. The combination of proteolytic,
cell-functional, and molecular-genetic approaches enables
not only toxin identification but also the elucidation of its
underlying mechanisms of action.

The proposed paradigm encompasses three levels: the
molecular level evaluated via SNARE-specific proteolysis
combined with mass spectrometry to generate a proteolytic
activity fingerprint (PAF); the cellular level assessed through
the functional dynamics of human neuronal networks, yield-
ing a functional potency vector (FPV); and the system-an-
alytical level achieved through the integration of receptor
binding kinetics, single-cell multi-omics (forming a systems
response vector, SRV), and predictive machine-learning
algorithms.

A primary innovation of this study is the development
of a comprehensive integrative system that models BoNT
toxicity in vitro while simultaneously addressing funda-
mental inquiries in toxicogenomics and neurobiology:
identification of functional toxin subtypes, the delineation
of substrate-specificity determinants, the characterization
of cellular defense programs via scRNA-seq and scAT-
AC-seq, and the predictive modeling of mutational impacts.
This approach establishes a foundation for highly accurate
diagnostics of active BoNT without the use of animals,
effectively transforming routine detection into a robust tool
for mechanistic analysis and the predictive characterization
of emergent isolates.

Aim

To evaluate current methodologies for the diagnosis and
functional analysis of botulinum neurotoxin and, synthe-
sizing these findings, to propose a conceptual algorithmic

model for comprehensive neurotoxin detection independent
of in vivo methods.

ISSN 2306-4145  https://zmj.zsmu.edu.ua

Materials and methods

A systematic literature review was conducted utilizing the
Scopus, PubMed, and Web of Science databases. The
search was performed using combinations of key terms

n o« n o«

(“botulinum neurotoxin”, “diagnosis”, “proteolytic activity”,

“functional assay”, “in vitro”, “neuronal networks”, “multi-om-
ics”, “machine learning”), allowing coverage of molecular,
cellular, and systems-level approaches to BoNT analysis.
Inclusion criteria comprised original research articles and
reviews describing functional or molecular methods for
BoNT detection, in vitro and in vivo models, proteolytic,
cellular, and multi-omics approaches, and the use of ma-
chine-learning algorithms.

The review included original research articles and
comprehensive reviews published between 2000 and
2025 that described functional or molecular methods for
BoNT detection, in vitro and in vivo comparative models,
proteolytic and cellular assays, multi-omics applications, or
the integration of machine-learning algorithms. Exclusion
criteria encompassed studies lacking primary data, techni-
cal reports without rigorous validation, non-peer-reviewed
preprints, and non-English publications.

Study selection proceeded in two phases: an initial
screening of titles and abstracts, followed by an in-depth
full-text evaluation. Extracted data were systematically
categorized into three hierarchical domains (molecular,
cellular, and systems-analytical) facilitating the integration
of findings regarding proteolytic kinetics, neuronal network
functional shifts, and multi-omics profiling. The selection and
data extraction processes were performed independently
by two reviewers; any discrepancies were resolved via
consensus or consultation with a third independent expert.
The structured data subsequently served as the foundation
for identifying diagnostic trends and conceptualizing the
proposed analytical framework.

Results

Current in vitro and in vivo models for BoNT analysis. Con-
temporary BoNT diagnostics rely on an evolving matrix
of complementary methodologies that are systematically
replacing the traditional mouse bioassay [6,7]. The most
informative in vitro approaches are synthetic SNARE
peptides coupled with mass spectrometry and cellular
reporter models that reproduce the natural action of BoNT
and provide high specificity without ethical constraints
[8,9,10,11,12]. Concurrently, immunochemical methods
serve as rapid screening tools, while PCR and advanced
sequencing technologies are essential for precise bont gene
typing [13,14,15,16,17]. Despite the development of alter-
natives, the mouse bioassay retains reference status due to
its ability to confirm the full spectrum of toxic action, stable
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sensitivity, and regulatory consolidation [5,7]. Molecular
methods are auxiliary, as they do not determine toxin activity
[18,19,20]. Based on the obtained data during the analysis
of modern in vitro models for botulotoxin diagnostics, we
have revealed a possible pattern that collectively may form
a multilevel, accurate, and reproducible diagnostic system
capable of establishing the basis for updated standards in
botulism testing.

The conceptual ULTIMA-BoNT platform in modern
botulotoxin diagnostics. In the rapidly advancing field of
botulotoxin diagnostics, the search for methodologies ca-
pable of combining high sensitivity, rapid result acquisition,
and multilevel analytics is becoming particularly relevant.
Unfortunately, the available alternatives remain analytically
fragmented, capturing isolated facets of BoNT biology,
such as isolated proteolytic cleavage or singular cellular
responses, rather than providing a comprehensive func-
tional profile [17-22]. This highlights the critical need for a
unified diagnostic platform that would ensure the integration
of heterogeneous phenotypic data and allow the formation
of a holistic diagnostic-scientific algorithm.

In this context, the concept of the Unified Layered
Toxicity Investigation with Multi-phenotype Analytics of
Botulinum Neurotoxin (ULTIMA-BoNT) (Fig. 1), or “Ultima”,
is proposed, representing a multilevel architecture for mul-
tiphenotype analysis of botulotoxin. This conceptual platform
is designed as a stepwise layering: Stage 0 — Sample
reception and unified preparation; Stage 1 — Quantitative
multi-substrate proteolysis profiling; Stage 2 — Replica-
tive functional assay; Stage 3 — Single-cell multi-omics
response; Stage 4 — Receptor binding and intracellular
trafficking; Stage 5 — Genetic analysis; Stage 6 — Integrative
Bayesian and machine learning (ML) analytics. Through
this hierarchical architecture, ULTIMA-BoNT transcends
conventional applied testing, providing a new conceptual
framework from registering proteolytic activity to identifying
systemic cellular response programs. It yields both highly
accurate diagnostic determinations and profound insights
into the evolutionary and neurobiological properties of the
toxin.

Stage 0 - sample receipt and preparation (unified
control). The starting point of the algorithm is a rigorously
standardized procedure for receiving and initial preparation
of biological or food material, aimed at maximizing analytical
integrity and controlling reproducibility between independent
laboratory cycles. For liquid samples, the recommended
volume is at least 1-5 mL, whereas for food or microbial
matrices it is 1-5 g, which allows maintaining sufficient
mass/volume for multiparametric studies while minimizing
the loss of informational content, which in turn was based on
the established protocols adapted from S. R. Kalb et al. [23].
The subsequent stage involves preliminary purification of
the sample to remove macromolecular debris and bacterial
contaminants that may cause artifacts during proteolytic
and functional testing. Membrane filtration of 0.22 pm is
applied, which reduces bacterial contamination and en-
sures a controlled composition of low-molecular-weight
components (adapted from S. Pellett et al. [24]). The
resulting filtrate is aliquoted for parallel processing across
the Endopep-MS, carbon-based photo-absorber (CBPA)
microelectrode array (MEA), and multi-omics modules to
minimize cross-contamination, consistent with workflows
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Fig. 1. ULTIMA-BONT Steps.

described by O. Rosen et al. [25]. A dual internal standard
system is implemented at this stage: an isotope-labeled
BoNT fragment for mass-spectrometric calibration and a
phospholipid nanoparticle control to monitor matrix inter-
ference in downstream cellular assays.

Stage 1 - quantitative multi-substrate proteolysis profile
(deep endopep-MS). Accurate diagnostics demand not only
the detection of BoNT but also the precise elucidation of
its serotype and functional state. Single-substrate assays
are insufficient because they do not reflect the diversity
of SNARE motifs. An expanded library of 50-200 peptide
substrates encompassing essential SNARE sequences
and other BoNT-sensitive fragments provides high sen-
sitivity required to detect minor inter-serotype variations
[26,27,28]. Prepared samples are incubated with a panel
of isotope-labeled peptides, followed by time-resolved
LC-MS/MS analysis at standardized intervals (0, 15, 60,
240 minutes). The calculated reaction kinetics and cata-
lytic efficiencies of each substrate yield a multidimensional
PAF — a multidimensional profile of proteolysis dynamics.
This PAF vastly enhances diagnostic resolution, allowing
for definitive serotype differentiation based on distinct sub-
strate specificities [2,26,27,28]. This approach also enables
the detection of allosteric changes, co-factor effects, and
even multi-toxin exposures. Finally, Deep Endopep-MS
transforms the analysis into a high-precision tool defining
the toxin’s immediate functional state.

Stage 2 - replicative functional verification in iPSC neu-
rons using MEA, Ca? imaging, and SNARE-reporter system.
The biological relevance of the detected proteolytic activity
is subsequently validated using living neuronal networks.
Utilizing human induced pluripotent stem cell (iPSC)-derived
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motor neurons and neuromuscular co-cultures ensures
physiological relevance and high assay reproducibility,
building upon models established by J. D. Lamotte et al.,
C.Y.Linetal.,and O.F.Vilaetal. [29,30,31]. Functional ac-
tivity is quantified via multimodal endpoints: Microelectrode
Array (MEA) analytics record critical electrophysiological
disruptions (altered network synchronization and firing
amplitude) directly resulting from SNARE blockade [8-31].
Concurrently, live Ca?* imaging monitors the kinetics of cal-
cium signaling, a direct correlate of neuronal excitability [32].

Enzymatic activity is tracked in real-time utilizing a
targeted SNARE-reporter system, wherein specific fluo-
rescence attenuation indicates active intracellular cleavage
[8-23]. Short time-lapse series additionally capture morpho-
logical changes in neurites, loss of synaptic contacts, and
early degenerative features. All indicators are integrated into
the FPV —a multidimensional description of electrophysio-
logical, calcium, biosensor, and morphological characteris-
tics in temporal dynamics (0, 2, 6, 24, 48 h) [33,34,35]. The
FPV robustly confirms the presence of functional toxin and
discriminates between serotypes exhibiting homologous
proteolytic profiles but divergent neuronal network impacts.

Stage 3 - single-cell multi-omics response (scR-
NA-seq + scATAC + metabolomics). The third stage of
ULTIMA-BoNT moves from population-level assessments
to the analysis of cellular heterogeneity. Single-cell mul-
ti-omics allows simultaneous profiling of the transcriptome,
epigenome, and metabolome, revealing the full spectrum
of cellular reactions [36]. Evaluations are anchored at 6
hours (capturing the early Integrated Stress Response
(ISR) and Unfolded Protein Response (UPR)) and 24
hours (capturing consolidated epigenetic remodeling and
allowing for the delineation of resistant versus apoptotic
cellular trajectories) [26—-36]. The analytics combines three
platforms: scRNA-seq (subpopulations, differential expres-
sion, trajectories), scATAC-seq (open chromatin, epige-
netic regulators), and targeted metabolomics (energetics,
neurotransmitters, redox profile) [33,34,35,36,37,38].
Integration via MOFA+ and Seurat WNN forms the SRV,
used to perform pathway enrichment of key pathways —
stress-related, synaptic, endocytosis, autophagy, and
apoptosis [33,34,35,36,37,38]. The system captures
serotype-specific programs: BoNT/A activates compensa-
tory vesicular pathways and alternative SNARE isoforms;
BoNT/E induces rapid polycomb repression of synaptic
genes; BoNT/C forms a UPR+ERAD signature [39,40,41].
Trajectories, in turn, should show that resistant neurons
have high Rab11/35 and NAD*/NADH, while sensitive
ones exhibit an early glycolytic shift [26-41]. Correlating
the early SRV with the FPV allows for the precise predic-
tive modeling of ultimate cellular fate at 24—48 h based
on the early profile (6 h) and the identification of pivotal
neuroprotective regulators (ATF4, CREB, MEF2) [26-41].

Stage 4 - receptor-binding and intracellular dynamics.
The fourth stage of the ULTIMA-BoNT platform is aimed at
an in-depth quantitative investigation of the physicochemi-
cal mechanisms of botulinum toxin interaction with cellular
receptors and the subsequent processes of intracellular
transport. The main goal is to determine whether differences
in toxic activity among various serotypes or isolates are
driven by features of binding, complex stability, or efficiency
of endocytosis and translocation.
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Receptor-level kinetics are mapped using Surface
Plasmon Resonance (SPR) and Biolayer Interferometry
(BLI), which measure real-time interaction of the toxin
with SV2A/B/C, synaptotagmin I/ll receptors and cofactors
(GT1b, GD1a, phospholipids) [41,42,43,44,45]. For each
“toxin-receptor” pair, KD, kon and koff are determined, form-
ing a Receptor Binding Signature (RBS) that reflects affinity
and binding kinetics and allows capturing serotype-specific
differences and the influence of mutations or environmental
conditions. Additionally, cooperative binding (SV2 + GT1b)
is assessed, which characterizes the synergy between
protein and glycolipid receptors. After affinity determina-
tion, analysis of toxin endocytosis and translocation in live
neurons is conducted using dual labeling (BoONT-AF488/
pHrodo) and confocal / TIRF microscopy. Next, the rate of
endocytosis, endosomal half-life, translocation efficiency,
and the balance of endosomal/cytosolic fractions must
be measured; pH-sensitive FRET sensors determine the
moment of translocation. These parameters form the Intra-
cellular Trafficking Vector (ITV) [41,42,43,44,45].

Integration of RBS and ITV produces the Receptor—
Trafficking Profile (RTP), which combines receptor binding
and intracellular transport, allowing one to distinguish affinity
differences from defects in toxin delivery. RTP identifies
mechanistic causes of toxicity variations and forms the basis
for developing binding inhibitors or modulators of endosomal
dynamics as potential antidotes.

Stage 5 - genetic support and structural analytics. The
fifth level of the ULTIMA-BoNT platform provides systematic
mapping of the genetic and structural-functional variability of
botulinum toxin, creating an analytical bridge between nucle-
otide sequence, conformational dynamics, and phenotypic
manifestations of toxicity. Its task is to move from descriptive
genomics to mechanistic interpretation, determining how mi-
crogenetic variations in the bont cluster translate into changes
in substrate specificity, stability of the SNARE—toxin complex,
and functional potency at the cellular level [46,47,48]. At the
first substage, hybrid NGS sequencing (lllumina + Nanopo-
re / PacBio) is used for complete reconstruction of the bont
locus, including flanking regions and mobile elements. The
data must undergo gene annotation (bont, ntnh, orfX, ha),
GC-profile analysis, phylogenetic reconstruction, and identi-
fication of SNPs, indels, and recombination events that may
affect active sites [46,47,48].

The comparative locus profiling module builds graph
models of interactions between mobile elements and toxi-
genic genes, determining evolutionary trajectories and pos-
sible homologous exchange events. The second substage
includes structural-dynamic analysis: homology modeling
(AlphaFold2 / ColabFold), cryo-EM if needed, and molecular
dynamics (100-500 ns) to refine conformations. Evaluate
RMSF of the active site, flexibility of the SNARE-recognition
loop, binding free energy of SNARE peptides, and allosteric
shifts. These parameters form the Structural Impact Vector
(SIV) [46,47,48]. Integration of genomic, structural, and
functional data forms a genotype—phenotype map of the
toxin, and ML models (PLS, XGBoost) will allow establishing
the “genotype — activity” relationship and predicting toxicity
of new isolates.

Stage 6 - integrative analytics: Bayesian inference +
interpretable machine learning. The final level of ULTIMA-
BoNT involves the synthesis of all generated descriptors,
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PAF, FPV, SRV, RTP, and SV, into a unified probabilistic
space through hierarchical Bayesian modeling. Each
level of toxic action is described by separate priors linked
through a shared hyperprior structure that reflects the
pathway from genetic variation to cellular response.
Variational or MCMC inference enables computation
of posterior (active BoNT) and identification of key pa-
rameter contributions (changes in kon/koff or reduction
in MEA activity). In parallel, an interpretable ML module
(XGBoost/ ElasticNet) operates for serotype classification
using SHAP decomposition to explain major features. The
combination of these approaches forms the Composite
Diagnostic Score (CDS) — a numerical metric with a con-
fidence interval and an explanation of determinant factors.
The final stage transforms multimodal data into a causally
grounded diagnostic model capable not only of identifying
active BoNT but also explaining which parameters led to
the prediction.

The practical workflow with time windows provides
stepwise execution of a comprehensive analytical cycle
aimed at rapid and multimodal diagnostics of biological
samples (Table 1). At stage TO (0-1 h), sample reception,
aliquoting, and addition of internal standards are performed,
ensuring accuracy and reproducibility of subsequent analyti-
cal measurements. After primary material preparation, at T1
(0-6 h) Deep Endopep-MS analysis is performed, including
incubation with corresponding enzymatic systems and sub-
sequent mass spectrometric detection of specific peptide
fragments. This stage is critical for rapid detection of toxic
or biomarker components with high sensitivity. In parallel,
during T2 (0-48 h), samples are incubated with differen-
tiated iPSC neurons for subsequent electrophysiological
(MEA) and imaging studies. Key observation time points at
6 and 24 hours enable assessment of both early functional
alterations and delayed cellular responses. At stage T3
(6/24 h), cells are harvested for parallel sScRNA-seq and
SCATAC-seq. This includes library preparation (1-2 days),
followed by sequencing to achieve detailed transcriptomic
and epigenomic characterization of cellular responses.
Additionally, at T4 (1 day), receptor-binding assays are
conducted to quantitatively evaluate interactions between
candidate ligands and their corresponding cellular receptors,
thereby complementing the molecular and cellular profiling
of the system. The final stage, T5, comprises integrative
analytics — the unification of multiomic, functional, and
biochemical datasets into a unified interpretative model.
This process continues over the next 24—48 hours after
obtaining all experimental results.

Discussion

The synthesized evidence demonstrates that advanced in
vitro technologies now possess the analytical precision and
mechanistic resolution required to supersede the mouse bi-
oassay. SNARE-targeted proteolytic profiling, particularly via
Endopep-MS, affords exceptional serotype-specific quan-
tification of catalytic activity, revealing molecular dynamics
obscured in in vivo models. Research by K. Bjornstad et
al. highlights that Endopep-MS achieves limits of detection
equivalent to or surpassing those of standard bioassays,
while effectively distinguishing closely related BONT mosa-
ics in complex matrices [27].
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Table 1. ULTIMA-BoNT analytical workflow: temporal framework

Qupu

0-1h Sample reception, aliquoting, internal

standard addition

T 0-6h Deep Endopep-MS: substrate
incubation + LC-MS/MS analysis

T2 0-48h iPSC neuron exposure; MEA + Ca? imaging +
SNARE-reporter (readouts at 6 h, 24 h)

T3 6/24h-3-4d  Cell harvest for scRNA-seq + scATAC-seq;
library prep (1-2 d) + sequencing

T4 1d Receptor binding assays (SPR/
BLI) + trafficking imaging

T5 Final 1-2d Bayesian integration + interpretable ML

(XGBoost, SHAP)

Quality-controlled
aliquots

PAF (Proteolytic Activity

Fingerprint)

FPV (Functional
Potency Vector)
SRV (Systems
Response Vector)
RTP (Receptor—
Trafficking Profile)

CDS (Composite
Diagnostic Score)

Complementary human iPSC-derived neuronal sys-
tems validate functional toxicity with high fidelity, revealing
electrophysiological suppression, calcium dysregulation,
and reporter-confirmed SNARE cleavage that directly
reflect BoNT’s mechanistic action. Lin C. Y. et al. used
complementary human iPSC-derived neuromuscular
junction models to confirm BoNT functional toxicity with
high fidelity, showing robust suppression of neuronal firing,
calcium dysregulation in myotubes, and reporter-verified
SNARE cleavage that mirror its canonical mechanism of
action [30]. The authors note that these 2D hNMJ cul-
tures recapitulate stepwise synapse maturation in vitro
and add that the same platform can be used to model
neuromuscular disease-associated vulnerability, including
impaired AChR clustering and contraction deficits under
pathological conditions [30].

Single-cell multi-omics adds an additional layer of
diagnostic depth, capturing serotype-dependent stress
signatures, chromatin remodeling, and metabolic shifts
that define neuronal susceptibility. Stuart T. et al. developed
the anchors method for integrating single-cell data, which
corrects for technical differences across experiments and
enables combining multiple omics technologies [36]. The
approach accurately matches shared cellular states, builds
integrated atlases, and transfers annotations between
datasets, even in the absence of certain cell populations.
This allowed detailed characterization of neuronal subtypes,
chromatin and protein signatures, and integration of spatial
data. Their work demonstrates that multi-omics integration
improves cell type classification and enables detection
of rare or novel populations [36]. Together with recep-
tor-binding kinetics and intracellular trafficking dynamics,
these data elucidate how serotype-specific differences in
entry pathways and translocation efficiency contribute to
overall toxicity.

When synthesized with receptor trafficking data, the
ULTIMA-BoNT framework provides a mechanistically
transparent and highly informative diagnostic continuum,
proving that a multi-phenotypic in vitro architecture can
establish a new, ethical, and highly precise standard for
botulism diagnostics.

Conclusions

1. The integration of molecularly specific in vitro
platforms with advanced analytical and computational
technologies provides a rigorously validated alternative to
the traditional mouse bioassay in the diagnosis of botulism.
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2. The combination of SNARE-proteolysis profiling,
cellular reporter models, and molecular-genetic verification
provides high sensitivity, specificity, and a significant reduc-
tion in analytical turnaround time.

3. The obtained data demonstrate the feasibility of
creating a multilevel, ethically acceptable, and standard-
ized system for detecting active botulinum toxin of various
serotypes in clinical, food, and environmental samples.

Limitations of current in vitro approaches. Although
contemporary in vitro technologies provide a mechanistically
grounded alternative to traditional toxin detection, several
constraints must be acknowledged to ensure a rigorous
evaluation of the translational potential of the ULTIMA-BoNT
platform. The standardization of highly complex neuronal,
proteolytic, and multi-omics systems remains inherently
challenging due to their sensitivity to methodological vari-
ability, while the implementation of such platforms requires
substantial financial, infrastructural, and technical resourc-
es. Additionally, inter-laboratory differences in cell-line
characteristics, analytical settings, and data interpretation
may produce variability in readouts, including occasional
false-negative signals or reduced informativeness of specific
analytical modules under certain experimental conditions.
Despite these limitations, the integrative architecture of
ULTIMA-BoNT, encompassing multi-substrate proteol-
ysis, physiologically relevant neuronal functionality, and
systems-level molecular profiling, provides far superior
mechanistic resolution and diagnostic fidelity compared with
the traditional mouse bioassay. Consequently, even with the
noted challenges, the platform represents a fundamentally
more advanced, ethically sustainable, and scientifically
robust framework that has the potential to redefine evi-
dence-based standards in botulism diagnostics.

Prospects for further research. Future research will focus
on advancing the capabilities of the ULTIMA-BoNT platform.
Priority objectives include diversifying the SNARE peptide
panel for Deep Endopep-MS, which is essential for enhancing
serotype discrimination and identifying emerging toxin variants.
Furthermore, the standardization of iPSC-derived neuronal
models remains a critical endeavor to ensure the reproducibility
of functional assays. Emerging avenues include integrating
novel sensing technologies for the real-time monitoring of
neurotransmission blockade. Moreover, high-resolution sin-
gle-cell multi-omics will facilitate the elucidation of temporal
cellular responses to BoNT and the identification of toxin
resistance mechanisms. The application of machine-leaming
algorithms holds significant potential for predicting toxin var-
iant properties and refining diagnostic precision. Ultimately,
the standardization of methodologies and the development
of standardized diagnostic kits are necessary to support the
transition of ULTIMA-BoNT into routine laboratory practice.
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