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ARTICLE INFO ABSTRACT

Keywords: Developing effective antibody therapeutics requires not only high affinity, specificity, and potency but also
Fung.a‘l infections optimal stability and safety. Comprehensive biophysical and biochemical profiling acts as an essential gatekeeper
Stability to predict the fate of a candidate and facilitate the transition from bench to bedside. This study evaluates the

Surfav.:e' plasmon resonance developability of Dia-T51, an anti-p-1,3-glucan monoclonal antibody humanized from the murine parental 2G8
UV-visible and fluorescence spectroscopy

Circular dichroism and designed for antifungal therapy. We employed a multi-technique approach combining UV-Visible, Fluo-
ELISA rescence, and Circular Dichroism spectroscopy with in silico molecular modeling to elucidate the mechanisms
involved in antigen binding. Our analysis revealed a fundamental divergence between the “conformational
frustration” and thermodynamic strain exhibited by 2G8 and the cooperative “induced fit” mechanism facilitated
by the backbone plasticity of Dia-T51. This structural adaptability resulted in superior affinity and thermal
stability for the Dia-T51-antigen complex compared to its murine counterpart. Complementary stability assess-
ments demonstrated that Dia-T51 remains free of aggregates and undergoes a structural refinement under
physiological stress. Furthermore, samples from a 3-year-old stock of Dia-T51 were subjected to accelerated
stability testing to challenge in silico predictions of chemical liabilities within the variable regions. Despite the
emergence of minor stress-related structural markers detected by Dynamic Light Scattering and SDS-PAGE, the
antibody retained a predominant monomeric profile and high antigen-binding capacity, as confirmed by Surface
Plasmon Resonance and ELISA. These findings demonstrate that Dia-T51 possesses the structural resilience and
functional robustness required for successful clinical translation, validating its potential for downstream phar-
maceutical development and the importance of integrating biophysical data into developability assessments.

Dynamic light scattering

in development is not gathering ancillary data, but rather an indis-
pensable demonstration of approval feasibility. This information pro-

1. Introduction

From the real beginning of the biotechnological era and the land-
mark 1986 FDA approval of muromonab (Orthoclone®), the first
monoclonal antibody (mAb), the quest for the “magic bullet” signifi-
cantly accelerated [1]. This surge has driven substantial efforts across
the pharmaceutical industry to develop mAbs targeting unmet medical
needs and bringing innovation to the therapy and diagnostics of estab-
lished diseases [2,3]. However, the true ‘developability’ of a biologic
extends far beyond mere efficacy and safety [4,5]. Thousands of prom-
ising mAbs have failed to make the transition ‘from bench to bedside’
due to complex intrinsic challenges. Key aspects of hit characterization,
such as specificity, selectivity, potency, manufacturability, and physi-
cochemical behavior, are critical determinants [6-8]. In this context,
having deep insights into the biophysical and biochemical profile early

vides a fast, low-cost, and robust clue about the destiny of the antibody,
thereby adhering to the principle of “fail fast and fail cheap” by reducing
overall development time and costs.

A critical area of unmet medical need — where the development of
such rigorously characterized novel mAbs is urgently required - is the
management of infectious diseases, particularly the escalating crisis of
invasive fungal infections. Recent epidemiological reassessments esti-
mate an alarming global burden of over 6.5 million life-threatening
fungal infections annually, resulting in approximately 3.8 million
deaths [9]. This staggering mortality rate is primarily driven by species
belonging to the Candida, Aspergillus, and Cryptococcus genera. The
World Health Organization (WHO) recently highlighted this health
threat by releasing its first Fungal Priority Pathogens List, warning
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against the global spread of multidrug-resistant isolates. A paradigmatic
example is the emergence is Candidozyma auris, a healthcare-associated
pathogen that frequently exhibits multi- and pan-resistance to available
drugs and causes invasive candidiasis with mortality rates often
exceeding 60% [10]. Furthermore, the increasing number of immuno-
compromised patients - due to intensive cancer therapies, organ trans-
plantations, and the recent surge in viral pandemic-associated co-
infections - creates a continuously expanding susceptible population,
transforming both novel emerging and historically re-emerging fungal
species into formidable clinical challenges [10,11].

Despite the increasing incidence of fungal infections, the clinical
arsenal remains severely constrained. Currently, antifungal therapy re-
lies almost exclusively on three primary classes: polyenes, azoles, and
echinocandins [12]. The clinical efficacy of these drugs is frequently
compromised by severe dose-limiting toxicities, unfavorable drug-drug
interactions, and narrow therapeutic windows. Most concerning is the
intense selection pressure driving the rise of antifungal resistance,
rendering standard treatments increasingly ineffective. This therapeutic
bottleneck is drastically exacerbated by profound limitations in clinical
diagnostics. Current gold-standard methods are slow, generally lack
sensitivity and suffer from false positives [12]. As a result, targeted
therapy is often delayed, forcing clinicians to rely on empirical treat-
ments which significantly reduce patient survival probabilities [13].

Given the critical shortcomings of conventional antifungals, targeted
passive immunotherapy via monoclonal antibodies (mAbs) represents a
highly promising alternative. Among fungal structural components,
B-1,3-glucan is an ideal target: it is an essential architectural poly-
saccharide highly conserved across a vast array of fungal cell walls, yet
entirely absent in mammalian tissues, guaranteeing excellent pharma-
cological selectivity [14]. Over the years, a few murine mAbs directed
against f-glucans have been described, validating the druggability of
this antigen. For instance, the murine mAbs AG and BG were developed
to specifically recognize p-1,3-1,6-glucan linkages on intact Candida and
Cryptococcus cells, proving highly valuable primarily for diagnostic
recognition assays [15]. Similarly, the mouse mAbs 3G11 and 5H5 have
shown high specific affinity for p-1,3-glucan, successfully demonstrating
targeted in vitro neutralizing activity by inhibiting C. albicans cellular
growth and A. fumigatus spore germination [16]. Another example is the
1E12 clone, which exhibited both in vitro and in vivo antifungal activity;
however, its clinical development is intrinsically hindered by its IgM
isotype, a large pentameric structure that severely limits deep tissue
penetration and poses major manufacturability challenges [17,18].

While these clones highlight the therapeutic potential of targeting
B-glucans, the most extensively characterized and promising antibody
remains the murine 2G8 (IgG2b). 2G8 has demonstrated remarkable
broad-spectrum antifungal capabilities. In vitro and in vivo studies have
proven that 2G8 specifically binds to the cell walls of major human
pathogens, including C. albicans, A. fumigatus, and C. neoformans,
directly inhibiting fungal growth and conferring significant passive
protection in experimental models of systemic infection [17,19,20].
Nevertheless, despite these successes, the clinical translation of 2G8 -
and its aforementioned mAbs - is fundamentally precluded by their non-
human origin. Systemic administration of mouse-derived immunoglob-
ulins inevitably elicits human anti-mouse antibody (HAMA) responses,
leading to rapid drug clearance, neutralization, and unacceptable hy-
persensitivity risks [21]. This strict biological limitation dictates the
indispensable need for humanized counterparts, such as Dia-T51.

Dia-T51 (IgG1) was strategically humanized from the 2G8 progenitor
[22,23]. Preclinical evaluations have demonstrated that this process not
only preserved but significantly improved target recognition. Biologi-
cally, Dia-T51 has demonstrated potent, dose-dependent antifungal ef-
ficacy in vitro against the critical-threat pathogen C. auris. It significantly
inhibits fungal growth and adhesion and strengthens phagocytosis.
Furthermore, beyond its direct neutralizing capabilities as a standalone
agent, Dia-T51 exhibits remarkable synergistic potential when co-
administered with current standard-of-care antifungals, such as
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amphotericin B and caspofungin, effectively enhancing their fungal
clearance and offering a strategy to lower their clinical dosages to
mitigate toxicities [22,24]. These findings were successfully translated
in vivo, where Dia-T51 treatment markedly improved survival rates in
Galleria mellonella infection models when administered both as a pro-
phylactic and therapeutic agent, and both alone and in combination
with amphotericin B [25].

However, in the highly demanding landscape of modern bio-
therapeutics, superior target binding and in vitro/in vivo efficacy are
necessary but entirely insufficient for clinical approval. The transition
from a highly potent lead molecule to an approved biologic is increas-
ingly ruled by its “developability”, a rigorous multi-parametric
screening profile designed to ensure that a candidate can pass through
Chemistry, Manufacturing, and Control (CMC) stages without late-stage
attrition [26-28]. A comprehensive developability assessment requires
the evaluation of several interconnected biophysical and biochemical
liabilities [4]. The foremost parameters are conformational and ther-
modynamic stability which act as predictors of an antibody's shelf-life
and structural resilience. Candidates prone to premature unfolding
under physiological, thermal, or mechanical stress, risk aggregation and
loss of colloidal stability [4]. This not only compromises drug solubility
but can trigger severe immunogenic responses, a primary cause of im-
mediate clinical failure [4,29,30]. Additionally, antibodies face spon-
taneous chemical liabilities during long-term storage, including
oxidation, deamidation, and fragmentation, which can severely alter the
paratope integrity and negatively impact batch-to-batch consistency
[26]. Finally, these biophysical constraints dictate manufacturability, as
therapeutic mAbs must often endure high formulation concentrations
without precipitating or becoming excessively viscous [31]. Recent
large-scale evaluations of the clinical-stage landscape explicitly high-
light that anomalies in these intrinsic physical properties, rather than
poor target affinity, are the primary drivers of late-stage clinical attrition
[4]. Within this strict conceptual framework, understanding the struc-
tural resilience of Dia-T51 is not merely descriptive, but fundamentally
predictive of its clinical fate. A comprehensive biophysical and
biochemical profiling is strictly required to ensure that it aligns with the
stringent safety and manufacturability guidelines of regulatory agencies.
Moreover, neither Dia-T51 nor its murine parent has been thoroughly
explored in these fundamental areas. Hence, the primary objective of
this manuscript is to supply this missing knowledge. To achieve this,
Dia-T51 was extensively characterized, with comparative analysis
against the parental murine mAb 2G8 in selected cases. The multi-
dimensional analytical approach employed in our study encompassed
various spectroscopic, biophysical and biochemical techniques [32]:
UV-visible and fluorescence spectroscopy were used to investigate the
secondary and tertiary structure and monitor the conformational
changes upon antigen binding. With circular dichroism (CD) we further
assessed secondary/tertiary structure and determined the melting tem-
perature with and without the antibody-antigen complex. SDS-PAGE
and dynamic light scattering (DLS) were useful to observe the mAb
stability when subjected to prolonged incubation at 37 °C [32]. Enzyme-
Linked ImmunoSorbent Assay (ELISA) and Surface Plasmon Resonance
(SPR) were employed to study the binding affinity and kinetics after 3-
years storage period, providing a measure of functional stability. In
parallel, Congo Red and proteolytic assays on newly produced batches of
Dia-T51 confirmed the absence of aggregates even after several days of
incubation at 37 °C.

These specific experimental evaluations provide the indispensable,
predictive evidence required to validate Dia-T51 not just as a potent
target binder, but as a robust, clinical-grade therapeutic candidate fully
equipped to withstand the rigorous demands of pharmaceutical
manufacturing and patient administration.
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2. Material and methods
2.1. Materials

Dia-T51 and 2G8 antibodies were kindly provided by Diatheva s.r.1.
as research grade products. Laminarin (from Laminaria digitata) was
purchased from Sigma-Aldrich (Cat. No. L9634). The buffers used in this
study were: 20 mM Tris-HCl, 0.15 M NaF, pH 7.4 for spectroscopic an-
alyses (UV-Vis, fluorescence and CD), 1x HBS-EP+ buffer, pH 7.4
(Cytiva) for SPR analyses and Phosphate Buffered Saline (PBS - 8 g/1
NacCl, 0.2 g/1 KHoPOy, 2.9 g/1 NagHPO4-12H50, 0.2 g/1 KCl, pH 7.4) for
storage and stability studies.

2.2. UV-vis spectroscopy

UV-Visible absorbance spectra were acquired in the 600-200 nm
range using a double-beam Varian Cary-100 spectrophotometer equip-
ped with a temperature control unit. Measurements were performed at
25 °C. Antibodies were analyzed at a concentration of 0.05 mg/ml, using
the corresponding buffer as a reference in the second cell path. For
saturation assays with the laminarin antigen, molar ratios were used.
Since laminarin exhibits intrinsic absorbance, spectra were corrected by
subtracting the laminarin baseline signal to distinguish antibody con-
tributions from non-specific optical effects. Data analysis, including the
calculation of second derivative spectra, was performed using OriginPro
software.

2.3. Fluorescence spectroscopy

Intrinsic fluorescence emission spectra were recorded at 25 °C using
a Varian Cary Eclipse spectrofluorimeter. Antibodies were analyzed at a
concentration of 0.05 mg/ml. Tryptophan emission spectra were
collected from 600 to 285 nm following excitation at 280 nm and using
an emission filter (1100-295 nm range) to reduce scattering. For satu-
ration assay, small aliquots of a concentrated laminarin stock solution
were added to the antibody sample; the total added volume was kept
below 5% to minimize dilution effects. Data analysis was performed
using OriginPro software.

2.4. Circular dichroism (CD)

Far-UV CD spectra were recorded using a Jasco J1000 spec-
tropolarimeter. Analyses were performed at 25 °C in a 0.3 mm path-
length quartz cell using an antibody concentration of 0.1 mg/ml in the
260-190 nm wavelength range. Secondary structure content was esti-
mated using the BeStSel web server (https://bestsel.elte.hu/) [33-35].
For titration experiments, the signal of laminarin was subtracted prior to
data analysis. Thermal denaturation studies were performed by applying
a temperature gradient from 20 °C to 100 °C, with a heating rate of
10 °C/min and data acquisition every 5 °C. Thermal stability data were
analyzed using the Jasco evaluation software. To specifically determine
the melting temperature (Tm), the loss of B-sheet secondary structure
was monitored at the characteristic 215-216.5 nm negative peak.
Because the Dia-T51 complex with laminarin exhibited exceptional
stability and did not reach full denaturation at 100 °C, an extended
thermal scan up to 130 °C was performed to completely resolve its
unfolding transition.

The resulting thermal unfolding curves were analyzed using Graph-
Pad Prism software by fitting the data to a Boltzmann sigmoidal equa-
tion. The apparent melting temperature was mathematically extracted
as the inflection point of the fitted sigmoid. Finally, the thermal shift
(ATm) was calculated as the difference between the Tm of the antigen-
complexed and the free antibody states.
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2.5. Surface Plasmon Resonance (SPR)

Binding kinetics and affinity were assessed using a Biacore 1 K in-
strument (Cytiva). Antibodies were immobilized on a Protein A Sensor
Chip Series S (Cytiva). For Dia-T51 HBS-EP+ buffer (150 mM NaCl, 10
mM HEPES pH 7.4, 3 mM EDTA, 0.05% Surfactant P20) was used for
both the dilution and running conditions. For the murine 2G8 antibody,
initial capture at physiological pH was unstable, coherent with the
known weak affinity of murine IgG Fc regions for Staphylococcal Protein
A at neutral pH [36,37]. To establish a stable baseline, a systematic
buffer scouting was performed testing PBS at different ionic strengths
(0.15 M and 0.3 M NaCl) and pH values (6.5, 7.5, 8.5). The most stable
capture was achieved using high-salt (0.3 M NaCl) PBS at pH 8.5.
Furthermore, to validate the assay and rule out mass transport limita-
tions or avidity artifacts, antigen binding was evaluated at multiple
antibody capture levels. The resulting kinetic parameters were largely
overlapping and consistent regardless of the surface density, demon-
strating density-independence and confirming the optimality of the
chosen conditions. During the kinetic assays, laminarin was injected into
flow cell 2, while flow cell 1 served as the reference surface. Antibody
concentration was finally fixed at 1 pg/ml (assuming an MW of 150
kDa). For laminarin, an approximate molecular weight of 6 kDa (based
on literature [38] and the reported 5-8.6 kDa range for L. digitata in
Sigma-Aldrich product information) was used for calculations. Lami-
narin was injected at concentrations of 0.68, 2.04, 6.15, 18.44, 55.33,
and 166 nM at 25 °C. Data were analyzed using the Biacore 1 K Evalu-
ation Software, fitting the curves to a 1:1 binding model after reference
subtraction.

2.6. In silico structural modeling and liability analysis

The three-dimensional structures of the antibody variable regions
were predicted using ABodyBuilder2 (Oxford Protein Informatics
Group; https://opig.stats.ox.ac.uk/webapps/sabdab-sabpred/sabp
red/abodybuilder2/) [39]. The amino acid sequences of the Variable
Heavy (VH) and Variable Light (VL) domains were used as input for the
deep-learning pipeline, which utilizes equivariant graph neural net-
works for accurate backbone and side-chain prediction [40]. The
resulting models were analyzed to assess developability. Structural lia-
bilities - specifically residues prone to chemical modifications such as
oxidation, deamination, and isomerization - were mapped onto the 3D
models to evaluate solvent accessibility and potential stability risks.

2.7. In silico structural analysis

Protein structures (pdb files) were retrieved from the Structural
Antibody Database (SabDab) and analyzed using UCSF ChimeraX
(version 1.8). The Solvent Accessible Surface Area (SASA) was calcu-
lated using the standard “rolling probe” algorithm [41] with a probe
radius of 1.4 A to simulate the hydration shell of a water molecule. To
visually discriminate between the hydrophobic core and the hydrophilic
exterior, a discrete color gradient was established based on absolute area
values (Az): buried threshold (0-25 A?: residues with a SASA <25 A2
were classified as buried and colored orange. This cutoff aligns with the
structural definition of the hydrophobic core, where residues exhibit
minimal contact with the solvent [42]. Exposed threshold (>25 f\z):
residues exceeding this threshold were classified as solvent-accessible
and colored blue. The upper limit for gradient saturation was set to
50 A2 to maximize visual contrast at the buried/exposed boundary,
ensuring that residues with intermediate exposure are clearly distin-
guishable from the fully solvated surface. For the structural comparison
the variable domains of Dia-T51 and 2G8 were superimposed. Surface
transparency was rendered to reveal the internal packing of the VL/VH
interface. Electrostatic surface potentials were computed using the
Coulombic surface coloring module in ChimeraX. The potential (¢) was
calculated following Coulomb's law. The color scale was normalized to a
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range of —10 kcal/(mol-e) (red, electronegative) to +10 kcal/(mol-e)
(blue, electropositive).

2.8. ELISA assay

A 96-well-plate was coated overnight at 4 °C with 50 pg/ml lami-
narin in 0.05 M carbonate buffer (pH 9.6). Nonspecific interactions were
avoided with blocking solution, 3% (w/v) Bovine Serum Albumin (BSA)
in PBS containing 0.05% (v/v) Tween 20 (pH 7.4) for 1 h at 37 °C. Dia-
T51 samples from the stability test (3-years old and stored at 37 °C for
varying durations) were diluted in blocking solution (from 3.125 to
0.006 pg/ml), added to the wells, and incubated for 2 h at 37 °C. After
washing, wells were incubated for 1 h at 37 °C with Goat anti-human-
HRP (Meridian Life Science, Inc., G5G16-0482) diluted 1:500 in
blocking solution. Signal detection was performed using a 5 mg-ABTS
tablet (Roche Diagnostics) dissolved in 12 ml of 0.05 M sodium citrate
(pH 3) supplemented with hydrogen peroxide (Carlo Erba - 1:1000
dilution). Absorbance at 405 nm was measured with a Microplate
Reader (Bio-Rad) after 15, 30, 45 and 60 min. Washing steps were
performed between each stage. Data was analyzed using GraphPad
Prism.

2.9. SDS-PAGE

Dia-T51 aliquots from the stability test were diluted in SDS sample
buffer either with or without 4% (v/v) p-mercaptoethanol, vortexed and
heated at 100 °C for 3 min. Proteins were resolved onto SDS-PAGE
polyacrylamide gels and stained with Brilliant Blue Coomassie R-250.

2.10. Dynamic Light Scattering (DLS)

Aggregation state and colloidal stability of Dia-T51 samples from the
stability test were evaluated using a Malvern Zetasizer Nano S (Malvern
Instruments Ltd., UK). Samples were measured at a concentration of 0.1
mg/ml. The hydrodynamic diameter, area of the peaks and Poly-
dispersity Index (PdI) were recorded to monitor particle size distribution
and potential degradation.

2.11. Congo Red binding assay

To assess the potential formation of amyloid-like aggregates, a Congo
Red spectroscopic assay was performed on a freshly produced batch of
Dia-T51. Samples were evaluated over a 14-day incubation period at
37 °C (Day 0, Day 7, and Day 14). Heat-aggregated (80 °C for 30 min.)
bovine serum albumin (BSA) (Sigma-Aldrich) was used as a positive
control for amyloid-like fibril formation. Congo Red powder was solu-
bilized in PBS, filtered through a 0.22 pm membrane, and its concen-
tration was determined by measuring absorbance at 498 nm. Dia-T51
and BSA were diluted in PBS to a final concentration of 1 mg/ml in a
96-well plate (200 pl total volume per well). Congo Red solution was
added to yield a final concentration of 20 pM. PBS alone and corre-
sponding protein samples without Congo Red were included as parallel
blank controls. The plate was incubated RT in the dark for 30 min.
UV-Vis absorbance spectra were recorded from 700 to 300 nm using a
FluostarOMEGA microplate reader (BMG LABTECH). Prior to data
analysis, the intrinsic background absorbance of the protein samples
without the dye was subtracted from the spectra of their respective
Congo Red-treated samples. The presence of amyloid structures was
evaluated by monitoring the characteristic red shift of the absorbance
peak (from 490 nm to 540 nm) and by calculating the absorbance ratio
at 540 nm and 480 nm (Abs540/Abs480).

2.12. Proteolysis assay

The structural integrity and backbone accessibility of fresh Dia-T51
were probed via proteolysis using pepsin (Sigma-Aldrich). Dia-T51
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samples at day O and after 10 days of incubation at 37 °C were diges-
ted at an enzyme-to-substrate ratio of 1:50 (w/w) in 50 mM sodium
citrate buffer (pH 3.0) at 37 °C. Aliquots were withdrawn at 5, 15, 45,
and 150 min, and the reaction was immediately stopped by adding
sample buffer with or without 4% (v/v) p-mercaptoethanol. Samples
were then vortexed and heated at 100 °C for 3 min. Undigested Dia-T51
samples from both day 0 and day 10 were included as baseline controls
to confirm the absence of any spontaneous thermal degradation prior to
the assay. Additionally, pepsin alone at the working concentration was
loaded onto the gel to ensure that all visible fragmentation bands derive
exclusively from enzymatic cleavage of the antibody. Proteolytic frag-
ments were resolved on 12% SDS-PAGE polyacrylamide gels which were
stained with Coomassie Brilliant Blue R-250 and imaged using a
ChemiDoc Imaging System (Bio-Rad).

3. Results and discussion
3.1. UV-visible spectroscopic analysis of antibody-antigen interaction

The UV-Visible absorbance spectra of Dia-T51 and 2G8 were ac-
quired in the 600-200 nm range. Both antibodies exhibited a dual-peak
profile: a high-intensity peak below 250 nm, primarily attributable to
the n—»n* and © — 7* transitions of the amides in peptide bonds
(respectively ~220 nm and ~ 190 nm), alongside contributions from
specific amino acid side chains (Histidine, Cysteine and Methionine) and
buffer components; and a second, less intense but specific peak at 279
nm, resulting from the absorption of aromatic amino acids, notably
Tryptophan (Trp, ~280 nm), Tyrosine (Tyr, ~275 nm), and Phenylal-
anine (Phe, ~258 nm) (Fig. 1 A and B). Initial raw data indicated an
apparent increase in intensity and spectral shifts proportional to lami-
narin concentration (data not shown). However, upon rigorous sub-
traction of the laminarin baseline, the zero-order spectra revealed that
the global peak position (Amax) and absolute intensity at 279 nm
remained largely invariant. This indicates that there is no massive sol-
vent exposure of the aromatic core. Nevertheless, the spectroscopic data
provided a detailed molecular view of the binding mechanics dis-
tinguishing Dia-T51 from 2G8, revealing a complex interplay between
structural organization and local adaptability. The preservation of the
global spectral profile upon binding confirms that the antibody-antigen
interaction does not disrupt the overall tertiary fold. Unlike denaturing
events that expose the hydrophobic core, the interaction is confined to
surface rearrangements, maintaining the structural integrity of the
antibody scaffold.

The static nature of the zero-order profile masks fine-tuned local
variations during antigen binding, which were successfully unveiled by
the Foldedness Ratio and the second-derivative spectroscopy.

The Foldedness Ratio is as a sensitive probe for conformational dy-
namics, integrating the spectral contributions of Tyrosine and Phenyl-
alanine alongside Tryptophan [43,44].

Typically, a reduction in the Foldedness Ratio serves as a decrease in
Trp absorbance or a concomitant increase in Tyr and/or Phe signals;
consequently, native conformations generally exhibit higher ratio values
compared to the antigen-complexed forms.

In our study, comparisons revealed that the complexed state exhibits
lower ratio values relative to the native conformation. Despite the lack
of macroscopic spectral shifts, the raw absorbance data displayed a
concentration-dependent hypochromic effect across all monitored
wavelengths, becoming particularly prominent from the 1:400 M ratio
onwards (Fig. 1C). This spectral signature suggests that while the overall
globular architecture is preserved, the local microenvironment of the
aromatic residues is significantly perturbed by the binding event [45].
Furthermore, the persistence of these alterations (decrease in absor-
bance across all three aromatic residues) at high laminarin concentra-
tions points to the onset of non-specific interactions capable of broadly
affecting the solvent accessibility of the aromatic core.

Notably, the most significant calculated differences involve
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Fig. 1. UV absorbance spectra with antigen titration and analysis of conformational changes via Foldedness Ratio. Spectral changes of Dia-T51 (A) and 2G8 (B) were
monitored during titration with increasing concentrations of laminarin. mAbs were diluted in PBS (pH 7.4) to the final concentration of 0.33 uM. Measurements were
performed at the controlled temperature of 25 °C. The Foldedness Ratio (C), calculated from the zero-order UV spectra according to the following relationship:
AT280/(A275 + A258), was used to monitor the aromatic core stability during antigen binding. The plot illustrates the variations in the Trp, Tyr, and Phe residue
microenvironment for Dia-T51 and 2G8 upon titration with increasing molar ratios of laminarin. The shown spectra are representative of four (for Dia-T51) and six
(for 2G8) independent replicates. Foldedness Ratio data were extracted from each individual replicate prior to averaging. Values represent the mean + SD of n = 4

and n = 6 independent experiments for Dia-T51 and 2G8 mAbs respectively.

wavelengths of 280 nm and 275 nm—corresponding to Trp and Tyr,
respectively—although spectral overlap between these residues must be
considered. Interestingly, the analysis of the Foldedness Ratio revealed a
striking divergence in the spectral contribution of Phenylalanine be-
tween the two antibodies. While the Phe signal variation in Dia-T51
paralleled that of Tryptophan and Tyrosine (data not shown), the
halved spectroscopic response of Phenylalanine in 2G8 can be ratio-
nalized by its distinct topological distribution [46].

Although the positioning of Trp and Tyr remains largely conserved
within the variable domains (with the exception of a single additional
Tyr in the VH-Framework 4 of 2G8), the localization of Phe differs.
Specifically, 2G8 possesses a unique Phe residue in VL-Framework 3
(Phe 101, Fig. 2), proximal to CDR3 which appears structurally decou-
pled from the primary binding event, hence resulting in the observed
dampening of the signal. In contrast, Dia-T51 lacks this residue,
featuring instead a Phe in VL-Framework 2 (Phe 42, Fig. 2), adjacent to
CDR1 and likely integral to the dynamic interface. This divergence is
further highlighted at lower molar ratios (1:50 and 1:100), where 2G8
exhibited a unique, Phe-driven hyperchromicity [47]. In contrast, Dia-
T51 showed a slight absorbance decrease at 1:50 followed by an in-
crease at 1:100. This implies different conformational behaviors: 2G8
undergoes rearrangements or compensatory spatial shifts that mask the
Phe signal, whereas Dia-T51 exhibits a more direct structural response
(likely involving the engagement of Phe residues), translating into the

observed differences in stability and affinity.

To overcome the limited resolution of zero-order spectroscopy and
further investigate these fine structural dynamics, second-derivative
analysis was applied.

Spectral shifts were monitored via the intersections with the abscissa
of the derivative signal (approximating 286, 289, and 293 nm) (Figs. 3C-
E and 4C-E). Unlike the raw spectra, the second-derivative spectra allow
for the resolution of overlapping bands of Tryptophan, Tyrosine, and
Phenylalanine into specific wavelength displacements and intensity
fluctuations [43].

At 286 nm both antibodies initially exhibit a blue shift in the com-
plexed form. For 2G8, this occurs at a laminarin molar ratio of 1:100,
whereas for Dia-T51, it appears earlier at 1:50. This trend is transient,
interrupted by a red shift peaking at 1:200, followed by a reversion to a
blue shift. A similar oscillatory pattern is observed at 289 nm: a blue
shift peak at 1:50 (marked by a higher magnitude in Dia-T51) transitions
to a red shift up to 1:200, before returning to a blue shift.

While the global aromatic environment remains protected from bulk
solvent (explaining the invariant zero-order spectra), the oscillatory
shifts observed at the zero-crossing points 286 and 289 nm indicate that
antigen binding triggers specific micro-environmental reorganization of
Tyrosine and Tryptophan residues. This suggests that the paratope is
largely pre-formed but possesses the necessary local plasticity to un-
dergo fine-tuning upon ligand docking. Conversely, the spectral



T. Vangzolini et al. International Journal of Biological Macromolecules 366 (2026) 152185

(caption on next page)



T. Vangzolini et al. International Journal of Biological Macromolecules 366 (2026) 152185
Fig. 2. Structural characterization, solvent accessibility, and surface property analysis of variable regions of Dia-T51 versus 2 g8. The sequences were launched in the
structural antibody database SAbDab. 3D structures were predicted by ABodyBuilder2 and analyzed in ChimeraX. (A, B) Secondary structure representation (cartoon)
highlighting the distribution of aromatic residues. Side chains of Phenylalanine (Phe) in red, Tyrosine (Tyr) in blue, and Tryptophan (Trp) in green are shown as
sticks to visualize packing interactions and aromatic clustering. (C, D) Solvent Accessible Surface Area (SASA) mapping. The molecular surface is colored according to
absolute solvent accessibility calculated in ChimeraX. A custom gradient was applied: orange indicates buried residues (0 < SASA <25 A?), while blue indicates
solvent-exposed residues (SASA >25 ['\2), with color saturation set at 50 A2, (E, F) Detailed visualization of the secondary structure of VL/VH interface of the an-
tibodies and core packing with transparent surface rendering but solvent accessibility gradient. The focus is on the structural discrepancy between Phenylalanine
residues in Dia-T51 and 2G8. In particular, Phe 42 in Dia-T51 is deeply buried within the hydrophobic VL-VH interface, contributing to domain stability, whereas the
corresponding region in 2 g8 lacks this residue, featuring instead a solvent-exposed Phel01 in a distal position. (G, H) Coulombic Electrostatic Potential (ESP)
surfaces. The surface is colored by electrostatic potential calculated according to Coulomb's law: red indicates negative potential, white indicates neutral, and blue
indicates positive potential. The scale bar represents potential ranging from —10 to +10 kcal/(mol-e). The sequences of VH and VL domains of the antibodies were
Eeported and aligned according to the IMGT numbering scheme using SAbDab.

Fig. 3. Spectroscopic characterization of Dia-T51 via second-derivative analysis. (A) Second-order derivative spectra obtained through mathematical differentiation
of zero-order signals to enhance spectral resolution. (B) a/b ratio calculated from the peak-to-trough distances of the second-derivative spectra of laminarin titration.
Value a (288-283 nm) quantifies Tyrosine contribution, while value b (295-291 nm) quantifies Tryptophan contribution, used here to monitor solvent accessibility
during antigen engagement. (C, D and E) Monitoring of wavelength shifts at the intersections with the abscissa axis (approximately 286, 289, and 293 nm). The
displayed spectra are representative of three independent experiments. The a/b ratio and the wavelengths intersecting the abscissa axis were determined for each
independent run (n = 3) before calculating the average. The reported values represent the mean + SD.

evolution at 293 nm, predominantly driven by Tryptophan transitions,
reveals a critical divergence in how these rearrangements occur. In both
antibodies, Trp residues are largely conserved within the variable re-
gions (within VH-CDR1 and CDR3, and proximal to VL-CRD1 and VH-
CDRs). However, despite this shared topological distribution, the
resulting conformational dynamics differ significantly. Dia-T51 displays
a simpler biphasic response (blue shift at 1:200 followed by a red shift up
to 1:600), consistent with a cooperative and orderly adjustment of the
binding pocket. In sharp contrast, 2G8 exhibits complex, multiphasic
shifts (red shift up to 1:100, blue at 1:200, red at 1:600, and blue at
1:800). This behavior is suggestive of “conformational frustration” [48],
indicating a search for the optimal binding conformation -

corresponding to an energetic minimum - through multiple intermediate
states within a rugged energy landscape.

Regarding signal amplitude, 2G8 shows higher magnitude variations
upon laminarin addition; specifically, from a 1:400 M ratio onwards,
troughs become more negative and peaks less positive. Dia-T51 exhibits
a similar but attenuated trend, characterized by a deepening of the
trough at 284 nm, an intensity increase at the 288 nm peak, and a
reduction in the trough at 292 nm (Figs. 3A and 4A).

To deconvolute the residues contributions, the empirical r = a/b
ratio derived from derivative spectra was evaluated, where a represents
the peak-to-trough distance between 288 and 283 nm (Tyr contribution)
and b between 295 and 291 nm (Trp contribution) (Figs. 3B and 4B)
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Fig. 4. Biophysical characterization of 2G8 using derivative spectroscopy. (A) Transformation of zero-order absorption spectra into second derivatives to resolve
overlapping bands. (B) a/b ratio calculation from second-derivative spectra of 2G8 titrated with increasing molar ratio of laminarin. (C, D and E) Monitoring of
wavelength shifts at the zero-crossing points. Shown spectral profiles are representative of three independent replicates. To ensure robust statistics, the a/b ratio and
the abscissa intersection wavelengths were calculated for each individual measurement (n = 3) prior to averaging. Values are expressed as mean + SD.

[49,50]. The biphasic nature of the spectral progression was confirmed
also by the a/b ratio. The native a/b ratio for both antibodies approxi-
mates 1, consistent with a folded globular structure. Initial laminarin
addition (1:50-1:100) increased the a/b ratio in both antibodies,
signaling an increased solvent exposure of Tyrosine residues, typical of
an opening or relaxation of the binding pocket. This was followed by a
marked decrease in the ratio at intermediate concentrations
(1:200-1:400), suggesting a re-burying of Tyr residues [51,52]. We
attribute this biphasic progression to a mechanism of positive coopera-
tivity driven by antibody bivalency. The data supports a model where
the first binding event (1:50-1:100) induces a conformational change
that facilitates the second interaction (1:200-1:400), effectively satu-
rating the binding sites. The repetitive sequence of the p-1,3-glucan
antigen likely stabilizes this cooperative bridging between paratopes.
Spectral deviations at the highest molar ratios suggest subsequent non-
specific interactions or structural distortions beyond the saturation
point. Fig. 5 illustrates a simplified, schematic model of the binding
mechanism of both antibodies linking the biphasic derivative changes to
bivalent binding.

3.2. Far-UV circular dichroism (CD) spectroscopy and secondary
structure analysis

The local spectroscopic behavior aligns perfectly with the secondary
structure analysis via Far-UV CD spectroscopy. Spectra deconvoluted
using the BeStSel algorithm resolved subtle variations in p-sheet topol-
ogy. Both antibodies displayed characteristic IgG profiles dominated by

B-sheet structures (positive peak at 202 nm, negative minimum at
215-216 nm) and with high antiparallel p-sheet content (42.0% for 2G8
and 48.4% for Dia-T51) in the native state (Fig. 6A and B and Table 1).

While the total B-sheet content remained invariant upon laminarin
binding (molar ratio 1:200, (42.7% for 2G8 and 47.8% for Dia-T51),
Dia-T51 underwent a coherent backbone reorganization: the “relaxed”
antiparallel p-sheet fraction increased significantly at the expense of the
“right-hand” and “left-hand twisted” fractions (Fig. 6C and D and
Table 1).

Kinetically, both antibodies showed rapid binding (< 5 min), though
with distinct spectral footprints: 2G8 exhibited marked variations at
both 215 and 202 nm, whereas Dia-T51 changes were localized pri-
marily to the positive peak (Fig. 6E and F). Two distinct populations -
particularly visible at 215 nm -were identified based on spectral over-
lapping: an initial cluster at 1:10-1:150 M ratios and a second cluster at
1:200-1:300 M ratios (Fig. 6G). These findings reinforce the “induced
fit” mechanism for Dia-T51, where the antibody scaffold adapts with a
biphasic transition to accommodate the bulky laminarin antigen
through local backbone and side-chain adjustments [53]. This plasticity
likely contributes to the superior thermal stability of the Dia-T51 com-
plex. In contrast, 2G8 lacks this backbone plasticity, forcing its aromatic
residues into a complex, multiphasic struggle to bind the antigen,
resulting in thermodynamic strain [54].

3.3. Thermal denaturation studies (CD thermoscans)

Thermal denaturation profiles were obtained by monitoring the CD
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Fig. 5. Simplified schematic model of divergent binding strategies. Dia-T51 acts as a flexible scaffold. Upon initial engagement (1st Binding), it undergoes a coherent
and coordinated structural reorganization (induced fit), to accommodate the bulky laminarin antigen. This plasticity enables the formation of a cooperative bivalent
bridge (2nd Binding), highly stabilizing the complex and minimizing the overall thermodynamic cost. Conversely, 2G8 relies on a pre-organized, rigid paratope. The
initial interaction fails to elicit cooperative adjustments. Because the inflexible scaffold cannot adapt, the molecule is driven into conformational frustration. This
state, depicted by localized stress points and chaotic spatial rearrangements, hinders effective bivalent bridging, trapping the murine antibody in a strained

conformation and imposing a significant energetic penalty.

signal from 20 °C to 100 °C (Fig. 7) and further quantified by calculating
the apparent melting temperatures (Tm) (Table 2). Free Dia-T51
exhibited a broad thermal transition with an onset of aggregation/
unfolding between 75 °C and 80 °C, culminating in a mathematically
derived Tm of 83.28 °C. Conversely, the free 2G8 exhibited an earlier
onset of thermal transition (65 °C-70 °C), although its global secondary
structure loss yielded an apparent Tm of 91.51 °C. Complexation with
laminarin exerted divergent thermodynamic effects, mirroring the
structural mechanisms observed above. While Dia-T51 benefits from a
massive stabilizing interaction with laminarin that dramatically delays
the unfolding transition, shifting the Tm to an extraordinary 101.67 °C,
the 2G8 complex manifests early structural destabilization and confor-
mational instability (Tm of 90.10 °C). Moreover, for the 2G8 complex,
significant spectral perturbations appear well below the melting tem-
perature of the free antibody (~45 °C) [55]. Together, these quantitative
data definitively confirm that the rigid, “frustrated” binding mode of
2G8 imposes a thermodynamic cost, whereas the localized plasticity and
adaptive “induced fit” mode of Dia-T51 confers structural stability.

3.4. Binding affinity and kinetics

The binding affinity (Kp) was cross-validated using orthogonal
methods, yielding constants in the nanomolar and sub-nanomolar range.
Fluorescence spectroscopy for Dia-T51 yielded a steady-state Kp of
6.311 nM. Surface Plasmon Resonance (SPR) analysis determined a
comparable Kp of 4.21 nM.

SPR kinetic analysis further resolved the interaction dynamics,
providing a moderate association rate (kop = 1.44 x 10°M! s’l), and a
highly stable dissociation phase (kof = 4.85 X 107457, resulting in a
kinetic Kp of 3.37 nM (Fig. 8). While the approximately two-fold dif-
ference between the equilibrium and kinetic Kp values represents an
excellent cross-platform agreement, this slight divergence is bio-
physically informative. It likely stems from a combination of phase
differences - SPR operates at a 2D solid-liquid interface prone to tran-
sient micro-avidity effects, whereas fluorescence measures a 3D bulk
solution - and the inherent heterogeneity of the polydisperse laminarin
preparation. Furthermore, fitting the SPR data with a standard 1:1 L
model represents an operational simplification: since Dia-T51

demonstrated to undergo a biphasic “induced fit” mechanism, the ki-
netic Kp is an apparent macroscopic affinity that complements the ab-
solute thermodynamic equilibrium measured in solution. Overall, this
robust kinetic profile, characterized by a moderate on-rate and highly
stable off-rate, confirms the high specificity of the Dia-T51 interaction.
In sharp contrast, 2G8 displayed a pronounced “fast-on” behavior. It
yielded a steady-state Kp of 1.06 nM, but the most interesting infor-
mation was obtained from the kinetic analysis. 2G8's exceptionally high
association rate (kon = 1.28 x 107 M~! s7!) drove an apparent overall
higher affinity (kp = 0.25 nM), fully compensating for a relatively faster
off-rate (koff = 3.24 x 107357,

When integrated with the spectroscopic and thermal denaturation
data, these kinetic parameters delineate two distinct thermodynamic
strategies. The extraordinary ko, of 2G8 suggests a rigid, pre-organized
paratope capable of instantaneous antigen engagement. However, as
demonstrated by the multiphasic shifts in second-derivative UV spec-
troscopy and the early structural destabilization observed in CD ther-
moscans, this rapid docking forces the complex into a “conformational
frustration”. The rigid backbone of 2G8 lacks the necessary plasticity to
properly accommodate the bulky laminarin, imposing a significant
thermodynamic cost upon binding.

Conversely, the slower ko, of Dia-T51 reflects the energetic barrier
associated with an “induced fit” mechanism. The antibody requires
milliseconds to structurally adapt to the antigen: this data reinforces the
thesis of a local plasticity confirmed also by the coordinated relaxation
of its antiparallel B-sheets and the coherent biphasic structural response.
However, once this initial energetic cost is paid, the resulting shape
complementarity is near-perfect. Dia-T51 favors structural coherence
and high and long-term stability over mere binding velocity. This
translates into a very slow kg, ultimately conferring the superior ther-
mal resilience to the Dia-T51 complex.

3.5. Insilico liability analysis and accelerated stability testing of Dia-T51

Moving toward translational potential and clinical feasibility, the
resilience of Dia-T51 was evaluated under stress conditions. Prior to
experimental stress testing, the Variable Light (VL) and Variable Heavy
(VH) sequences of Dia-T51 were analyzed using ABodyBuilder2. This
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Fig. 6. Far-UV CD analysis of secondary structure of free and complexed antibodies. (A, B) Far-UV CD spectra of free Dia-T51 and 2G8, respectively. (C, D) Spectral
analysis of secondary structure modifications of Dia-T51 and 2G8 respectively, upon laminarin binding. (E, F) Time-course analysis of Dia-T51 and 2G8 confor-
mational changes due to antigen interaction. (G) Dose-dependent spectral evolution of Dia-T51 secondary structure upon addition of increasing amount of laminarin.
Data are shown as a single representative profile selected from three independent replicates.

Table 1
Estimation of secondary structure content derived from Far-UV CD spectra
deconvolution using the BeStSel algorithm. Data are reported as percentages.

Secondary structure 2G8 2G8 + Dia- Dia-T51 +
Laminarin T51 Laminarin
Regular a-helices 0 0 0 0
Distorted a-helices 2.1 1.5 0.5 1.5
Left-h'and twisted 6.3 47 87 3
antiparallel p-sheet
Relaxed/slightly right-hand
twisted 19.7 20.7 16.3 25.3
antiparallel $-sheet
R1ght-hand twisted 160 173 23.4 195
antiparallel B-sheet
Parallel §-sheet 0 0 0 0
Turns 11.7 11.3 16.5 10.1
Others 443 428 34.7 40.7

machine learning-based antibody Fv modeling software was employed
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to predict structural liabilities at the amino acid level with high accuracy
[30]. The model identified several residues potentially susceptible to
chemical modifications, specifically oxidation, deamination, and isom-
erization, with a subset mapped directly to the Complementarity-
Determining Regions (CDRs) (Table 3) [56-58].

The identification of these hotspots, especially those within the CDRs
(CDR-H3-W109 and CDR-L1-NGNT34-37) initially raised concerns
regarding potential functional impairment. In particular, Trp residues
are sensitive to oxidative stress, which can lead to the formation of
oxindolylalanine derivatives, potentially altering the hydrophobicity
and conformational packing of the binding interface [56,59-61]. In
parallel, the Asn-Gly (NG) motif is theoretically highly susceptible to the
formation of a succinimide intermediate, leading to rapid deamidation
[62-64]. However, as documented in several studies, a clear distinction
must be made between “sequence-based liabilities” and “clinically
relevant liabilities” [65]. In principle, even if these chemical modifica-
tions were to occur during stress, the functional integrity of Dia-T51
could be preserved through two potential stabilizing mechanisms.

The first concerns the functional redundancy of the paratope: high-
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Fig. 7. Thermal denaturation profiles of free and complexed antibodies. Thermal stability was monitored by following the CD ellipticity at the negative peak from
20 °C to 100 °C. Traces represent one of three independent measurements yielding similar spectral profiles.

Table 2

Quantitative analysis of thermal stability via Far-UV CD-thermoscan. Apparent
melting temperatures (Tm) were determined by monitoring the loss of secondary
B-sheet structure at the negative peak (215-216.5 nm). The thermal shift (ATm)
was calculated as the difference between the complexed and free states. Data
represents the mean =+ standard deviation of three independent measurements.

Tm (°C) +5SD ATm (°C) +SD
Dia-T51 83.28 0.08
Dia-T51 + Laminarin 101.67 1.65 +18.39 1.65
2g8 91.51 115
—1.41 L
2 g8 + Laminarin 90.10 0.84 4 43

affinity antibodies often possess a binding interface where only a frac-
tion of the CDR residues, the “binding hotspots”, contributes signifi-
cantly to the free energy of interaction. Modifications to peripheral
residues may be tolerated because they are not critical for antigen
recognition [66,67]. The second mechanism regards structural shield-
ing: residues can be protected if they are buried within the VH/VL
interface or involved in a rigid hydrogen-bonding network that restricts
the conformational flexibility required for oxidation or deamidation to
proceed [62,68].To assess whether these predicted liabilities would
compromise function over time [60,61,69], a sample from a 3-year-old
stock of Dia-T51 (stored at 4 °C) was subjected to an accelerated stress
test at 37 °C in PBS for up to 3 weeks - mimicking the physiological half-
life -. Remarkably, functional analysis contradicted the pessimistic in
silico predictions. During storage at 4 °C, Dia-T51 binding affinity was
monitored after 6 and 12 months and led to a slight increase of ICsg
compared to the freshly produced batch (0.10 pg/ml vs 0.06 pg/ml)
while the kinetic Kp remained stable (3.37 107° M and 3.59 10~° M).
Even after the subsequent 3 weeks at 37 °C, Dia-T51 retained high
antigen-binding capacity with an ICsg ~ 0.2 pg/ml, avg. Kp ~ 3.05 x
1078 M and kinetic parameters close to the original baseline (Fig. 9A and
B, and Table 4).

These results provide the experimental basis to categorize the pre-
viously identified hotspots as tolerated liabilities within the Dia-T51
architecture. Furthermore, no clinically relevant liabilities were
observed under the tested conditions as no significant impairment of
binding competence was detected. This implies that either the specific
modifications were kinetically disfavored, or the Dia-T51 paratope
possesses sufficient structural plasticity to tolerate such side-chain al-
terations without compromising antigen recognition.

While functional affinity was preserved, structural analysis provided
insight into the physical cost of this stress. SDS-PAGE confirmed that the
intact hmAb remained the predominant species, with only minor
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degraded fragments detected (Fig. 9C and D).

However, Dynamic Light Scattering (DLS) and spectroscopic data
revealed signs of initial structural perturbation. DLS was employed to
monitor the colloidal stability and aggregation/degradation state of Dia-
T51 over time. The maintenance of the Polydispersity Index (PdI) values
below 0.28 reflects a preserved homogeneity of the solution [70].
Deconvolution of the scattering signals identified three distinct peaks.
Although minor populations of aggregates and fragments were detected
(as evidenced by the secondary peaks), their low percentage contribu-
tion confirms that the antibody possesses a low propensity for self-
association and precipitation, maintaining its monomeric state as the
dominant species (Table 5).

Concurrently, UV and fluorescence spectra showed no significant
wavelength shifts, suggesting the primary chromophore environment
remained largely the same. However, a progressive and significant in-
crease in fluorescence intensity was observed over the 37 °C incubation
period (Fig. 10).

While degradation, misfolding and Tryptophan oxidation typically
lead to quenching [71], the counter-intuitive increase in fluorescence
intensity during stress testing suggests three potential mechanisms: (i)
fragmentation releasing fluorophore-rich domains with higher quantum
yields than in the native scaffold, (ii) the formation of soluble aggregates
where altered inter- and intra-chromophore distances reduce native
auto-quenching or (iii) a localized conformational rearrangement within
the dominant scaffold that alters the microenvironment of the aromatic
residues without involving a global exposure to the solvent [72].

These hypotheses align with DLS data, which detected a progressive
increase in aggregate size, and are supported by Far-UV CD spectra,
which revealed a deepening of the negative peak over time. The pro-
longed thermal stress drives a partial unfolding followed by reorgani-
zation into ordered cross f-structures (reminiscent of amyloid fibril
precursors) as validated by BeStSel deconvolution (Table 6). The soft-
ware detected an increase in p-sheet fraction and the appearance of non-
native parallel p-sheets, a known structural hallmark of early-stage ag-
gregation pathways [73]. However, since these initial observations were
derived from a 3-year-old sample, it was crucial to distinguish whether
this potential warning sign is an intrinsic liability of the Dia-T51 scaf-
fold, or a consequence of extreme age-induced degradation coupled with
thermal stress. To definitively resolve this, we performed a Congo Red
spectroscopic binding assay and a proteolytic assay on a freshly pro-
duced antibody batch. Remarkably, and highly favorably for its trans-
lational potential, Dia-T51 showed no amyloidogenic propensity over a
14-day stress period (Fig. 11 and Table 7). The absorbance peak of
Congo Red remained stable at ~490 nm with no trace of the charac-
teristic aggregation-induced red shift. This is in stark contrast to our
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Fig. 8. Binding affinity determination of Dia-T51. (A-B) Fluorescence spectroscopy analysis showing raw spectral. The spectra are representative of n = 4 inde-
pendent experiments and the values represent the mean + SD of the four replicates. (C—D) SPR analysis illustrating the kinetic sensorgram and the steady-state

affinity fit. Measurements were repeated 4 times.

Table 3

In silico prediction of structural liabilities within the Dia-T51 Variable Light (L)
and Variable Heavy (H) chains using ABodyBuilder2. The table lists specific
amino acid residues and their predicted susceptibility to chemical modifications.
Residues located within the CDRs are marked with an asterisk (*).

Chain Position AA Liability
38 w
H 109* w Trp oxidation
118 w
4 M Met oxidation
41 w Trp oxidation
34* N
:z* g Asn deamidation
37* T
68 D Asp isomerisation
L 69 S

positive control (heat-aggregated BSA), which displayed the expected
prominent spectral shift to ~510 nm. Furthermore, the Abs540/Abs480
ratio remained strictly at baseline levels (~0.54) for Dia-T51, whereas it
increased significantly for the aggregated BSA control (>1.1). According
to established spectroscopic criteria [74], a ratio between 0.45 and 0.60
is characteristic of Congo Red in its monomeric, non-bound state, while
values exceeding 1.0 indicate the characteristic red shift induced by
binding to amyloid structures. Our results clearly show that Dia-T51
stays within the non-amyloidogenic range, whereas the heat-
aggregated BSA control correctly reached the threshold indicative of
aggregation.
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As a consequence, the non-native parallel p-sheet signature detected
in the aged stock does not represent an amyloid pathway but reflects a
form of rearrangement driven by the extreme combination of long-term
storage and subsequent thermal stress. Instead, the fresh batch confirms
that the Dia-T51 sequence itself does not encode an intrinsic propensity
for aggregate formation.

To further characterize the structural transitions observed in the
fresh Dia-T51 batch - and confirm that it represents a stabilizing reor-
ganization rather than a progression toward denaturation or aggrega-
tion -, we employed a proteolysis assay as an orthogonal probe (Fig. 12).
Pepsin was used to map the solvent accessibility of the antibody back-
bone before and after a 10-day incubation at 37 °C. Consistent with the
stability previously observed in our previous assays with the aged stock,
undigested controls confirmed that the fresh Dia-T51 remains fully
intact after thermal stress, providing a clean baseline prior to enzymatic
treatment. The proteolytic fingerprints reveal a compelling kinetic shift
especially under reducing conditions. In the unstressed sample (day 0),
pepsin digestion is slower, with a prominent higher-molecular-weight
band (>37 kDa) persisting even at the final time point (150 min).
Following the 10-days incubation, pepsin completely digested that
fragment making the band no longer detectable. Interestingly, on day 0,
a low-molecular-weight fragment (<10 kDa) is already detectable after
only 5 min of digestion; this same fragment is not yet visible in the 10-
day stressed sample at the same time point. In summary, the stressed
sample exhibits a delayed release of small fragments in the early stage of
the assay but an increased proteolytic susceptibility in the later stages.
These divergent kinetics demonstrate that structural reorganization
does not lead to the formation of steric shields which typically hinder
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Fig. 9. Assessment of Dia-T51 functional stability and structural integrity. (A-B) Antigen-binding capability validated via ELISA and ROC curve analysis, demon-
strating retained specificity. The data shown are the result of a technical triplicate. (C—D) SDS-PAGE analysis performed under non-reducing (C) and reducing (D)
conditions and confirming the integrity of the antibody after 3 years and for the whole stability test.

Table 4

Evolution of kinetic parameters (Kon, Koff) and binding affinity (Kp) of Dia-T51
during the accelerated stability test. Values were determined via SPR at the
indicated incubation time points at 37 °C.

Timepoints kon koff KD

0 1.26 10° 1.09 1072 8.66 107
1 Day 3.20 10° 1.58107° 4.95107°
3 Days 5.310° 4331073 8.17107°
1 Week 1.1510° 8.3810°° 7.26 1078
2 Weeks 2.58 10° 1.39107° 5.38107°
3 Weeks 2.92 10° 1.62107° 5.55107°

enzymatic action. Instead, data suggests a subtle conformational

Table 5

refinement that initially protects certain cleavage sites while ultimately
facilitates a more complete digestion of the antibody scaffold. Rather
than collapsing into protease-resistant amyloid-like structures, in
agreement with Congo Red assay results, the molecule undergoes a
coherent transition toward a more dynamic yet controlled conforma-
tional state. The localized rearrangement alters the microenvironment
of aromatic clusters, providing a mechanistic rationale for the counter-
intuitive increase in fluorescence intensity previously observed. This
increased flexibility prevents the accumulation of insoluble species and
underscores the antibody's resilience under physiological stress.
Finally, these results indicate that while thermal stress induces
substantial but localized secondary structure modifications, Dia-T51
maintains its overall globular architecture and remarkable functional

Dynamic Light Scattering (DLS) analysis of Dia-T51 during the accelerated stability test. The table summarizes the Z-average diameter, Polydispersity Index (PdI), and
the hydrodynamic diameter and area percentage for the three detected peaks. Values represent the mean of three independent measurements (consisting of 22 runs

each) & Standard Deviation (SD).

Timepoints  Z- SD Pdl SD Diameter SD % SD Diameter SD % SD Diameter SD % SD
Avg (nm) Peak Area (nm) Peak Area (nm) Peak Area
1 Peak 1 2 Peak 2 3 Peak 3
0 13.40 2.38 0,22 0.06 1213 0.30  90.95 5.70 31213 142.87 6.43 298 0.44 0.51 3.88 4.48
1 Day 2390 1329 0.22 0.09 1291 0.32  88.44 3.28 292.44 43.31 10.34 1.78 0.16 0.36 1.14 2.55
3 Days 99.60 55.78 0.23 0.07 13.28 0.81 84.91 4.14 359.23 101.28 13.36 4.09 0.24 0.40 1.71 2.89
1 Week 14.05 3.28 0.28 0.08 12.36 0.29  90.26 393 33811 55.75 7.94 1.90 0.23 0.40 1.80 3.08
2 Weeks 53.16 21.72 0.20 0.04 11.32 0.65 86.98 5.57 367.47 106.00 10.23 3.87 0.37 0.46  2.80 3.51
3 Weeks 40.84 2826 0.15 0.05 10.97 0.46  89.52 7.94 33833 214.63 5.36 273 0.32 0.41 4.95 8.88
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Fig. 10. Spectroscopic monitoring of Dia-T51 structural stability under accelerated stress. The panels illustrate the time-dependent evolution of (A) UV-Visible
absorbance profiles, (B) intrinsic fluorescence emission spectra, and (C) Far-UV Circular Dichroism (CD) signatures collected throughout the thermal stress test.

Measurements were performed three times.

Table 6

Time-dependent evolution of Dia-T51 secondary structure content during the
accelerated stability test. Percentages of structural elements were estimated
from Far-UV CD spectra using the BeStSel algorithm.

Secondary structure  Timepoints

Oday 1day 3days 1week 2weeks 3 weeks
Helix 0.7 1.8 0.0 0.0 0.0 0.0
Antiparallel p-sheet 50.8 46.4 66.9 62.5 57.5 59.8
Parallel B-sheet 0.0 3.1 8.4 12.7 5.3 5.8
Turs 16.5 5.8 16.2 6.0 9.0 8.0
Other 32.0 42.9 8.4 27.3 28.3 26.4

integrity. More importantly, the humanized mAb retains its binding
capability even after 3 years of storage and despite these structural al-
terations, confirming its outstanding suitability for clinical
development.

3.6. Study limitations

While the structural and functional resilience of Dia-T51 provides a
compelling case for its drug-likeness, a balanced consideration of the
study's limitations is essential to contextualize these findings within a
broader clinical framework. A primary methodological constraint lies in
the use of proteolytic probing with pepsin; although these assays suc-
cessfully mapped backbone accessibility, the requirement for an acidic
environment represents a significant difference from the physiological
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Fig. 11. Congo Red spectroscopic assay for amyloid detection. UV-Vis absor-
bance spectra of Congo Red free and bound to freshly produced Dia-T51
incubated at 37 °C for 0, 7, and 14 days. Heat-aggregated BSA was used as
positive control. Shown data is the result of a technical triplicate.

conditions maintained during our thermal stress and binding evalua-
tions. Consequently, the observed structural plasticity may be partially
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Table 7

Congo Red spectral binding ratios. The Abs540/Abs480 ratio serves as a quan-
titative metric for amyloid formation. Baseline values between 0.45 and 0.60
indicate a non-aggregative state, whereas values >1.0 denote ordered cross-f
fibrillization.

Ratio Abss4o/Abssgo + SD
Dia-T51 Day 0O 0.541 0.0004
Dia-T51 Day 0 0.544 0.0037
Dia-T51 Day O 0.542 0.0031
Albumine aggregate 1.145 0.1338

influenced by acid-induced conformational transitions that might not
fully reflect the molecule's behavior at neutral pH. Furthermore, while
the preservation of antigen-binding competence after prolonged stress
identifies the CDR-hotspots as tolerated liabilities, this assessment re-
mains inherently functional. The absence of site-specific quantification
via high-resolution mass spectrometry means that the exact chemical
transformation rates of specific residues remain unquantified, leaving
open the possibility of silent degradation pathways that do not
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immediately impair affinity. Additionally, the use of laminarin, a
naturally derived, polydisperse polysaccharide, introduces an inherent
degree of heterogeneity that may influence the precision of kinetic de-
terminations compared to a monodisperse, synthetic ligand.

In terms of developability, the current stability profile focuses on
thermal challenge, whereas the industrial transition toward clinical
batches will necessitate further evaluation of mechanical stresses,
including interfacial agitation and freeze-thaw cycles which are critical
parameters for formulation and long-term storage. Finally, while in vitro
robustness is essential, it cannot fully predict the vv in vivo performance.
Future investigations must evaluate Dia-T51 into complex biological
matrices to determine the pharmacokinetics, clearance, and potential
immunogenicity. Acknowledging these boundaries does not diminish
the antibody's demonstrated stability but rather defines the necessary
path to validate Dia-T51 as a safe and effective therapeutic agent.

4. Conclusion

In the quest to bridge the gap between “bench and bedside,” deep
biophysical and biochemical profiling serves as the ultimate gatekeeper

Fig. 12. Proteolysis mapping of Dia-T51. SDS-PAGE time-course of Dia-T51 digestion by pepsin under non-reducing and reducing conditions at day 0 (A) and after
10 days incubation at 37 °C (B). Undigested antibody and pepsin-only were used as controls. White arrows indicate the main differences in the banding pattern
between the two gels: the upper arrow highlights the >37 kDa fragment, which is completely degraded at 150 min in the stressed sample; the lower arrow marks the
delayed emergence of small fragments (<10 kDa) at 5 min. The backbone accessibility and the transition between dynamic conformational states rules out the
formation of protease-resistant aggregates.
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for antibody developability. This study establishes a comprehensive
molecular blueprint for the humanized mAb Dia-T51, demonstrating
that its structural architecture possesses the intrinsic robustness
required for clinical translation. A fundamental strength of this work lies
in the comparative understanding of the binding mechanisms: while the
murine progenitor 2G8 suffers from “conformational frustration” and
thermodynamic strain, Dia-T51 utilizes a cooperative “induced fit”
strategy. This hallmark backbone plasticity, evidenced by coordinated
B-sheet relaxation and biphasic UV-derivative shifts, allows Dia-T51 to
pay the initial energetic cost of adaptation to achieve near-perfect shape
complementarity. This translates into an extraordinary thermal stabili-
zation of the complex, effectively transforming structural flexibility into
a thermodynamic advantage. Furthermore, we have empirically de-
risked the in silico liability profile through a unique combination of
long-term aging and accelerated thermal stress. Our findings highlight
that predicted chemical hotspots within the CDRs, often flagged as
detrimental, can be effectively neutralized by the surrounding structural
architecture. The preservation of nanomolar affinity and monomeric
integrity under these extreme conditions confirms that such sequence-
based liabilities remain functionally silent, likely due to structural
shielding or paratope redundancy. This demonstrates that Dia-T51
avoids common degradation pathways, undergoing instead a stabiliz-
ing reorganization toward a more dynamic conformational state rather
than collapsing into irreversible aggregates.

While these results are compelling, a balanced assessment requires
acknowledging the study's inherent limitations. The reliance on func-
tional assays to infer chemical stability, without site-specific mass
spectrometry quantification, leaves minor degradation pathways un-
mapped. Methodologically, the acidic conditions required for proteo-
lytic probing and the use of a naturally polydisperse antigen like
laminarin introduce variables that may deviate from a purely physio-
logical or monoclonal interaction baseline. Additionally, clinical
developability will necessitate further resilience testing which were not
addressed here.

Looking forward, the transition of Dia-T51 toward clinical use must
now move into complex biological matrices to evaluate its pharmaco-
kinetic profile, systemic clearance, and potential immunogenicity.
Future research should prioritize high-resolution structural mapping of
the antibody-antigen complex to further refine the “induced fit” model.
Moreover, considering previous studies, exploring the interaction be-
tween Dia-T51 and antifungal agents represents an interesting avenue
for future research. By validating its structural and functional “fitness”,
we have provided the evidence required to de-risk Dia-T51, offering a
robust candidate for the next generation of resilient, high-affinity anti-
fungal biotherapeutics.
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