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ABSTRACT ARTICLE HISTORY
Introduction: Nano differential scanning fluorimetry monitors changes in the intrinsic tryptophan and Received 31 August 2026
tyrosine fluorescence of a target protein during thermal unfolding, providing a label-free approach to Accepted 28 October 2026
assessing protein stability and ligand engagement in early-stage drug discovery. KEYWORDS

Areas covered: The authors examine the technical differences between nano differential scanning Drug discovery; high-
fluorimetry and dye-based. c!i.fferential scgnning_ quorimetry,_i_ncIuding sample demand, th.rou.ghpqt, throughput screening;
buffer and solvent compatibility, and optical artifacts. In addition, the authors present applications in membrane proteins;

fragment screening, hit validation, and the characterization of oligomeric, allosteric, membrane, proxi- nanoDSF; target
mity-induced degradation modalities and RNA-binding targets. Finally, the limitations arising from engagement; thermal shift
reporter distribution, noncooperative unfolding, aggregation, and complex matrices are highlighted. assay

This review is based on literature searches using PubMed and Google Scholar to identify articles
published between 2001 and 2026.

Expert opinion: NanoDSF is most valuable as a context-dependent primary or orthogonal method
rather than a universal high-throughput replacement. Its future impact will depend on automation,
analysis of raw fluorescence and scattering, validated reconstituted systems, and integration with
quantitative binding, structural, and functional assays. Expansion to cell-like matrices will require
target-specific deconvolution.

1. Introduction biophysical approaches are therefore required not only to
sustain sufficient throughput for large compound collections,
but also, and more critically, to deliver high signal-to-noise
Certain classes of targets are widely regarded as ‘undrug- ratios and the sensitivity to detect minor perturbations, like in
gable,’ as they are refractory to modulation by conventional the cases of low-affinity binding events [8]. High-throughput
small molecules that rely on deep anchorage within hydro- assays provide broad coverage of chemical space but remain
phobic binding pockets [1-3]. Protein-protein interaction sur-  susceptible to artifacts arising from nonspecific binding, com-
faces exemplify this category, since they are often large and pound aggregation, surface adsorption and target instability.
relatively flat, with binding energy concentrated in discrete Well-established methodologies such as nuclear magnetic
hotspots and fewer preformed pockets than conventional resonance (NMR), surface plasmon resonance (SPR) and iso-
enzyme active sites. Nevertheless, their involvement in numer-  thermal titration calorimetry (ITC) confirm target engagement
ous pathologies, including cancer, makes them highly attrac- with greater confidence yet are less scalable and considerably
tive therapeutic targets [4]. Other historically intractable more sample-demanding, thus leaving a methodological gap
targets include intrinsically disordered oncoproteins such as for low-volume, label-free assays in early-stage drug discovery.
MYC [5], and highly conserved small guanosine triphospha-
tases (GTPases) such as RAS, with KRAS representing the most
frequently mutated oncogene across human cancers [6]. In the
latter case, the primary challenge lies in the extreme conserva- PubMed and Google Scholar were searched for publications
tion of the nucleotide binding pocket across the approxi- from 2001 to 2026. Search terms included ‘nano differential
mately 150-200 small GTPases encoded by the human scanning fluorimetry,” ‘intrinsic fluorescence, ‘differential scan-
genome (e.g. Ras, Rho, Rab, and Arf families), as well as the ning fluorimetry’ and ‘thermal shift assay,’ combined with
Ga subunits of heterotrimeric G proteins, leaving little struc- terms related to drug discovery, fragment screening, mem-
tural basis for selective targeting [7]. Contemporary brane proteins, biologics, protein-RNA interactions, antibodies,

1.1. Challenges in early-stage drug discovery

1.2. Literature search methodology
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Article highlights

e Provides a current review of the use of nanoDSF in drug discovery
programs. It focuses on recent developments and highlights both
successful use cases and limitations in data acquisition or analysis.

aggregation and targeted protein degradation. Additional stu-
dies were identified from the reference lists of relevant pub-
lications. Primary research and methodological studies were
prioritized according to their relevance to assay performance,
experimental limitations and applications in drug discovery.
Full texts and supplementary materials were examined to
verify assay formats, experimental conditions and the inter-
pretation of thermal responses.

1.3. Evolution from dye-based DSF to nanoDSF

Differential scanning fluorimetry (DSF), introduced as the
ThermoFluor platform in the late 1990s [9] became broadly
accessible once SYPRO Orange was shown to be compatible
with the optical filters of real-time polymerase chain reaction
(PCR) thermocyclers [10,11] and was rapidly adopted for the
systematic optimization of salts, pH, reducing agents and
additives to improve protein solubility and crystallizability
[12-14]. It was also established as an in vitro target-engage-
ment method: Niesen et al. described a rapid screen for low
molecular weight ligands that bind and stabilize purified pro-
teins [11]. Subsequently, in 2013, the group of Professor Par
Nordlund at the Karolinska Institutet transformed the field by
introducing the cellular thermal shift assay (CETSA), which
enabled drug target engagement to be assessed directly in
intact cells by measuring protein thermal stability within
a native cellular environment [15,16]. However, this approach
remained dependent on a detection marker. The real techno-
logical leap occurred in approximately the same period,
between 2012 and 2014, when NanoTemper Technologies
introduced the nano differential scanning fluorimetry
(nanoDSF). The key innovation of this method was the com-
plete elimination of any external chemical dye, instead relying
on native fluorophores already present in the sample.

1.4. Principle of nanoDSF

NanoDSF monitors intrinsic tryptophan (Trp) and, less strongly,
tyrosine (Tyr) fluorescence. We use the established term
nanoDSF to denote intrinsic-fluorescence differential scanning
fluorimetry; the prefix does not refer to nanolitre sample
volumes or to a particular protein concentration. Thermal
unfolding changes residue polarity and the solvent accessible
surface area, altering emission at 330 and 350nm.
Fluorescence emission at 330 nm (F330) and 350 nm (F350) is
recorded, and the temperature-dependent F350/F330 ratio is
commonly used to identify transitions. Removing the external
dye reduces handling and reporter-related artifacts, but an
informative response still requires that unfolding or ligand

binding alter the environment of one or more aromatic
reporters.

2. Technical and methodological advances
2.1. Dye-dependent and dye-free detection

While DSF detects protein unfolding with an extrinsic reporter,
dye-free assays instead monitor the environment-sensitive
fluorescence of intrinsic tryptophan and, less strongly, tyro-
sine. A schematic comparison of the operating principles of
the two techniques is provided in Figure 1.

The most widely used dye in conventional DSF is SYPRO
Orange, whose fluorescence is strongly quenched in aqueous
solution but increases when the dye binds the hydrophobic
patches of the protein progressively exposed during thermal
unfolding [17]. A typical DSF fluorescence profile and its first
derivative, used to identify an apparent melting temperature
(Tyw), are shown in Figure 2(A,B). SYPRO Orange is compatible
with standard PCR optical modules because it can be excited
in the blue region, around 470-490 nm, and emits in the
orange-red region, around 570-580 nm. This spectral profile,
together with its high signal-to-background ratio and use at
low final concentrations, typically 1-5x from a commercial
5000x stock in 100% dimethyl sulfoxide (DMSO), makes it
highly practical for medium- and high-throughput thermal
shift screening, with typical assay volumes ranging from
10 uL in 384-well plates to 50 uL in 96-well plates. However,
compounds that absorb or emit within the SYPRO Orange
detection window can interfere with the readout, producing
apparent stabilization or destabilization that does not reflect
target engagement, although this risk is lower than with dyes
excited in the near-ultraviolet (UV), such as 1-anilinonaphtha-
lene-8-sulfonic acid (1,8-ANS) [20].

The dye itself binds the hydrophobic regions exposed during
unfolding, which are also the surfaces available to ligands, cofac-
tors, additives, or excipients [11]. This is a direct consequence of
the detection principle: SYPRO Orange reports on surface hydro-
phobicity, and its emission depends on the polarity of its local
environment and on its contacts with the protein [21]. A small
molecule occupying an exposed apolar cavity therefore binds
the same surfaces that generate the signal and may do so with
higher affinity than the dye. This is particularly problematic when
screening hydrophobic drug candidates, poorly soluble frag-
ments, aggregators, and pan-assay interference compounds
[22], or formulation excipients that can sequester the dye.
Furthermore, binding of the dye to a compound or to a solvent
component raises the pre-transition fluorescence and reduces
the amplitude of the unfolding transition [11]. In such cases,
a true binder may appear inactive because it prevents dye access,
reduces the unfolding-associated fluorescence increase, or modi-
fies the shape of the melting curve. Since the magnitude of
a thermal shift also depends on the unfolding energetics of the
protein and on the stoichiometry of the interaction, a reduced or
distorted signal does not by itself indicate absence of binding
[23]. Conversely, a non-binder may appear as a false hit if it
interacts directly with the dye, alters dye quantum yield, or
contributes its own fluorescence to the signal. Protein-indepen-
dent fluorescence can also originate from nominally inert buffer
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Figure 1. Comparison of conventional dye-based differential scanning fluorimetry and nano differential scanning fluorimetry. Schematics are not to scale. Simplified
operating principles and fluorescence readouts of the two techniques during a temperature ramp are shown. The two instrument schematics were developed with

ChatGPT (OpenAl; GPT-6.1 Sol) from the authors’ concepts and specifications.

components: concentrated ethylenediaminetetraacetic acid, for
example, forms pH-dependent aggregates that activate SYPRO
Orange [24]. These reporter-related effects require dye-only con-
trols and, where available, dye-free counter-screens to distin-
guish a protein-dependent response from an artifact of
detection.

A further limitation of SYPRO Orange is its incompatibility
with many detergent-containing formulations, which is parti-
cularly relevant for membrane proteins. Membrane proteins
often require amphiphilic solubilizing agents such as n-dode-
cyl-B-D-maltoside (DDM), n-decyl-B-D-maltoside, lauryl mal-
tose neopentyl glycol (LMNG), and 3-[(3-cholamidopropyl)
dimethylammonio]-1-propanesulfonate. These additives pro-
vide hydrophobic micellar or lipid-like environments that can
bind hydrophobic dyes directly, producing high background
fluorescence, abnormal melting profiles, reduced dynamic
range, or complete loss of a usable transition. Alternative
dye-based approaches, including thiol-reactive maleimide
assays, can be applied to detergent-solubilized membrane
proteins, with the constraints discussed in Section 4.1 [25].
More recent protein-adaptive DSF approaches use panels of
conformationally responsive dyes to select a suitable reporter
for each target, thereby recovering interpretable transitions
that may be missed with SYPRO Orange alone [26].

NanoDSF removes the added environment-sensitive repor-
ter and follows intrinsic tryptophan and tyrosine fluorescence.
Figure 2(C-E) presents experimental examples of nanoDSF
raw-fluorescence, ratio and first-derivative readouts for pleco-
naril-stabilized human rhinovirus A2 (RV-A2) [18]. Ligand-
dependent back-reflection scattering of DtpB and the corre-
sponding DtpB-L-Ala-L-Pro-L-Phe (APF) structure are shown

in Figure 2(F,G) [19]. Unlike SYPRO Orange DSF, nanoDSF adds
no reporter that can interact with compounds, detergents or
buffer components, and, unlike thiol-reactive maleimide
assays, it requires no covalent derivatization of cysteine resi-
dues. However, dye-free should not be interpreted as inter-
ference-free. Compounds absorbing near the excitation
wavelength can reduce the light reaching protein fluoro-
phores through a primary inner-filter effect, lowering fluores-
cence intensity and potentially compromising the signal-to-
noise ratio. Absorption at the emission wavelengths produces
a secondary inner-filter effect through reabsorption of emitted
light; when attenuation differs between 330 and 350 nm, the
F350/F330 baseline can shift or the transition can be distorted
[27]. Compound fluorescence can also increase the initial sig-
nal and obscure the protein response. The F350/F330 ratio
compensates for attenuation shared by both channels when
sufficient signal remains, but it cannot correct additional com-
pound fluorescence or unequal attenuation of the two emis-
sions. Such interference need not produce a measurable shift
in apparent T,, and may therefore escape detection if only
melting temperatures are inspected. These problems deserve
particular attention in libraries rich in aromatic and heteroaro-
matic scaffolds, whose ultraviolet absorbance overlaps both
the 280 nm excitation and the 330-350 nm emission windows
of intrinsic fluorescence. The 470-490 nm excitation and 570-
580 nm emission of SYPRO Orange lie largely outside this
range.

In summary, all DSF formats are sensitive to the fluores-
cence properties of library components, which can broaden
the background of thermal profiles and generate false nega-
tives. Extrinsic dyes alleviate this to some extent by amplifying
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Figure 2. Comparison of simulated dye-based DSF profiles and experimental nanoDSF readouts for resolving ligand-induced stabilization, structural rearrangements
and aggregation. Conventional dye-based DSF profiles showing normalized dye fluorescence (A) and its first derivative (B), illustrating the determination of an
apparent ligand-induced thermal shift. (C-E) Representative experimental nanoDSF readouts obtained during the heat-induced capsid rearrangement of human
rhinovirus A2 (RV-A2) in the presence of DMSO (orange) or 1 mM pleconaril (purple). The raw intrinsic fluorescence signals recorded at 330 and 350 nm are shown as
solid and dashed lines, respectively. The corresponding F350/F330 fluorescence ratio (D) and its first derivative (E) reveal pleconaril-mediated stabilization of the
native capsid, shifting its transition into the A-particle state from 51.5 to 56.5°C. The native RV-A2 capsid and the chemical structure of pleconaril are shown
alongside the profiles (Protein Data Bank (PDB) ID: 1FPN). (F) Back-reflection scattering profiles of the peptide transporter DtpB in the absence or presence of
increasing concentrations of the tripeptide substrate L-Ala-L-Pro-L-Phe (APF). The profiles illustrate ligand-dependent changes in particle scattering consistent with
changes in conformational or oligomeric state. (G) Structure of the DtpB—APF complex stabilized by nanobody Nb132 (PDB: 8B1D). DtpB and Nb132 are shown as
green and cyan ribbon representations, respectively, whereas APF is shown as magenta sticks. The enlarged binding pocket shows APF and selected DtpB residues in
stick representation, with polar contacts indicated by red dashed lines. Panels A and B were generated for this review. Panels C-E were adapted from Real-Hohn
et al. under CC BY 4.0 [18]. Panel F was replotted from the numerical dataset deposited by Kotov et al. [19] under CC BY 4.0, with the authors’ permission; these
scattering traces were not shown in the published article. Panel G was prepared from PDB entry 8B1D.

the unfolding signal, although screening components may still over two working days. Fragment screening reaches

interact with the reporter [20]. The practical impact depends
on compound concentration, spectral overlap, optical path
length and fluorescence collection geometry. Where interfer-
ence is confirmed, dye-based DSF offers the option of select-
ing a reporter with a different spectral window, and systematic
dye libraries now make this practical [26], an option unavail-
able when the fluorophore is the protein itself.

2.2, Sample efficiency and throughput

Generally, nanoDSF combines low sample demand with par-
allel acquisition, although its throughput profile differs from
that of plate-based formats. The Prometheus NT.48 measures
48 capillaries per run at a 10 yL loading volume, and High
Sensitivity capillaries allow measurement at lower protein con-
centrations [28]. In the enzyme-library workflow of Magnusson
et al., this corresponded to less than 10 ug of protein per
measurement [29]. Working with hypotonic extracts and single
measurements, the authors reported 288 melting-temperature
determinations per day and processed 552 unknown variants

a comparable rate. Screening the 768-member Diamond-
SGC-IiNEXT Poised (DSi-Poised) library on a 48-capillary
Prometheus NT.48 required 16 runs of approximately 1.5h
each, allowing four to six plates per working day and comple-
tion of the library in three to four days [28]. Throughput is
therefore governed by run duration rather than by sample
preparation, and automated loading reduces hands-on time
without altering this constraint. Both figures remain below
what dye-based DSF achieves in automated 384-well plates
[30]. Assay choice must follow library size, target behavior, and
the relative risks of dye-related and intrinsic-fluorescence
interference.

2.3. Buffer, solvent and matrix compatibility

Removing the dye broadens the range of buffers and additives
that nanoDSF can test, but buffer composition and other
sample components can still affect protein stability and the
optical readout. Reducing agents, pH, ionic strength, excipi-
ents, cosolvents, and amphiphiles all affect both protein



thermodynamics and the optical baseline. The practical advan-
tage is that these effects can be compared without the added
variable of interactions between the dye and buffer additives,
provided each matrix is tested with matched blanks, identical
solvent content, and inspection of the raw F330, F350, and
scattering traces. The MoltenProt workflows have been used
this way to rank buffer conditions and compare protein com-
plexes and membrane-protein preparations, and the authors
show that parameters beyond T,, may be needed when
unfolding is non-two-state [31]. Compatibility with crude or
solvent-rich samples depends on conditions that must be
verified for each target. For example, the enzyme-library work-
flow described above screened six enzymes against eight
water-miscible cosolvents, all of which produced concentra-
tion-dependent  destabilization.  Reliable = measurement
depended on the target contributing sufficient intrinsic fluor-
escence relative to that of other proteins in the sample. This
result does not establish that nanoDSF can selectively monitor
a target in an arbitrary lysate or in intact cells [29].

Published fragment workflows likewise operate at low final
DMSO concentrations rather than the high levels sometimes
assumed: in the 768-member DSi-Poised library screen, 100
mM stocks in 20% (v/v) DMSO were dispensed at 0.3 pL into
14.7 L of protein, giving approximately 0.4% final DMSO, and
the authors recommended establishing the DMSO tolerance of
each new target [28]. Solvent-only controls must match the
composition of the test samples. Because precipitation can
mimic a binding response, an apparent shift that grows with
compound concentration has to be interpreted alongside
capillary appearance and scattering. Detergent micelles are
one of the clearest areas in which intrinsic-fluorescence
nanoDSF expands practical assay space where dye-based
DSF performs poorly. Kotov et al. screened nine integral mem-
brane proteins across 94 detergents, combining F350/F330
unfolding profiles with static light scattering. LMNG stabilized
all five transporters analyzed, whereas several fos-choline and
polyethylene glycol detergents produced soluble but already
unfolded or strongly destabilized protein; detergent-only
fluorescence or high scattering rendered some conditions
unusable altogether [32]. NanoDSF can therefore guide deter-
gent selection, provided each condition is shown to be inter-
pretable: removing the dye removes dye-micelle binding, not
detergent fluorescence or scattering.

2.4. Integration with complementary technologies

Bruch et al. integrated nanoDSF, cryogenic electron micro-
scopy, size-exclusion ultra-performance liquid chromatogra-
phy, SPR, and hydrogen-deuterium exchange mass
spectrometry to rationalize the broader cross-neutralizing
capacity of a booster vaccine based on the Beta variant of
the severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) spike protein [33]. For both ancestral and Beta trimers,
nanoDSF showed that the first thermal transition occurred at
a lower temperature in cold-stored material than in material
incubated at 37°C, indicating lower conformational stability.
Aggregation generally followed the same trend, except for the
ancestral trimer, for which the cold-stored sample showed
a higher aggregation temperature. Size-exclusion ultra-
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performance liquid chromatography showed that the trimeric
state was preserved in both conditions, with no detectable
monomeric species or degradation fragments. The 37°-
C-treated samples nonetheless eluted later than their cold-
stored counterparts: 32.54 versus 32.07 min for the Beta
spike, and 31.51 versus 30.70 min for the ancestral spike.
Later elution is consistent with a less extended population,
and the peaks were also narrower and more symmetrical,
indicating greater conformational homogeneity. Cryo-EM
showed the same distinction directly at the structural level,
with incubation at 37°C restoring canonical trimers. The
restored trimers differed between strains, the ancestral protein
adopting a conformation with one receptor-binding domain
(RBD) up and the Beta protein predominantly displaying two
RBDs up, a difference relevant to the broader cross-neutraliz-
ing capacity of the Beta-based booster. Because all three
methods converged on the same distinction, the nanoDSF
signal reflected not only the generic thermal stability but
also the equilibrium between distinct, co-existing conforma-
tional states in solution.

3. Applications in target engagement and hit
validation

3.1. High-throughput screening and fragment-based
drug discovery

In drug discovery, AT,,, denotes the ligand-induced change in
apparent melting temperature, measured in the presence of
a ligand relative to a ligand-free control. For reversible unfold-
ing at equilibrium, binding exclusively to the native state
increases the apparent T,. If the ligand also binds the
unfolded state, the shift depends on the relative effects of
binding on the two populations at the transition temperature,
and thermodynamic models that include both states can pre-
dict either stabilization or destabilization [34,35]. The balance
is not set by affinity alone: a single high-affinity, enthalpically
driven native site can be offset by several weaker, entropically
driven sites in the unfolded ensemble, so that a protein may
be destabilized even while the ligand binds its native state
[34]. When unfolded-state binding is negligible, the model
reduces to the native-state description of Matulis et al. [36].
In experimental thermal scans, however, kinetics and irrever-
sible aggregation may also affect the apparent transition
(Section 5.3), while optical interference can complicate its
detection. A negative AT,, should therefore not be interpreted
as evidence of unfolded-state binding, and neither the sign
nor the magnitude of the shift alone establishes the binding
mechanism or affinity. Accordingly, AT, should identify provi-
sional thermal hits for independent binding confirmation,
rather than rank compounds by affinity, which can be mea-
sured by ITC, SPR, microscale thermophoresis (MST) and NMR,
or estimated from thermal data using the explicit models
discussed in Section 3. This distinction is particularly important
when ligands engage different sites or domains, because their
effects on unfolding are not directly comparable.
Fragment-based drug discovery (FBDD) uses small mole-
cules, often below 300 Da, to sample broad chemical space
with compact libraries and high ligand efficiency [37-39].
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Fragments can access challenging or traditionally ‘undrug-
gable’ targets by mapping shallow binding grooves on protein
surfaces that are often inaccessible to larger molecules. For
focused and fragment libraries, we recommend nanoDSF as
a primary biophysical screen when the target produces repro-
ducible, interpretable thermal transitions and compounds are
optically compatible at the screening concentration. Thermal
hits should meet the criteria described in Section 3.

The work of Ahmad et al. on the DSi-Poised library, men-
tioned above, exemplifies a direct nanoDSF application in
FBDD: nanolitre dispensing was combined with intrinsic fluor-
escence and scattering on a Prometheus NT.48, and the capil-
lary format required 16 runs [28]. This represents a focused or
medium-throughput biophysical screen rather than plate-scale
high-throughput screening (HTS). In that screen, fragments
were tested at approximately 2 mM, and some compounds
produced fluorescence exceeding the detector’s saturation
limit, preventing reliable analysis even at low excitation
power [28]. Reducing fragment concentration may alleviate
interference but can also reduce sensitivity to weak binders.
Profiles that remain uninterpretable should therefore be

optimization or with another method that does not rely on
fluorescence, rather than classified as non-binders. Optical
compatibility of the target, buffer and compounds must there-
fore be established before screening. Figure 3(A) incorporates
this assay-selection step before thermal-hit identification,
curve quality control and orthogonal validation, and Figure 3
(B) shows the screening distribution and DMSO reproducibility
control [28].

A smaller-scale workflow was reported by Thabault et al.,
who used intrinsic-fluorescence thermal profiling on a Tycho
NT.6 as the first experimental filter for 29 virtually prese-
lected compounds against lactate dehydrogenase (LDH),
with  MST and NMR confirming the selected hits
(Section 3.5.1) [41].

The complementary case study involving dual-specificity
tyrosine-phosphorylation-regulated kinase 1A (DYRK1A) is
shown in Figure 3(C-E): concentration-dependent nanoDSF
shifts induced by abemaciclib were followed by SPR and
crystallographic confirmation of binding [40].

Dye-based DSF, by contrast, scales more readily. Gao et al.
used an Echo 555 to eject 2.5 nL droplets of multicomponent
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Figure 3. Examples of nanoDSF applications in drug discovery. (A) Proposed decision sequence for nanoDSF in fragment-based drug discovery. The entry gate states
when nanoDSF is recommended as the primary screen rather than an orthogonal method while subsequent gates confirm reproducible, concentration-dependent
AT,, values and reject aggregation and optical artifacts before direct-binding and functional validation. (B) Distribution of fragment-induced AT, values from the
DSi-Poised fragment-library screen reported by Ahmad et al., classifying fragments as stabilizing (>+2 °C), intermediate (-5 to +2 °C) or destabilizing (<—5 °C).
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et al. [40] under CC BY 4.0. Panel E was prepared from PDB entry 707K.



library of 1,536 Groebke-Blackburn-Bienaymé three-compo-
nent reaction products on a 500 nmol scale. The crude mix-
tures were screened against menin by conventional plate-
based DSF at approximately 190 wells per hour. A positive
AT,, cutoff of 0.5°C relative to the control was deliberately
chosen to reduce false negatives among weak binders. Hits
were resynthesized and purified, and subsequent MST mea-
surements confirmed micromolar binding, including
a dissociation constant (Kp) of 2.8 uM for I-J21, and soaking
the compound into menin crystals established its binding
mode. The study therefore demonstrates a direct synthesis-
to-biophysics cycle in which miniaturized MCR chemistry feeds
DSF at a throughput the capillary format does not currently
match, but it is not a nanoDSF experiment [42]. For libraries
that exceed the practical capacity of capillary screening, we
favor nanoDSF as an orthogonal follow-up assay for hits from
a scalable primary screen. Détsch et al. illustrate this role at
scale: a phenotypic screen of 157,332 compounds and chemi-
cal proteomics identified epoxykynin and its target, after
which nanoDSF demonstrated concentration-dependent ther-
mal stabilization of purified soluble epoxide hydrolase [43].

3.2. Setting and validating the hit threshold

When AT, is used as a decision criterion to separate hits from
non-hits, we recommend deriving an empirical threshold from
the variability of replicate controls on the same run and fixing
it before screening begins, rather than adopting
a conventional value a priori. Published nanoDSF studies illus-
trate how widely these thresholds can differ. For example,
Gorny et al. considered a shift significant when it exceeded
three standard deviations of the ligand-free T,,,, corresponding
to +0.22°C for voltage-dependent anion channel 1 (VDAC1);
thirteen of the seventeen candidates met this criterion, of
which four were subsequently confirmed by MST [44].
Kozielski et al., in turn, applied the same rule to SARS-CoV-2
nonstructural protein 10 (nsp10) and obtained a cutoff of
1.2°C, approximately fivefold higher because the control dis-
tribution was broader [45]. Thus, the same statistical reasoning
produces thresholds differing by more than fivefold, and
a fixed value such as 2°C would have been inappropriate in
both cases. Absolute thresholds nevertheless remain common
when control variability is not characterized. For example,
Santhana Kumar et al. used a cutoff of 2.0°C for the phospho-
tyrosine-binding domain of fibroblast growth factor receptor
substrate 2, applied to shifts in either direction, while exclud-
ing a compound whose autofluorescence already exceeded
that of the protein [46]. This highlights an important point:
decision thresholds should only be applied after optical arti-
facts have been excluded. The measured parameter itself may
also be chosen according to the biological function of the
target. In a nanoDSF screen of 1,520 approved compounds
against tubulin, Baksheeva et al. defined hits using the poly-
merization temperature rather than T,,, with weak hits classi-
fied separately between 1 and 2°C [47].

The same principles apply to plate-based assays using
extrinsic dyes, where larger campaigns have made the
procedure explicit. Gardell et al. screened 57,004 com-
pounds against nicotinamide phosphoribosyltransferase
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using distinct criteria for primary screening and confirma-
tion, raising the Z-score threshold from 5 to 7 for confirma-
tion and reassessing shifts in triplicate using freshly
prepared solutions from powder stocks [48]. Ronzetti
et al. set the cutoff two standard deviations above the
mean of the DMSO control wells, equivalent to approxi-
mately 0.7°C, yielding sixteen hits from 872 compounds
[49]. Control wells should be assessed before applying
any threshold, since failed plates distort the reference dis-
tribution; automated tools flag these using z-scores for
control amplitudes and melting temperatures [50].
A threshold defined in this way is specific to the target,
buffer and plate format and cannot be transferred between
campaigns without reassessment. Exceeding it identifies
a provisional thermal hit rather than a confirmed binder:
among the fragments screened against nsp10 by Kozielski
et al., the two that exceeded the cutoff were not those for
which binding was subsequently resolved by crystallogra-
phy [45].

3.3. Distinguishing binders from assay artifacts

Before screening, compounds should be annotated for pan-
assay interference compound (PAINS) alerts, reactive motifs
and similarity to known aggregators. These annotations
should guide additional controls rather than automatic
exclusion, since many compounds carrying PAINS alerts
show no elevated assay promiscuity [51,52]. Weak frag-
ments are often tested at concentrations that increase
solubility-related artifacts. A compound may precipitate
after dilution from DMSO into aqueous buffer, causing
scattering and distorted fluorescence [53]. For compounds
flagged as potential aggregators, particle formation should
be assessed in protein-free assay buffer at the screening
concentration. Detergent-based retesting requires matched
controls and prior validation of detergent compatibility
with the target [52]. To distinguish precipitation and opti-
cal artifacts from protein-dependent responses, compare
compound-only, protein-only and protein-compound sam-
ples at matched DMSO concentrations, recording the initial
fluorescence, capillary appearance and scattering of each
and retesting candidate hits across compound concentra-
tions [54]. Compound-only fluorescence reveals autofluor-
escence, whereas absorbance at the excitation and
emission wavelengths is needed to assess the primary
and secondary inner-filter effects described in Section 2.
Extended conjugation and heteroaromatic substitution
warrant particular attention, but aromatic-ring count alone
does not establish optical compatibility, and fluorescent by-
products and degradation products in a library sample can
contribute as much as the nominal compound. Recurring
interference should be assessed within each chemotype
using measurements at the intended screening concentration.
Spectral window matters more than structure: in a profiling
study of HTS libraries, more than 5% of members were
brighter than 10 nM 4-methylumbelliferone, and red-shifting
the detection window by as little as 100 nm toward longer
wavelengths produced a marked decrease in autofluorescence
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[55]. If interference is confirmed, select a validated reporter
with a different spectral window, as discussed in Section 2. If
no compatible reporter is available, use a method that does
not rely on fluorescence. Reactive or redox-active chemotypes
require dedicated counterscreens: thiol-reactivity and redox-
activity assays identify compounds whose apparent effects
arise from covalent modification or reactive-oxygen genera-
tion rather than binding [56]. Compound integrity over the
assay timescale should be verified in parallel, for example by
liquid chromatography-mass spectrometry under assay-like
conditions, and selected hits retested from freshly prepared
material [57]. Because aggregation, optical interference and
true destabilization can all produce non-canonical profiles, hits
remain provisional until orthogonal confirmation.

3.4. Binding thermodynamics

Interpreting a thermal shift as a dissociation constant requires
an explicit model of the unfolding process. Chemical dena-
turation offers an alternative in which affinity is estimated at
a temperature of choice: the protein is unfolded across
a concentration gradient of a denaturant such as urea or
guanidinium at a fixed temperature, so that the midpoint of
the transition is a denaturant concentration (C;/,) rather than
a melting temperature.

Ligand binding displaces this midpoint, and fitting the
ligand-induced changes in the unfolding curves to an equili-
brium model yields a model-dependent Ky estimate across
a wide affinity range, with both C,,, and the m value describ-
ing unfolding cooperativity entering the fit [58,59]. Because
the fit is performed at the chosen temperature, no extrapola-
tion from a thermal denaturation temperature is required.
This matters because ligand rankings obtained at 60°C or
above need not hold at physiological temperature [59]. The
approach has also been applied, label-free, to an integral
membrane protein: a panel of 19 compounds was evaluated
against the adenosine A2A receptor, including 13 bona fide
A2A agonists or antagonists and six control compounds; the
resulting affinities showed strong agreement with published
SPR and radioligand-binding data, particularly for high-affi-
nity ligands [60]. Alternatively, thermal unfolding itself can be
used quantitatively by measuring T, across a ligand concen-
tration series and fitting the T,,-versus-concentration rela-
tionship. Bhayani and Ballicora described such a model,
based on the equilibrium between native and molten-glo-
bule states and the van ‘t Hoff formalism, developed for dye-
based DSF [61]. NanoDSF has additionally been used to
monitor chemical unfolding and refolding kinetics, extending
the measurement beyond a single thermal-ramp endpoint
[62]. These affinity estimates remain model dependent.
Equilibrium models require reversible unfolding and ade-
quate equilibration; models for irreversible unfolding rely
on distinct kinetic assumptions [63].

3.5. Case studies

3.5.1. Oligomeric interfaces
NanoDSF is useful for investigating ligand-binding events
that induce conformational changes in proteins whose

activity depends on quaternary structure, including oligo-
meric proteins. Oligomerisation interfaces are challenging
targets owing to their broad, shallow topography in mono-
meric or lower-order states and their extensive burial upon
oligomer assembly. Thabault et al. developed a screening
cascade to identify compounds targeting the tetrameric
interface of LDH. Following virtual screening of the
Prestwick Drug-Fragment Library, 29 candidates were eval-
uated by nanoDSF against tetrameric LDH-1 and LDH-5,
together with an engineered dimeric construct lacking the
tetramerisation arm. An interface-binding ligand was
expected to destabilize the native tetramer while stabilizing
the exposed interface of the dimer. At a protein concentra-
tion of 25ug mL™', nanoDSF identified eight compounds
with this differential thermal profile, which combined
a reduction in AT,, for tetrameric LDH with a neutral or
stabilizing effect on the dimeric construct. Following the
exclusion of three compounds with structural liabilities, the
remaining five candidates were validated by MST and
saturation-transfer difference NMR. This screening cascade
led to the final selection of F2050 and F1787, which showed
binding affinities approximately 5.5-fold and 9.6-fold lower
for tetrameric LDH than for dimeric LDH, respectively, con-
sistent with competition between the compounds and the
native subunits. Additionally, both compounds reduced the
thermal stability of tetrameric LDH and inhibited tetramer
reassociation [41].

3.5.2. Cryptic and allosteric pockets

Conformationally gated cryptic allosteric pockets present
a different challenge because a binding signal alone does
not establish that a ligand stabilizes a therapeutically rele-
vant state within the conformational ensemble present in
solution. Maus and colleagues examined this problem
using the Zika virus nonstructural protein 2B—nonstructural
protein 3 (NS2B-NS3) protease, a dynamic enzyme in
which the NS2B cofactor alternates between an open
arrangement and a closed, catalytically competent confor-
mation around the NS3 protease domain [64]. Rather than
treating nanoDSF as a binary binder/non-binder assay, the
authors combined its thermal profiles with single-molecule
Forster resonance energy transfer (smFRET), conventional
DSF, and 19F-NMR spectroscopy using uniformly 5-fluoro-
tryptophan-labeled protease. smFRET showed that the
competitive active-site inhibitor I. increased the closed-
state population, whereas excess allosteric inhibitor I,
shifted the I.-stabilized population back toward the open
state. Consistent with this assignment, only I. produced
a chemical-shift perturbation of the W50 resonance; this
residue lies adjacent to the active site and adopts a flipped
orientation in the closed conformation. In nanoDSF experi-
ments, |, produced concentration-dependent positive ther-
mal shifts of +0.83°C at 10 uM and +2.37°C at 100 uM
relative to the apo protease; by contrast, 200 puM |,
resulted in a AT,, of —0.68°C. The study therefore shows
that nanoDSF can provide a reliable and accessible readout
of which conformational ensemble in solution is responsi-
ble for ligand binding when its thermal profiles are inte-
grated with NMR and smFRET.



4. Emerging frontiers: challenging biomolecules and
modalities

4.1. Membrane proteins and G protein-coupled
receptors (GPCRs)

For membrane proteins, the dye-micelle interactions
described in Section 2 make reporter compatibility particularly
dependent on the solubilizing environment.

The thiol-reactive probe N-[4-(7-diethylamino-4-methyl-
3-coumarinyl)phenyllmaleimide avoids micelle partitioning
by reporting cysteine exposure rather than hydrophobic sur-
face [25]. Its constraints are nevertheless substantial: reducing
agents must be removed, the reaction is slower at low pH and
less selective above pH 8, and the transition temperatures
reported do not always agree with those obtained by circular
dichroism. Because the cysteines of many membrane proteins
are buried within transmembrane helices, the probe may also
report an incomplete or perturbed transition.

NanoDSF extends these comparisons beyond detergent
selection (Section 2) to the assessment of alternative mem-
brane mimetics. Flayhan et al. followed the first derivative of
F350/F330 for the peptide transporters DtpA and PepTSt and
the mechanosensitive channel T2 reconstituted in saposin
lipid nanoparticles; the channel was approximately 14°C
more stable in a saposin-lipid environment than when solubi-
lized in DDM [65]. Nanodiscs were long incompatible with
intrinsic-fluorescence detection because the scaffold protein
contributes its own aromatic signal, a limitation recently
addressed by tryptophan- and tyrosine-free scaffolds that ren-
der the disc optically silent and allow the reconstituted target
to be measured directly [66]. We recommend nanoDSF as
a primary method for selecting membrane-protein prepara-
tions by comparing thermal stability and aggregation across
constructs, detergents and lipid mimetics. For ligand discov-
ery, we favor its complementary use alongside binding or
functional assays. Primary screening of a focused library
requires separate validation of ligand-dependent thermal
responses and compound optical compatibility in the chosen
preparation. A complementary detergent-solubilized case is
VDAC1, for which nanoDSF and MST were combined to com-
pare 17 reported ligands and identify four reproducible che-
mical starting points [44].

Two cautions apply. GPCR thermostabilisation has histori-
cally relied on radioligand-retention assays rather than intrin-
sic fluorescence [67], and constructs trapped in one
conformation may alter agonist affinity; peer-reviewed
nanoDSF evidence remains limited in this field. Moreover,
large stability differences between mimetics show that the
environment strongly influences the transition. A T,,, measured
in detergent is therefore a property of that preparation, not
a prediction of behavior in a native membrane.

4.2. Biologics and antibody-drug conjugates

For biologics, thermal stability is not a reporter of ligand
binding but the property of interest. Antibodies do not unfold
in a single step. In nanoDSF first-derivative traces, the earliest
transition is usually assigned to the second constant domain
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of the immunoglobulin heavy chain (CH2), the least stable
domain within the fragment crystallizable (Fc) region, whereas
later transitions generally arise from the fragment antigen-
binding and third constant heavy-chain domain (CH3) [68].
The pattern is not fixed. In a pH screen of immunoglobulin
G (IgG), two transitions were resolved only under acidic con-
ditions and at high protein concentration, while above pH 6
the CH2 transition was no longer distinguishable [69]. The
unfolding onset temperature (Tynse) Marks the first detectable
loss of native structure. Local unfolding can expose aggrega-
tion-prone regions well before the global transition occurs.
When ranking candidates by developability, Tonser May there-
fore discriminate better than the apparent T,,. Back-reflection
recorded in the same run allows conformational and colloidal
stability to be compared directly, and the two need not
agree [70].

Across eight National Institute of Standards and
Technology monoclonal antibody (NISTmAb) formulations,
conditions associated with higher conformational stability
could simultaneously produce a lower aggregation-onset tem-
perature [71]. In the IgG study by Kim et al, apparent T,
showed an overall tendency to increase with pH.
Aggregation behavior, however, depended on both buffer
species and protein concentration. At 1 mg/mL, no aggrega-
tion was detected in acetate at pH 4.6 or below upon heating
to 95°C, whereas citrate samples aggregated throughout the
tested pH range. At 100 mg/mL and pH 4.6, aggregation was
also observed in acetate, although its onset temperature
remained higher than in citrate (61.0 versus 52.7 °C).
Dynamic and static light-scattering measurements indicated
repulsive protein—protein interactions in acetate and attractive
interactions in citrate. This difference was also reflected in
viscosity at high concentration (15.1 versus 18.0 cP at approxi-
mately 209 mg/mL) [69]. Comparable workflows have been
applied to biosimilar comparability, with trastuzumab and
rituximab as case studies [72].

The distinction between conformational and colloidal sta-
bility becomes critical for antibody-drug conjugates. Beckley
et al. showed that conjugation left the secondary structure of
a valine-citrulline-monomethyl auristatin E conjugate essen-
tially unchanged while rendering CH2 markedly less resistant
to thermal stress, with the high-molecular-weight species
formed at 40°C composed predominantly of molecules carry-
ing six or eight drugs [73]. Kaempffe et al. refined this picture
using a panel of homogeneous conjugates with a drug-to-
antibody ratio of 2, in which drug load was held constant:
conjugation to CH3 caused no destabilization, whereas mod-
ification of CH2 or of the light-chain C-terminus lowered Ty, 1
by up to 17°C. The magnitude depended on both the con-
jugation site and the antibody scaffold. Notably, this thermal
destabilization did not correlate with faster clearance in mice
or with a greater propensity to aggregate during manufac-
ture, though the authors note it may still flag risk for other
developability attributes such as agitation or oxidative stress
[74]. These measurements rapidly rank constructs, linkers and
formulations with little material. NanoDSF has also been used
to assess whether proteins retain conformational integrity
during loading into and release from nanoparticle
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Figure 4. Applications of nanoDSF and related thermal shift approaches to targeted degradation modalities. (A) Proposed PROTAC workflow positioning nanoDSF in
construct quality control and assessment of binary thermal responses alongside direct ternary-complex, cellular-engagement and degradation assays. The dashed
box marks nanoDSF profiling of ternary mixtures as a prospective application. (B) Structures of DCAF1-recruiting WDR5 PROTACs 4 and 5; arrows indicate their
relative linker lengths. (C) SYPRO Orange DSF showing thermal shifts for DCAF1 and WDR5 individually and fluorescence profiles of equimolar DCAF1-WDR5
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protein profiles provide a complementary thermal readout; ternary-complex formation was assessed independently by SPR. (D) FcRTAC development illustrated by
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formulations [75]. Thermal unfolding and aggregation mea-
surements remain accelerated surrogates for long-term sta-
bility: they do not reliably predict aggregation during months
of storage, so formulation decisions should not rest on ther-
mal parameters alone. Beyond formulation studies, nanoDSF
can also support qualification of assembled biologics. In the
Fc gamma receptor llb (FcyRllb)-targeting chimera (FCRTAC)
example, Du et al. used nanoDSF after liquid chromatogra-
phy-mass spectrometry (LC-MS), before sequential SPR con-

firmed preserved FcyRllb and immunoglobulin E (IgE)
engagement (Figure 4(D)) [77].

4.3. Proximity-induced degradation modalities
Proteolysis-targeting chimeras (PROTACs) challenge the

assumptions underlying conventional ligand-binding assays
[78], expanding the horizon of the druggable genome [79,80].
Their pharmacological activity depends not only on the affinity
of the two ligands for the protein of interest (POIl) and the
recruited E3 ubiquitin ligase, but also on the population, coop-
erativity, geometry, and lifetime of the resulting POI-PROTAC-E3
ternary complex [81]. In a systematic series of von Hippel-
Lindau (VHL)-recruiting degraders of the chromatin-remodeling
ATPase SMARCA2 and bromodomain-containing protein 4,

ternary-complex affinity and cooperativity tracked degradation
potency and initial degradation rates, whereas binary affinity
did not: two degraders bound VHL approximately 7- to 9-fold
more tightly than the best compound in the series, yet formed
weaker ternary complexes, showed negative cooperativity, and
degraded SMARCA?2 inefficiently [82].

For PROTACs, dedicated ternary-complex assays are better
suited than thermal unfolding to characterize recruitment of
the target protein to the E3 ligase. Time-resolved Forster reso-
nance energy transfer (TR-FRET) can monitor concentration-
dependent ternary-complex formation [83], whereas SPR can
quantify association and dissociation kinetics and, with matched
binary measurements, cooperativity [81]. In cells, NanoLuc-based
bioluminescence resonance energy transfer (NanoBRET) assays
can follow target-ligase proximity, while complementary lumi-
nescence assays quantify target degradation [84]. NanoDSF has
a supporting role in assessing the thermal responses of the
individual protein partners. Keuler et al. examined PROTACs
directed against the inflammasome sensor NLRP3, testing its
nucleotide-binding NACHT domain and the recruited E3 ligases
in separate samples. The control compound (—)V2 retained ther-
mal stabilization of NLRP3 but did not stabilize VHL, providing
evidence consistent with the distinct contributions of the two
binding arms [85]. These experiments assessed binary interac-
tions rather than the complete ternary complex. NanoDSF can



therefore complement direct-binding measurements and iden-
tify aggregation or atypical unfolding, but a thermal shift alone
does not establish binding, ternary-complex formation or pro-
ductive ubiquitination. Figure 4(A) distinguishes these comple-
mentary experimental questions.

A direct example was reported for degraders of WD repeat-
containing protein 5 (WDR5) that recruit DDB1- and CUL4-
associated factor 1 (DCAF1), whose chemical structures are
reported in Figure 4(B). Mabanglo and colleagues used con-
ventional DSF with SYPRO Orange as an orthogonal readout,
comparing DCAF1 and WDRS5 individually with equimolar
DCAF1-WDR5-PROTAC mixtures [76]. Both degraders stabi-
lized DCAF1 and WDRS5 individually, but in opposite order:
PROTAC 4 shifted WDR5 more than DCAF1 (+8.9 versus +5.3
°C), whereas PROTAC 5 showed the reverse (+11.8 versus +5.9
°C) (Figure 4(C)). Changes in the mixed-protein profiles were
interpreted alongside SPR and crystallography, which supplied
independent evidence of complex formation. PROTAC 5, with
by far the largest DCAF1 shift of the series, formed a ternary
complex by SPR yet degraded neither exogenous nor endo-
genous WDRS5 in cells, whereas PROTAC 4, whose DCAF1 shift
was less than half as large, was the most effective of the
DCAF1 degraders reported in the study.

A closely related nanoDSF precedent exists for molecular
glues: FR900359 and YM-254890 produced concentration-
dependent stabilization and converted the biphasic unfolding
profile of purified Ga11-GPy into a monophasic transition,
consistent with stabilization of the subunit interface [86].
Together, these examples support using nanoDSF to select
constructs and assay conditions with reproducible thermal
profiles and limited aggregation. This selection concerns sam-
ple suitability; it does not rank affinity, cooperativity or degra-
dation efficacy. Table 1 translates this supporting role into
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a hypothetical experiment, explaining how binary controls,
recruitment controls and concentration series address alterna-
tive interpretations of mixed-protein profiles. SPR, ITC,
NanoBRET, native mass spectrometry [87] and structural ana-
lysis provide complementary evidence, while ubiquitination
and degradation require dedicated functional and cellular
assays.

4.4. Nucleic acids and protein-RNA complexes

RNA-binding proteins (RBPs) control precursor messenger RNA
processing, RNA stability, localization and translation, and also
mediate recognition of viral or aberrantly modified RNA [88-
90]. Their biological reach, together with growing efforts to
disrupt or stabilize protein-RNA interfaces, makes them an
emerging drug-discovery target class [91]. For these targets,
nanoDSF can report the conformational consequences of RNA
or compound association with the protein. Because the signal
arises mainly from the protein, however, it does not directly
measure RNA melting.

A useful proof of concept was provided by Sikorska et al.,
who examined full-length retinoic acid-inducible gene | (RIG-I)
rather than the isolated C-terminal domain. Apo RIG-I unfolded
at 46.6°C, whereas four double-stranded RNA ligands increased
the apparent melting temperature to 53.7-59.6°C; within
matched hairpins, 5'-triphosphorylated RNA stabilized RIG-I
more than its 5-OH counterpart (57.7 versus 53.7 °C).
Adenosine diphosphate (ADP) or the non-hydrolysable adeno-
sine triphosphate analogue adenosine 5'-(3,y-methylene)tripho-
sphate produced little further change, while the ADP-
aluminum fluoride complex broadened the transitions and
shifted their inflection points to 63.9-67.6°C. Together with
NMR and MST, these profiles were interpreted as RNA-driven

Table 1. A hypothetical nanoDSF experiment to investigate the thermal consequences of PROTAC-mediated ternary assembly. The comparisons in steps 3 and 4
require matched protein concentrations and assay conditions. Expected ternary profiles should not be constructed by adding AT,, values or F350/F330 ratios.

Step and comparison lllustrative observation

Logic of the comparison Remaining limitation

1. Qualify the readout: buffer, PROTAC
alone, POl alone and E3 alone;
inspect fluorescence, absorbance and compound interference or pre-
scattering transition aggregation

2. Define binary effects: POl + PROTAC  The POI transition shifts; the E3
and E3 + PROTAC profile changes little despite

independently confirmed binding

Both proteins provide interpretable
profiles, without substantial

3. Examine the mixture: POl + E3 +
PROTAC, alongside binary controls
measured in parallel

The complete sample shows a new
or shifted transition, or
a previously resolved transition is
no longer distinguishable

The additional feature disappears,
while the POI binary effect
remains

4. Test the requirement for linked
engagement: unlinked warheads and
a recruitment-deficient analogue,
with matched binary controls

5. Test concentration dependence:
titrate PROTAC and, where needed,
vary the POL:E3 ratio

The feature is reproducible across
a defined concentration range

6. Check ternary formation
independently: use a ternary-specific
SPR or TR-FRET assay under
comparable conditions

Assembly is detected with the intact
PROTAC and reduced by the
recruitment control

Establish that subsequent
comparisons can be
interpreted

Little compound fluorescence does not exclude
inner-filter attenuation

Identify effects that require
only one partner and
recognize thermally silent
binding

Identify a response whose
dependence on recruitment
can be tested

Neither the presence nor absence of a shift
establishes affinity

Binary occupancy changes, optical interference
or aggregation can alter the profile without
ternary assembly (false positive).

Distinguish linker-dependent
assembly from the combined
effect of two independent
binary interactions

Check that the interpretation is Concentration-dependent interference can
not restricted to one mimic a response; the shape of the
arbitrary mixture dependence is not diagnostic, and a hook-
shaped thermal response is neither required
nor diagnostic of ternary-complex formation

An independently confirmed ternary complex
may produce no detectable thermal change,
or its thermal effects may be masked by
overlapping transitions (false negative).
Assembly alone does not establish
productive ubiquitination or degradation.

Control binding and optical properties must be
verified; similar profiles do not exclude
different molecular assemblies

Test whether the thermal
interpretation agrees with an
independent measurement
of ternary assembly.
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conformational rearrangements involving the C-terminal and
helicase regions, rather than as a direct measure of RNA affinity
or release of the caspase activation and recruitment domains.
The study illustrates how nanoDSF can distinguish RNA-protein
states through their conformational consequences [92].

The value for chemical discovery is illustrated by a 2025 study
of the N6—methyladenosine (m°®A) reader YTH domain-containing
family protein 2 (YTHDF2). Qiu et al. used nanoDSF in an ortho-
gonal cascade after fluorescence polarization, AlphaScreen and
electrophoretic mobility shift assay experiments had identified
phenylpyrazoles that disrupted the YTHDF2-m®A-RNA interac-
tion. Seven compounds stabilized the purified YT521-B homol-
ogy domain and CK-75 produced a AT,,, of 2.08°C at 10 uM. Direct
binding was subsequently quantified by MST (Kp = 26.2 + 2.3 uM)
and supported in cells by a 2.4°C CETSA shift. This is a useful
model for positioning nanoDSF: not as a stand-alone assay of
protein-RNA disruption, but as a rapid, label-free confirmation
that an active compound also engages and stabilizes the RBP
itself [93]. NanoDSF can also serve as an assay-qualification step
in RBP workflows: for interferon-induced proteins with tetratri-
copeptide repeats 1-3, simultaneous intrinsic-fluorescence and
dynamic light scattering (DLS) measurements defined unfolding
and aggregation limits before MST and biolayer-interferometry
studies of protein and RNA complexes [94]. For such applications,

A B
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nanoDSF when Tyr reporters are sufficiently

Intrinsically disordered as a

compare protein-only, RNA-only, protein—-RNA, protein-com-
pound and protein-RNA-compound samples under matched
conditions, ideally with titrations. RNA-dependent thermal
responses should then be assessed alongside direct measure-
ments of protein—-RNA association and target function.

5. Current limitations and technical bottlenecks
5.1. Intrinsic-fluorophore dependence

Nucleophosmin 1 (NPM1) is a multifunctional nucleolar pro-
tein involved in cell growth, ribosome biogenesis and cell-
cycle regulation. In acute myeloid leukemia (AML), recurrent
exon 12 frameshift mutations alter the extreme C-terminus of
NPM1. The most common type A mutation, p.W288Cfs *12,
exemplifies this mechanism: the frameshift replaces the native
C-terminal sequence and results in the loss of both W288 and
W290, whereas other AML-associated variants may retain
W288 but lose W290 (Figure 5(A)) [96]. These tryptophans
form part of the hydrophobic core and nucleolar localization
signal of the folded C-terminal three-helix bundle (approxi-
mately residues 243-294). Their loss destabilizes the domain
and, together with acquisition of a new nuclear export signal,
promotes aberrant cytoplasmic localization of mutant NPM1
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Figure 5. Intrinsic fluorophore dependence and structural context as determinants of assay suitability. (A) Solution NMR structure of wild-type NPM1 C-terminal
domain (CTD; PDB: 2VXD, green ribbon representation), highlighting Tyr271, Trp288, and Trp290, compared with an illustrative AlphaFold 3 model (cyan ribbon
representation) of the acute myeloid leukaemia p.W288Cfs *12 mutant. The frameshift replaces the native C-terminal sequence and abolishes both Trp reporters as
indicated by the arrows, limiting its use in nanoDSF. (B) Human HSP10 forms a single heptameric ring (PDB: 13 KW) containing three Tyr residues per subunit (21 Tyr
per heptamer). At 10 uM heptamer, measurable heating and cooling transitions are produced. Triplicate capillary analysis yielded inflection points of 64.65 = 0.04°C
during heating and 63.24 + 0.02°C during cooling, corresponding to a thermal hysteresis of 1.41°C. The nanoDSF traces were replotted with permission from data
provided by Larsson et al. [95]. (C) a-Synuclein contains four Tyr residues but no Trp and is intrinsically disordered as a monomer. Fibril formation generates an
ordered cross-3 core (PDB: 2NOA), but the Tyr reporters remain predominantly within dynamic regions outside that core; fibrillisation alone therefore does not yield
a reversible, cooperative nanoDSF transition. Structures and nanoDSF data were derived from the sources indicated in [95-99].



[100]. This provides a particularly instructive example of intrin-
sic-fluorophore dependence in nanoDSF. Whereas the wild-type
C-terminal domain contains two strategically positioned trypto-
phans, AML-associated mutants that lose both residues would
leave Y271 as the only intrinsic Tyr/Trp fluorophore within this
folded domain. Consequently, the fluorescence signal available
to report its unfolding would be markedly reduced, potentially
making label-free nanoDSF poorly informative for this specific
construct despite its biological and therapeutic relevance.
A dye-based screening precedent is also available for NPM1:
a SYPRO Orange DSF screen of the wild-type C-terminal domain
identified 25 stabilizing compounds from a 2,560-member
library, after which the leading hits were evaluated by SPR,
intrinsic fluorescence and cellular assays [101]. This study con-
cerns the wild-type domain rather than the Trp-depleted
mutants discussed above. Loss of aromatic reporters in
a mutant should, however, be distinguished from the absence
of tryptophan in the native sequence. An example is provided
by the recent study by He et al. on the blood-brain barrier-
penetrant KRAS G12C inhibitor JMKX1899, also known as sosi-
merasib, a selective small-molecule inhibitor currently under
clinical development for KRAS G12C-mutated non-small-cell
lung cancer with brain metastases. In that work, thermal stabi-
lity experiments were performed on guanosine diphosphate
(GDP)-loaded KRAS G12C using a Prometheus NT.48 instrument
and 10pL of unlabeled samples. JMKX1899 produced an
approximately 18°C increase in the apparent T, of GDP-loaded
KRAS G12C in two independent experiments, each with three
replicates [102]. The native KRAS sequence lacks Trp, thus Tyr
residues may contribute to the reported intrinsic-fluorescence
response, although their individual contributions were not
established in the study. A complementary example is human
heat shock protein 10 (HSP10), whose native sequence contains
no Trp and three Tyr residues per subunit. Larsson et al.
observed measurable heating and cooling transitions in
a recombinant HSP10 preparation (Figure 5(B)) [95]. Together,
these cases show that native Trp is not an absolute require-
ment. Suitability depends on whether the construct produces
a measurable, interpretable intrinsic-fluorescence transition.

5.2. Non-canonical melting and assembly profiles

For multidomain proteins, sensitivity depends on the number,
location and environmental response of tryptophan and tyr-
osine residues. A transition in a domain without an informa-
tive aromatic reporter may be attenuated, merged or missed.
Dye-based DSF is also weighted by hydrophobic exposure and
dye accessibility. Neither method resolves every domain tran-
sition; interpretation should consider sequence, domain archi-
tecture and structure.

In intrinsically disordered proteins, an aromatic signal does
not necessarily provide a cooperative unfolding readout. a-
Synuclein, for example, contains four tyrosine residues but no
tryptophan; some studies have introduced a Y39W mutation
to monitor aggregation through intrinsic fluorescence [103].
A reporter for aggregation does not, however, establish that
the protein undergoes a reversible, cooperative thermal
unfolding transition (Figure 5(C)) [104]. Tau provides another
elegant example: the longest neuronal isoform, Tau-40,
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contains five tyrosine residues but no tryptophan. Despite its
biological relevance to pathological aggregation in
Alzheimer’s disease, tau is poorly suited to a conventional
nanoDSF analysis based on a well-defined fluorescence transi-
tion and melting temperature. Nevertheless, intrinsic Tyr fluor-
escence has been used to follow ligand-induced spectral
changes in full-length tau and in its four-repeat domain,
which contains a single native Tyr; these responses should
not be interpreted as cooperative thermal unfolding
[105,106]. Thus, for intrinsically disordered proteins, suitability
for nanoDSF depends not only on tryptophan and tyrosine
content, but also on whether heating produces a reproducible
fluorescence change that can be assigned to a biologically
meaningful structural transition. Not all non-canonical thermal
profiles, however, represent an assay limitation. Unlike intrin-
sically disordered tau and a-synuclein, tubulin is a folded o/
heterodimer that undergoes regulated temperature-depen-
dent polymerization. Baksheeva et al. exploited nanoDSF to
monitor both compound binding and shifts in tubulin poly-
merization temperature. Screening 1,520 approved com-
pounds recovered established microtubule-targeting agents
and identified additional polymerization modulators, illustrat-
ing how nanoDSF can couple target engagement with
a functional assembly readout [47].

5.3. lIrreversible aggregation

Thermal unfolding may also lead to irreversible aggregation.
In that case the transition observed will reflect the kinetics of
unfolding and aggregation rather than equilibrium stability.
Aggregates have two effects: they affect the fluorescence
signal by scattering and attenuation, and they change the
emission itself, since in irreversibly unfolding a-amylases
aggregation significantly reduces the tryptophan red shift
that accompanies unfolding [107]. If aggregation starts before
or during the fluorescence transition, the apparent T,, may
reflect several overlapping processes, and the value extracted
under these conditions should not be seen as an equilibrium
measure of stabilization.

Where aggregation follows a clear and reproducible fluores-
cence transition, an apparent T,, may still support comparisons
under matched experimental conditions. The separation of fluor-
escence and scattering transitions does not, however, demon-
strate that unfolding is reversible. We therefore recommend
checking the raw F330, F350, their ratio and the scattering
trace together, and reexamining ambiguous profiles at lower
protein concentration and slower heating rates: in irreversible
systems both the transition temperature and the magnitude of
the red shift depend on these parameters, and conditions that
reduce aggregation restore the expected spectral behavior [107].
Where aggregation obscures the transition altogether, the result
is better reported as uninterpretable under the conditions tested
and pursued with an independent method. The NISTmAb study
discussed in Section 4.2 reinforces this distinction: its combined
nanoDSF, differential scanning calorimetry and hydrogen-deu-
terium exchange mass spectrometry analysis shows why confor-
mational stability and aggregation propensity should be
assessed separately [71].
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Table 2. Software and open resources for the acquisition, fitting, and quality control of nanoDSF and related thermal-shift data.

Resource and access Recommended use and main caution Reference

PR.ThermControl /
PR.Panta Control

nanoDSF compatibility

Direct: instrument acquisition Set up thermal scans and inspect F330, F350, the fluorescence ratio, and turbidity or
scattering. Automatically assigned transitions must be checked against the raw

NanoTemper
documentation

Proprietary traces.

PR.Stability Direct: vendor analysis Merge runs and replicates, compare conditions, define regions of interest and export NanoTemper
Analysis / PR. results. Report the software version, exclusions and any manual changes. documentation
Panta Analysis
Proprietary

MoltenProt / eSPC  Direct: Prometheus exports Fit equilibrium thermodynamic, kinetic and empirical unfolding models and obtain T,,, [31,110]
Open source; web supported Tonserw AH and apparent AG. Inspect fit quality and match model choice to reversible
or local versus irreversible unfolding behavior.

FoldAffinity Direct: nanoDSF titrations Estimate Kp by isothermal analysis of ligand titrations. A suitable concentration series [111]
Open source; web and unfolding model are required, and the estimate should be confirmed by an
or local orthogonal method.

TPPU_DSF Indirect: developed for plate  Calculate T, and apparent thermodynamic parameters of unfolding, including Gibbs [112]
Free, open-source DSF (qPCR-format exports) free energy (AG°u), enthalpy (AH°u), and entropy (AS°u), from temperature-versus-
web tool signal data. Check fit quality and the assumptions concerning reversibility before

interpreting thermodynamic parameters. A validated Prometheus import workflow
has not been reported.
DSFworld / DSFbase Indirect: developed for plate  Fit unusual curves, including multiple transitions and signal decay. DSFworld was [109]

Open-source web DSF benchmarked against DSFbase, an open dataset of experimental curves. Direct
tool and dataset Prometheus import has not been validated.
ShiftScan Indirect: developed for high-  Automate curve triage, T, assignment and hit prioritization. It provides a useful model [50]

Open source for future nanoDSF quality control but is not a validated Prometheus workflow.
stand-alone tool
ProThermDB

Open database

throughput plate DSF

Contextual resource Retrieve Ty, AG, AH, ACp, mutations, methods and solution conditions. Quantitative [113]
comparisons require matched constructs and conditions because the records are

heterogeneous.

Abbreviations: 1,8-ANS, 1-anilinonaphthalene-8-sulfonic acid; ADP, adenosine diphosphate; AML, acute myeloid leukemia; APF, L-Ala-L-Pro-L-Phe; CETSA, cellular
thermal shift assay; CH2, second constant domain of the immunoglobulin heavy chain; CH3, third constant domain of the immunoglobulin heavy chain; CTD,
C-terminal domain; C;,,, midpoint of chemical denaturation; DCAF1, DDB1- and CUL4-associated factor 1; DDM, n-dodecyl-B-D-maltoside; DLS, dynamic light
scattering; DMSO, dimethyl sulfoxide; DSF, differential scanning fluorimetry; DSi-Poised, Diamond-SGC-iINEXT Poised; DYRK1A, dual-specificity tyrosine-phosphor-
ylation-requlated kinase 1A; E3, E3 ubiquitin ligase; F330, fluorescence emission at 330 nm; F350, fluorescence emission at 350 nm; FBDD, fragment-based drug
discovery; Fc, fragment crystallizable; FCRTAC, FcyRlIb-targeting chimera; FcyRllb, Fc gamma receptor Ilb; GDP, guanosine diphosphate; GPCR, G protein-coupled
receptor; HSP10, heat shock protein 10; HTS, high-throughput screening; IgE, immunoglobulin E; IgG, immunoglobulin G; ITC, isothermal titration calorimetry; Kp,
dissociation constant; LC-MS, liquid chromatography-mass spectrometry; LDH, lactate dehydrogenase; LMNG, lauryl maltose neopentyl glycol; m®A, N°-
methyladenosine; MCR, multicomponent reaction; MS, mass spectrometry; MST, microscale thermophoresis; NanoBRET, NanoLuc-based bioluminescence reso-
nance energy transfer; nanoDSF, nano differential scanning fluorimetry; NISTmAb, National Institute of Standards and Technology monoclonal antibody; NMR,
nuclear magnetic resonance; NPM1, nucleophosmin 1; NS2B-NS3, nonstructural protein 2B—nonstructural protein 3; PAINS, pan-assay interference compound; PCR,
polymerase chain reaction; PDB, Protein Data Bank; POI, protein of interest; PROTAC, proteolysis-targeting chimera; QC, quality control; RBD, receptor-binding
domain; RBP, RNA-binding protein; RIG-I, retinoic acid-inducible gene I; RNA, ribonucleic acid; RV-A2, human rhinovirus A2; SAR, structure-activity relationship;
SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; SEC, size-exclusion chromatography; smFRET, single-molecule Forster resonance energy transfer;
SPR, surface plasmon resonance; T, apparent melting temperature; Tonser, Unfolding onset temperature; TR-FRET, time-resolved Forster resonance energy transfer;
Trp, tryptophan; Tyr, tyrosine; Ub, ubiquitination; UV, ultraviolet; VDAC1, voltage-dependent anion channel 1; VHL, von Hippel-Lindau; WDR5, WD repeat-
containing protein 5; WT, wild type; YTHDF2, YTH domain-containing family protein 2; ACp, heat-capacity change; AG, Gibbs free-energy change; AH, enthalpy
change; AS, entropy change; ATy, ligand-induced change in apparent melting temperature.

decay, benchmarked against a large collection of experimental
plate-DSF curves [109], while ShiftScan automates curve triage
and control-based quality assessment at plate scale [50].
A satisfactory fit does not by itself validate the underlying
physical model. As discussed in Section 3 and 5.3, equilibrium
thermodynamic analysis requires reversible unfolding and
adequate equilibration [31]. Even apparently simple profiles
may be compatible with either two-state or three-state beha-
vior, limiting the mechanistic conclusions that can be drawn
from curve shape alone. Available software and open
resources for the acquisition, fitting and quality control of
nanoDSF and related thermal-shift data are summarized in
Table 2.

5.4. Data-processing bottlenecks

Most commercial packages identify the apparent melting tem-
perature from the maximum of the first derivative of the
fluorescence ratio. This approach is often adequate for
a single cooperative transition, but it can become misleading
when a curve has high initial fluorescence, multiple transitions,
as in multidomain proteins, or temperature-dependent signal
decay. Fitting such profiles with a single sigmoid can therefore
produce an apparent melting temperature with little mechan-
istic meaning. Augustijn et al. addressed this problem specifi-
cally for intrinsic-fluorescence DSF by applying simultaneous
constrained non-linear fits to the fluorescence intensity, ratio
and their derivatives. The method separated strongly overlap-
ping transitions and estimated both apparent melting tem-
peratures and unfolding onset, making it particularly relevant

- A ; . : 6. Conclusion
to nanoDSF analysis of multidomain proteins and biothera-

peutics, although model choice and fit residuals still require
scrutiny [108].

DSFworld subsequently introduced models for multiple
transitions, high initial signal and temperature-dependent

NanoDSF has evolved from a dye-free alternative to conven-
tional DSF into a low-volume method for comparative analysis
of protein stability, ligand-induced conformational change and
aggregation. Its central advantage is not simply removal of an



extrinsic dye, but the simultaneous acquisition of intrinsic
fluorescence and scattering under conditions in which dye-
based measurements can fail. Dye-free, however, does not
mean interference-free: the method still requires an informa-
tive aromatic signal and a measurable conformational transi-
tion, and remains vulnerable to compound absorption,
fluorescence, quenching and light scattering. The evidence
reviewed here supports a defined position in drug discovery.
We recommend nanoDSF as a primary biophysical screen for
focused and fragment libraries with reproducible thermal pro-
files and verified compound optical compatibility, and as
a direct method for comparing constructs, formulations and
membrane-protein preparations. For large screening cam-
paigns and PROTAC programs, we recommend its comple-
mentary use alongside dedicated binding and functional
assays. A thermal shift does not establish affinity, mechanism
or functional engagement, and its absence does not exclude
binding. Wider adoption will depend on profile-level analysis,
transparent quality-control criteria, interoperable data and
prospective benchmarking against downstream outcomes.
Within these boundaries, nanoDSF can mature from
a convenient confirmation method into a reproducible com-
ponent of discovery and developability workflows.

7. Expert opinion

7.1. From a benchtop instrument to an integrated
discovery module

Within the next five years, we expect nanoDSF to become part
of robotic workcells combining acoustic compound dispen-
sing, automated sample handling and thermal profiling.
Plate-based intrinsic DSF, demonstrated with 10 uL samples
in 384-well plates and benchmarked against calorimetry and
circular dichroism, provides a technical basis for this develop-
ment [114]. We do not expect capillaries to disappear; we
expect them to lose their monopoly. Microplates should dom-
inate automated screening and formulation campaigns,
whereas capillaries will remain useful when maximal signal
quality or flexible assay development matters more than par-
allelization. Automated acquisition will also require rules for
routing ambiguous profiles to repeat measurements, concen-
tration series or orthogonal assays before they influence hit
selection.

7.2. From a single T,, to decision-ready thermal
fingerprints

We expect the analytical focus to shift from a single apparent
Tm to the full thermal profile: raw F330 and F350 traces or
emission spectra, their ratio or barycentric metric, initial inten-
sity, unfolding onset, scattering and aggregation onset, repli-
cate agreement and concentration dependence. Tools such as
ShiftScan already automate curve fitting and control-based
quality checks in dye-based DSF [50]. Machine learning has
also been applied to nanoDSF plasma-profile classification
[115] but its use for screening quality control requires separate
validation. We propose training supervised models on raw F330
and F350 traces, scattering where available, matched controls
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and assay metadata from multiple targets, instruments and
laboratories. Expert annotations should flag interpretable tran-
sitions, multiphasic profiles, aggregation-associated changes,
optical interference and unassessable measurements, and
annotations of interference or aggregation should be sup-
ported by compound-only controls, absorbance or scattering
measurements, or repeat experiments. Ambiguous and failed
measurements should be retained rather than removed to
simplify training. Model outputs should identify profiles requir-
ing review or repeat measurement, with confidence calibrated
against errors on separate validation data: a smooth fluores-
cence ratio accompanied by pre-transition scattering, for exam-
ple, should be flagged for review rather than converted into
a binding call. Failure modes include misclassifying valid multi-
domain profiles as artifacts, accepting interference as a clean
transition, and poor performance on unfamiliar targets or
instruments. Validation should use targets and laboratories
excluded from training, keep all technical replicates of
a sample in the same data partition, and compare performance
against rule-based quality control and expert review, since
simple checks can be automated without machine learning.
Low-confidence predictions should trigger expert review; unin-
terpretable profiles should be recorded as unassessable rather
than as non-binders.

7.3. Increasing biological complexity without losing
specificity

We predict that nanoDSF will expand into more complex but
experimentally defined systems, rather than become a general
whole-cell target-engagement assay. Likely growth areas
include multidomain biologics, membrane proteins in con-
trolled lipid environments, protein-RNA and oligomeric
assemblies and induced-proximity systems. PROTACs repre-
sent a particularly open opportunity. Dye-based DSF has
shown that ternary mixtures can generate altered thermal
profiles [76], whereas published nanoDSF data in degrader
programs have primarily addressed construct qualification or
binary ligand effects [116] rather than systematic apo-binary-
ternary comparisons. We encourage its prospective use where
extrinsic dyes are compromised by lipophilic degraders, deter-
gents or lipid mimetics, provided that both protein partners
produce sufficiently strong and distinguishable intrinsic transi-
tions. Such experiments could identify preparations with
reproducible thermal profiles and limited aggregation for
direct ternary-complex assays. Decisions about linker perfor-
mance, cooperativity and degradation would still require inde-
pendent binding, ubiquitination and cellular measurements.
More broadly, proteome-wide intrinsic fluorescence in intact
cells lacks molecular assignment. We therefore recommend
nanoDSF for defined in vitro screening and sample character-
ization, with target-specific cellular methods used to establish
engagement.

7.4. Adoption will be determined by benchmarking, not
capacity

By the early 2030s, nominal capacity will no longer be
a persuasive endpoint. Progress should be judged by time
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to an orthogonally validated hit, protein consumed per
decision, false-positive and false-negative rates, cross-
laboratory reproducibility and downstream attrition. This
will require shared reference panels, interoperable raw-
data exports and a minimum record covering construct
identity, concentration, matrix, solvent, heating program,
format, replicate structure and all exclusions or manual
adjustments. Reference panels should include weak signals,
multiphasic proteins, aggregation-prone samples and fluor-
escent or scattering compounds, rather than only ideal two-
state proteins. Prospective comparisons should establish
whether adding nanoDSF reduces sample consumption
and unnecessary follow-up while preserving the recovery
of independently validated hits and useful constructs. If
automation is coupled to standardization and prospective
benchmarking, nanoDSF can progress from confirming deci-
sions to shaping them.
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