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Part 1

1. Introduction

1.1 Therapeutic antibodies
Therapeutic antibodies are immunoglobulin-based biopharmaceuticals
engineered to bind with high specificity and affinity to disease-associated

antigens and modulate pathological pathways.’

Since the first monoclonal antibody (mAb) approved as therapeutics in 1986.2
This class of drugs has expanded from murine IgG to chimeric, humanized, and
fully human formats, as well as to engineered derivatives such as Fc-modified
antibodies, bispecific and antibody-drug conjugates (ADCs).*>*° This evolution
has been driven by the integration of molecular immunology, recombinant DNA
technology, and structural biology, as well as by improvements in hybridoma
methods and the introduction of display technologies including phage and yeast
display,® transgenic mouse platforms, and deep sequencing of human B-cell
repertoires.’ Collectively, these advances have allowed for the rapid generation
of high-affinity human antibodies against virtually any molecular target of

therapeutic interest.®

Structurally, a typical IgG antibody is a Y-shaped glycoprotein with a molecular
weight of approximately 150 kDa, composed of two identical heavy chains and
two identical light chains linked by disulfide bridges.® The molecule is organized
into two main functional regions: the fragment antigen-binding (Fab) arms and
the crystallizable fragment (Fc)."® The Fab arms contain variable regions that
determine antigen specificity and affinity through complementarity-determining
regions (CDRs), while the Fc portion mediates effector functions and determines

pharmacokinetic behavior.
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Fig. 1: Structure of an Immunoglobulin G."":12

Human therapeutic antibodies primarily belong to the I1gG1, 1gG2, or IgG4
subclasses, each with distinct effector properties.”™ IgG1 antibodies exhibit
strong binding to Fcy receptors and are therefore suited for applications
requiring immune effector recruitment,’ such as antibody-dependent cellular
cytotoxicity (ADCC) or complement-dependent cytotoxicity (CDC)."
Conversely, 18G4 antibodies, which exhibit minimal Fc-mediated immune
activation, are preferred when neutralization or receptor blockade is the desired

mechanism of action.®

The clinical impact of therapeutic antibodies virtually connects all major
domains of medicine. In oncology, antibodies serve as targeted cytostatic or
cytotoxic agents, as immune checkpointinhibitors, and as precision vehicles for
drug delivery.’® The introduction of immune checkpoint inhibitors targeting

CTLA-4, PD-1, and PD-L1 has revolutionized cancer therapy by unleashing
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endogenous antitumorimmunity, resulting in durable responses in malignancies

previously refractory to conventional treatments.®

Similarly, ADCs can deliver potent chemotherapeutics selectively to tumor cells,

minimizing collateral damage to healthy tissues.?°

In autoimmune and inflammatory diseases, antibodies targeting
proinflammatory cytokines and their receptors, such as tumor necrosis factor
alpha (TNF-a),>" interleukin-6 receptor (IL-6R),>>* have transformed
management paradigms for conditions including rheumatoid arthritis, Crohn’s
disease, and multiple sclerosis.?* The COVID-19 pandemic has further
demonstrated the rapid adaptability of the antibody platform, as fully human
neutralizing antibodies were identified, optimized, and brought into clinical
evaluation within months of pathogen identification.?®? Collectively, these
examples illustrate the broad therapeutic versatility of antibodies across

oncology, immunology, infectious diseases, and beyond.

1.1.1 Example of therapeutic antibodies

1.1.1.1 Rituximab

Rituximab is a chimeric monoclonal antibody targeting CD20. CD20 is a
transmembrane protein expressed on pre-B and mature B lymphocytes, but

absent on plasma cells.?”

Rituximab has a pivotal role in therapy. Its capacity to selectively deplete CD20+
B cells, enables treatment of B-cell mediated diseases, such as non-Hodgkin’s
lymphoma and chronic lymphocytic leukemia (for which use Rituximab has

been approved), as well as certain autoimmune diseases.?®

The mechanism of action of Rituximab is multifaceted, primarily involving three

pathways. First, antibody-dependent cellular cytotoxicity (ADCC), where

12



immune effector cells like natural killer (NK) cells recognize and lyse the
Rituximab-coated B cells via Fcy receptor engagement. Second, complement-
dependent cytotoxicity (CDC), in which binding of Rituximab to CD20 activates
the complement cascade, resulting in membrane attack complex formation and
direct lysis of B cells. Third, Rituximab induces direct apoptotic signaling in the
targeted B-cells and modulates B-cell receptor signaling, contributing to B-cell

elimination.?®
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Fig. 2: Schematic representation of Rituximab’s mechanism of action.3°
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Beyond oncology, Rituximab is used off-label and has been approved for
autoimmune conditions such as rheumatoid arthritis, granulomatosis with
polyangiitis, and microscopic polyangiitis, where B-cell depletion helps to
suppress pathogenic autoimmune response. Rituximab efficacy and durable B-
cell depletion have revolutionized management of these diseases by enabling

targeted immune modulation with a relatively favorable safety profile.3’

1.1.1.2 Matuzumab

Matuzumab is a humanized IgG1 monoclonal antibody targeting the epidermal
growth factor receptor (EGFR), which is frequently overexpressed in various

epithelial cancers.3?

The mechanism of action of Matuzumab operates through several pathways.
Primarily, it competitively inhibits the binding of natural ligands such as EGF to
EGFR, hence blocking the activation of tyrosine kinase (TK) receptor, a critical
step for downstream signaling pathways promoting tumor cell proliferation,
survival, and migration. Matuzumab sterically prevents the EGFR
conformational rearrangement required for high-affinity ligand binding and
receptor dimerization, blocking indirectly the receptor activation.® Additionally,
Matuzumab induces receptor downregulation via endocytosis and intracellular
degradation, leading to prolonged inhibition of EGFR signaling. Preclinical
studies also suggest that Matuzumab can mediate antibody-dependent cellular
cytotoxicity (ADCC) through its IgG1 Fc region, contributing to tumor cell lysis

mediated by immune effector cells.
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Fig.3: Schematic overview of Matuzumab mechanisms of action.3*

Clinically, the use of Matuzumab has been investigated in several cancers
including colorectal, lung, esophageal, and stomach cancers. Despite
promising preclinical results and phase | data demonstrating safety and
biological activity, phase Il trials showed limited efficacy, leading to
discontinuation of some development programs. However, Matuzumab remains
a valuable example of targeting EGFR with a distinct mechanism different from

tyrosine kinase inhibitors or other anti-EGFR antibodies.®®
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1.1.1.3 Trastuzumab

Trastuzumab is a humanized monoclonal antibody designed to target the HER2
receptor, which is overexpressed in approximately 15-20% of aggressive breast
and gastric cancers.* Despite their lower prevalence, HER2-positive tumors are
typically more aggressive and associated with poorer clinical outcomes, making

them particularly challenging to treat.*’

By specifically binding to domain IV of the extracellular portion of HER2,
Trastuzumab effectively blocks receptor dimerization and activation, inhibiting
crucial downstream signaling pathways, notably PI3SK/Akt that drive tumor cell
proliferation and survival. In addition to preventing HER2 activation,
Trastuzumab promotes internalization and degradation of the receptor, thereby

reducing HER2 levels on the tumor cell surface.

Beyond its direct inhibitory effects, Trastuzumab also recruits immune effector
cells through its 1gG1 Fc region, triggering antibody-dependent cellular

cytotoxicity (ADCC) and facilitating targeted tumor-cell destruction.
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Clinically, Trastuzumab has played a transformative role in the treatment of
HER2-positive breast cancer, significantly improving patient outcomes in both
early and metastatic settings when used alone or combined with chemotherapy.
Its efficacy has also been extended to HER2-positive gastric and

gastroesophageal cancers.*®

With this multifaceted mechanism, combining growth signal inhibition, receptor
downregulation, and immune activation, Trastuzumab exemplifies targeted
cancer therapy, offering specific and durable tumor control with a favorable

safety profile.*

1.1.2 Design of therapeutic antibody conjugates

Designing a therapeutic antibody involves the careful integration of biological
and physicochemical properties to manufacturing considerations.*' The design

17



must harmonize two core dimensions: biological potency*? and molecular

engineering. 4243

From a biological standpoint, the antibody must exhibit high specificity and
sufficient affinity to ensure robust target engagement at therapeutic
concentrations.® However, extremely high affinities can paradoxically hinder
tissue distribution, particularly within solid tumors, where diffusion and target-

mediated clearance can limit penetration.**

Concerning limitations, therapeutic antibodies can face several inherent
constraints connected to their nature. One persistent concern is the
immunogenicity, since even fully human antibodies can elicit anti-drug
antibodies (ADAs) that neutralize therapeutic efficacy or induce hypersensitivity
reactions. Studies in sequence optimization and glycoengineering are reducing
these risks but do not completely eliminated them. Their large molecular size is
an additional concern. The size, in fact, can restrict tissue penetration,
particularly in dense or poorly vascularized tumors and in sanctuary sites such
as the central nervous system. Efforts to overcome this include the development
of smaller antibody fragments, engineered binding domains, and receptor-

mediated transcytosis mechanisms.

In this context, the conjugation or fusion of cell-penetrating peptides (CPPs) to
antibody fragments has emerged as a promising strategy to enhance

intracellular delivery and tissue penetration.*

1.2 Cell-penetrating peptides
Cell penetrating peptides (CPPs) are a well-established class of short peptides
(up to 30 amino acids) capable of crossing the cytoplasmic membrane and

facilitating the intracellular delivery of various cargos, including small

18



molecules, proteins, nucleic acids, nanoparticles, and imaging agents, eithervia

covalent bond or non-covalent complexation.*®

Their significance in therapeutic and diagnostic contexts lies in their ability to
circumvent the cell membrane's selective permeability barrier, thereby
enhancing intracellular access to bioactive agents that otherwise exhibit poor

uptake.

CPPs are produced either through chemical synthesis in solid-phase, which
offers precise control over sequence and modifications, or via recombinant

expression in microbial systems when delivering peptide-fusion constructs.

CPP can be classified into subgroups according to their origin or sequence

characteristics *®

The most well-known group rely on positively charged sequences of amino
acids, predominantly arginine and lysine residues, that at physiological pH
facilitate electrostatic interactions with negatively charged cell-surface
glycoproteins prior to internalization. Lysine and arginine carry the same net
positive charge, but arginine residues are more effective in membrane
penetration due to the presence of the guanidinium head group, since it enables
the formation of hydrogen bonds with phosphate and sulfate groups of the
plasma membrane, promoting the cellular uptake.* The number and order of
basic amino acids, especially arginine, are critical factors for the efficiency.*°
Penetratin, TATp and polyarginines are the main low amphipathic class of
peptides.55253 A second major class of CPPs is characterized by pronounced
amphipathicity, in which the contribution to overall charge is primarily due to

lysine residues, where MAO and transportan are the main peptides. The third
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class of CPPs is composed of peptides in which charged and hydrophobic

residues are separated in the amino acid chain such as pVEC and Pep-1.54%5

The internalization of CPPs occurs through distinct mechanisms that are
primarily influenced by their physicochemical characteristics and the nature of
the associated cargo. A exhaustive understanding of these uptake pathways is
critical for the practical application of CPPs in therapeutic delivery.®®*” Two types
of intercellular uptake coexist: direct translocation across the plasma
membrane, which occurs in an energy-independent manner, and endocytosis,
which involves energy-dependent processes such as clathrin-mediated,

caveolin-mediated, and macropinocytic pathways.

To support the systematic study and rational design of cell-penetrating peptides,
several dedicated databases have been established to curate experimentally
validated CPPs and their properties. Among these, CPPsite 2.0
(http://crdd.osdd.net/raghaval/cppsite/) is a comprehensive resource that
provides detailed information on CPP sequences, origin, length, cargo type,
uptake efficiency, and biological activity, together with calculated
physicochemical descriptors such as net charge, hydrophobicity, molecular
weight, and isoelectric point. Complementarily, databases such as CellPPD
(http://crdd.osdd.net/raghava/cellppd/) and MLCPP 2.0 (http://balalab-
skku.org/mlcpp2/) integrate both experimentally validated and predicted CPPs,
offering tools for sequence analysis, structure-function relationship studies,
and in silico design of novel peptides. Collectively, these platforms enable
correlation of sequence features with internalization efficiency and mechanism,
thereby accelerating the development and optimization of CPP-based delivery

systems.
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1.2.1 Oligoarginines

Among the various subclasses of CPPs, oligoarginines, synthetic peptides
composed of consecutive arginine residues i.e. (R; to R,,), have garnered
extensive attention due to their high cationic charge density and efficient in
cellular uptake. ®® These peptides demonstrate the ability to induce cancer cell
death with differing degrees of efficacy through multiple underlying

mechanisms.

The guanidinium moieties of arginine residues engage in bidentate electrostatic
and hydrogen-bonding interactions with negatively charged cell-surface
components such as glycosaminoglycans, thereby enhancing membrane
binding and internalization %°, in fact arginine-rich peptides induce membrane
manipulation/deformation that may activate ion channels, such as Ca*
channel, signaling axis in tumor-targeted even if the specific delivery process
remain unclear.®® Crucially, length-dependent effects have been demonstrated:
uptake is negligible for very short sequences (e.g., R,), increases markedly for Rq
and Rg, but declines again for longer chains such as R,,, R,,, or Ry, potentially

due to aggregation or altered interactions at the cell surface.®'-®2

Arepresentative study by Jones in 2005 reports a comparative analysis of several
CPPs, highlighting that polyarginines demonstrated one of the highest uptake
efficiencies among them, though with increased cytotoxicity at higher

concentrations.®®

Structural modifications can further enhance polyarginine-mediated delivery:
for example, fatty-acylation and cyclisation of short polyarginines (R, Rg)
significantly boosted cellular uptake (up to ~13.7-fold for cyclic dodecanoyl-Ry)

via energy-dependent endocytosis. Additionally, increasing rigidity through

21



cyclic backbones improves non-endocytic translocation efficiency by facilitating

a more favorable spatial presentation of guanidinium groups.
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2. Aim of the PhD research work

This PhD project was developed within an industrial-academic collaboration
between Fischer Analytics GmbH (Bingen am Rhein, Germany) under the
supervision of Dr. Hendrik Rusche, the Laboratory of Radiopharmaceutical
Chemistry headed by Prof. Dr. Walter Mier (University clinic of Heidelberg,
Germany), under the scientific supervision of Prof. Dr. Anna Maria Papini of the
Interdepartmental Research Unit of Peptide & Protein Chemistry & Biology

(University of Florence, Italy).

Fischer Analytics GmbH is a company specialized in advanced analytical
technologies for biomolecules, with a strong focus on the development and
application of innovative chromatographic and mass spectrometry platforms.
Their expertise in multiple analytical modalities, including liquid
chromatography and mass spectrometry, supported by bioinformatic tools for
data integration and molecular characterization was relevant to develop this
research work. The company mission is to translate advanced analytical
strategies into practical solutions for biopharmaceutical and biotechnological
applications, enabling precise characterization of complex biological molecules

and conjugates.

The PhD work was positioned at the intersection of biotechnology,

biopharmaceutical sciences, and analytical chemistry.

The partnership with Fischer Analytics provided access to technical expertise,
and an environment focused on method innovation and industrial applicability,
ensuring that the outcomes of this work could have direct translational potential
in molecular characterization workflows for therapeutic biomolecules and

quality control
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This project also benefits from the scientific collaboration with Prof. Dr. Walter
Mier’s laboratory at the University of Heidelberg. The Heidelberg team provided
expertise in therapeutic antibody research and clinical translation, in particular
in biological and pharmacological evaluation of antibody-based constructs and
oligoarginine peptides, supporting data interpretation from a biomedical and

clinical perspective.

This synergy between the analytical strength of Fischer Analytics and the clinical
focus of the Heidelberg group, together with the expertise in peptide chemistry
of the Florence team, established an ideal platform for developing and validating
new technologies at the interface between therapeutic innovation and analytical

science.

The main objective of this PhD research was to develop a robust technology to
prepare pure synthetic therapeutic monoclonal antibody conjugates for

intracellular delivery.

A series of model therapeutic monoclonal antibodies constructs was
synthesized using a non-specific lysine conjugation strategy. In particular the
well-characterized monoclonal antibodies Rituximab, Matuzumab, and
Trastuzumab that are commonly used in oncology and autoimmune diseases,
were selected for this study. The conjugation employed a bifunctional linker
enabling attachment of cell-penetrating arginine-rich peptides of varying length

(R3C, R6C, ROC).

These constructs served as representative and reproducible test systems for
assessing the performance of a new and efficient multi-dimensional liquid

chromatography (2D-LC) system that | developed, particularly resolving
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conjugation heterogeneity, determining drug-to-antibody ratio (DAR), and

characterizing peptide attachment sites.

The 2D-LC system that | developed was conceived to enhance resolution,
sensitivity, and structural insights. In this approach, a screening study of non-
denaturing chromatographic techniques has been conducted to evaluate the
possible integration of two, or more techniques, in a continuous system. This
continuous flow configuration allowed to reduce manual sample handling
preparation, selective collection of chromatographic fractions of interest,
minimize material loss, and scale-up purification of larger volumes while

maintaining the integrity of sensitive biomolecules.

Furthermore, a high-resolution mass spectrometry study was performed to
resolve conjugation heterogeneity, determine drug-to-antibody ratio (DAR), and

characterizing peptide attachment sites.

In summary, the target of this PhD work was to establish a novel methodology for
industrial application at Fischer Analytics, capable of achieving high-resolution
purification and characterization of therapeutic antibodies and related
bioconjugates under native-like conditions. The integration of the industrial
analytical expertise from Fischer Analytics with the biomedical focus of the
University of Heidelberg created a unique research environment aimed at
bridging the gap between instrumental innovation and therapeutic application.
The outcomes of this work is expected in the medium term to provide a versatile
analytical platform applicable not only to therapeutic antibody-peptide
conjugates but also to a broader range of complex biologics including binding of

cytotoxic drugs, contributing to the future development of precise and efficient
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tools for biopharmaceutical research and quality assessment aimed

innovative personalized treatments for clinical applications
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3. Results and Discussion
The work presented in this section was conducted with the primary aim of
establishing reliable purification and characterization methodologies for
heterogeneous antibody conjugates, rather than optimizing the biological
performance of the constructs themselves. Within the framework of this
industrial PhD, the central scientific challenge lay in managing the analytical
complexity associated with modified monoclonal antibodies, whose
heterogeneity, arising from stochastic lysine conjugation, variable linker
installation, and differences in peptide loading, imposes significant limitations
on both purification efficiency and structural interpretation. For this reason, the
antibody-linker—-CPP constructs prepared in this study should be regarded as
controlled model systems specifically designed to probe chromatographic
behaviour, evaluate the resolving power of complementary non-denaturing and
denaturing separation methods, and benchmark the performance of
multidimensional LC workflows. This analytical focus aligns with the industrial
objectives of the project, where the long-term goal is to create a scalable
platform capable of supporting post-production processing of modified
antibodies through rapid, non-destructive, and cost-efficient workflows. In this
context, the following sections detail the production of model constructs and
the subsequent optimization of chromatographic techniques required to dissect

their heterogeneity and inform future platform development.

3.1 Production of constructs of three therapeutic antibodies for
intracellular delivery

3.1.1 Design of selected oligoarginines

Oligoarginines are widely investigated cationic cell-penetrating peptides due to

their easy synthesis, tunable chain length, and remarkable capacity in crossing
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cellular membranes through electrostatic interactions with negatively charged
surface moieties. These features make them a valuable tool for producing model

antibody-CPP constructs.

For the case study of this project, three oligoarginines differing in chain length
were selected to assess how peptide size and charge density influence
conjugation behavior and chromatographic resolution to optimize the
purification step. Their design was conceived to provide well-defined and

chemically tractable model cargos for antibody—peptide conjugation.

The oligoarginines were not directly linked to the monoclonal antibody but
coupled via a chemical spacer. The spacer selected was the sulfoSMCC
(sulfosuccinimidyl  4-(N-maleimidomethyl)cyclohexane-1-carboxylate), a
heterobifunctional reagent containing an NHS-ester reactive (N-
hydroxysuccinimide) toward lysine e-amino groups present in the antibody and
a maleimido moiety able to react with thiol side-chain (see section 3.1.4) of a
cysteine residue incorporated at the C-terminus of each oligoarginine peptide.
Therefore, the selected peptides were a tetra-, hepta-, and decapeptide (H-
RRRC-NH; (R3C), H-RRRRRRC-NH, (R6C), H-RRRRRRRRRC-NH, (R9C) (Figures

8, 9,10) consisting of three, six, and nine arginine residues, respectively.
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Fig.10: Decapeptide H-RRRRRRRRRC-NH, (R9C)

3.1.2 Solid-phase synthesis of oligoarginine peptides
The peptides were synthesized by microwave-assisted solid-phase peptide

synthesis (MW-SPPS), employing Fmoc/tBu orthogonal protecting strategy and
DIC/Oxyma Pure as coupling system on the automated microwave-assisted

synthesizer Liberty Blue™ (CEM, USA)
Since the desired peptides should be C-terminal amides, the resin selected was
a Rink Amide resin with a 0.336 mmol/g loading. (Fig. 11)
U
SBQ:
OMe

Fig.11: Fmoc-Rink Amide resin
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The resin was first swollen in dimethylformamide (DMF), to allow it to expand
and expose all the active sites to the solvent, and then the MW-SPPS protocol
was performed (see 5.2.1).
Considering the sequences, double and triple-coupling cycles were applied
under MW-SPPS conditions to ensure complete amino acid incorporation and
to minimize chain truncation, since arginine residues are known to exhibit
slower coupling kinetics and aggregation propensity.
For each amino acid in the sequence, the subsequent steps were performed,
and repeated iteratively for each amino acid:

e Standard deprotection conditions: 20% (v/v) piperidine/DMF

e Washings in DMF

e Couplings: DIC and Oxyma pure as coupling system and protected

amino acid building blocks dissolved in DMF

e Washings in DMF
(Coupling and washing steps were repeated twice or three times if the first
coupling was incomplete).
At the end of the synthesis the peptide-resin was Fmoc-deprotected on the N-
terminus, washed with DMF and Dichloromethane (DCM) and then treated with
a cleavage cocktail composed of 92.5:2.5:2.5:2.5 TFA:TIS:H,O:EDT
(Trifluoroacetic Acid:Triisopropylsilane:water:1,2-Ethanedithiol) (v:v:viv) to
cleave the peptide from the resin and remove all the protecting groups on the
side chains. Then the peptide was precipitated with diethyl ether and washed
multiples times to eliminate the reactive protecting groups that were once on
the amino acids side chains (which are soluble in ether). After centrifugation the

crude product was collected and purified.
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Reversed-phase liquid chromatography (RPLC) is widely employed to purify
peptides, enabling the removal of salts as well as potential side-products
generated during the synthesis. This technique relies on a silica-based column,
where alkyl chains of different lengths are covalently linked to the silica particles
to which peptides interact primarily through hydrophobic forces. Usually, short
alkyl chains are more suitable for purification of long sequences with high steric
hindrance, while short peptides are mainly treated with longer alkyl chains. In
most of the routine peptide analysis, columns based on n-octadecyl alkyl chains
(C18) are employed. The mobile phases usually consist of binary mixtures of
H.O and CH;CN (ACN), both acidified with 0.1% TFA. The addition of TFA,
through its acidic ion-pairing properties, minimizes ionic interactions between
the peptide and the stationary phase, thereby enhancing chromatographic
resolution and peak shape.

Before purification, the analytical chromatograms of the crude oligoarginine
peptides displayed a profile with multiple peaks of varying intensities, clearly
indicating the presence of several synthesis by-products, corresponding to both
arginine deletions and over coupling species. The presence of side products
arised from difficult coupling in solid-phase synthesis of arginine-rich peptides.
Arginine residues possess a bulky guanidinium side chain, typically protected by
2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonyl groups (Pbf), which can
cause steric hindrance during the coupling process. As a result, incomplete
coupling reactions may occur, yielding deletion sequences lacking one or more
Arg residues; these truncated analogues tend to elute slightly earlier than the
desired peptide due to their reduced hydrophilicity. Oppositely over coupled

analogues, can occur when residual activated species remain on the resin,
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these products present as later-eluting peaks because of their increased

polarity and molecular weight.

Because of side products in the crude peptide, a protocol of purification based
on two steps had been set up:
1) Flash chromatography on Biotage® IsoleraOne, column: Biotage®
SnapUltra Cartridge C18 12¢g
2) Semi-preparative chromatography on a Waters 600 HPLC coupled with
Waters UV DAD 2487, column: Phenomenex ® Aqua 5u C18 (250x10,00

mm)

The collected fractions were analyzed using RP-HPLC coupled to ESI-MS, and
the homogenous ones with a purity rate of over 95% were pulled together then
lyophilized to obtain the final pure products.

By following this procedure, the peptides were obtained with a purity rate higher

than 98 %.
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Fig.12: RP-HPLC (RP-HPLC Alliance Chromatography system (Waters, Milford
Massachusetts, USA)) profile of R3C, C18 column Waters Acquity BEH (130 A,
1.7 um, 2.1 50 mm); temperature 35°C; flow, 0.6 ml/min; eluent, 0.1% (v/v) TFA
in H,O (A) and 0.1% (v/v) TFA in CH;CN (B); A 215 nm, gradient, 10-90% B in
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10min. rt = 1.25min: 98%; ESI-MS (ESI-MS Micromass ZQ (Waters, Milford
Massachusetts, USA)) spectrum of R3C-NH,. ESI-MS (m/z): [M+H]"* 589.3463.
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Fig.13: RP-HPLC (RP-HPLC Alliance Chromatography system (Waters, Milford
Massachusetts, USA)) profile of R3C, C18 column Waters Acquity BEH (130 A,
1.7 um, 2.1 50 mm); temperature 35°C; flow, 0.6 ml/min; eluent, 0.1% (v/v) TFA
in H,O (A) and 0.1% (v/v) TFA in CH3;CN (B); A, 215 nm, gradient, 10-90% B in
10min. rt = 1.25 min: 98%; ESI-MS (ESI-MS Micromass ZQ (Waters, Milford
Massachusetts, USA)) spectrum of R6C-NH,ESI-MS (m/z): [M+2H]** 529.8248.

2000 100
1800 =
1600 80 %
; 509.3416 — 1400 =
100 - [M+3H]* 10, mono = 509.6510  #=3 = 1200 | 60 @
90 = [M+3H]** &4 mono =509.3416 £ 1000 8
> 509 6754 w  gop 40 =
. MA 120 65 = 0.3094 Da 25 3 o B
5 70— 400 20 -'g
’E 50 3 200 o
5 0 - 0
1501 £10.0089 0o 05 1 15 2 25 3
E ‘;2: =B time (min)
24 510.3427
103 =3 £10.6759
z=3
0 T T

1j F 1} ¥ T T T ) T T T A T T AR T
508.2 5084 508.6 508.8 509.0 509.2 509.4 509.6 509.8 510.0 5102 5104 510.6 510.8 511.0 511.2 5114

miz

Fig.14: RP-HPLC (RP-HPLC Alliance Chromatography system (Waters, Milford
Massachusetts, USA)) profile of R3C, C18 column Waters Acquity BEH (130 A,
1.7 um, 2.1 50 mm); temperature 35°C; flow, 0.6 ml/min; eluent, 0.1% (v/v) TFA
in H,O (A) and 0.1% (v/v) TFA in CH3;CN (B); A, 215 nm, gradient, 10-90% B in
10min. rt = 1.25 min: 98%; ESI-MS (ESI-MS Micromass ZQ (Waters, Milford
Massachusetts, USA)) spectrum of ROC-NH, ESI-MS (m/z): [M+3H]* 509.6510.
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3.1.3 In situ modification and activation of the therapeutic antibody to form the
Antibody-sulfoSMCC-Rn conjugates

In the development of antibody-peptide conjugates, the conjugation step is
crucial, as it governs the chemical stability, pharmacokinetics, and overall
biological performance of the final construct. The success of an antibody
conjugate depends not only on the selection of the antibody, linker, and
payload, but also on how these components are covalently linked. 8¢5

Among the various conjugation approaches that have been established,
including cysteine-based and enzymatic methodologies, random lysine side
chain conjugation remains one of the most widely employed and experimentally
robust techniques. Its simplicity, compatibility with native antibody structures,
and well-established chemistry have supported the development of several
clinically approved antibody-drug conjugates.®®

Lysine conjugation exploits the natural abundance and high nucleophilicity of
solvent-exposed €-amino side chains in lysine residues, of which approximately
forty are accessible in a typical IgG molecule under neutral aqueous
conditions.® These residues react with electrophilic reagents such as N-
hydroxysuccinimide (NHS) esters, isothiocyanates, benzoyl fluorides, or
squarate derivatives, forming stable amide bonds without altering the antibody
backbone.57:68-69

Although historically described as a random modification, lysine conjugation
has been shown to yield consistent and reproducible site distributions under
stable manufacturing parameters. Liu et al.” demonstrated that, despite the
large number of potential reactive sites, the distribution of conjugation locations
remains statistically constant when process parameters are rigorously
controlled, supporting the scalability of lysine-based manufacturing.”

Nevertheless, variations in reaction conditions can still lead to heterogeneous
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drug-to-antibody ratios (DARs), which influence clearance rate, stability, and
systemic toxicity. Excessive modification may disturb tertiary structure or
antigen binding, whereas insufficient modification results in lower payload
loading and reduced potency. 72

Several physicochemical factors govern the efficiency and selectivity of lysine
conjugation. The buffer composition and pH modulate the ionization of lysine -
amines, thereby controlling their nucleophilicity. Mildly basic conditions (pH
7.5-8.5) typically maximize reactivity while minimizing the hydrolysis of the NHS
ester. 7374 Reaction stoichiometry, also, critically affects conjugation outcome:
higher linker-to-antibody ratios promote higher drug-to-antibody ratios. Still,
they may induce aggregation or structural perturbation, whereas lower ratios
yield more homogeneous but less potent conjugates. >7%’” The temperature and
reaction time determine the balance between coupling efficiency and
degradation of reactive intermediates, and thus must be carefully optimized for

each antibody and linker system.

The intrinsic hydrophobicity and charge state of the attached payloads can
further influence conjugation performance. In the present project, the arginine-
rich CPPs (R;C, RsC, RyC) carry multiple positive charges, which can promote
electrostatic interactions with negatively charged antibody regions and lead to
aggregation during the coupling process.

To mitigate these effects, conjugations were carried out in non-denaturing
aqueous buffers (such as phosphate or HEPES) containing appropriate ionic
strength or stabilizing additives, which help maintain antibody solubility and

native conformation.
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3.1.4 Chemistry of the maleimido crosslinker

In this work, the random lysine conjugation approach was applied to generate
monoclonal antibody—cell-penetrating peptide conjugates (mAbs-CPP) through

a two-step reaction mediated by the heterobifunctional crosslinker sulfoSMCC.
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Fig.15: Sulfosuccinimidyl-4-(N-maleimidomethyl)cyclohexan-1-carboxylate
(SULFOSMCCQC).

The NHS ester moiety of SULFOSMCC reacts first with accessible e-amino
groups of lysine residues located on the antibody surface. This reaction
proceeds through nucleophilic acyl substitution, where the deprotonated amine
attacks the carbonyl carbon of the NHS ester, releasing N-hydroxysuccinimide
and forming a stable amide bond between the antibody and the cyclohexyl
spacer of the linker.”®

The second functional group, i.e., the maleimido one, remains intact during this
step and is later used to couple the peptide. Subsequently, the maleimido
undergoes a Michael addition with the thiol group of the C-terminal cysteine
residue. The sulfur nucleophile attacks the electron-deficient double bond of
the maleimido ring, generating a stable thioether bond that covalently links the

peptide to the antibody through the crosslinker.
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This two-step mechanism ensures orthogonal reactivity, minimizing cross-
interference between functional groups, and allows conjugation under mild,

near-physiological conditions that preserve antibody conformation and activity.
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Scheme 1: Synthetic scheme of an antibody-SULFOSMCC-CPP conjugates; a)
the SULFO-SMCC crosslinker adds to free lysine side chains of the antibody, b)
via formation of a thioether with the maleimide-reactive group the CPP is linked
to the antibody.

3.1.5 Optimization of the conjugation reactions
For both reactions, different reaction times (1-2 h), buffers (PBS vs. HEPES

buffer), and distinct stoichiometric ratios of the reagents were tested to achieve

optimalyield. The ideal reaction conditions are outlined below.

We demonstrated that the reactivity of the selected monoclonal antibodies
(Rituximab, Trastuzumab, and Matuzumab) was similar overall, with Rituximab

being primarily used to optimize the process.

Before conjugation, the monoclonal antibodies were transferred into HEPES or
PBS buffer (pH 7) to remove formulation residues that could interfere with the
coupling reaction. Antibody concentrations were determined

spectrophotometrically.
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Conjugation was assessed by varying the molar excess of the crosslinker, and
complete removal of unreacted sulfoSMCC was verified following ultrafiltration.
Activated mAbs were subsequently reacted with oligoarginine peptides through
the maleimido moiety to enable covalent attachment. Peptide-to-antibody
ratios of 1 and 3 equivalents were evaluated to determine the influence of
stoichiometry on conjugation efficiency. All reactions proceeded under mild
aqueous conditions without detectable antibody precipitation or degradation.
These results demonstrate that surface modification of antibodies with
oligoarginine via sulfoSMCC is achievable and that modulation of reactant

stoichiometry provides a way to control peptide loading.

Furthermore, the amount of antibody used in each reaction ranged from 0.06 to
0.08 mol, with the corresponding sulfoSMCC quantity adjusted to 0.16, 0.32,
0.41 mol, depending on the targeted linker-to-antibody ratio. Considering that
approximately 30-40 lysine e-amine groups per 1gG1 molecule are solvent-
exposed and therefore available for modification, these conditions effectively
target only a small fraction of the accessible amines. At the highest linker
loadings tested, the stoichiometry corresponds to the theoretical modification
of roughly 1in 40, 2 in 40, or 3in 40 lysine residues per antibody, confirming that

the reactions were conducted well within the sub-stoichiometric regime.

Such low degrees of modification are essential to minimize structural
perturbation and preserve biological activity, as IgG1 antibodies contain 80-90
lysine residues but only a subset contributes to antigen recognition or structural
stability. Leveraging this intrinsic stoichiometric excess enables controlled, low-
occupancy modification while reducing the risk of disrupting functionally
important regions. Consistent with this rationale, the literature on lysine-based

conjugation shows that high molar excesses of NHS-activated reagents yield
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heterogeneous products with broad DAR distributions, reduced stability, and
impaired pharmacological performance due to the stochastic nature of lysine
reactivity.”® Conversely, Pometti et al.”” demonstrated that limiting the amount
of NHS ester and applying kinetic control restricts the number of lysines
undergoing modification, yielding less heterogeneous conjugates and better

preserving antigen-binding capacity.

Overall, reducing the pool of reactive amines through sub-stoichiometric linker
and peptide ratios markedly lowers the likelihood of modifying residues near the
antigen-binding interface and decreases aggregation propensity—an especially
important consideration when conjugating arginine-rich peptides whose
pronounced positive charge promotes nonspecific interactions. Taken together,
these findings support the use of sub-stoichiometric linker-peptide-to-antibody
ratios as an effective strategy to preserve native structural integrity and maintain

the biological activity of monoclonal antibodies.

We generated a panel of conjugates with all three mAbs, Rituximab,
Trastuzumab, and Matuzumab bearing sulfoSMCC in combination with the
cysteine-terminated CPPs R3C, R6C, and R9C. Conjugation reactions were
performed using linker-to-CPP molar ratios of 1:1, 1:2, and 1:3, thereby yielding
construct series with distinct levels of linker installation and peptide loading.
The resulting species are designated as mAb-(sulfoSMCC)-R3C, mAb-
(sulfoSMCC)-R6C, and mAb-(sulfoSMCC)-ROC. This structured variation in
stoichiometry enabled us to systematically evaluate how modulation of linker
and CPP equivalents shapes the distribution, composition, and loading profiles

of the resulting antibody—CPP conjugates across all three mAbs.
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3.1.6 Impact of TFA salts on the conjugation performance

To further investigate the conjugation process and assess potential interference
from TFA counterions,’® a proof-of-concept conjugation was performed using 6-
maleimidohexanoic acid as reactive maleimido unit. Increasing amounts of CPP
(R3C and R6C) were added to the reaction, maintaining the same reaction
conditions optimized in section 3.1.5, to determine if the theoretical peptide
amounts input corresponded to the concentration effectively available for the

conjugation.

At time zero, the chromatographic profile revealed distinct, well-resolved peaks

corresponding to the unreacted maleimido and the CPPs.

Upon incremental addition of R3C from 0.5 to 3.5 excess fold, the RPLC profiles
showed a progressive decrease in intensity of maleimido and peptide peak
intensities, corresponding to the emergence of a new product-associated peak,
consistent with efficient consumption of the reagents units. A similar trend was
observed with R6C peptide: increasing the equivalents of peptide reduced the
maleimido signal and correspond to the comparison of a new peak to a different

retention time, indicating successful conjugation.

In both experiments, residual TFA salts did not generate additional interfering
peaks of good intensity, indicating that their presence did not compromise the
reactivity of the maleimido group under the reaction conditions. It is important
to note that the ratio of maleimido:CPP observed was 1:2, demonstrating that
TFA did not interfere with the conjugation mechanism itself, butit could interfere

with effective stoichiometry.

Collectively, these results demonstrated that the conjugation strategy remained

robust in the presence of TFA salts, and that a systematic titration of CPP
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equivalents was a reliable approach for calibrating peptide input and evaluating

conjugation efficiency before its application to antibody-CPP system.
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Fig. 16: RP-HPLC (Agilent 1100 series) traces of 6-maleimidohexaconic acid
(blue),R3C pure (green),R6C pure (red) at time zero; Chromolith® Performance
RP-18 (100 mm x 4.6 mm, Supelco); temperature 25°C; flow, 0.6 ml/min; eluent,
0.1% (v/v) TFA in H2O (A) and 0.1% (v/v) TFA in CH3;CN (B); A, 215 nm, gradient,
10-90% B in 5 min.
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Fig. 17: RP-HPLC (Agilent 1100 series) traces of conjugation reaction among 6-
maleimidohexaconic acid (blue),R3C pure (green) at different ratio; Chromolith®
Performance RP-18 (100 mm x 4.6 mm, Supelco); temperature 25°C; flow, 0.6
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mU/min; eluent, 0.1% (v/v) TFA in H,O (A) and 0.1% (v/v) TFA in CH;CN (B); A, 215
nm, gradient, 10-90% B in 5 min.
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Fig. 18: RP-HPLC (Agilent 1100 series) traces of conjugation reaction among 6-
maleimidohexaconic acid (blue),R6C pure (red) at different ratio; Chromolith®
Performance RP-18 (100 mm x 4.6 mm, Supelco); temperature 25°C; flow, 0.6
mU/min; eluent, 0.1% (v/v) TFA in H,O (A) and 0.1% (v/v) TFAin CHsCN (B); A, 215
nm, gradient, 10-90% B in 5 min.

3.1.7 Estimation of protein concentration

3.1.7.1 SDS-PAGE Gel Electrophoresis

Gel electrophoresis is a laboratory technique used to resolve complex protein
mixtures, such as those derived from whole cells, subcellular fractions,
chromatographic eluates or immune precipitates, according to their molecular
weight and their m/z to analyze subunit composition, sample homogeneity, and
isolate proteins.® The separation occurs because of the electric field applied,
which pushes the protein through the gel. The separation also depends on the
percentage of acrylamide used; a low percentage allows for a better separation
of proteins with low molecular weights, whereas a higher percentage of

acrylamide is better for proteins with high molecular weights.
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For the separation of the produced mAb conjugates, a 12% acrylamide gel was
employed under an electric field of 150V. Protein mixtures were denatured by
treatment with sodium dodecyl sulfate (SDS) and heating at 100 °C, ensuring
that the separation was based solely on molecular weight. This technique is
called SDS-PAGE. With that said, the SDS-PAGE gel was performed on the
complex mixtures produced by the two-step conjugation protocol used before

(see 3.1.5).

SDS-PAGE was used to analyze the antibody-drug conjugates (ADCs) produced
using the two-step conjugation protocol. Proteins were separated based on
molecular weight by running a 12% acrylamide gel under denaturing conditions,
allowing evaluation of heavy- and light-chain modifications. The focus was on
the presence of two bands: around 50 kDa and 25 kDa, corresponding to the
heavy chain and light chain, respectively.The light chain (225 kDa) was the most
informative region, as the appearance of higher-molecular-weight bands

indicated conjugation of CPP peptides to the antibody.

Across the three monoclonal antibodies, Rituximab, Matuzumab and
Trastuzumab, distinct differences in conjugation efficiency and heterogeneity
were observed. Rituximab generally showed the most pronounced and
progressive modification, with stepwise increases in light-chain band intensity
as peptide excess increased. Trastuzumab followed a similar trend but with a
broader distribution of modified species, indicating a greater degree of
heterogeneity. Matuzumab consistently exhibited weaker and more diffuse band
shifts, demonstrating lower reactivity and reduced incorporation of CPPs under

identical conditions.
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A crucial variable influencing these outcomes was the buffer used during
conjugation. In HEPES buffer, rituximab—-CPP conjugates displayed discrete and
well-resolved higher-molecular-weight species in the light-chain region,
consistent with efficient and relatively homogeneous conjugation, reflected in a
clearer Drug-Antibody ratio distribution. In contrast, reactions performed in PBS
produced markedly less defined patterns, characterized by diffuse or smeared
bands, especially in R6C samples, indicating increased heterogeneity and lower
control over conjugation. Trastuzumab conjugates in PBS showed a similar loss
of resolution, with broader and poorly separated modified species. These effects
suggest that phosphate ions and higher ionic strength in PBS may interfere with
maleimide linker reactivity and peptide accessibility. Matuzumab again showed
poor performance in both buffers, but heterogeneity was noticeably more

pronounced in PBS.

Overall, these findings demonstrated that HEPES buffer is significantly more
favorable than PBS for mAb—(sulfoSMCC)-CPP conjugation, yielding sharper,
more reproducible, and more homogeneous banding patterns across all
antibodies tested. The differences are likely attributed to buffer-dependent
variations in pH, ionic strength, and compatibility with maleimide chemistry.
This comparison highlights the critical importance of buffer selection when
optimizing conjugation conditions, as it strongly influences both the yield and

the structural homogeneity of the resulting conjugates.
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3.2 Purification of therapeutic antibodies screening of non-denaturing
liquid chromatography techniques

Chromatography is one of the most versatile and indispensable techniques for
both analytical and preparative applications, enabling compounds to be
separated, purified, and characterized based on their interactions with the
stationary and mobile phases. At the core of modern chromatographic science
is high-performance liquid chromatography (HPLC), which has evolved into the
leading technique for chemical analysis, separation, and purification.®"82

HPLC can be seen as a systematic and adaptable methodology capable of
addressing both routine and complex analytical problems. Over the past few
decades, advances in column technology, stationary-phase design, gradient
elution strategies, and detection systems have greatly enhanced the
performance, reproducibility, and selectivity of HPLC.®3

Modern instrumentation allows the efficient separation of analytes ranging from
small molecules to large biomacromolecules, including proteins, peptides, and
conjugated biotherapeutics such as ADCs. In addition, developments in
computer-assisted method optimization, multidimensional separations, and
rigorous method validation have positioned HPLC as the cornerstone of
analytical quality controlin biopharmaceutical development.?

A fundamental distinction within chromatographic workflows lies between non-
denaturing and denaturing separation modes.

Non-denaturing chromatographic techniques, such as size exclusion
chromatography (SEC), ion exchange chromatography (IEX), hydrophobic
interaction chromatography (HIC), and mixed-mode chromatography (MMC),
operate under mild agueous conditions that preserve the native conformation
and biological activity of proteins, enabling the accurate assessment of size

distribution, charge variants, and conformational stability.®
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On the other hand, denaturing techniques, such as reverse-phase liquid
chromatography (RPLC), employ high concentrations of organic modifiers or
elevated temperatures to intentionally disrupt tertiary structure, exposing
hydrophobic residues and enhancing resolution of chemically distinct variants.
The complementary use of both categories provides a multidimensional
understanding of structural integrity and modification patterns, which is
particularly necessary for the separation and analysis of biotherapeutics.
Biotherapeutics are well known for their structural complexity, which depends
on size heterogeneity, charge variation, hydrophobicity, and conjugation-
induced modifications. Their purification and characterization necessitate the
use of multiple, complementary chromatographic approaches to achieve a
comprehensive analytical profile, leading to multidimensional liquid
chromatography techniques. Operational parameters, including mobile-phase
composition, buffer pH, ionic strength, temperature, and gradient slope strongly
influence chromatographic performance. Variations in these chromatographic
operating conditions affect the balance of solute-stationary phase interactions,
thus modulating selectivity, retention, and resolution.

Generally speaking, separation and purification can be performed in three
principal chromatographic modes: analytical, semi-preparative, and
preparative. They operate with distinct operational characteristics and scales,
driven by different forces, advantages/disadvantages, with their own specific
applications.

The analytical mode is usually employed with high-performance liquid
chromatography (HPLC). It is primarily used for high-resolution, high-sensitivity
sample analysis. It employs columns packed with small particles and narrow

pores, operated at high pressure, to deliver superior separation efficiency and
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resolution required for the detailed evaluation of charge variants, isoforms, or
aggregation states. Low sample capacity injection and the flow rate limit are the

drawbacks of this modality.

Semi-preparative mode typically utilizes systems such as AKTA chromatography
platforms, which are configured for intermediate-scale purification. It operates
at a lower pressure, but it can process a higher number of samples with a nice
resolution. This chromatographic mode is suitable for process development and
optimization of purification conditions. It is often used as bridge between

analytical characterization and large-scale production.

Finally, preparative chromatography is applied in large-scale purification. It
handles large sample volumes at high flow rates, using columns packed with
larger particles and wider pores to reduce backpressure. It sacrifices separation
resolution for scalability to maximize yield and purity within shorter times rather

than detailed characterization.

In this project, the analysis of and mAbs-sulfoSMCC-RnC has been conducted
in both analytical and semi-preparative modes. The high resolution and
sensitivity of the first modality have been used as a control and to study the
heterogeneity of the produced conjugates, while the semi-preparative mode has

been adopted for bulk purification, maintaining resolving power.

Both mAbs, Rituximab, Matuzumab, and Trastuzumab, as well as the
corresponding conjugates produced, were analyzed using a collection of

complementary chromatographic techniques: SEC, HIC, IEX, MMC, and RP-LC.

Each technique exploits distinct physicochemical properties of biomolecules,
providing a comprehensive characterization and purification profile that is

crucial for ensuring product quality and efficacy.
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3.2.1 Size exclusion chromatography

Among the non-denaturing chromatographic techniques applied in
biopharmaceutical analysis, size-exclusion chromatography (SEC), also known
as gel filtration or gel permeation chromatography, represents one of the most
widely used and reliable tools for the purification and characterization of protein
therapeutics. In SEC, molecular separation is governed purely by hydrodynamic
volume rather than chemical interactions, allowing macromolecules to be
fractionated according to their effective size in solution. Larger species are
excluded from the internal pores of the stationary phase and thus elute earlier,
while smaller molecules penetrate deeper into the porous network and elute
later. Because the mechanism is entropically driven and does notrely on binding
equilibria, SEC can be performed under mild, fully aqueous conditions,

preserving the native conformation and biological activity of the analyte.

In the context of therapeutic monoclonal antibodies (mAbs), SEC is considered
a gold-standard analytical technique for detecting and quantifying size variants,
such as monomers, dimers, and higher-order aggregates. Regulatory
authorities, including the EMA and FDA, classify aggregation profiling by SEC as
a critical quality attribute (CQA) for antibody-based therapeutics, given that
protein aggregation can severely affect efficacy, pharmacokinetics, and
immunogenicity. Beyond aggregation monitoring, SEC can also detect
fragmentation phenomena (Fab or Fc cleavage) and evaluate product stability
during manufacturing and storage. Its ability to provide direct information on
molecular integrity makes SEC indispensable in both process development and

quality control.
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3.2.1.1 High-pressure size exclusion chromatography
The study was conducted using TSKgel G4000SWXL SEC column from Tosoh

Bioscience to analyze mAbs-sulfoSMCC-RnC.

TSKgel G4000SWXL column is a hydrophilic silica-based stationary phase
composed of spherical particles with a uniform 5 ym particle size. The controlled
pore size distribution is expressly optimized for large biomolecule separation,
such as antibodies and their conjugates, providing high-resolution separation of
monomers, aggregates, and fragments under native-like conditions. Its high
mechanical strength and chemical stability allow operation under a wide range
of agueous mobile phase conditions and pH values (pH 2-8), ensuring minimal
non-specific interactions and maintaining protein integrity throughout analysis.
The combination of these material properties facilitates accurate
characterization of mAb-sulfoSMCC-RnC heterogeneity, aggregation state, and
purity, making this column a widely accepted tool in biopharmaceutical

research and quality control.®®

It was decided to proceed performing isocratic run, in which the mobile phase
composition remains constant throughout the entire separation process. In fact,
a single aqueous solvent was pumped through the column without any change
in pH or salt concentration. Isocratic elution is commonly used in HPLC and
other chromatographic methods when the samples to be separated have similar
chemical properties; it is a simple, reproducible, and easy to implement. Since
the mobile phase composition is kept, method development and operational

parameters are easy to modify.
For this study, two aqueous buffers have been tested:

o 20mMMES, pH7
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o 50 mM Phosphate buffer + 0.1M NaCl pH 6.5

MES buffer is a zwitterionic buffering agent commonly used in biological and
biochemical studies. It has a low ionic strength and, at low concentration,

minimizes effects on protein solubility and conformation.

Phosphate Buffer, on the other hand, offers greater buffering capacity and is
widely used in protein purification and characterization. The addition of NaCl
increases the ionic strength, enhancing the protein solubility and stabilizing

electrostatic interactions.

Phosphate buffer was chosen for this chromatography due to its better

performance.

Trastuzumab

Trast-(sulfoSMCC)/2-(R3C)/5

Abs (mAU)
o

Trast-(sUlfoSMCC}/2-(REC)/5

10 12 14 16 0

time (min)

Fig. 19: SEC-HPLC (Agilent 1200 series) traces of mAb non modified (blue),Trast-
(sulfoSMCC)-R3C (green),Trast-(sulfoSMCC)-R6C (red); TSKgel G4000SWXL SEC
(8300 mm x 7.8 mm, Tosoh Bioscience); temperature 25°C; flow, 0.8 ml/min;
eluent, 50 mM Phosphate buffer + 0.1M NaCl pH 6.5 (A); A, 215 nm, gradient,
100%A in 20 min.

3.2.1.2 Semi-preparative size exclusion chromatography

As already mentioned, the analysis of model mAbs-sulfoSMCC-RnC has also
been performed in a semi-preparative mode.
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The AKTA Purifier (GE Healthcare) was used to perform this type of
chromatographic analysis. The AKTA Purifier system is a modular, automated
chromatography platform designed for efficient purification and analysis of
proteins at scales from micrograms to grams. The flow rate ranges from 0.001 to
10 mL/min or up to 100 mL/min (based on the model), with operating pressures
up to 25 MPa, enabling high-resolution chromatographic separations. The
system is equipped with three monitoring capabilities: multi-wavelength UV
absorbance detection (up to 3 wavelengths, typically 190-700 nm), a pH meter,
and conductivity measurements, facilitating comprehensive process control
and chromatographic method development. The AKTA Purifier integrates
seamlessly with the UNICORN™ control software, simplifying method
development, automation, and scale-up. The system is characterized by its
reliability, precision, and versatility, making it a widely adopted choice in

biochemical and biopharmaceutical research settings.

For this specific analysis, the chosen chromatographic column was a HiTrap

Desalting 5 mL (1.6 x 2.5 cm, Cyvita).

The HiTrap Desalting 5 mL column is a prepacked chromatography column filled
with Sephadex G-25 Superfine resin, specifically engineered for rapid, efficient
desalting and buffer exchange of biological samples. Separation is achieved
based on molecular size, effectively removing low-molecular-weight substances
such as salts and small contaminants from larger molecules like proteins and
peptides. Its exclusion limit is approximately 5000 Da, hereby allowing
differentiation between molecules above and below this molecular weight
threshold. This makes it ideal for buffer exchange before or after
chromatographic steps and reagent removal in protein purification workflows.

The column comes ready to use with a convenient 5 mL bed volume and is
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compatible with syringes, peristaltic pumps, and chromatography systems such
as AKTA. It achieves fast separations, with typically over 95% sample recovery,

and replaces longer methods as dialysis.
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Fig. 20: SEC-Semipreparative (AKTA Purifier, GE Healthcare) chromatographic
profile of Rituximab; HiTrap Desalting 5 mL (1.6 x 2.5 cm, Cyvita); temperature
25°C; flow, 1 ml/min; eluent, 50 mM Phosphate buffer + 0.1M NaCl pH 6.5 (A);
A, 215 nm, gradient, 100%A in 20 min.
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Fig. 21: SEC-Semipreparative (AKTA Purifier, GE Healthcare) chromatographic
profile of Rit-sulfoSMCC-R3C; HiTrap Desalting 5 mL (1.6 x 2.5 cm, Cyvita);
temperature 25°C; flow, 1 ml/min; eluent, 50 mM Phosphate buffer + 0.1M NaCl
pH 6.5 (A); A, 215 nm, gradient, 100%A in 20 min.
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Fig. 22: SEC-Semipreparative (AKTA Purifier, GE Healthcare) chromatographic
profile of Rit-sulfoSMCC-R6C; HiTrap Desalting 5 mL (1.6 x 2.5 cm, Cyvita);
temperature 25°C; flow, 1 ml/min; eluent, 50 mM Phosphate buffer + 0.1M NaCl
pH 6.5 (A); A, 215 nm, gradient, 100%A in 20 min.

As shown in the presented chromatograms, the reference materials (RM),
Rituximab, and its corresponding conjugates, bearing R3C and R6C peptides,
exhibited no valid difference in molecular weight relative to the overall antibody
mass. Consequently, this observation indicated that, within the resolution limits
of the available instrumentation and the separation efficiency of the analytical
and semi-preparative columns employed, it was not feasible to resolve the

individual antibodies constructs species present in the mixture.

However, a clear distinction in retention behavior is observed between the
antibody components and the excess unreacted peptides. When operating in
semi-preparative mode on the AKTA system, a good peak resolution and recovery
are achieved. This capability is anticipated to be highly valuable for developing
and implementing two-dimensional liquid chromatography (2D-LC)

experiments. In such configurations, the HiTrap Desalting 5 mL column is
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expected to serve as an effective intermediate purification step for desalting
step and salt removal from the elution buffer of the first dimension, to prevent

interference with the subsequent chromatographic separation.

3.2.2 Hydrophobic interaction chromatography
Hydrophobic Interaction Chromatography (HIC) is a key non-denaturing

chromatographic technique extensively employed in the biopharmaceutical
field for the purification and characterization of protein therapeutics, including

monoclonal antibodies and antibody constructs.

Its underlying mechanism exploits variations in surface hydrophobicity among
biomolecules, allowing their separation under mild aqueous conditions that

preserve tertiary and quaternary structures.

The separation in HIC is governed by the hydrophobic effect, an entropically
driven process associated with the ordering of water molecules around non-
polar solute surfaces. Under high concentrations of kosmotropic salts, such as
ammonium sulfate, sodium citrate, or potassium phosphate, the solubility of
hydrophobic regions decreases, promoting their interaction with hydrophobic
ligands e.g., butyl, phenyl, or octyl groups, immobilized on the stationary phase.
Proteins bind to the resin under these high-salt conditions and are subsequently
eluted by gradually decreasing the ionic strength of the mobile phase, weakening
hydrophobic interactions and releasing molecules in order of increasing

hydrophobicity.

For therapeutic antibodies, HIC provides valuable information on surface
hydrophobicity, conformational stability, aggregation tendency, and post-

translational modifications such as oxidation or deamidation.
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3.2.2.1 High-pressure hydrophobic interaction chromatography

Hydrophobic interaction chromatography (HIC) was employed as a strategic
non-denaturing chromatography to evaluate and optimize the separation of the

prepared antibodies conjugates.

A Tosoh Bioscience TSKgel HIC-ADC Butyl column (5 um particle size, 4.6 x 100
mm dimensions) was selected for this purpose. This column is specifically
engineered for the characterization of antibodies conjugates, featuring butyl-
functionalized silica particles that provide a moderate hydrophobic environment
suitable for resolving differences in hydrophobicity while preserving protein
structural integrity, which is necessary to protect the activity.®” The column’s
optimized pore structure and surface coverage enable high recovery and
reproducible separations under mild, non-denaturing conditions, crucial for
maintaining antibody conformations and ensuring accurate comparative

analysis between reference mAbs and their conjugates.

To establish the most suitable chromatographic conditions, a systematic buffer
screening was performed to assess the effects of salt concentration and pH on

retention behavior and resolution (Table 1).

Phase A Phase B
1 1,1 M (NH4).SO4, 100 100 mM PP Buffer, 25%
mM PP Buffer, pH 7 (v/v) IPA, pH 7
2 1,5M (NH,4).SO4, 100 100 mM PP Buffer, 25%
mM PP Buffer, pH7 (v/v) IPA, pH 7
3 1,2 M (NH4)2S0O4,25mM 25 mM PP Buffer, 25%
PP Buffer, pH 6 (v/v) IPA, pH 6
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4 1,5M (NH4)2S04, 25 mM | 25 mM PP Buffer, 25%
PP Buffer, pH 6 (v/v) IPA, pH 6

5 1,2M (NH4)2S04, 25 mM 25 mM PP Buffer, 25%
PP Buffer, pH 8 (v/v) IPA, pH 8

6 1,5M (NH4)2S04,25mM = 25 mM PP Buffer, 25%
PP Buffer, pH 8 (v/v) IPA, pH 8

Table1: HIC mobile phases tested, different in salt concentrations and pH.

The stationary phase in HIC retains proteins via reversible hydrophobic
interactions, which are strongly modulated by ionic strength and the nature of
the dissolved salt. High concentrations of kosmotropic salts such as ammonium
sulfate enhance hydrophobic interactions by reducing the solvation of
hydrophobic regions on both the protein and the stationary phase. Low salt
concentration, hydrophobic interactions weaken, leading to protein elution.
Therefore, it was imperative to optimize salt concentration to balance resolution
and column performance, as high ionic strengths can increase backpressure,

reduce flow stability, and increase the risk of protein precipitation.

In this study, buffer systems containing 1.1-1.5 M ammonium sulfate were tested
at three pH levels (pH 6, pH 7 and pH 8), each combined with phosphate buffer
and 25% (vw/V) isopropanol (IPA) in the elution buffer to maximize gradient
linearity and minimize nonspecific interactions. Among the tested conditions,
the system using 1.2 M (NH,),SO, in 25 mM phosphate buffer at pH 8 (option 5)
demonstrated the most favorable performance. This composition provided
sufficient retention of the antibody and conjugate species while maintaining

manageable system pressure and flow rate, and reducing viscosity.
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Each optimized method (mobile phases and chromatographic method) was first
validated using the reference monoclonal antibody (Rituximab, Trastuzumab,
and Matuzumab) to establish baseline retention characteristics, followed by the
analysis of corresponding conjugate samples bearing R3C and R6C peptide

conjugates.

In the resulting chromatograms (Fig.23, Fig.24, Fig.25), both reference
antibodies and conjugates exhibited similar overall elution profiles, indicating no
significant alterations in molecular weight or gross hydrophobicity attributable
to conjugation. However, the mAbs constructs samples showed broader, less
symmetric peaks, particularly at higher peptide equivalents. Among the different
chromatographic methods investigated, a step-wise gradient from 0% buffer B
to 12% B in 5 min, followed by a linear gradient from 12 to 50% B in 15 min at a

flow rate of 1 mL/min, provided better results.
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Fig.23: HIC-HPLC (Agilent 1200 series) traces of mAb non modified (blue),Rit-
(sulfoSMCC)-R3C (green), Rit-(sulfoSMCC)-R6C (red); TSKgel HIC-ADC Butyl
column (5 um particle size, 100 mm x 4.6, Tosoh Bioscience ); temperature 25°C;
flow, 1 ml/min; eluent, 1,2 M (NH,).SO4, 25 mM PP Buffer, pH 8 (A) and 25 mM PP
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Buffer, 25% (v/v) IPA, pH 8 (B); A, 215 nm, step-wise gradient, 0%-12% B in 5 min,
12-50% B in 15 min.
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Fig. 24: HIC-HPLC (Agilent 1200 series) traces of Trastuzumab non modified
(blue),Trast-(sulfoSMCC)-R3C (green),Trast-(sulfoSMCC)-R6C (red); TSKgel HIC-
ADC Butyl column (5 pm particle size, 100 mm x 4.6, Tosoh Bioscience);
temperature 25°C; flow, 1 mlU/min; eluent, 1,2 M (NH,4).SO,4, 25 mM PP Buffer, pH 8
(A) and 25 mM PP Buffer, 25% (v/v) IPA, pH 8 (B); A, 215 nm, step-wise gradient,
0%-12% B in 5 min, 12-50% B in 15 min.
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Fig. 25: HIC-HPLC (Agilent 1200 series) traces of Matuzumab non modified
(blue),Mat-(sulfoSMCC)-R3C (green),Mat-(sulfoSMCC)-R6C (red); TSKgel HIC-
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ADC Butyl column (5 pm particle size, 100 mm x 4.6, Tosoh Bioscience );
temperature 25°C; flow, 1 ml/min; eluent, 1,2 M (NH,4).SO4, 25 mM PP Buffer, pH 8
(A) and 25 mM PP Buffer, 25% (v/v) IPA, pH 8 (B); A, 215 nm, step-wise gradient,
0%-12% B in 5 min, 12-50% B in 15 min.

The broadened peak shape suggested the coexistence of multiple conjugate
populations differing in hydrophobic surface properties, which was in line with
the heterogeneity expected from the chosen conjugation strategy, random lysine
conjugation. The variety of conjugation sites across the antibody surface, where
the number and location of attached linkers-peptides influence the distribution
of exposed hydrophobic regions and since HIC separations depend primarily on
surface hydrophobicity rather than total payload content, conjugates carrying
the same number of linker-peptide units still elute at similar retention times if
the conjugation occurs in hydrophilic instead of hydrophobic domains of the

antibody, manifesting in peak broadening or co-elution.

Even the use of high-pressure chromatographic conditions on the HPLC system
did notyield any significant improvement in resolving the separation of complex
conjugates mixture. The co-elution and broad peak profiles indicated that the
hydrophobic differences among the conjugate species were too small to be
resolved under the tested gradient and column conditions, highlighting a
limitation of this chromatographic technique in analyzing oligoarginine-

conjugated antibodies.

3.2.2.2 Semi-preparative hydrophobic interaction
chromatography

When analysing the mAbs constructs mixture on AKTA chromatography system
under semi-preparative conditions, satisfactory peak resolution and recovery

were achieved.
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The column used was SkillPak™ 5 mL TOYOPEARL® Phenyl-650-M (8 mm ID x 100
mm L, Tosoh Bioscience). Its stationary phase is composed of hydroxylated
methacrylic polymer beads, 65 pm in size and 100 nm in pore size,
functionalized with phenyl ligands. This resin exhibits high chemical and
mechanical stability, allowing cleaning-in-place (CIP) procedures and operation
at elevated flow rates while maintaining structural integrity. The Phenyl-650M
column provides efficient separation of proteins, isoforms, and aggregates. It
demonstrates a dynamic binding capacity operating under back pressures up to
0.3 MPa. The column delivers excellent asymmetry factors, typically 0.8-1.4,
indicative of high peak symmetry and chromatographic efficiency. Its resolving
power depends by the phenyl ligand’s balanced hydrophobic interaction
strength, which facilitates discrimination among protein variants based on
surface hydrophobicity while preserving native conformations, suitable for
mAbs separation. Compared to smaller-particle resins like TOYOPEARL Phenyl-
6508, it offers moderate resolution and improved pressure-flow characteristics,

ideal for preparative and scale-up workflows.2®

Based on the website literature and the previous screening of buffers, it was
decided to proceed with 1,5 M (NH4)2S04 + 100 mM PP Buffer, pH 7, as phase
A, and 100 mM PP Buffer + 25% (v/v) IPA pH 7, as buffer B. And with a broader

gradient range, 10-90 % B in 30 min with a slower flow rate of 0.5 mL/min.

As shown in the chromatograms (Fig.26), the peaks exhibited satisfactory
recovery, indicating efficient sample elution and minimal loss. The retention
time of the unmodified mAbs and the conjugate antibody mixture (Rit-
(sulfoSMCC)-R3C) was relatively consistent, but the symmetry and shape of the
peaks were almost the same. However, effective separation of distinct species

in the complex mixture was not achieved.
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Fig.26: SEC-Semipreparative (AKTA Purifier (GE Healthcare) traces of Rituximab
non modified (blue),Rit-(sulfoSMCC)-R3C (green); SkillPak™ 5 mL TOYOPEARL®
Phenyl-650-M (8 mm ID x 100 mm L, Tosoh Bioscience); temperature 25°C; flow,
0.5 mlU/min; eluent, eluent, 1,5 M (NH,).SO, + 100 mM PP Buffer, pH 7 (A), 100
mM PP Buffer + 25% (v/v) IPApH 7 (B), A, 215 nm, gradient, 10%-90% B in 30 min.

3.2.3 lon exchange chromatography

lon-exchange chromatography (IEX) is one of the most established and versatile
chromatographic techniqgues employed for the purification and analytical
characterization of therapeutic monoclonal antibodies (mAbs) and other
protein-based biopharmaceuticals. The method separates biomolecules based
on differences in net surface charge under defined buffer conditions, exploiting
reversible electrostatic interactions between oppositely charged functional
groups on the protein and the stationary phase. The retention mechanism is
governed primarily by the relationship between the isoelectric point (pl) of the
protein and the pH of the mobile phase. When the pH is below the pl, the protein
bears a net positive charge and binds to cation exchangers; above its pl, it
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becomes negatively charged and interacts with anion exchangers. This behavior
can be finely tuned by controlling buffer composition, ionic strength, and

gradient profile.

Depending on the sign of the surface charge, separations are performed either

in cation-exchange (CEX) or anion-exchange (AEX) mode.

Cation-exchange chromatography (CEX), in particular, is widely employed
because most antibodies carry a net positive charge at physiological pH,
allowing an easy and effective binding to negatively charged resins. In CEX two

modalities are possible:

o strong cation exchangers, bearing sulfonic acid groups, that maintain
consistent charge across a broad pH range, providing robust and
reproducible separations ideal for large-scale purification

o weak cation exchangers, functionalized with carboxylic acid groups,
which exhibit pH-dependent charge behavior, offering finer selectivity

and milder elution conditions for analytical applications.

In this study, weak cation exchange (WCX) was selected as the CEX
chromatographic technique because it allows the separation based on the post-
translational modifications and, in the case of mAbs constructs, the number,
attachment sites, and positional orientation on the antibody surface of
conjugated payloads, even minor alterations in charge or local environment can
therefore result in distinct retention behaviors, providing valuable insights into

the heterogeneity of mAbs-sulfoSMCC-RnC preparations.

3.2.3.1 High-pressure ion exchange chromatography

To identify the most suitable chromatographic conditions in HPLC analysis,

several weak cation exchange (WCX) columns from different manufacturers
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were evaluated under both salt-gradient and pH-gradient elution modes. The

tested columns included:

o Phenomenex® Biozen (6 um particle size, 150 x 4.6 mm)

o Bischoff Chromatography Polyencap (150 x 4.0 mm)

o Thermo Scientific™ ProPac™ WCX-10 (250 x 4.0 mm)

o Tosoh Bioscience TSKgel CMX-STAT (7 um particle size, 100 x 4.6 mm)

Amongthese, the Tosoh Bioscience TSKgel CMX-STAT column exhibited superior
performance in terms of resolution, reproducibility, and peak symmetry. The
Tosoh CMX-STAT column is specifically engineered for the charge profiling of
antibodies and constructs. The stationary phase consists of nonporous
hydrophilic polymer beads functionalized with carboxymethyl (CMX) groups,
which impart weak cation-exchange properties, ensuring high binding capacity
and sharp peak profiles even for large biomolecules. The column’s low
hydrophobicity minimizes nonspecific adsorption, while its surface chemistry
provides a uniform and reproducible charge distribution, enabling excellent

resolution of minor isoforms and charge variants.®

This column was particularly effective in distinguishing between the native
antibodies and their conjugated forms. The chromatograms revealed distinct
elution profiles for each antibody, reflecting the intrinsic differences in their

surface charge.
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Fig.27: WCX-HPLC (Agilent 1100 series) chromatographic profile of Rituximab;
TSKgel CMX-STAT (7 ym particle size, 100 x 4.6 mm, Tosoh Bioscience),
temperature 25°C; flow, 1 mlU/min; eluent, 10 mM PP buffer pH 7 (A), 10 mM PP
buffer + 500 mM NaCl pH 7 (B); A, 215 nm, gradient, 10-90% B in 20 min.
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Fig.28: WCX-HPLC (Agilent 1100 series) chromatographic profile of
Trastuzumab; TSKgel CMX-STAT (7 um particle size, 100 x 4.6 mm, Tosoh
Bioscience), temperature 25°C; flow, 1 ml/min; eluent, 10 mM PP buffer pH 7 (A),
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10 mM PP buffer + 500 mM NaCl pH 7 (B); A, 215 nm, gradient, 10-90% B in 20
min.

The column demonstrated the ability to differentiate among isomeric and
positional variants, particularly for Matuzumab (where three isoforms are
equally present). The resolution achieved for these charge variants provides
valuable information on the conjugation process, reflecting the efficiency and

selectivity of the coupling reactions.
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Fig. 29: WCX-HPLC (Agilent 1100 series) chromatographic profile of Matuzumab;
TSKgel CMX-STAT (7 um particle size, 100 x 4.6 mm, Tosoh Bioscience),
temperature 25°C; flow, 1 ml/min; eluent, 10 mM PP buffer pH 7 (A), 10 mM PP
buffer + 500 mM NaCl pH 7 (B); A, 215 nm, gradient, 10-90% B in 20 min.

Moreover, within each antibodies-sulfoSMCC-RnC preparation, it was possible
to discern multiple partially resolved peaks corresponding to species bearing
different numbers of conjugated linker-peptide units , such as mono-, di-, or tri-
substituted species, and as supposed based on their drug-antibody ratio they
present a different behavior into the column which is confirm by the difference

in the retention time. Moreover we can suppose that even the position where the
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conjugation took place, so the lysine that had been modified, had impact on the
retention, in fact even by working with low excess of peptide, the peaks

corresponding to the modified antibodies were ragged.

Below are the chromatograms of modified antibodies (Rituximab, Trastuzumab,
and Matuzumab) with varying ratios of linker-peptide units (Fig.30, Fig.31, Fig.32)
where the chromatographic analysis revealed that the conjugation between the
antibody and the linker-peptide moieties does not proceed to full conversion.
The extent of conjugation was markedly influenced by the number of linker-
peptide equivalents employed in the reaction. Specifically, the chromatographic
profiles corresponding to the use of low excess of oliarginine peptides, Rit-
(sulfoSMCC)-(R3C), Trast-(sulfoSMCC)-(R3C) and Mat-(sulfoSMCC)-(R3C)
(yellow trace) exhibited fewer and less intense peaks, indicating an incomplete
conjugation and a lower diversity of conjugated species. In contrast, the Rit-
(sulfoSMCC)-(R3C), Trast-(sulfoSMCC)-(R3C) and Mat-(sulfoSMCC)-(R3C)
(green trace) displayed a greater number of peaks with higher intensities,

particularly at higher retention times.
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Fig.30: WCX-HPLC (Agilent 1100 series) traces comparison of coupling reaction
among Rituximab (0.08 mol, blue trace) and the linker-CR3 (ratio of 1:1 (yellow
trace) and 1:2 (green trace)); TSKgel CMX-STAT (7 um particle size, 100 x 4.6 mm,
Tosoh Bioscience), temperature 25°C; flow, 1 ml/min; eluent, A: 10 mM PP Buffer
pH7, B: 10 mM PP Buffer, 500 mM NaCl pH7; A, 215 nm, gradient, 10-80%B in 15
min.
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Fig.31: WCX-HPLC (Agilent 1100 series) traces comparison of coupling reaction
among Trastuzumab (0.08 mol, blue trace) and the linker-CR3 (ratio of 1:1 (yellow
trace) and 1:2 (green trace)). TSKgel CMX-STAT (7 um particle size, 100 x 4.6 mm,
Tosoh Bioscience), temperature 25°C; flow, 1 ml/min; eluent, A: 10 mM PP buffer
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pH7, B: 10 mM PP buffer, 500 mM NaCl pH7; A, 215 nm, gradient, 10-80%B in 15
min.
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Fig.32: WCX-HPLC (Agilent 1100 series) traces comparison of coupling reaction
among Matuzumab (0.08 mol, blue trace) and the linker-CR3 (ratio of 1:1 (yellow
trace) and 1:2 (green trace)). TSKgel CMX-STAT (7 um particle size, 100 x 4.6 mm,
Tosoh Bioscience), temperature 25°C; flow, 1 ml/min; eluent, A: 10 mM PP Buffer
pH7, B: 10 mM PP buffer, 500 mM NaCl pH7; A, 215 nm, gradient, 10-80%B in 15
min.

Another crucial factor was determining whether the length of the oligoarginine
peptides used for conjugation could affect the retention of the modified
antibodies. And as shown in Fig.33, Fig.34 and Fig.35. The chromatographic
profiles revealed a clear influence of CPP length on the retention behavior of the

conjugates.

The modifiers bearing R3C moieties (green trace) eluted earlier than the one
bearing R6C (red trace), indicating reduced interaction with the stationary

phase. This demonstrated that the CPP length significantly altered the
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physicochemical properties of the antibodies modified, leading to a distinct shift

in retention time.
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Fig.33: WCX-HPLC (Agilent 1100 series) traces of Rituximab non modified
(blue),Rit-(sulfoSMCC)-R3C (green),Rit-(sulfoSMCC)-R6C (red); TSKgel CMX-
STAT (7 um particle size, 100 x 4.6 mm, Tosoh Bioscience), temperature 25°C;
flow, 1 ml/min; eluent, 10 mM PP buffer pH 7 (A), 10 mM PP buffer + 500 mM NaCl
pH 7 (B); A, 215 nm, gradient, 10-90% B in 20 min.
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Fig.34: WCX-HPLC (Agilent 1100 series) traces of Trastuzumab non modified
(blue), Trast-(sulfoSMCC)-R3C (green), Trast-(sulfoSMCC)-R6C (red); TSKgel
CMX-STAT (7 um particle size, 100 x 4.6 mm, Tosoh Bioscience), temperature
25°C; flow, 1 mlU/min; eluent, 10 mM PP buffer pH 7 (A), 10 mM PP buffer + 500
mM NaClpH 7 (B); A, 215 nm, gradient, 10-90% B in 20 min.
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Fig.35: WCX-HPLC (Agilent 1100 series) traces of Matuzumab non modified
(blue),Mat-(sulfoSMCC)-R3C (green),Mat-(sulfoSMCC)-R6C (red); TSKgel CMX-
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STAT (7 pm particle size, 100 x 4.6 mm, Tosoh Bioscience), temperature 25°C;
flow, 1 ml/min; eluent, 10 mM PP buffer pH 7 (A), 10 mM PP Buffer + 500 mM NaCl
pH 7 (B); A, 215 nm, gradient, 10-90% B in 20 min.

These findings indicate that the TSKgel CMX-STAT column possessed sufficient
selectivity and resolving power to separate charge variants arising from stepwise
conjugation, allowing visualization of subtle compositional heterogeneity within

the modified antibodies mixture.

The optimized separation was achieved under salt-gradient conditions,
employing Phase A (10 mM phosphate buffer, pH 7) and Phase B (10 mM
phosphate buffer, 500 mM NaCl, pH 7). Increasing salt concentration, from
phase A to Phase B, continuously weakened electrostatic interactions between
the positively charged antibody surfaces and the negatively charged CMX groups
of the stationary phase, leading to elution based on increasing isoelectric point
(pl) or net positive charge. Thus, unconjugated mAbs, linker-modified
intermediates, and fully conjugated mAbs could be clearly distinguished based

on their retention behavior.

Such analytical resolution was essential for monitoring conjugation
reproducibility and ensuring batch consistency in mAbs-sulfoSMCC-RnC

production, which is why it has been used in this research as control analysis.

3.2.3.2 Semi-preparative ion exchange chromatography

Following the analytical evaluation, the same separation principles were scaled
up in semi-preparative mode using the SkillPak™ TOYOPEARL® CMX-650S (8 mm
ID x 100 mm L, Tosoh Bioscience) in the AKTA chromatography system. The
stationary phase has a hydrophilic, cross-linked polymethacrylate matrix

functionalized with carboxymethyl groups, providing high mechanical stability

73



and excellent mass-transfer characteristics. The particle size of 65 pm and pore
diameter of 100 nm enable efficient binding and elution of high-molecular-
weight proteins, including intact antibodies and modified antibodies. This

column offers several advantages for preparative applications:

o it maintains high dynamic binding capacity (typically >100 mg mAb/mL of
resin) even at moderate flow rates,
o exhibits low backpressure,

o tolerates a wide range of salt and pH conditions.

These features make it particularly suitable for scaling analytical WCX methods
into semi-preparative purifications, allowing the isolation of individual charge

variants or enrichment of specific conjugate populations.

When operated under the same optimized buffer system (10 mM phosphate
buffer, pH 7; gradient to 500 mM NaCl), the resin showed good reproducibility,
but the best resolution, and recovery of the protein species with clear separation
between unmodified antibodies, linker-intermediate species, and polyarginine-
conjugated mAbs was obtained working with mobile phases composed by 15
mM Tris, 15 mM sodium acetate pH9 as loading buffer (A) and by operating a salt
gradient to elute by using as mobile phase B the loading buffer with an addition

of 500 mM NaCl.

The semi-preparative WCX workflow on the AKTA system further demonstrated
the robustness of the method. The combination of high resolution, scalability,
and gentle separation conditions, with no denaturing agents, made this
approach particularly advantageous for downstream analytical applications and

for preparative recovery of conjugates intended for functional studies.
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As shown in chromatograms in Fig.36 and Fig.37 analyzing in semipreparative
mode the antibodies and their modified mixtures cost, as expect, in sensitivity
and resolving power. It maintained a nice and prominent separation between the
non-modified antibodies and the modified with short oligoarginines peptides,

while the conjugates bearing R6C presented a poor resolution.
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Fig.36: CMX-Semipreparative (AKTA Purifier (GE Healthcare) traces of Rituximab
non modified (blue),Rit-(sulfoSMCC)-R3C (green), Rit-(sulfoSMCC)-R6C (red);
SkillPak™ TOYOPEARL® CMX-650S (8 mm ID x 100 mm L, Tosoh Bioscience);
temperature 25°C; flow, 0.5 mlU/min; eluent, eluent, 15 mM Tris, 15 mM sodium
acetate pH9 (A), 15 mM Tris, 15 mM sodium acetate, 500 mM NaCl pH9 (B), A,
215 nm, gradient, 10%-90% B in 30 min.
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Fig.37: CMX-Semipreparative (AKTA Purifier (GE Healthcare) traces of
Trastuzumab non modified (blue),Trast-(sulfoSMCC)-R3C (green), Trast-
(sulfoSMCC)-R6C (red); SkillPak™ TOYOPEARL® CMX-650S (8 mm ID x 100 mm L,
Tosoh Bioscience); temperature 25°C; flow, 0.5 mlU/min; eluent, eluent, 15 mM
Tris, 15 mM sodium acetate pH9 (A), 15 mM Tris, 15 mM sodium acetate, 500 mM
NaCl pH9 (B), A, 215 nm, gradient, 10%-90% B in 30 min.

As shown in Fig.38, Matuzumab was the antibody that exhibited the poorest
resolution in this chromatographic method. In fact, when analyzing its R3C- and
R6C-bearing conjugates, no dominant species could be distinguished. The
resulting peaks were broad and low in intensity, preventing clear discrimination

between the different conjugated forms.
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Fig.38: CMX-Semipreparative (AKTA Purifier (GE Healthcare) traces of
Matuzumab non modified (blue),Mat-(sulfoSMCC)-R3C (green), Mat-
(sulfoSMCC)-R6C (red); SkillPak™ TOYOPEARL® CMX-650S (8 mm ID x 100 mm L,
Tosoh Bioscience); temperature 25°C; flow, 0.5 mlU/min; eluent, eluent, 15 mM
Tris, 15 mM sodium acetate pH9 (A), 15 mM Tris, 15 mM sodium acetate, 500 mM
NaCl pH9 (B), A, 215 nm, gradient, 10%-90% B in 30 min.

The successful resolution of mAbs constructs mixtures via WCX
chromatography underscored the critical role of surface charge alterations
introduced through the conjugation of positively charged oligoarginine peptides.
Each additional peptide chain increased the antibody's local and global positive
charge, thereby amplifying electrostatic interactions with the negatively charged

stationary phase.

This property was effectively exploited to achieve charge-based discrimination
among otherwise structurally similar species. Fundamentally, the ability to
separate mAbs-sulfoSMCC-RnC variants differing by only one or two attached

peptides highlights the exceptional performance of the TSKgel CMX-STAT and
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CMX-650S stationary phases, with minimal band broadening and high
reproducibility.

While the technique did not directly provide information on DAR, it offered an
indispensable qualitative and semi-quantitative assessment of charge
heterogeneity, which correlated with conjugation stoichiometry and site

distribution.

Furthermore, the use of WCX as both an analytical and semi-preparative tool
established a robust platform for monitoring conjugation outcomes, optimizing
reaction conditions, and isolating defined antibodies conjugates

subpopulations for further biophysical or biological evaluation.

3.2.4 Mixed-mode chromatography (MMC)

Mixed-mode chromatography (MMC), also known as multimodal or dual-mode
chromatography, is an advanced chromatographic approach that integrates two
or more separation mechanisms, typically ionic, hydrophobic, and hydrogen-
bonding interactions, within a single stationary phase. Unlike traditional
chromatographic techniques that rely on a single dominant interaction, MMC
resins enable simultaneous and tunable binding behaviors, thereby enhancing
selectivity, resolution, and loading capacity. Early investigations demonstrated
that combining ion-exchange and hydrophobic functionalities within the same
stationary phase allows the effective separation of proteins differing in both

charge and hydrophobicity, even under mild aqueous conditions.

In this study, the Eshmuno® CMX resin (by Merck Life Science) was evaluated as
a mixed-mode stationary phase for protein conjugates purification. It integrates
the functional properties of both HIC and IEX into a single matrix, offering dual-

mode selectivity that is particularly advantageous for separating species
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differing in both surface charge and hydrophobicity. The stationary phase is
composed of rigid polymethacrylate beads functionalized with tentacle ligands
containing 2-amino-4-methylpentanoic acid moieties. The resin’s structure
enables moderate hydrophobic interactions that enhance selectivity toward
hydrophobic or partially modified species, while the weak cationic exchange
groups confer a controllable electrostatic contribution adjustable via pH. The
ligand’s branched aliphatic chain introduces a hydrophobic domain that
expands the operational window of the resin, permitting efficient elution by
either pH or salt gradients while maintaining high recovery. As reported in
Merck’s documentation®®, the resin is supplied as a 70% slurry in 20% ethanol
with 150 mM NaCl, exhibits a compression factor of approximately 11-15%, and
achieves > 3000 theoretical plates per meter with asymmetry between 0.7 and
1.6 under standard testing conditions. These physical parameters indicate a
highly efficient and homogeneously packed stationary phase suitable for both

analytical and preparative separations.** (Fig.39)
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Fig.39: Stationary phase of Eshmuno® CMX Chromatography resin.
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Eshmuno® CMX was initially developed for the purification of monoclonal
antibodies (mAbs), ADCs, and fusion proteins, particularly those that are
difficult to purify by conventional means. The dual-mode retention mechanism
of Eshmuno® CMX is governed by the interplay between pH and ionic strength.
At lower pH values (around 5), cationic interactions dominate, favouring protein
binding, whereas at higher pH or elevated salt concentrations, hydrophobic
interactions become more significant and modulate the elution behaviour. Its

driving forces are:

o excellent dynamic binding capacity,
o tolerance to high flow rates and pressures (up to 8 bar),
o compatibility with both laboratory-scale and industrial chromatographic

systems.

3.2.4.1 Semi-preparative mixed-mode chromatography

The initial evaluation of Eshmuno® CMX involved testing its resolving power

through a step-wise elution protocol adapted from literature methods.% %

The procedure consisted of sequential elution with buffers of varying ionic

strength and pH:

o Equilibration buffer: 50 mM sodium acetate, 25 mM sodium sulfate, pH 5

(5 Column Volume(CV))

o Wash buffer 1: 100 mM MES, pH 5.5 (3.5 CV)

o Wash buffer 2: 15 mM TRIS, 15 mM sodium acetate, pH 9 (5 CV)

o Wash buffer 3: 50 mM sodium citrate, 100 mM sodium sulfate, pH 6.1 (6
CV)

o Elution buffer: 100 mM sodium succinate, 300 mM sodium sulfate, pH 6.0

(10 CV)
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With the specified buffer compositions, the target protein eluted already during
the washing step 3 instead of the designated elution buffer, as commonly
described in published studies. The observed co-elution of species indicated
that the ionic strength and pH steps were insufficient to exploit the full potential

of the resin’s mixed-mode functionality.

To address this, the salt concentration and pH were systematically tuned, but
these modifications alone did not significantly improve resolution. Ergo, a new
strategy employing a combined salt and pH gradient was developed to modulate

the balance between electrostatic and hydrophobic interactions during elution.
The optimized mobile phases were:

o Phase A: 15 mMTRIS, 15 mM sodium acetate, pH 9
o Phase B: 50 mM phosphate buffer (PP buffer), 1 M NaCl, pH 10.2

A general chromatographic method 0-100% B gradient over 30 minutes at a flow

rate of 2 mL/min was applied.

Two columns packed with Eshmuno® CMX resin by Isera GmbH with a maximum

operation pressure of 8 bar and different bed volumes were tested:

o 8mmID x 300 mm length (CV =15 mL)
o 8mmID x 30 mm length (CV =1.5mL)

From a theoretical statement, the column length (L) directly affects the resolving
power by increasing the number of equilibrium stages or theoretical plates (N).
According to the plate theory and gradient elution models, peak capacity in

gradient chromatography scales with the square root of column length (N o« L,
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peak capacity o +/L). Therefore, doubling or tripling the column length can
markedly enhance resolution while preserving chromatographic selectivity, at
the cost of increased back pressure and analysis time. Longer columns permit
finer spatial distribution of analyte bands and better discrimination between
closely related molecular species, such as antibodies constructs

subpopulations differing by a single conjugation event.

These principles were confirmed by comparing chromatograms obtained with
the two columns. The longer 300 mm column showed sharper, better-resolved
peaks and a higher number of theoretical plates compared to the 30 mm
column. This difference was particularly evident in the separation of complex
antibodies-modified mixtures, where partially modified species and unmodified
antibodies exhibited overlapping peaks on the short-column chromatogram but

were well differentiated on the long-column chromatogram.

Using optimized composition buffer (Phase A: 15 mM TRIS, 15 mM sodium
acetate, pH 9; Phase B: 50 mM phosphate buffer (PP buffer), 1 M NaCl, pH 10.2),
both the unmodified antibodies and their ADC eluted as well-defined peaks with
high recovery and reproducibility. As illustrated in Fig.40, Fig.41, and Fig. 42, the
method yielded sharp, symmetrical peaks, confirming that the gradient
approach effectively engaged both the ionic and hydrophobic retention

mechanisms of the Eshmuno® CMX resin.
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Fig. 40: MMC-Semipreparative (AKTA Purifier (GE Healthcare) chromatographic
profile of Rituximab; Eshmuno® CMX (8 x 300 mm, Merck); temperature 25°C;
flow, 2 ml/min; eluent, 15 mM TRIS, 15 mM Sodium Acetate pH9 (A), 50 mM
Phosphate buffer, 1M NaCl pH 10.2 (B); A, 215 nm, gradient, 0-100%B in 30 min.
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Fig. 41: MMC-Semipreparative (AKTA Purifier (GE Healthcare) chromatographic
profile of Rit-(sulfoSMCC)-R3C; Eshmuno® CMX (8 x 300 mm, Merck);
temperature 25°C; flow, 2 ml/min; eluent, 15 mM TRIS, 15 mM Sodium Acetate
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pH9 (A), 50 mM Phosphate buffer, TM NaCl pH 10.2 (B); A, 215 nm, gradient, O-
100%B in 30 min.
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Fig. 42: MMC-Semipreparative (AKTA Purifier (GE Healthcare) chromatographic
profile of Rit-(sulfoSMCC)-R6C; Eshmuno® CMX (8 x 300 mm, Merck);
temperature 25°C; flow, 2 ml/min; eluent, 15 mM TRIS, 15 mM Sodium Acetate
pH9 (A), 50 mM Phosphate buffer, 1M NaCl pH 10.2 (B); A, 215 nm, gradient, O-
100%B in 30 min.

The chromatographic profiles revealed distinct differences between native
rituximab and the antibodies conjugates. While the unmodified antibody
exhibits a single, symmetrical peak corresponding to the monomeric form, both
mAbs-sulfoSMCC-R3C and mAbs-sulfoSMCC-R6C samples displaied multiple
additional peaks eluting at later retention times. These new signals reflected
heterogeneous conjugation products, including species with different DARs,
partially modified intermediates, or minor aggregates. The altered retention
behavior indicated that conjugation modified the antibody's surface charge and

hydrophobicity, producing variants with distinct physicochemical properties.
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Such peak multiplicity was consistent with the formation of a distribution of
conjugated isoforms and highlights the intrinsic heterogeneity introduced during

the bioconjugation process.

Moreover, the longer column (8 x 300 mm) exhibited superior resolution and
peak capacity compared to the shorter version (8 x 30 mm), attributable to its
larger bed volume and higher theoretical plate number. For the shorter column,
the elution profile showed a single broad peak, with no discernible separation
between native and modified antibody species, indicating limited resolution. In
contrast, the longer column provided better discrimination, suggesting the
presence of multiple species differing in the degree of conjugation. (Fig.43,
Fig.44) The extended column length enabled more efficient exploitation of
mixed-mode interactions, thereby enhancing selectivity toward species with

different net charges and hydrophobicity profiles.
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Fig.43: MMC-Semipreparative (AKTA Purifier (GE Healthcare) chromatographic
profile of Rituximab; Eshmuno® CMX (8 x 30 mm, Merck); temperature 25°C;
flow, 2 ml/min; eluent, 15 mM TRIS, 15 mM Sodium Acetate pH9 (A), 50 mM
Phosphate buffer, 1M NaCl pH 10.2 (B); A, 215 nm, gradient, 0-100%B in 30 min.
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Fig.44: MMC-Semipreparative (AKTA Purifier (GE Healthcare) chromatographic
profile of Rit-(sulfoSMCC)-R3C; Eshmuno® CMX (8 x 30 mm, Merck);
temperature 25°C; flow, 2 ml/min; eluent, 15 mM TRIS, 15 mM Sodium Acetate
pH9 (A), 50 mM Phosphate buffer, 1M NaCl pH 10.2 (B); A, 215 nm, gradient, O-
100%B in 30 min.

The observed performance underscores the central role of MMC in exploiting the
physicochemical diversity introduced by RnC conjugation. Adding oligoarginine
peptides moieties, increases the net positive charge and slightly altered the
hydrophobic surface distribution of the antibody that can be exploited by the
dual-mode mechanism of Eshmuno® CMX. The resin’s balanced interaction
strength allows retention modulation without protein denaturation, preserving

the native structure of the conjugates.

In conclusion, this chromatographic strategy provides a powerful analytical tool
for characterizing heterogeneity and verifying conjugation efficiency, while also
being adaptable to process-scale purification. The combination of high plate
number, tunable selectivity, and operational robustness made Eshmuno® CMXX
a versatile choice for both method development and manufacturing

applications.
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3.2.5 Reversed-phase chromatography

In this section of screening different chromatographic techniques to analyze
intact mAbs and antibodies constructs under non-denaturing or mild
conditions, reverse-phase liquid chromatography was evaluated as a
complementary separation technique. This technique offers high reproducibility
and sensitivity, especially in resolving minor hydrophobic differences between
protein species. Separation occurs by partitioning the analytes between a

hydrophobic stationary phase and an aqueous-organic mobile phase.

However, antibodies are large, slightly hydrophobic molecules with complex
tertiary structures, and optimizing RPLC for intact separation requires careful
selection of the stationary phase and column geometry, as well as fine-tuning of

temperature and mobile-phase composition.

3.2.5.1 High-pressure reversed phase
chromatography

In the present study, two columns with different stationary-phase chemistries
were compared to assess their suitability for intact antibody and modified
antibodies separations. The first was an AdvanceBio RP-mAb Diphenyl column
(Agilent Technologies, 2.1 x 150 mm, 3.5 pm), designed to enhance m-1t and
hydrophobic interactions via a diphenyl ligand bonded to a silica support and it
is more suitable for small peptide fragments or moderately hydrophobic

proteins.

The second was a Phenomenex® BioZen Intact XB-C8 column (4.6 x 100 mm, 3.6
pm), which features a core—shell particles with a C8 bonded ligand morphology
and a moderately hydrophobic C8 alkyl-bonded stationary phase. This column
is designed explicitly for intact protein separations, including antibodies and

fragments. The features of this column include:
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o large pore size that allows antibodies and conjugates to access internal
surfaces without excessive excluded volume effects,

o Core-shell architecture, which improves peak sharpness,

o Moderate hydrophobicity (C8 ligand), which mitigates overly strong
binding and excessive tailing commonly seen in C18 phases with large
proteins,

o Stable operation under elevated temperature conditions.

To further explore separation selectivity, two of the most chromatographic
operating conditions, such as column temperature and mobile-phase
composition, were tuned. Large biomolecules like antibodies have complex
three-dimensional structures and flexible surface regiones, varying temperature
can influence conformational dynamics, solvation shells, and the exposure of

hydrophobic pockets.

The conventional water-acetonitrile-TFA mobile phases were compared with a
modified eluent system inspired by recent literature on modified antibodies

analysis. The alternative mobile phases were formulated as follows:

o MPA:H,0+0.1% TFA + IPA (98:2, v/v)
o MPB: IPA:ACN:MPA (70:20:10, v/v/v)

These mixed-organic systems introduced isopropanol as a secondary organic
modifier, increasing elution strength and altering the selectivity profile.
Isopropanol interacts differently with protein surfaces than acetonitrile, due to
its higher viscosity and reduced polarity, resulting in gentler desorption of
hydrophobic domains and often leading to improved peak recovery for

hydrophobic conjugates or denatured fragments. (Fig. 45)
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Increasing temperature typically accelerates diffusion, reduces mobile-phase
viscosity, and may partially relax conformations, thereby enhancing mass
transfer and sharpening peaks. In practice, running the BioZen column at 80 °C

rather than a lower temperature (60 °C) often yields better peak shape. (Fig.46)
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Fig. 45: RP-HPLC (Agilent 1100 series) traces of Rituximab in different eluent
system (A and B trace purple; MPA and MPB, trace yellow); BioZen Intact XB-C8
column (4.6 x 100 mm, 3.6 um, Phenomenex® ), temperature 70°C; flow, 0.6
ml/min; eluent, 0.1% (v/v) TFA in H,O (A) and 0.1% (v/v) TFAin CHsCN (B),H,O +
0.1% TFA +1PA (98:2, v/v) (MPA), IPA:ACN:MPA (70:20:10, v/v/v) (MPB); A, 215 nm,
gradient, 0-100% B in 15 min.
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Fig.46: RP-HPLC (Agilent 1100 series) traces of Rituximab in chromatographic
conditions; BioZen Intact XB-C8 column (4.6 x 100 mm, 3.6 um, Phenomenex?®),
temperature 60°C(green trace), 80°C (red trace); flow, 0.6 ml/min; eluent H,O +
0.1% TFA+1PA (98:2, v/v) (MPA), IPA:ACN:MPA (70:20:10, v/v/v) (MPB); A, 215 nm,
gradient, 0-100% B in 15 min.

3.2.6 Final remarks
The comparative study of non-denaturing and denaturing chromatographic

methodologies confirmed that the inherent complexity of not-site specific lysine

conjugates cannot be fully elucidated through a single analytical approach.

The chromatographic behavior observed reflects the physicochemical changes
introduced upon conjugation, including shifts in surface charge, hydrophobicity,
and molecular size. These modifications lead to distinct retention profiles and,
in some cases, the appearance of additional peaks corresponding to
intermediate or over-conjugated forms. Each technique contributed unique and
complementary insights: SEC enabled quantitative evaluation of monomer
content, fragments, and aggregates; |IEX resolved charge variants and provided

information on conjugation-induced modifications providing a first indication of
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DAR; MMC connected these mechanisms to offer tunable selectivity through

simultaneous hydrophobic and ionic interactions.

Optimization of experimental conditions, such as buffer composition, pH, ionic
strength, and gradient, proved fundamental for achieving adequate resolution
and minimizing nonspecific adsorption, particularly for hydrophobic or highly

charged conjugates.
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3.3 Multi-dimensional Liquid Chromatography (mD-LC)

The development of therapeutic antibodies conjugated with oligoarginine
moieties presents a unique analytical challenge, owing to their structural
complexity, heterogeneous conjugation profiles, and the coexistence of closely
related variants. Traditional one-dimensional liquid chromatography (LC)
methods often lack the resolving power required to discriminate between such
multifaceted species, particularly when analytes differ subtly in charge,
hydrophobicity, or conjugation degree. To overcome these limitations,
multidimensional liquid chromatography (mD-LC) has emerged as a powerful
approach capable of significantly enhancing selectivity and resolution by

coupling orthogonal separation mechanisms.

In the present work, mD-LC was employed to characterize and evaluate the
conjugation profiles of therapeutic antibody-oligoarginine constructs. The
methodology was explored in both fully comprehensive and single heart-cutting
configurations to assess their relative efficiency and applicability to complex
bioconjugate analysis. In the comprehensive mode, the entire first-dimension
effluent was transferred to the second dimension, enabling exhaustive mapping
of all eluting species and providing a global view of the antibody heterogeneity
landscape. Conversely, the heart-cutting mode was strategically applied to
isolate and further resolve specific chromatographic regions containing critical
or partially overlapping components, thus allowing a focused examination of key

conjugate species with improved analytical throughput.

3.3.1 Construction and validation of two-dimensional chromatography system

A part of this project aimed to develop a robust multidimensional liquid
chromatography system capable of purify synthetic therapeutic monoclonal
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antibody conjugates integrating different chromatographic techniques, such as

SEC, IEX, HIC, MMC or RP.

Based on the results obtained from the screening of different one-dimensional
chromatographic techniques, discussed in paragraph 3.2, it was decided to
exploit the resolving power of the chromatographic modes which provided the
best separation between the unmodified antibody and the mixture of various
modified antibody species, species that differ in the number of attached linker—

peptide units and in their conjugation sites.

For this reason, a chromatographic setup comprising two semi-orthogonal,
chromatographic dimensions in series was designed, allowing analysis in both

full comprehensive and single heart-cut modes.
The selected chromatographic techniques were:

o lon-exchange chromatography (cation exchange mode)

o Mixed-mode chromatography (Eshmuno® CMX)

The AKTA Purifier system was selected to perform these analyses. To adapt this
semi-preparative system for 2D-LC, several instrumental modifications were
required, including the installation of additional electronic valves and manual
switch flow valves, as well as method adjustments to integrate information on

flow path and switching timing.

Furthermore, when designing a mD-LC experiment involving different
chromatographic modes in series, several factors must be carefully considered

in advance.

The first and most critical aspect was the compatibility of the mobile phases

used in each dimension. It was essential to ensure that the eluents were
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mutually miscible and did not compromise the solubility of the analytes
transferred between dimensions, while maintaining the integrity of the
stationary phase in the second dimension. Another crucial factor was the elution
strength of the mobile phases, specifically whether the solvent composition
from the first dimension was too strong to affect retention and resolution in the

second dimension.

The second key parameter to consider was the overall system's peak capacity,
which depended on the efficiency of compound transfer from the first to the
second dimension, the dilution factor during this transfer, and the secondary

column's sensitivity and resolving power.

Thefirst step in building the mD-LC system focused on verifying the compatibility
of the chromatographic techniques selected for series separation: cation

exchange chromatography and mixed-mode chromatography.

In particular, the primary focus was on the compatibility of the mobile phases.
For both chromatographic methods, aqueous mobile phases with different
saline compositions and pH values were used. It was necessary to assess
whether the mixtures from both chromatographies were miscible and whether
the elution strength of the first chromatography's mobile phase mixture was

sufficient to achieve elution in the second dimension.

But first, as a proof-of-concept, it was decided to confirm that both separations
maintained the physicochemical integrity of mAbs and their modified
throughout the process. For this reason, peaks collected from mixed-mode
chromatography (Eshmuno® CMX column (8 mm ID x 300 mm L)) and cation
exchange chromatography (SkillPak® 5 mL TOYOPEARL™ CMX-650S) were

isolated, concentrated using Amicon Ultra centrifugal filters (0.5 mL, 10 kDa cut-
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off), and subsequently reinjected into weak cation exchange (WCX)

chromatography in analytical conditions.

For both the unmodified and the modified antibodies, it was possible to maintain
the same retention behavior, confirming that these chromatographic techniques
did not compromise the integrity or retention. These tests had been performed
for Rituximab and Trastuzumab, and for the case study, only a few of the

produced antibodies species produced had been analyzed.

As shown in Fig.47-50, Rit-(sulfoSMCC)-R3C had been checked first by
performing an analytical run using TSKGel CMX-STAT (Tosoh Bioscience) to have
an understanding of the chromatographic profile, and the same complex mixture
had been loaded on Eshmuno® CMXX, where the two main peaks retention time
(r.t.) of 9 min and the one at r.t. 17 min had been collected and analyzed through
HPLC IEX chromatography. From the behavior and shape of the peaks, it was

confirmed that the integrity of the proteins did not have been compromised.
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Fig.47: WCX-HPLC (Agilent 1100 series) chromatographic profile of Rit-
(sulfoSMCC)-(R3C); TSKgel CMX-STAT (7 pm particle size, 100 x 4.6 mm, Tosoh
Bioscience), temperature 25°C; flow, 1 ml/min; eluent, 10 mM PP buffer pH 7 (A),
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10 mM PP buffer + 500 mM NaCl pH 7 (B); A, 215 nm, gradient, 10-90% B in 20

min.
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Fig.48: MMC-Semipreparative (AKTA Purifier (GE Healthcare) chromatographic
profile of Rit-(sulfoSMCC)-R3C; Eshmuno® CMX (8 x 300 mm, Merck);
temperature 25°C; flow, 2 ml/min; eluent, 15 mM TRIS, 15 mM Sodium Acetate
pH9 (A), 50 mM Phosphate buffer, 1M NaCl pH 10.2 (B); A, 215 nm, gradient, O-

100%B in 30 min
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Fig.49: WCX-HPLC (Agilent 1100 series) chromatographic profile of Rituximab
peak collected from MMC semipreprative run; TSKgel CMX-STAT (7 um particle
size, 100 x 4.6 mm, Tosoh Bioscience), temperature 25°C; flow, 1 ml/min; eluent,
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10 mM PP buffer pH 7 (A), 10 mM PP buffer + 500 mM NaCl pH 7 (B); A, 215 nm,
gradient, 10-90% B in 20 min.
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Fig.50: WCX-HPLC (Agilent 1100 series) chromatographic profile of Rit-
(sulfoSMCC)-R3C peak collected from MMC semipreprative run; TSKgel CMX-
STAT (7 pm particle size, 100 x 4.6 mm, Tosoh Bioscience), temperature 25°C;
flow, 1 ml/min; eluent, 10 mM PP buffer pH 7 (A), 10 mM PP buffer + 500 mM NaCl
pH 7 (B); A, 215 nm, gradient, 10-90% B in 20 min.

As said before, the same work plan has been applied to SkillPak™ TOYOPEARL®
CMX 650-S. In Fig.51-54 the chromatograms Trast-(sulfoSMCC)-R3C are shown.
In order the preliminary analytical chromatogram for the complex mixture, the
semi-preparative run where the peaks of reference material and their conjugates
have been collected separately and, after concentration, loaded back on the
analytical system to verify the state of the proteins. And, again, it was safe to say
that both chromatography techniques do not degrade the protein and there is a

good recovery.
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Fig.51: WCX-HPLC (Agilent 1100 series) chromatographic profile of Trast-
(sulfoSMCC)-(R3C); TSKgel CMX-STAT (7 pm particle size, 100 x 4.6 mm, Tosoh
Bioscience), temperature 25°C; flow, 1 ml/min; eluent, 10 mM PP buffer pH 7 (A),
10 mM PP buffer + 500 mM NaCl pH 7 (B); A, 215 nm, gradient, 10-90% B in 20
min.
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Fig.52: CMX-Semipreparative (AKTA Purifier (GE Healthcare) chromatographic
profile of Trast-(sulfoSMCC)-R3C; SkillPak™ TOYOPEARL® CMX-650S (8 mm ID x
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100 mm L, Tosoh Bioscience); temperature 25°C; flow, 0.5 mUmin; eluent,
eluent, 1,5M (NH4)2S04 + 100 mM PP Buffer, pH 7 (A), 100 mM PP buffer + 25%
(v/v) IPApH 7 (B), A, 215 nm, gradient, 10%-90% B in 30 min.
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Fig.53: WCX-HPLC (Agilent 1100 series) chromatographic profile of Trastuzumab
peak collected from MMC semipreprative run; TSKgel CMX-STAT (7 um particle
size, 100 x 4.6 mm, Tosoh Bioscience), temperature 25°C; flow, 1 ml/min; eluent,
10 mM PP buffer pH 7 (A), 10 mM PP buffer + 500 mM NaCl pH 7 (B); A, 215 nm,
gradient, 10-90% B in 20 min.
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Fig.54: WCX-HPLC (Agilent 1100 series) chromatographic profile of Trast-

(sulfoSMCC)-R3C peak collected from MMC semipreprative run; TSKgel CMX-
STAT (7 pm particle size, 100 x 4.6 mm, Tosoh Bioscience), temperature 25°C;
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flow, 1 ml/min; eluent, 10 mM PP buffer pH 7 (A), 10 mM PP buffer + 500 mM NaCl
pH 7 (B); A, 215 nm, gradient, 10-90% B in 20 min.

Once established that neither mixed-mode nor I|EX chromatography
compromised the physicochemical integrity of antibodies constructs,
maintaining their retention behavior, the next step was to assess their sequential
compatibility, verifying whether fractions collected from Eshmuno® CMX runs

were concentrated and injected onto the IEX column.

The chromatographic profiles indicated that both techniques were compatible
and that sample transfer between them was feasible without peak distortion or
sample degradation. In Fig.55-57, it was possible to follow the analytical
chromatographic profile of Rit-(sulfoSMCC)-R3C, the Eshmuno® CMX
chromatograms, from which the peak eluted at 40 mL had been collected,

exchanged buffer, concentrated, and injected into the IEX column.
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Fig.55: WCX-HPLC (Agilent 1100 series) chromatographic profile of Rit-
(sulfoSMCC)-(R3C); TSKgel CMX-STAT (7 pm particle size, 100 x 4.6 mm, Tosoh
Bioscience), temperature 25°C; flow, 1 ml/min; eluent, 10 mM PP buffer pH 7 (A),
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10 mM PP buffer + 500 mM NaCl pH 7 (B); A, 215 nm, gradient, 10-90% B in 20
min.
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Fig.56: MMC-Semipreparative (AKTA Purifier (GE Healthcare) chromatographic
profile of Rituximab; Eshmuno® CMX (8 x 300 mm, Merck); temperature 25°C;
flow, 2 ml/min; eluent, 15 mM TRIS, 15 mM Sodium Acetate pH9 (A), 50 mM
Phosphate buffer, 1M NaCl pH 10.2 (B); A, 215 nm, gradient, 0-100%B in 30 min.
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Fig.57: CMX-Semipreparative (AKTA Purifier (GE Healthcare) chromatographic
profile of Rit-(sulfoSMCC)-R3C peak collected from MMC run; SkillPak™
TOYOPEARL® CMX-650S (8 mm ID x 100 mm L, Tosoh Bioscience); temperature
25°C; flow, 0.5 mU/min; eluent, eluent, MPA: 15 mM TRIS, 15 mM Acetate, pH 9,
MB1: 15 mM Tris, 15 mM Acetate, 500 mM NaCl, pH 9, A, 215 nm, gradient, 10%-
90% B in 30 min.

The next logical step was to explore whether these two methods could be

directly connected within a single chromatographic system.

To evaluate this, it was necessary to address the composition of the mobile
phases for each chromatography. Both IEX and MMC used the same buffer as
mobile phase A (MPA: 15 mMTRIS, 15 mM Acetate, pH 9), while the mobile phase
B had a complete different composition: different salt, different salt
concentration and different pH. The eluent buffer for IEX was the mobile phase
A with addition of 500 mM NaCl (MB1: 15 mM Tris, 15 mM Acetate, 500 mM NacCl,

pH 9) instead the mobile phase B for MMC was a low concentration of PP buffer
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and high amount of NaCl at more basic pH (MPB2: 50 mM PP Buffer, 1 M NaCl,
pH 10.2).

Based on the composition of the buffers, it was safe to say that they were
perfectly miscible. It was also safe to say that the elution strength of MPB2 was
much stronger than the one of MPB1, since the concentration of NaCl was

doubled, 1 M instead of 500 mM.

For this reason, it was decided to test Eshmuno® CMX with MPB1 to verify
whether a milder salt gradient, while maintaining the pH gradient, was already
sufficient to elute the protein from the stationary phase. As shown in Fig.58 this
buffer composition exhibited sufficient elution strength to recover the antibody;

however, it led to a reduction in resolution.
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Fig.58: MMC-Semipreparative (AKTA Purifier (GE Healthcare) chromatographic
profile of Rituximab; Eshmuno® CMX (8 x 300 mm, Merck); temperature 25°C;
flow, 2 ml/min; eluent, MPA:15 mM TRIS, 15 mM Sodium Acetate pH9, MBP1:15
mM Tris, 15 mM Acetate, 500 mM NaCl, pH 9; A, 215 nm, gradient, 0-100%MPB
in 30 min.
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Based on these performances, it was decided to keep using the MPB1 for IEXand

the MPB2 for MMC to elute antibodies from the stationary phase.

But this study uncovered the need of an intermediate desalting step between the

two chromatographies to preserve the resolving power of both dimensions.

The next phase of the work was focused on understanding how to handle a 2D-
LC system. A conventional AKTA Purifier setup is composed of a set of pumps,
aninjection valve, a UV detector, and an outlet valve, see Fig.59, and it serves as

single dimension purification.

The extension to two dimensions required reconfiguring flow paths and
introducing additional valve control to enable smooth transitions between
mobile phases and between chromatographic dimensions, while preserving

overall pressure stability and detector integration.

Having two separations online required an additional valve for dimension
switching: an added valve acts as a dedicated flow-path selector, routing eluate
from D1 into D2 or bypassing it as needed. This valve ensures pressure balance

during transitions and maintains detector stability.
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Fig.59: General scheme of mD-LC, highlighting the presence of two multiport
valves (column selection valve V2, column selection valve V3)

First validation experiments were carried out using SEC as the first dimension,

coupled with either MMC or IEX as the second dimension.

The experimental workflow for these preliminary trials used a full comprehensive
2D-LC approach. The flow originated from the solvent delivery pumps and
proceeded to the injection valve, where mAbs or mAbs conjugates were
manually introduced into the system. After the injection, the protein sample was
loaded onto the first-dimension chromatographic column (SEC), where the
entire elution profile was transferred through a valve-switching mechanism,
directing the effluent to the second-dimension column (Eshmuno® CMX or
SkillPak™ 5 mL TOYOPEARL® CMX 650S) for subsequent separation. The final
eluate was monitored by a UV detector, with chromatographic signals recorded
continuously throughout the analysis. The working diagram for this set-up is

show below in Fig.60.
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Fig.60: Schematic diagram of a linear two-column liquid chromatography setup.

The SEC chromatography was selected as 1D because it exhibits a mild, non-
interacting mechanism that minimized sample perturbation and thus served as

a suitable preliminary check of system integrity.

Using a HiTrap™ 5 mL Desalting column in isocratic gradient (MPA: 15 mM TRIS,
15 mM Acetate, pH 9), the effluent was directed into Eshmuno® CMXX as second
dimension (MPB2: 50 mM PP buffer, 1 M NaCl, pH 10.2) using a 0-100% salt
gradient over 30 minutes at 2 mL/min, yielding coherent peak patterns with a
slight decrease in UV signal intensity, traceable to dilution during SEC elution
phase, and most importantly managing pressure regulation, as reported in

chromatograms, Fig.61 and Fig.62.
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Fig. 61: Two-dimensional chromatographic profile of Rituximab; 'D: SEC (HiTrap
Desalting 5 mL 1.6 x 2.5 cm, Cyuvita), 2D: MMC (Eshmuno® CMX, 8 x 300 mm,
Merck),AKTA Purifier (GE Healthcare); temperature 25°C; flow, 2 ml/min; eluent,
15 mM TRIS, 15 mM sodium acetate pH9 (A), 50 mM PP buffer, 1 M NaCl, pH
10.2A, 215 nm, gradient, 100%A in 7 min and 0-100%B in 30min.
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Fig.62: Two-dimensional chromatographic profile of Rit-(sulfoSMCC)-R3C; 'D:
SEC (HiTrap Desalting 5 mL 1.6 x 2.5 cm, Cyvita), 2D: MMC (Eshmuno® CMX, 8 x
300 mm, Merck),AKTA Purifier (GE Healthcare); temperature 25°C; flow, 2
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mU/min; eluent, 15 mM TRIS, 15 mM sodium acetate pH9 (A), 50 mM PP buffer, 1
M NaCl, pH 10.2A, 215 nm, gradient, 100%A in 7 min and 0-100%B in 30min.

Later, the same design of experiment (DoE) was used with the SkillPak™ 5 mL
TOYOPEARL® CMX 650S (IEX column) as 2D, using a 0-100% salt gradient over
30 minutes at 1 mL/min (MPB1: 15 mM TRIS, 15 mM Acetate, pH9). And, in this
setting, a good coherence in peak patterns was maintained with an effective

fraction transfer.

The results demonstrated reproducible chromatographic profiles for Rituximab
and its modified variants (Rit-(sulfoSMCC)-R3C and Rit-(sulfoSMCC)-R6C), as
shown in Fig.63-65.

Nevertheless, the preservation of peak shape and retention order confirmed the
functionality and robustness of the 2D-LC configuration for both

chromatographic combinations.
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Fig.63: Two-dimensional chromatographic profile of Rituximab; 'D: SEC (HiTrap
Desalting 5 mL 1.6 x 2.5 cm, Cyvita), ?D: MC (SkillPak™ TOYOPEARL® CMX-650S
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(8 mm ID x 100 mm L, Tosoh Bioscience),AKTA Purifier (GE Healthcare);
temperature 25°C; flow, 2 ml/min; eluent, 15 mM TRIS, 15 mM sodium acetate
pH9 (A), 15 mM TRIS, 15 mM sodium acetate, 500 mM NaCl, pH 9; A, 215 nm,
gradient, 100%A in 7 min and 0-100%B in 30min.
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Fig.64: Two-dimensional chromatographic profile of Rit-(sulfoSMCC)-R3C; 'D:
SEC (HiTrap Desalting 5 mL 1.6 x 2.5 cm, Cyvita), 2D: MC (SkillPak™ TOYOPEARL®
CMX-650S (8 mm ID x 100 mm L, Tosoh Bioscience),AKTA Purifier (GE
Healthcare); temperature 25°C; flow, 2 ml/min; eluent, 15 mM TRIS, 15 mM
sodium acetate pH9 (A), 15 mM TRIS, 15 mM sodium acetate, 500 mM NaCl, pH
9; A, 215 nm, gradient, 100%A in 7 min and 0-100%B in 30min.

109



100

80

70

60

50

40

Abs (mAU)
wa
Gradient (% Buffer B)

30

10
10 15 20 25 30 35 40 45
vol (mL)

Fig.65: Two-dimensional chromatographic profile of Rit-(sulfoSMCC)-R6C; 'D:
SEC (HiTrap Desalting 5 mL 1.6 x 2.5 cm, Cyvita), 2D: MC (SkillPak™ TOYOPEARL®
CMX-650S (8 mm ID x 100 mm L, Tosoh Bioscience),AKTA Purifier (GE
Healthcare); temperature 25°C; flow, 2 ml/min; eluent, 15 mM TRIS, 15 mM
sodium acetate pH9 (A), 15 mM TRIS, 15 mM sodium acetate, 500 mM NaCl, pH
9; A, 215 nm, gradient, 100%A in 7 min and 0-100%B in 30min.

An important technical challenge encountered was the inability to
simultaneously record chromatograms from both dimensions due to hardware
limitations, specifically, the presence of a single UV detector. To resolve this, the
flow path was redesigned to allow the effluent to pass twice through the

detector, enabling sequential monitoring of both chromatographic dimensions.

This modification, though mechanically simple, proved essential for reliable
data acquisition and comprehensive system evaluation. The sample was
introduced through an injection port and initially separated on the first-
dimension column. The eluate passed through a UV-Vis detector for real-time
chromatographic monitoring. A valve was used to divert fractions either to waste

or towards the second-dimension column for further orthogonal separation.
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After the second-dimension column, the flow returns UV-Vis detector and, to the

waste.
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Fig.66: Schematic diagram of 2D-LC system with column switching and UV-Vis
detection, allowing sequential separation, on-line monitoring, and selective
fraction collection direction.

To test the robustness and performance of the newly constructed AKTA Purifier
setting, validation analyses of a rituximab and an Rit-(sulfoSMCC)-R3C were
performed while conserving the chromatographic operation conditions

described above.

In Fig. 67-68, the runs performed with SEC as 1D and Eshmuno® CMX as the 2D
separation are shown. While Fig.69-70 is shown the analogue workplan, but with

IEX as the second dimension in chromatography. The chromatographic data
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obtained demonstrate that the 2D-LC system operated reliably under the

experimental conditions used.

The separation profiles revealed satisfactory recovery of all major peaks,
indicating that sample transfer between dimensions was efficient and that the
system performance met the expected analytical standards. These results
confirmed that the developed setup was suitable for the comprehensive
characterization of monoclonal antibodies and related conjugates, providing

reproducible and good-quality separations across both chromatographic

dimensions.
55 110
- 100
45 90
80 =
35 -
70 g
=) =]
<T 60 o
Eos s
b4 50 =
2 8
40 ©
15 ©
30 ©
5 20
10
5 |'|___-'-"__ 10 15 20 25 30 35 40 45 50 55 60 65 0

vol (mL)

Fig.67: Two-dimensional chromatographic profile (LC x LC) of Rituximab; 'D:
SEC (HiTrap Desalting 5 mL 1.6 x 2.5 cm, Cyvita), 2D: MMC (Eshmuno® CMX, 8 x
300 mm, Merck),AKTA Purifier (GE Healthcare); temperature 25°C; flow, 2
mU/min; eluent, 15 mM TRIS, 15 mM sodium acetate pH9 (A), 50 mM PP buffer, 1
M NaCl, pH 10.2 (B); A, 215 nm, gradient, 100%A in 7 min and 0-100%B in 30min.
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Fig.68: Two-dimensional chromatographic profile (LC x LC) of Rit-(sulfoSMCC)-
R3C; 'D: SEC (HiTrap Desalting 5 mL 1.6 x 2.5 cm, Cyvita), 2D: MMC (Eshmuno®
CMX, 8 x 300 mm, Merck),AKTA Purifier (GE Healthcare); temperature 25°C; flow,
2 ml/min; eluent, 15 MM TRIS, 15 mM sodium acetate pH9 (A), 50 mM PP buffer,
1 M NaCl, pH 10.2 (B); A, 215 nm, gradient, 100%A in 7 min and 0-100%B in
30min.
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Fig.69: Two-dimensional chromatographic profile (LC x LC) of Rituximab; 'D:
SEC (HiTrap Desalting 5 mL 1.6 x 2.5 cm, Cyvita), °D: CMX (SkillPak™
TOYOPEARL® CM-650S (8 mm ID x 100 mm L, Tosoh Bioscience),AKTA Purifier
(GE Healthcare); temperature 25°C; flow, 1 ml/min; eluent, 15 mM TRIS, 15 mM
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sodium acetate pH9 (A), 15 MM TRIS, 15 mM sodium acetate 500mM NaCl, pH9
(B);A, 215 nm, gradient, 100%A in 5 min and 0-100%B in 30min.
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Fig.70: Two-dimensional chromatographic profile (LC x LC) of Rit-(sulfoSMCC)-
R3C, 'D: SEC (HiTrap Desalting 5 mL 1.6 x 2.5 cm, Cyuvita), 2D: CMX (SkillPak™
TOYOPEARL® CM-650S (8 mm ID x 100 mm L, Tosoh Bioscience),AKTA Purifier
(GE Healthcare); temperature 25°C; flow, 1 ml/min; eluent, 15 mM TRIS, 15 mM
sodium acetate pH9 (A), 15 mM TRIS, 15 mM sodium acetate 500mM NaCl, pH
9 (b); A, 215 nm, gradient, 100%A in 5 min and 0-100%B in 30min.

3.3.2 Two-dimensional liquid chromatography system with an online desalting
step

With the two-dimensional system fully operational, the final development stage
focused on coupling the two chromatographies techniques that offered the

highest resolving power for the samples: MMC and IEX.

Previous tests (see section 3.3.1) had indicated that the elution strength of one
dimension could interfere with separation in the subsequent dimension.

Therefore, a desalting step was incorporated between the two to prevent cross-
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dimensional interference and to preserve resolution. The new schematic profile

of the flow path for analysis is shown in Fig.71.
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Fig.71: Two-dimensional chromatographic system with UV-Vis detection and an
intermediate desalting step for sequential separation and purification.

Until this point, all analyses had been conducted in full comprehensive mode,
the entire effluent from the first dimension was transferred continuously to the
second. While this ensured complete sample coverage, it resulted in long

analysis times and substantial data complexity.

To address these limitations, a heart-cutting approach was employed, targeting

only specific fractions of species for transfer.

This strategy enhanced analytical efficiency, reduced run time, and allowed

focused examination of defined molecular subpopulations.
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The optimized workflow, consisting of IEX as the first dimension, a SEC-based
desalting step, and Eshmuno® CMXX as the second, was successfully validated
using both reference antibodies (Rituximab (Fig.72) and Trastuzumab (Fig.74))
and their modified mixtures (Rit-(sulfoSMCC)-R3C (Fig.73) and Trast-
(sulfoSMCC)-R3C (Fig.75)).
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Fig.72: Two-dimensional chromatographic profile (LC-LC) of Rituximab, 'D: CMX
(SkillPak™ TOYOPEARL® CM-650S (8 mm ID x 100 mm L, Tosoh Bioscience), SEC
(HiTrap Desalting 5 mL 1.6 x 2.5 cm, Cyvita), 2D: MMC Eshmuno® CMX (8 x 300
mm, Merck),AKTA Purifier (GE Healthcare); temperature 25°C; 1D: flow 1 ml/min;
eluent, 15 mM TRIS, 15 mM sodium acetate pH9 (MPA), 15 mM TRIS, 15 mM
sodium acetate 500mM NaCl, pH 9 (MPB1); A, 215 nm, gradient, 0-100% MPB1
in 30min; 2D: flow 2 ml/min; eluent, 15 mM TRIS, 15 mM sodium acetate pH9
(MPA), 50 mM Phosphate buffer, 1M NaCl pH 10.2 (MPB2); A, 215 nm, gradient,
0-100% MPB2 in 30min.
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Fig.73: Two-dimensional chromatographic profile (LC-LC) of Rit-(sulfoSMCC)-
R3C, 'D: CMX (SkillPak™ TOYOPEARL® CM-650S (8 mm ID x 100 mm L, Tosoh
Bioscience), SEC (HiTrap Desalting 5 mL 1.6 x 2.5 cm, Cyvita), 2D: MMC
Eshmuno® CMX (8 x 300 mm, Merck),AKTA Purifier (GE Healthcare); temperature
25°C; 1D: flow 1 ml/min; eluent, 15 mM TRIS, 15 mM sodium acetate pH9 (MPA),
15 mM TRIS, 15 mM sodium acetate 500mM NaCl, pH 9 (MPB1); A, 215 nm,
gradient, 0-100% MPB1 in 30min; 2D: flow 2 ml/min; eluent, 15 mM TRIS, 15 mM
sodium acetate pH9 (MPA), 50 mM Phosphate buffer, 1M NaCl pH 10.2 (MPB2);
A, 215 nm, gradient, 0-100% MPB2 in 30min.
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Fig.74: Two-dimensional chromatographic profile (LC x LC) of Trastuzumab, 'D:
CMX (SkillPak™ TOYOPEARL® CM-650S (8 mm ID x 100 mm L, Tosoh Bioscience),
SEC (HiTrap Desalting 5 mL 1.6 x 2.5 cm, Cyvita), 2D: MMC Eshmuno® CMX (8 x
300 mm, Merck),AKTA Purifier (GE Healthcare); temperature 25°C; 1D: flow, 1
ml/min; eluent, 15 mM TRIS, 15 mM sodium acetate pH9 (MPA), 15 mM TRIS, 15
mM sodium acetate 500mM NaCl, pH 9 (MPB1); A, 215 nm, gradient, 0-100%
MPB1 in 30min; 2D: flow,2 ml/min; eluent, 15 mM TRIS, 15 mM sodium acetate
pH9 (MPA), 50 mM Phosphate buffer, 1M NaCl pH 10.2 (MPB2); A, 215 nm,
gradient, 0-100% MPB2 in 30min.

118



(4]
o

+ 100

IS
(4]

20

B
(=]

80

©
(4]

70

©
o

60

50

Abs (mAU)
8

40

Gradient (% Buffer B)

30

20

N
(4]

0 r - 10
0 10 20 40 50 60 70 80 20

vol (mL)

Fig.75: Two-dimensional chromatographic profile (LC x LC) of Trast-
(sulfoSMCC)-R3C, 'D: CMX (SkillPak™ TOYOPEARL® CM-650S (8 mm IDx 100 mm
L, Tosoh Bioscience), SEC (HiTrap Desalting 5 mL 1.6 x 2.5 cm, Cyvita), ?2D: MMC
Eshmuno® CMX (8 x 300 mm, Merck),AKTA Purifier (GE Healthcare); temperature
25°C; 1D: flow, 1 mlU/min; eluent, 15 mMTRIS, 15 mM sodium acetate pH9 (MPA),
15 mM TRIS, 15 mM sodium acetate 500mM NaCl, pH 9 (MPB1); A, 215 nm,
gradient, 0-100% MPB1 in 30min; 2D: flow,2 ml/min; eluent, 15 mM TRIS, 15 mM
sodium acetate pH9 (MPA), 50 mM Phosphate buffer, 1M NaCl pH 10.2 (MPB2);
A, 215 nm, gradient, 0-100% MPB2 in 30min.
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3.4 Mass Spectrometry

The advent of recombinant protein therapeutics has transformed modern
medicine, providing highly specific and potent agents for oncology,
autoimmune, and inflammatory diseases. As the molecular complexity of these
biologics increased, especially with the introduction of conjugates antibodies,
where a monoclonal antibody is covalently linked to cytotoxic or bioactive
payloads, the analytical requirements for their comprehensive characterization
expanded dramatically. Among all analytical tools developed to meet these
demands, mass spectrometry (MS) has emerged as an indispensable
technology, offering unmatched sensitivity, accuracy, and molecular resolution

for both research and quality control.

From early peptide fingerprinting to state-of-the-art high-resolution, multi-level
strategies, MS now provides a complete structural picture of these complex
molecules. The complementary use of top-, middle-, and bottom-level analyses
delivers both macroscopic and site-specific insights, while LC-MS integration

has brought these capabilities into the manufacturing realm.

The high mass accuracy, sensitivity, and dynamic range of modern MS
instruments have therefore established this technology as the gold standard for
mAb and ADC analysis throughout development, manufacturing, and clinical

application.

In this section, MS was employed as a complementary and confirmatory

technique to chromatography, serving a dual purpose:

o establishing a robust analytical baseline for the unmodified antibody

o monitoring molecular changes introduced with conjugation

120



This two-step approach ensures that analyses of mAbs constructs can be

interpreted within a more structural framework.

Rituximab was selected as the model mAb. The protein was subjected to
enzymatic digestion using a combined trypsin/chymotrypsin protocol, and the
resulting peptide mixture was analyzed on the Q Exactive™ Plus Orbitrap mass

spectrometer.

The results were exemplary: sequence coverage for the heavy chain
(sp|PO01|Rituximab) reached 92.46%, and for the [light chain
(sp|PO02|Rituximab) it reached 100% (see Fig.76), providing nearly complete

mapping of the antibody primary structure.

Coverage
sp|P001|Rituximab
OVQLQQPGAELVKPGASVEMSCKASGYTFTSYNMHW
VEOTPGRGLEWIGAIYPGNGDTSYNQKFKGEKATLTA
DEKSSSTAYMQLSSLTSEDSAVYYCARSTYYGGDWYF
NVWGAGTTVTVSAASTKGPSVFPLAPSSKSTSGGTA
ALGCLVEKEDYFPEPVTVSWNSGALTSGVHTFPAVLQS
SGLYSLSSVVTVPSSSLGTQTYICNVNHEKPSNTEKVD
KKAEPKSCDKTHTCPPCPAPELLGGPSVFLFPPKPK
DTLMISRTPEVTCVVVDVSHEDPEVEKFNWYVDGVEV
HNAKTKPREEQYNSTYRVVSVLTVLHQDWLNGEKEYK
CKVSNKALPAPIEKTISKAKGQPREPQVYTLPPSRD
ELTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNYK
TTPPVLDSDGSFFLYSKLTVDKSRWOQGNVFSCSVM
HEALHNHYTQKSLSLSPGK
sp|P002|Rituximab
OIVLSESQSPAILSASPGEKVTMTCRASSSVSYIHWEFQ
QKPGSSPKPWIYATSNLASGVPVRFSGSGSGTSYSL
TISRVEAEDAATYYCQQWTSNPPTFGGGTRKLEIKRT
VAAPSVFIFPPSDEQLKSGTASVVCLLNNFYPREAK
VOWKVDNALOSGNSQESVTEQDSKDSTYSLSSTLTL
SKADYEKHKVYACEVTHQGLSSPVTKSFNRGEC

Fig.76: Sequence coverage of heavy and light chains of Rituximab.

Such extensive coverage was crucial, as it enabled unambiguous localization of
post-translational modifications and provided a foundation for identifying

potential lysine residues involved in conjugation.
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With these results, the robustness of the analytical workflow had been
confirmed, and the enzymatic digestion protocol validated as reproducible and

efficient.

Analysis of the intact Rituximab mass spectrum further substantiated the
robustness of the method. The mass spectrum revealed the major proteoforms
corresponding to the light and heavy chains, as well as a main peak at 147.08
kDa, which precisely matched the theoretical molecular weight of Rituximab.
The multiple adjacent peaks observed were consistent with the heterogeneity of

IgG1 and the presence of glycoform microvariants (Fig.78-79).
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Fig.77: Mass spectrum with spectral fitting, illustrating the distribution and
deconvolution of protein charge states of rituximab.
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Fig. 78: Deconvoluted mass spectrum of rituximab highlighting major
proteoforms. Light chain (49.030 kDa), heavy chain (73.540 kDa), and intact
antibody (147.080 kDa).
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Fig.79: Zoom in of the intact antibody peak, where corresponding peaks of
microvariants, such as glycoforms are shown.
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Following the successful characterization of the native antibody, the same

analytical workflow was applied to mAbs-sulfoSMCC-RnC mixtures generated

by conjugating Rituximab R3C peptide (Rit-(sulfoSMCC)-R3C).

For R2S5R3C mixture, sequence coverage for the heavy chain (sp|P001|Rit-

(sulfoSMCC)-R3C) reached 89.36%, and for the light chain (sp|P002|Rit-

(sulfoSMCC)-R3C) it reached 97.16% (see Fig.80), providing a good, even if

reduced, primary structure mapping of the antibody, in

conjugations that happened on the skeleton of the antibody.
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Fig.80: Sequence coverage of heavy and light chains of R2S5R3C mixture

124



The deconvoluted mass spectrum of this conjugate (see Fig. 82-83) displayed
distinct mass increments relative to the unmodified antibody, each

corresponding to additional linker and peptide moieties.

The resulting spectral complexity reflected the expected distribution of
conjugation states and confirmed that multiple lysine residues were
successfully modified, consistent with a non-site-specific conjugation

mechanism.

From the comparison, it was possible to establish that the DAR for Rit-
(sulfoSMCC)-R3C mixture was between 1 and 2, which means that one or two
units of linker-peptide have been attached to random lysine available on the

antibody’s surface in the conditions of conjugation applied.
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Fig.81: Representative mass spectrum with spectral fitting, illustrating the
distribution and deconvolution of protein charge states of RIT-(sulfoSMCC)-R3C
antibodies mixture
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Fig.82: Deconvoluted mass spectrum of Rit-(sulfoSMCC)-R3C highlighting the
intact antibody conjugate
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Fig.83: Zoom in of the intact antibody peak, where the complexity of the mixture
composition is shown by the presence of these multiple peaks all near in mass.
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When comparing the mass spectra of unmodified Rituximab and the Rit-
(sulfoSMCC)-R3C mixture, several key observations arose. First, the clear mass
shift provided direct molecular evidence of successful conjugation. Second, the
broadening of the isotopic envelope and the presence of multiple overlapping
peaks indicated anincrease in molecular heterogeneity, fully consistent with the

broadened chromatographic profiles observed in previous sections.

This parallel between MS and LC data underscores the complementarity of the
two techniques: chromatography provides global separation, while MS offers

precise molecular confirmation.
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4. Conclusion and future perspectives
The research presented in this thesis addressed a key analytical challenge in the
field of synthetic therapeutic bioconjugates: the development of a robust, high-
resolution platform for the purification and characterization of monoclonal
antibody-cell-penetrating peptide (mMAb—-CPP) conjugates under non-denaturing

conditions.

The work was conceived at the intersection of biotechnology, analytical
chemistry, and industrial innovation, leveraging the complementary expertise of
Fischer Analytics GmbH in advanced chromatography and mass spectrometry,
the peptide synthesis proficiency of the University of Florence, and the clinical
insight of the University of Heidelberg. This multidisciplinary framework enabled
the design, synthesis, and comprehensive analytical assessment of model
antibody conjugates, paving the way for improved technologies in therapeutic

antibody characterization and process development.

A central part of the project involved the design and synthesis of model
conjugates using three clinically established monoclonal antibodies, Rituximab,
Matuzumab, and Trastuzumab, coupled with oligoarginine peptides of
increasing length (R3C, R6C, R9C). The heterobifunctional crosslinker
sulfoSMCC was selected as a chemical spacer to achieve orthogonal reactivity
between amine and thiol functional groups. Through systematic variation of
reaction parameters such as pH, buffer composition, stoichiometry, and

incubation time, optimal conjugation conditions were defined.

A major outcome of this work was the establishment of a systematic
chromatographic screening for the evaluation of non-denaturing separation

techniques applicable to therapeutic antibodies and their conjugates. Four
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chromatographic modalities, Size-Exclusion = Chromatography (SEC),
Hydrophobic Interaction Chromatography (HIC), lon-Exchange Chromatography
(IEX), and Mixed-Mode Chromatography (MMC), were comparatively assessed
for their ability to resolve molecular heterogeneity and monitor conjugation

progress.

SEC confirmed the preservation of molecular integrity and the absence of
aggregation during conjugation, validating the mildness of the synthetic
conditions. Both analytical and semi-preparative SEC demonstrated effective
separation between antibody species and unreacted peptides, establishing SEC

as a valuable primary purification step within multidimensional workflows.

HIC showed limited resolution among conjugated species due to the overall
hydrophilic nature of oligoarginines, HIC proved useful for detecting subtle

conformational effects and process consistency.

IEX, particularly in weak cation-exchange mode, yielded the highest analytical
resolution, revealing charge heterogeneity associated with conjugation extent
and peptide length. The TSKgel CMX-STAT column successfully separated
charge variants corresponding to mono-, di-, and tri-substituted species,
confirming that IEX is a sensitive probe for conjugation heterogeneity and a

reliable tool for batch consistency monitoring.

Finallyy, MMC demonstrated the capability to discriminate subtle differences
arising from combined charge and hydrophobic effects, offering the most
comprehensive and flexible selectivity among the techniques tested. Its dual
retention mechanism suggests that MMC can effectively complement SEC and
IEX in integrated purification schemes, particularly within multidimensional

liguid chromatography systems.
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Together, these studies established a solid foundation for the integration of
chromatographic methods into a continuous 2D-LC platform, capable of
performing sequential non-denaturing separations prior to online or offline mass
spectrometric analysis. This architecture minimizes sample manipulation,
enhances throughput, and enables the selective isolation of target fractions for

subsequent structural characterization.

The mass spectrometry (MS) analyses conducted within this project further
expanded the structural understanding of mAb—CPP conjugates. Using LC-MS
platforms, mass profiles of both intact and subunit-level species were obtained
under native-like conditions. The results confirmed that peptide conjugation
produced predictable mass shifts consistent with the theoretical addition of
oligoarginine units, with no detectable degradation or structural rearrangement
of the antibody backbone. Importantly, MS analysis validated the chemical
integrity of the thioether linkage formed via sulfoSMCC and provided

complementary data to chromatographic findings on conjugation heterogeneity.

In a broader context, this study underscores the indispensable role of LC-MS in
the structural elucidation and quality control of complex biotherapeutics. The
integration of chromatographic selectivity with high-resolution MS detection
allows a multidimensional description of molecular composition, heterogeneity,
and modification site distribution, features that are increasingly critical in
modern Quality by Design (QbD) approaches to biopharmaceutical

manufacturing.

From a methodological standpoint, this work contributes to the optimization of

analytical platforms for therapeutic antibody conjugates in three principal ways.
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First, it demonstrates that multi-dimensional liquid chromatography can be
systematically adapted to resolve physicochemical heterogeneity in large

biomolecules without compromising their native conformation.

Second, it establishes a reproducible workflow for antibody-peptide
conjugation using random lysine modification, validated through multiple

orthogonal analytical methods.

Third, it introduces a conceptual and technological framework for 3D-LC-MS
coupling, providing the basis for future automated systems that combine non-
denaturing purification, fraction collection, and direct mass analysis in a single

continuous process.

The outcomes of this research therefore extend beyond the immediate scope of
antibody-CPP conjugates. The developed methodologies are readily
transferable to a wide range of biotherapeutic formats, including ADCs,
bispecific antibodies, and recombinant fusion proteins. By offering higher
resolution, reduced sample handling, and improved analytical throughput, the
proposed system can significantly enhance the efficiency of biopharmaceutical

characterization and process control in both research and industrial settings.

Looking ahead, several avenues emerge from the results of this work. The
successful integration of non-denaturing chromatographic modes into a
multidimensional framework opens the path to the full realization of a
continuous 3D-LC-MS platform for biomolecule analysis. Future developments
will focus on optimizing the interface between chromatographic dimensions,
minimizing dead volumes, and refining fraction transfer protocols to enable fully

automated operation. Extending this approach to native mass spectrometry
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would further enhance the capacity to correlate physicochemical properties

with structural integrity and biological function.
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5. Experimental part

5.1 Materials
Rixathon solution 500 mg/mL by Sandoz S.p.A. (Rituximab);

EMD 72000 hMAb425 powder by Merck KGaA (Matuzumab);
Herceptin® powder by Roche (Trastuzumab).

HEPES Buffer pH7: 25 mM HEPES, 150 mM NaCl , NaOH to adjust pH.

Preparation: Dissolve the salts in ~800 mL of ultrapure water. Adjust pH to 7.0

Bring to final volume (1 L) with water. Sterile-filter (0.22 pm) and store at 4 °C.

PBS Buffer pH7: 137 mM NaCl, 2.7 mM KCl, 10 mM Na,HPO,, 1.8 mM KH,PO,.

Preparation: Dissolve the salts in ~800 mL of ultrapure water. Adjust pHto 7.0 £
0.05 using 1 M HCl or 1 M NaOH. Bring to final volume (1 L) with water. Sterile-
filter (0.22 pm) and store at 4 °C.

Coomassie Blue: 0.025% (w/v) Coomassie Blue G-250, 45% (v/v) MeOH, 10%
(v/v) Glacial acetic acid. Recipe for 1L:Add 450 mL methanol and 100 mL glacial
acetic acid to a clean 1 L beaker or bottle. Add 0.25 g Coomassie Brilliant Blue
R-250 powder. Stir at room temperature until fully dissolved (use a magnetic

stirrer). Bring to 1 L with distilled water.

Silver Blue Coomassie: 0.12% (w/v) Coomassie Blue G-250, 10% H3;PO4, 10%
(NH4)2S0O4, 20% MeOH. Recipe for 1L: Add to 100 mL of H,O milliQ + 100 mL of
HsPO,and 100 mg of (NH4).SO, dissolve under magnetic stirring, add 1.2 g of
Coomassie Blue G-250, + 600mL of H,O milliQ, + 200 mL of MeOH.

Mobile Phases Composition:

MPA: 15 mM TRIS, 15 mM Sodium Acetate, pH9 ; MPB1: 15 mM TRIS, 15 mM
sodium Acetate, 500 mM NaCl, pH9 ; MPB2: 50 mM PP Buffer, 1 MNaCl, pH 10.2;
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A1: H,0 + 0.1 % TFA, B1: ACN+ 0.1 % TFA , A2: H,0 + 0.1 % TFA + 2 % IPA, B2:
IPA:ACN:MPA (70:20:10)

Chromatographic analyses were performed using the following instrumentation:

o Agilent 1100/12000 Series HPLC System (Agilent Technologies, USA):

Equipped with a quaternary pump, autosampler, column oven
(temperature range 10-80 °C), and diode-array UV-Vis detector (190-600
nm). The system operates up to 400 bar pressure and was controlled
using ChemStation software. Used primarily for analytical SEC, HIC, IEX,
and RP-LC runs.

o Waters ACQUITY UPLC System (Waters, Milford, MA, USA):

UHPLC platform equipped with binary solvent manager, sample
manager, and photodiode array detector. The system allows operation up
10 15,000 psi and supports sub-2 ym particle columns for high-resolution

separations.

o AKTA Purifier Chromatography System (GE Healthcare / Cytiva, Sweden):

Modular system for semi-preparative and preparative chromatography,
featuring UV detection (up to 3 wavelengths), conductivity and pH
monitoring, and controlled by UNICORN™ software. Flow rate range:

0.001-100 mL/min; pressure limit: 25 MPa.
Liquid chromatography-mass spectrometry instrumentation:

LC system: Agilent 1200 Series HPLC system (Agilent Technologies, Santa Clara,
USA) ; Column: ReproSil-Pur 200 C18-AQ column (1.9 ym, 2 x 200 mm; Dr.
Maisch GmbH)
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Mass spectrometer: Q Exactive™ Plus Orbitrap (Thermo Fisher Scientific)
equipped with ESI source; hybrid quadrupole-Orbitrap with C-trap and HCD cell.
Waters MassPREP Micro Desalting column (2.1 *x 5 mm, 20 um, 1000 A;
Waters,Milford, USA).

MS Software:

Deconvolution of the raw MS data was performed using UniDec version

8.0.1 software.3.

FragPipe was employed for its comprehensive and rapid proteomics workflow,
enabling efficient peptide identification, post-processing, and support for

multiple quantification methods.

MZmine was used for its versatile capabilities in LC-MS data processing,
including peak detection, alignment, and quantification, facilitating robust

downstream analysis of metabolomic and peptide datasets.

5.2 Methodologies
5.2.1 Peptide synthesis

5.2.1.1 Procedure for Microwave-assisted automatic SPPS
The synthesis of H-R3C-NH, H-R6C-NH,, and H-R9C-NH, was carried out on a

Liberty Blue™ automatic synthesizer equipped with a Teflon reaction vessel.
Fmoc/tBu orthogonal protection strategy was used while microwaves were
applied both in coupling and deprotection steps. Nitrogen bubbling ensured
thorough mixing during all the reactions.

The resin Fmoc-Rink amide resin (loading 0.36 mmol/g), was weighed and putin

the reaction vessel for 15 min to allow swelling. In the meantime, amino acid
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building blocks solution, coupling and deprotection solutions were prepared
with the following concentrations, based on a 0.025 scale synthesis: amino acid
building block 0.2 M, Piperidine 20% in DMF , Oxyma Pure 0.5 M, DIC 0.25 M.

Chain elongation occurred through a single coupling procedure for each amino
acid building block assisted by the use of microwave energy, following the

protocol reported in Table2.

STEP Temperature (°C) Power (W) Holding Time
(sec)
Deprotection 75 155 15
90 30 50
Coupling 75 170 15
90 30 110

Table2: Temperature (°C), power (W) and time conditions (sec) applied during

deprotection and coupling steps of MW-SPPS.

The steps followed during MW-SPPS are summarized as follows (Table3) and

were done iteratively until complete elongation of the sequence was obtained.

Operation Addition Volume
Deprotection 20% piperidine in DMF 3 mL
Washing DMF 2mLx3
Amino acid building Amino acid building 0.63mL, 1 mL, 0.5 mL
blocks and coupling block solution, DIC 0.25
reagents M, Oxyma Pure 0.5M
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Washing DMF 3mLx3
Table3: Different steps of microwave-assisted solid phase peptide synthesis
(MW-SPPS).
Following peptide synthesis, the final deprotection was carried out manually.
The resin was initially swollen in fresh DMF for 10 minutes and subsequently
filtered under vacuum. A 20% piperidine solution in DMF was then added for 5
minutes, after which the solution was removed by vacuum filtration. A second
portion of 20% piperidine in DMF was applied for 10 minutes, followed by
filtration. The resin was finally washed sequentially with fresh DMF and DCMX
and subsequently dried under vacuum.
Cleavage was carried out with a mixture of 92,2% TFA, 2.5% TIS, 2.5% H-0, 2.5%
EDT. Foreach 100 mg of resin 1 mL cleavage solution was used, with an excess
of 1 mL. The resin was mixed for 4h at room temperature due to the presence of
the high number of arginines residues.
After the resin was filtered and the liquid collected, the addition of cold diethyl
ether caused the peptide to precipitate. To enhance this process, the falcons
were placed at -20°C for 20 minutes. Afterwards, centrifugation was performed
at 4°C for 5 minutes at 4000 rpm. The cold diethyl ether was drained, and the

process was repeated twice. Finally, the filtered product was lyophilised.

5.2.1.2 Procedure of purification and characterization of the
synthetic peptides

Purifications were carried out on:

o Biotage® IsoleraOne , with a Biotage® SnapUltra Cartridge C18 12g column.

Solvents used were: Solvent AH20+0.1% (v/v) TFA and Solvent B ACN+0.1%

(v/Vv) TFA. Samples were prepared by dissolving 100 mg of crude peptide in
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max 5 mL of milliQ water. The flow was set at 10 mL/min and fractions were

collected automatically by setting the value of Abs at 0.2 mAU.

o Waters 600 HPLC coupled with Waters UV DAD 2487 with a Sepax Bio-C18
reversedd-phase column. Solvents used were: Solvent AH20+0.1% (v/v) TFA
and Solvent B ACN+0.1% (v/v) TFA. Samples were prepared by dissolving up
to 20 mg of each peptide in 2 mL of milliQ water. The flow rate was set at4
mL/min. Fractions were collected manually by monitoring the absorbance at
both 215 nm and 254 nm (peptide bond absorption wavelength and aromatic

group absorption wavelength, respectively).

Characterization of the collected homogenous fractions was performed using

RP-HPLC Alliance Chromatography system (Waters, Milford Massachusetts,

USA) with a BEH C18 (1.7 pym 2.1x 50 mm) column coupled to a single
quadrupole ESI-MS Micromass ZQ (Waters, Milford Massachusetts, USA).

5.2.2 Preparation of monoclonal Antibodies

Rituximab (solution, 10 mg) and Matuzumab (powder, 20 mg) preparation:

Equilibrate in HEPES Buffer pH7 (or PBS Buffer pH7) with NAP-25 column

1. Add 0.5 mL of buffer

Drain by gravity

Add 2 mL of protein solution

Drain by gravity

Add 3 mL of desired buffer to elute

o g kM w0 b

Drain and collect

Trastuzumab Preparation:

1. Weightin 20 mg of antibody
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Add 500 pL of desired buffer

Transfer to Amicon ultra 0.5 mL cut-off 10kDa
Centrifuge 14000 rcf foe 15 min

Repeat point 2 and 4 for trice

Invert filter in a fresh tube

Centrifuge 1000 rcf for 2 min

® N o g bk~ w0 b

Adjust concentration with desired buffer

5.2.3 Conjugation procedure
For activation, 200 pL of antibody solution (3 mg/mL in HEPES buffer/PBS buffer)

was mixed with 1.78 pL of freshly prepared sulfoSMCC (15 mg/mL in DMSO;
1/2/5/7 equiv). The reaction mixture was vortexed briefly and incubated for 2 h at
room temperature with gentle mixing (600 rpm). After incubation, the mixture
was diluted to 500 yL with HEPES buffer and purified by SEC (lllustra NAP-5

column) to remove excess crosslinker.

The concentration of the purified antibody—-SMCC intermediate was determined,
and 2/5/7/12 equiv of cysteine-containing CPP (20 mg/mL in HEPES buffer/PBS
buffer) were added. The reaction mixture was vortexed and incubated for 2 h at
room temperature (600 rpm). The conjugation mixture was then diluted with
HEPES buffer and purified by ultrafiltration using Amicon Ultra centrifugal filters

(100 kDa or 30 kDa cut-off) to remove unreacted CPP.

5.2.4 Electrophoresis on gel

The molecular weight of the mAbs, Rituximab, Matuzumab and Trastuzumab
were roughly 150kDa, but it was decided to proceed with denaturing condition

for this analysis and the gel performed was with 12% of polyacrillamide.
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The gels were composed with two parts: the Running gel and Stacking gel; in

Table 4 the amounts of components.

Running Gel Stacking Gel

H20 milliQ 3.25 mL 2.65mL

Acrylammyde 4mL TmL
1.5M TRIS-HClpH 8.8 2.5mL /

0.5M TRIS-HCI pH6.8 / 1.25 mL
10% SDS 100 pL 50 uL
10% APS 100 puL 50uL
TEMED 10 uL SpL

The gel preparation started with adding together acrylamide, buffer and H20
milliQ for both running and stacking gel. Then adding APS and TEMED to the
running gel gently invert four times and quickly fill the gels. Wait 30-40 minutes
to stiffen and then ultimate the stacking gel adding APS and TEMED, again gently
invert and quickly pour it and add the comb. Once they were completely

solidified they were stocked with wet paper at +4°C.

The samples before been loaded in the gels were mixed with 5X SDS Loading
buffer (300 mM Tris HCL, 10% w/v SDS, 25% v/v B-mercaptoethanol, 0.1% w/v

Coomassie Blue, 50% glycerol), boil for 10 min at 100°C and spun down.

The buffer used during the gel run was TGS1X. To develop the gel, Coomassie
Blue stain/Silver Coomassie Blue was used, and the destain was performed with
the Coomassie Blue destain solution (10% AcOH, 50% MeOH, 40% H20),
followed by washing with Milli-Q H20.
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5.2.5 Chromatographic operating conditions

Below is the list of chromatographies that have been tested, the operating

conditions used, and columns.
5.2.5.1 Size exclusion chromatography

-Tosoh TSKgel G4000SWXL (7.8 x 300 mm, 5 pm); 50 mM phosphate buffer + 0.1

M NaCl, pH 6.5; flow rate 0.5 mL/min, isocratic elution; detection at 280 nm.

-HiTrap Desalting 5 mL (2.5 x 4.6 CMX, Cyvita), 15 mM Tris/15 mM sodium

acetate pH 9, flow rate 1 mL/min, isocratic elution, detection at 280 nm.
5.2.5.2 Hydrophobic interaction chromatography

-Tosoh TSKgel HIC-ADC Butyl (4.6 x 100 mm, 5 pm); gradient from 1.5 M
(NH,),SO, in 100 mM phosphate buffer (pH 7) to 100 mM phosphate buffer + 25

% IPA, flow rate 0.8 mL/min/1 mL/min, detection at 280 nm and 214 nm.

-SkillPak™ 5mL TOYOPEARL Phenyl 650-M (8 mm ID x 100 MM L, Tosoh
Bioscience), gradient from 1.5 M (NH,),SO, in 100 mM phosphate buffer (pH 7)
to 100 mM phosphate buffer + 25 % IPA, flow rate 0.5 mL/min, detection at 280

nm.

5.2.5.3 lon exchange chromatography
-Tosoh TSKgel CMX-STAT (4.6 x 100 mm, 7 um); gradient from 10 mM phosphate

buffer (pH 7) to 10 mM phosphate buffer + 500 mM NaCl; flow rate 0.8 mL/min;

detection at 280 nm and 214 nm.

-SkillPak™ 5mL TOYOPEARL Phenyl 650-M (8 mm ID x 100 MM L, Tosoh
Bioscience), gradient from 15 mM Tris/15 mM sodium acetate pH 9 to 15 mM
Tris/15 mM sodium acetate + 500 mM NaCl pH 9, flow rate 1 mL/min; detection

at 280 nm.
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5.2.5.4 Mixed-mode chromatography
-Eshmuno® CMXX (Merck); A: 15 mM Tris/15 mM sodium acetate (pH 9), B: 50

mM phosphate + 1 M NaCl (pH 10.2); gradient 0-100 % B over 30 min; flow rate 2

mL/min; detection at 280 nm.

5.2.5.5 Reversed-phase liquid chromatography
-Phenomenex BioZen Intact XB-C8 (4.6 x 100 mm, 3.6 pm); A: H,O + 0.1 % TFA +

2% IPA, B: IPA:ACN:MPA (70:20:10); gradient 0-100 % B over 25 min; 80 °C; flow

rate 0.4 mL/min; detection at 214 nm.

Each analytical run loads 5 pg of protein OC from a diluted stock at Tmg/mL. For

each preparative analysis, the amount of protein ranged from 150 to 250 pg OC.

5.2.6 Multi-dimensional liquid chromatography

All chromatographic experiments were performed on an AKTA™ Purifier system
(Ge Healthcare Life Sciences) configured and modified for multidimensional

liguid chromatography operation.

The standard single-dimension setup was adapted by installing additional
electronically controlled switching valves and manual flow-switch valves to
enable smooth routing of the effluent between chromatographic dimensions.
The system comprised dual solvent delivery pumps, an injection valve, a UV-Vis
detector, and an outlet valve. A secondary flow-path selector valve was
implemented to direct the eluate from the 1D column either to the 2D column or
to waste, allowing operation in full comprehensive or heart-cutting modes.
Because the system included a single UV-Vis detector, the flow path was
redesigned to ensure that the eluate passed sequentially through the detector

after both separations, thereby ensuring continuous and comparable signal
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acquisition. The UNICORN™ software suite was employed for instrument

control, gradient programming, and data acquisition.

5.2.6.1 Size-exclusion chromatography

Size-exclusion chromatography was employed as the first dimension during

system validation and as an intermediate desalting step in selected workflows.

= Column: HiTrap™ 5 mL Desalting column (2.5 CMXID x 4.6 CMX L, Cytiva)
=  Mobile phase: 15 mM Tris, 15 mM acetate, pH 9

=  Chrom. method: Isocratic

=  Flow rate: 1 mL/min

= Detection: UV 280 nm

=  Temperature: room temperature

5.2.6.2 lon-Exchange Chromatography

Cation-exchange chromatography was used both as an individual separation

mode and as first dimension of the 2D-LC system.

= Column: SkillPak™5 mL TOYOPEARL® CMX 650S (8 mm ID x 100 mm L, Tosoh
Bioscience)

= Mobile phase A (MPA): 15 mM Tris, 15 mM acetate, pH 9

= Mobile phase B (MPB1): 15 mM Tris, 15 mM acetate, 500 mM NaCl, pH 9

= Gradient: 0-100 % B over 30 min

= Flow rate: 1 mL/min

= Detection: UV 280 nm

» Temperature: room temperature

5.2.6.3 Mixed-Mode Chromatography

Mixed-mode chromatography was carried out using the Eshmuno® CMX

stationary phase, combining ionic and hydrophobic interaction mechanisms.
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=  Column: Eshmuno® CMXX (8 mm ID x 300 mm L)

= Mobile phase A (MPA): 15 mM Tris, 15 mM acetate, pH 9

= Mobile phase B (MPB2): 50 mM phosphate buffer, 1 M NaCl, pH 10.2
=  Gradient: 0-100 % MPB2 over 30 min, hold at 100% MPB2 for 10 min
=  Flow rate: 2 mL/min

= Detection: UV 280 nm

= Temperature: room temperature

5.2.6.4 Multidimensional chromatographic workflows

The 2d-LC system have been tested in different configurations depending on the

experimental objective:
o FullComprehensive 2D-LC (SEC x IEX or SEC x Eshmuno® CMX):

the entire effluent from the 1D column was transferred continuously to the 2D
column via automated valve switching. This configuration enabled complete

sample coverage and validation of the overall system operation.
o Heart-Cutting 2D-LC (IEX > SEC > MMC):

Selected chromatographic regions, so called heart cuts, containing analytes of
interest were transferred from the first to the second dimension. This approach
reduced total run time, minimized solvent consumption, and focused on
targeted molecular subpopulations. The inclusion of an intermediate SEC
desalting step improved inter-dimensional compatibility and overall

chromatographic resolution.

5.2.7 Deglycosylation of monoclonal antibodies
Antibody mixtures of 20 ug were deglycosylated by using 1250 U PNGase F at

50°C for 90 min.
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1. Prepare Mix A and Mix B (per 20 pg of antibody sample):

Mix A Mix B

Substance V (uL) Substance V (uL)
10X Buffer 4.0 mAb sample X
PNGase F 0.5 Water 35.5-x

2. Per sample, mix 35.5 of Mix B with 4.5 of Mix A

3. Incubate at 50 °C for 90 min

4. To remove interfering buffer components, use an ultra centrifuge 0.5 mL
tube with a cut-off of 10 KDa. Centrifuge 7000 rpm, 5 min at room
temperature.

5. Torebufferin HEPES Buffer pH7, centrifuge as in 4. But adding 1:1 (v:v) of

buffer:sample.

5.2.8 Trypsin/Chymiotrypsin Digestion Protocol

The monoclonal antibody sample was denatured and reduced in 50 mM
ammonium bicarbonate buffer pH 7.8. Disulfide bonds were reduced using
tris(2-carboxyethyl)phosphine (TCEP) and alkylated with iodoacetamide to
prevent reformation. Digestion was performed by adding trypsin at a 1:25
enzyme-to-protein ratio (w/w), followed by incubation at 37°C for 12 hours. The
reaction was terminated by lowering the pH to <4 with formic acid. For
chymotrypsin digestion, analogous conditions were employed, with pH adjusted

to 7.8 and the enzyme-to-protein ratio optimized accordingly.

5.2.9 LC-MS Analysis

The elution of unmodified antibody and modified antibodies followed a linear

gradient from 0.05% trifluoroacetic acid (TFA) in water to 0.05% TFA in
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acetonitrile over 25 minutes, at a flow rate of 0.2 mL/min and a column
temperature of 60°C, with detection at 214 nm and injection of 5-7 pg of protein
on the column. The desalting step was performed with a gradient starting with
100% 0.1% FA in H,O for 2 minutes, then gradually shifting to 50% acetonitrile
over 0.5 minutes. This was maintained isocratically for the next 2.5 minutes,
followed by a final ramp to 100% ACN over the last 2 minutes. The flow rate was

set to 0.5 mL/min, with injection volumes ranging from 1 to 5 pL.

For mass spectrometric detection, the Q Exactive Plus Orbitrap mass
spectrometer was employed, running in positive ion mode. Full mass spectra
were collected within an m/z range from 1800 to 5000, applying in-source

collision-induced dissociation (CID) at 80 eV.
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Appendix 1-Strategy of conjugation for therapeutic monoclonal antibodies
and their conjugates

Antibody-drug conjugates (ADCs) represent a new type of biopharmaceutical consisting of a

toxic agent covalently conjugated to monoclonal antibodies ' via an engineered chemical

linker.2 3

Linker:

@ |t has certain hydrophilicity
# Itis stable in the blood circulation

# Effective release in target cells

Cleavable linker Non-cleavable linker

Chemical cleavable linker v %
Enzymatic cleavable linker lﬁ

LW
]
v Thioether
‘. o “ y Maleimidocaproyl
i il
Hydrazone bond Disulfide bond y Y
Polypeptide linker Glucosidase linker
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" 1gG1 Payload ® AcBut @ Maleimide @ PABC - Spacer

Fig. Scheme of type of conjugation strategy for antibody constructs *

Their clinical success in recent years in cancer treatment has been demonstrated with 15
ADCs approved globally 2024 5, and currently over 400 ADCs are under evaluation in various

stages of clinical trials. *
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The success of an ADC’s performance, including its efficacy, safety, therapeutic index and
pharmacokinetics, depends on the choice of payload, linker and antibody, but more
importantly, on how these three individual components are linked.”

Thus, recent studies have been directed toward the rational design of linkers, defining the
optimal conjugation sites and fine-tuning reaction parameters such as buffer composition,
conjugation chemistry, and stoichiometry; ° to maximize homogeneity, enhance the stability
9 and improve cellular uptake. ' 2

Traditionally, conjugation methods are categorized into two main groups:
o random conjugation/non-site-conjugation

o site-specific conjugation

This classification highlights their main difference: homogeneity. ' '

In the past studies, a new category called site-specific but non-site-selective has been used
to engineer ADCs, in this category enzymatic-tag, glycan remodeling and affinity peptides
are included.

The site-specific conjugation is also described as site-selective since used engineered
cysteine or non-natural amino acids.™

A *

(1) Lysine conjugation:
a random conjugation
b. alfinity peptide mediated conpugation
{2) Cysteine conjugation
a WuXiDAR4
b. Bridge
{3) Enzymatic conjugation:
a Sortase A
b.mTG
(4) Glyco-remodeling conjugation
a Trimed glycan
b. Native glycan
(5) Engineered cysteine conjugation
(6) Non-natural amino acid incorporation

A PETGG—?
{3a)

Fig. Scheme of conjugation techniques and interchain cysteine conjugation process.
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Random Conjugation

Random conjugation is also known as random lysine conjugation. Lysine conjugation is a
well-established strategy for ADCs production, exploiting the approximately 40 solvent-
accessible €&-amino groups on lysine side chains, which have high nucleophilicity in neutral
conditions.® In fact, the electron-rich nucleophilic sites of lysine are targeted by electrophilic
reagents "7 enabling the attachment of linker-payloads without a direct alteration of the
antibody backbone.

To date, the FDA has approved five lysine-based conjugates in clinical trials.

Based on this success, a wide variety of linkers has been studied and produced to refine the
bond forming, including N-hydroxysuccinimide (NHS) esters and their derivatives'®, benzoyl
fluorides '8, isothiocyanates' and squaramate ester®. These linkers undergo hydrolysis in
aqueous environments, and NHS ester instability represents a key factor that limits the
effective linker-to-protein ratio during conjugation. Less reactive linkers may exhibit
reactivity with -SH residues of cysteine under mild conditions, where the modification
proceeds only slowly. For example, sulfonyl groups can be used as connector for cysteine 2",
while sulfonyl acrylate can react with two cysteine residues to act as bridging linkers?2,

At first, the high reactivity of lysine-directed conjugation led to their classification as random
modifications, but Liu et al.?® demonstrated that the distribution of conjugation sites was
found to be consistent under stable and controlled manufacturing conditions. This finding
supports the reliability and scalability of the manufacturing process of lysine conjugationin
current commercial ADC production. However, variations in reaction conditions may still
produce heterogeneous drug-to-antibody ratios (DARs), which are associated with
accelerated clearance and increased systemic toxicity.

Under mild conjugation conditions, random lysine conjugation can produce more
homogeneous results for less reactive linkers with the most reactive lysine residues on the
protein surface.?

Overall, despite its inherent heterogeneity, lysine conjugation remains a robust and widely
applied approach for ADC production, yielding chemically stable and reproducible

conjugates that have supported multiple regulatory approvals. At the same time, the
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developments of site-specific lysine conjugate techniques expand their potential by
improving conjugate homogeneity, broadening their therapeutic potential and safety

profile.

Site-Specific, not site-selective conjugation

Interchain cysteine conjugation

Interchain cysteine conjugation exploits disulfide bonds in solvent-exposed regions of the
antibody. The disulfide bonds can be easily reduced to generate eight free thiols by
treatment with reducing reagents such as tris(2-carboxyethyl)phosphine (TCEP) and
dithiothreitol (DTT).

Thiols, as nucleophiles, are softer and more amenable to Micheal addition compared to SN2
reactions at lysine residues, leading to less heterogeneous drug-antibody ratios (DARs).%
Maleimide chemistry has become the predominant approach in this category for its
efficiency and almost quantitative thiol-succinimide bond formation under mild
conditions.?® Cysteine-mediated heterogeneity is considerably less than the lysine-based
strategy due to the smaller number of thiol groups compared to amino residues #, and this
biorthogonal chemistry is ideal for producing engineered antibodies with 2,4,6,8 payloads.®
Maleimide conjugation stands out for simplicity, mild conditions, and high yields; and to
date, the majority of currently approved ADCs, including ten of the fifteen marketed
products, employ maleimide-thiol conjugation.

However, maleimide-thiol conjugates are susceptible to reverse Michael addition reactions,
which could lead to premature payload release through serum protein interactions, altering
the stability of the ADCs in plasma, reducing the effectiveness and safety.?® %

Recent innovations have sought to address the residual heterogeneity of cysteine-mediated
conjugation.

Platforms such as WuXiDAR4™ (https://www.wuxibiologics.com/wuxidar4/) use selective

hinge shielding during reduction to favour DAR4 species, significantly increasing
homogeneity and broadening the therapeutic window.®' Disulfide re-bridging technologies

represent another strategy, using bis-reactive linkers to reconnect reduced disulfides while
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simultaneously introducing payloads. These approaches enable greater control over the
DAR, preserve antibody morphology, and enhance serum stability.®* Still, disulfide re-
bridging can generate undesirable, so-called, “half-antibody” species, potentially impairing
antibody-dependent cell-mediated cytotoxicity activity of ADCs compared to their parent
antibodies.®® Ongoing studies focus on refining linker chemistry and reaction conditions, to
enhance yield and stability while mitigating the formation of these species. 3* %

Cysteine conjugation technologies continue to evolve, striking a balance between efficiency
and controllability, while also addressing challenges in homogeneity and stability. Maleimide
conjugation remains the gold standard, but emerging technologies, such as hinge shielding

and disulfide re-bridging offer refined control over DAR and promising avenues for next-

generation ADC design.

Enzymatic-tag conjugation

Enzymatic-mediated conjugation has emerged as a powerful tool for site-specific
conjugation of payloads to antibodies, offering superior homogeneity compared to lysine
conjugation and interchain cysteine conjugation.

This technology uses enzymes that recognize specific amino acid motifs, enabling precise
coupling without extensive heterogeneity.

Sortase A (SrtA) is one example of a clinically used enzyme. It is a 30kDa transpeptidase
which cleaves LPXTG motifs to form a thioester acyl-enzyme intermediate to enable N-
terminal transfer of payloads. ¢

Another example is the formylglycine-generating enzyme, which modifies CXPXR motifs by
oxidizing cysteine to formylglycine

(https://onlinelibrary.wiley.com/doi/pdf/10.1097/01.HS9.0000847476.69621.cd).

Other clinically used enzymes are farnesyltransferase-based conjugation which modifies

3738 and microbial

antibodies by adding isoprenoid groups to cysteine residues in a CaaX tag,
transglutaminase which targets specific natural sites in antibodies, such as Q295, forming
amide bonds between the y-carboxy amide of glutamine and a free amine group of a

payload.® 4
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Numerous additional enzymes, including tubulin-tyrosine ligase and SNAP-tag, remain under
preclinical investigation.
Enzymatic-mediated conjugation methodology has a significant influence on both efficiency

41, but despite these advantages, this technology

and overall product performance
introduces technical challenges.
Efficient conjugation often requires genetic engineering of antibody sequences to provide
recognition motifs that affect biological performance.

Some studies report superior conjugation yields with heavy-chain tags, whereas others
highlight potential functional advantages with light-chain tagging.*> ** The introduction of
heterologous tags may elevate immunogenicity risk, necessitating the use of low
immunogenicity sequences or change of conjugation strategy.*

Efforts to improve enzymatic-mediated conjugation focus on enhancing catalytic efficiency,
reducing material costs, and minimizing reaction reversibility. For example, wild-type SrtA
has a poor catalytic activity, and a deep study in optimizing the process has shown that a
two-step coupling instead of a longer single-step improves the catalytic activity, which helps
the scalability and reduces the process waste.*®

Enzymatic-mediated conjugation represents a promising and validated technique for ADC
production. By offering high site-specificity and product homogeneity, it can enhance
therapeutic safety and efficacy.

Ongoing advancements in enzyme engineering, tag design, and manufacturing processes
will continue to push their clinical application. The research is also focused on reducing the

risks associated with immunogenicity to ease the use.

Glycan remodelling conjugation

Over the past decade, glycol conjugation has gained popularity in both academia and
industrial world for the ADCs production.

This conjugation method, unlike most enzyme-mediated techniques, does not require amino
acid sequence engineering but exploits the conserved N-glycosylation site at Asp297 of IgG

antibodies.*®
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Early approaches involved oxidation of cis-diols on glycans using sodium periodate (NalO4)
to generate aldehyde groups for subsequent modification; more recent strategies, instead,
rely on glycan remodeling, in which native glycans are enzymatically replaced/trimmed with
modified structures that can be functionalized with linkers or payloads.

A promising example is Synaffix’s GlycoConnect™ technology, which employs an
endoglycosidase and a galactosyltransferase to trim natural glycans to incorporate an azido-
modified galactose.®

Six programs using this strategy are currently in active clinical phase evaluation alongside

several preclinical candidates. ( https://synaffix.com/partnered-pipeline/)

(ClinicalTrials.gov)

Despite its success, the approach requires multiple enzymes and conjugation steps, which
can increase development complexity, reduce overall yield, and elevate manufacturing
costs. To simplify the process, newer glycan remodeling methods based on endo S2 and its
engineered variants have emerged. The enzymes enable deglycosylation and transfer of pre-
functionalized glycans in a single step, eliminating the need for multiple enzymatic
reactions.*” 8

From a process development standpoint, glycan remodeling methods vary in complexity and
efficiency. Synaffix’s GlycoConnect™ platform employs a two-enzyme, three-step protocol
involving endoglycosidase and galactosyltransferase, which, while effective, increases
development complexity, reduces yield, and elevates CMC costs. In contrast, endo S2-based
technologies integrate deglycosylation and glycan transfer in a single step, offering a more

streamlined, efficient, and cost-effective approach to producing homogeneous ADCs.*®

Affinity peptide conjugation

Affinity-peptide conjugation exploits short peptides derived from protein A or protein G that
selectively bind to the Fc region of antibodies. By positioning reactive linkers or linker-
payloads near specific lysine residues (typically K248, K288 or K337). This methodology

enhances efficiency at designated sites while minimizing random modifications.*® However,
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large non-native peptides may interfere with Fc function by hindering FcRn binding,
potentially reducing ADC internalization.

Early implementations involved covalently attaching linkers to the affinity peptide itself,
which subsequently formed stable covalent bonds with the antibody.""

To overcome these limitations, traceless affinity-directed approaches have been developed.
Ajinomoto’s AJICAP™ platform is an example, in which the first generation employed
disulfide linkages removable under reductive conditions, and the second generation
introduced thioesters that are directly displaced by lysine during conjugation.®?

All things considered, affinity-peptide conjugation offers a versatile approach to site-biased
ADC generation, balancing improved site-selectivity with efforts to reduce structural

perturbation of the antibody and preserve critical Fc functions.

Site-specific and site-selective conjugation

Cysteine residues have long been central to protein and peptide modification strategies
because of the high reactivity of their thiol groups. The concept of introducing a payload at
defined positions by substituting native residues with cysteine has been introduced by
Junutula et al®® and leads to the development of cysteine-engineered antibodies, commonly
referred to as ThioMabs.

Even if highly effective, cysteine engineering is not universally applicable, in fact, specific
substitutions can disrupt protein folding. Structural and biophysical surrender matter:
positions with limited solvent accessibility and positive local charge were shown to suppress
malemide exchange and promote stability through rapid hydrolysis of the maleimide
adduct.*? >

The pharmaceutical behaviour of these conjugates is closely related to site selection and
drug loading. Siddharth et al.>® developed a mechanistic PK/PD model for ThioMab™ drug
conjugates (TDCs), demonstrating the existence of a correlation between high DAR values
and drug deconjugation, total antibody clearance, and tumor cell killing rates,

demonstrating, moreover, that deconjugation occurs more readily from heavy-chain sites.
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To complete Ohri et al.®® systematically screened 648 cysteine-substituted variants of
trastuzumab, identifying 38 stable conjugation sites for both maleimide and disulfide linkers.
Both studies confirmed that the in vitro plasma stability of site-specific ADCs closely
correlates with their in vivo stability.

Site-specific ADCs exhibit superior preclinical profiles than not-site specific ADCs,
nevertheless there have been limited data on their clinical advantages.®’

Refinements to cysteine-engineering technologies have further improved the quality and
reproducibility of ADCs. Engineered cysteines are typically exploited through reduction, re-
oxidation, and conjugation steps, during which native hinge cysteines reform disulfides,
while the engineered residues remain available for payload attachment. Current efforts are
also directed at identifying optimal sites for generating uncapped monoclonal antibodies
that maintain free cysteines during culture and purification, preserving antibody integrity.
Taken together, these advances establish cysteine engineering as a powerful and versatile
platform for producing site-specific ADCs. By enabling rational placement of reactive thiols,
controlling conjugation chemistry, and refining manufacturing conditions, this technology
provides stable, homogeneous, and clinically viable ADCs, several of which have advanced

into clinical development.

Influence of physiochemical parameters on antibody-drug conjugation

The efficiency, selectivity, and quality of antibody-linker-payload conjugation are profoundly
affected by the physicochemical conditions under which the reactions occur. Among these,
conjugation chemistry (see paragraph 4.1.1), buffer composition, and the stoichiometric
ratio of reactants are particularly critical, as they determine not only the success of the
conjugation step but also the long-term stability, pharmacological and therapeutic
performance.5®

Buffer composition and pH are decisive in modulating the ionization state of nucleophilic
residues such as lysine €-amines and cysteine thiols, which are primary targets of

conjugation.
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Even a subtle shift in pH can markedly influence reactivity. For example, maleimide-thiol
conjugation proceeds most efficiently under mild basic or neutral conditions, whereas in
acidic solution, the conjugation efficiency is reduced and promotes the hydrolysis of
malemides. Under excessively basic conditions, side reactions can be accelerated, leading to
instability in both the linker and the antibody.

Moreover, the choice of buffer components and characteristics such as ionic strength or the
presence of stabilizing additives that can mitigate or exacerbate antibody aggregation,
unfolding or loss of binding activity, making buffer optimization an indispensable step in
conjugation process development.5® &

Finally, the stoichiometry of reactants (molar ratio of linker/payload to antibody) is a
delicate parameter to tune to balance efficacy and stability. Employing higher linker/drug
equivalents increases the possibility of achieving higher payload loading, thereby raising the
DAR. However, excessive modification (high DAR) can induce structural perturbations,
antibody unfolding, or aggregation and may interfere with antigen recognition.®’

High DAR conjugates are also prone to faster systemic clearance and altered
biodistribution®, potentially increasing off-target toxicity. Simultaneously, low DAR
conjugates can have a reduced therapeutic potency.®

Preclinical and clinical evidence suggest that an intermediate DAR, a range of 2-4 drugs per
antibody, has the best compromise between potency and tolerability. For example, the
AJICAP second-generation technology exemplifies how controlling stoichiometry through

selective lysine modification enables reproducible DARs and improved therapeutic indices.®

Overall, buffer composition, pH variant, and stoichiometry highlight the inherently
multivariable nature of antibody conjugation processes; and a careful optimization of these
parameters is essential not only to maximize conjugation efficiency but also to ensure

biostability, pharmacological effectiveness, and clinical safety.
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Appendix 2- Multi dimensional liquid chromatography (mD-LC)
Liquid chromatography (LC), has long been an indispensable tool in analytical
chemistry, owing to its versatility, broad applicability to nonvolatile or thermally

labile compounds, and its capacity for high-resolution separations." 2

The development of high-performance liquid chromatography (HPLC), back in the
1960-70s,® with tightly packed columns and high-pressure pumping systems,
revolutionized analysis by delivering rapid, reproducible separations with
guantitative precision.* And its evolution into ultra-high-pressure liquid

chromatography (UHPLC) further advanced resolution and analysis speed.* ®©

When analyzing increasingly complex mixtures, protein digests, metabolomic
samples, synthetic oligonucleotides, or botanical extracts, the LC and HPLC quickly

reach their limits in terms of separation mechanisms.

Peaks began to overlap,” and near-isomers are co-eluted,® while small impurities
remained buried under dominant components. Longer gradients, alternative mobile
phases, and column chemistries could only partially improve resolution, at the cost

of longer analysis times® and reduced sensitivity due to band broadening.™

With the rapid advances and the increasing need for biologically active molecules
and biotherapeutics in the pharmaceutical world, LC alone cannot cope with the
combinatorial complexity of modern samples.” It became clear that there was a
need to improve the separation and purification technologies, and if one dimension
of selectivity was insufficient, adding a second orthogonal or complementary
dimension could multiply resolving power without impractically extending run

time 12 11
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Theoretical foundations of multi-dimensional liquid chromatography

The conception and optimization of a multidimensional liquid chromatography (mD-
LC) system relies fundamentally on three core concepts that together determine its
resolving capacity, the degree of orthogonality between dimensions, and operational

feasibility.”™ 4

The orthogonality defines the degree to which the multiple separation dimensions
differ in their selectivity.” When the retention mechanisms differ significantly, as in
RP-LC and IEX, analytes are distributed more uniformly across the two-dimensional
separation space.’® ' This uniformity reflects the system’s ability to exploit
independent physicochemical interactions, maximizing the number of distinct
separation pathways.”” '® Quantitative assessment of orthogonality, using metrics
such as correlation coefficients or information theory—based indices, provides a
rational basis for selecting stationary-phase chemistries or mobile-phase

conditions."

In practice, achieving high orthogonality requires careful pairing of separation modes
that minimize correlation between retention factors while maintaining chemical
compatibility between dimensions.?® Nevertheless, even with an optimal
orthogonality, the performance of an mD-LC system can be severely limited by
undersampling. It occurs when the modulation frequency of the second dimension
is insufficient to capture the full temporal profile of first-dimension peaks. Suppose
the second-dimension cycle time is too long compared to the first-dimension peak
width.?! In that case, portions of analyte bands are lost, along with the information
they carry, leading to a reduction in effective resolution and an underestimation of

the system’s true peak capacity. '@
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Theoretical models often express multidimensional separation performance as the
product of the peak capacities of each dimension; actually, it is typically lower due to
incomplete orthogonality, undersampling, and inefficient use of the separation

space.?? %

The effective peak capacity depends not only on the theoretical multiplication of
individual dimensions but also on how uniformly and completely the two-
dimensional separation space is populated with resolved analyte peaks.?* Improving
space utilization involves balancing analysis time, modulation period, gradient
steepness, and phase compatibility to achieve the most efficient distribution of peaks

within the available separation window.?®
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Fig.1: Diagram of a typical 2D-LC instrument highlighting the centrality of the valve?®

Classification of Multidimensional LC Modes
When discussing mD-LC, several distinct modes of coupling and sampling can be
employed, each offering different balances between resolution, selectivity, and

analysis time.?” 28 Basically, the way the first dimension is transferred to the second
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determines the operational mode and the system’s performance and applicability.?®

30

It is possible to recognize three major categories:

o Full comprehensive (LCxLC)

o Selective comprehensive (sLCxLC)

o Heart-cutting (LC-LC, or multiple heart-cutting, mLC-LC)
Each approach represents a compromise between information content, instrumental
complexity, and analysis elaboration.®' Full comprehensive LCxLC maximizes the
exploitation of orthogonality and total peak capacity, but at the cost of higher data
density. Heart-cutting methods, in contrast, offer greater flexibility, shorter total
analysis times, and simplified data interpretation, though at the expense of global

sample coverage.*

Full Comprehensive (LCxLC)

In a fully comprehensive, multidimensional liquid chromatography system, the entire
effluent from the first dimension is systematically transferred to the second
dimension for subsequent separation.?” ¥ And it means that every fraction of the
first-dimension eluate undergoes further separation in the second dimension,
ensuring that no chemical information from the original chromatographic process is
lost.” 3* Providing a truly comprehensive representation of sample complexity by
exploiting the complete orthogonality between two distinct separation

mechanisms.?3
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Fig.2: Schematic illustration of a comprehensive two-dimensional liquid
chromatography (LCxLC) separation.

In LCxLC, the first-dimension separation generally occurs under mild conditions,
using lower flow rates and longer analysis times to exploit the resolving power of this
first separation.®® At fixed time intervals, called modulation periods ranging from a
few seconds to tens of seconds, discrete fractions of the first dimension are collected

into storage loops or trapping devices.

During each modulation cycle, the second-dimension separation proceeds faster to
ensure that each chromatogram finishes before the next fraction arrives.*® The result
is a continuous sequence of rapid second-dimension runs synchronized with the

slower first-dimension elution.
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This approach presents numerous advantages. The first and most crucial one lies in
its comprehensive nature: every compound entering the system is subjected to both

separation mechanisms, maximizing the analytical information obtained.®”

However, this approach imposes several practical and instrumental constraints. The
second-dimension separations must be extremely rapid, placing stringent demands
on column efficiency, kinetic performance, and instrumental timing precision.® It
also entails increased solvent consumption, more complex valving and
synchronization requirements, and the generation of large data volumes that

necessitate advanced computational handling.*®

That said, advances in micro- and nano-flow technology, high-efficiency column
design, and fast-gradient operation have made LCxLC more accessible, establishing
this methodology as a powerful and mature technique for high-resolution analysis of

complex mixtures.*®

Selective comprehensive (sLCxLC)

Selective comprehensive multi-dimensional liquid chromatography, also referred to
as restricted, targeted, or zone-comprehensive 2D-LC, represents an intermediate

configuration between full comprehensive LCxLC and classical heart-cutting LC—-LC.*°

Unlike full comprehensive, only a subset of the first-dimension effluent, typically a
chromatographic region or band containing analytes of interest, is directed to

second-dimension analysis, while the rest may be discarded.*'

That is the one, but significant difference compared to LCxLC: the second dimension
operates in a comprehensive fashion within selected zones, but the whole system

does not sample the entire first-dimension profile.
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This approach is practical when prior knowledge indicates that only certain regions
of the first-dimension chromatogram contain compounds relevant to the study of
interest. It provides a practical balance between depth of information and

operational simplicity.%’

In selective comprehensive mode the first-dimension separation proceeds
continuously under conventional conditions. A switching valve or flow redirector
identifies specific retention time windows corresponding to regions of analytical
interest and transfers only these windows for second-dimension separation, while
the remaining effluent is directed to the waste or another detector.’ 42 In sLCxLC
modulation occurs at regular intervals, and each collected fraction is rapidly analyzed
in the second dimension. The result is a fully comprehensive analysis, but restricted
to the selected portion of the chromatogram, minimizing unnecessary analysis of

background or uninformative regions. 42

Recent implementations employ multiple sampling loops, parallel modulation
channels, or adaptive gating schemes to target multiple chromatographic zones with

different resolution requirements or compound classes.*?

What has been described offers several advantages, making it an appealing

alternative for targeted or semi-targeted applications.’

It reduces solvent consumption, acquisition time, and computational load, enhancing
resolving power and efficiency for the chromatographic zones that matter most,
improving separation depth and sensitivity where it is most needed, while simplifying
data processing.** At the same time, however, sLCxLC sacrifices global coverage, since
regions outside the targeted zones are excluded from second-dimension analysis,
unknown or undesired compounds may remain undetected. Moreover, its system

introduces additional instrumental and synchronization challenges, since a precise
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coordination between first-dimension elution and second-dimension is required

without perturbing the ongoing first-dimension separation.?® 4

Overall, selective comprehensive LC offers a good balance between the detailed
information provided by full comprehensive LC and the practical constraints.*® It is a
powerful mD-LC tool when the analytical investigation is conducted with prior
knowledge of the sample composition, which minimizes solvent consumption while

maintaining high chromatographic performance.*®

Heart-cutting (LC—LC, or multiple heart-cutting, mLC—LC)

Heart-cutting multidimensional liquid chromatography (LC-LC, or mLC-LC when
multiple heart cuts are performed) is the most selective and targeted LC approach

among multidimensional chromatographic methods.*® 4

In this mode, only predefined zones, called hearts, of the first-dimension separation,
typically corresponding to chromatographic regions containing critical analytes or
unresolved peak clusters, are redirected to the second-dimension column for the

additional grade of separation.*®

LC-LC offers an efficient strategy to enhance selectivity, where needed, avoiding the
complexity and increased data load associated with LCxLC systems.*® This approach
is convenient for confirmatory analyses, impurity profiling, and targeted

investigations of specific components within moderately complex sample matrices.*®

In a heart-cutting configuration, the first-dimension chromatographic separation
proceeds under normal conditions.** A switching valve or array of multi-port valves
(Fig.53) is programmed to direct selected retention-time windows into storage loops

or directly into the second-dimension column.®’
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The cuts are chosen based on prior knowledge or real-time detection and targeted
zones where co-elution or analytical ambiguity is expected.5? The second-dimension
separation is then performed on each heart cut independently, with a good flexibility
in run time. Each cut can thus be optimized individually, employing appropriate
stationary-phase chemistry, gradient profile, or elution time to achieve maximal

resolution for the target analytes.5?

As demonstrated herein, the primary advantage of heart-cutting LC lies in its
instrumental simplicity and operational flexibility. Moreover, since only selected
regions of interest are subjected to secondary analysis, the approach conserves
solvent, reduces analysis time, and minimizes data complexity.>® As noted for sLCxLC,
this advantage limits its comprehensiveness, and many portions of the

chromatogram are not detected or evaluated. This method requires complex
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accurate valve timing and synchronization to ensure that target peaks are precisely

captured without sample loss or cross-contamination. 52

But despite these challenges, heart-cutting LC is a pragmatic strategy for targeted
multidimensional separations, which balances the simplicity of one-dimensional LC
and enhances the selectivity for the second dimension separation, making it suitable
for analysis of complex samples where it is not essential to have the full

chromatographic coverage.

Practical and Theoretical Considerations in Multidimensional Liquid
Chromatography

In designing a functional and robust mD-LC system, it is important to note few
challenges that can have an impact on the outcome and success of purification.
Among these parameters second dimension kinetics (mass transfer, dispersion and
peaks constraints), Inter-Dimensional Compatibility and instrument robustness,

reproducibility, and calibration.

Second-Dimension Kinetics
As mentioned for LCxLC and sLCxLC, the second dimension must complete each
separation in a few seconds to align with the modulation cycle of the first dimension.

Thus, fast mass-transfer kinetics and minimal extra-column dispersion are essential.>*

The column design and the stationary-phase morphology of the second-dimension

separation become critical parameters for the system’s peak capacity.*® 43

Since even microlitre-scale dispersion can severely broaden peaks at fast timescales,
dead volumes in valves, loops, and tubing must be minimized. Temperature stability

and precise flow control are also critical; both the composition of the mobile phase
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and the steepness of the gradient are crucial to achieving rapid elution without
compromising selectivity or reproducibility.® The achievable kinetic window is

defined by balancing gradient steepness, flow rate, and particle morphology.

In practice, the kinetic performance of the second dimension serves as the
bottleneck in mD-LC, and optimising it enhances both modulation feasibility and

global resolution.

Inter-Dimensional Compatibility

Compatibility between the two chromatographic dimensions is essential for
reproducible analyte transfer. Solvent mismatch, such as a strong 1D eluent entering
a weaker 2D phase, can cause loss of retention or precipitation. *® Active or passive
modulation is often used to dilute or re-equilibrate fractions before injection into the

2D column.%®

Differences in flow rate between dimensions are guided by switching-valve
modulators or trapping interfaces, which temporarily store and then inject the

sample cut at higher 2D flow rates.*®

On-loop focusing or trapping columns are applied to re-concentrate analytes and
enhance sensitivity.>” The interface must minimize carryover, and synchronize
precisely with the modulation cycle. Effective inter-dimensional design thus ensures

that kinetic gains in 2D translate into real analytical resolution.
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Appendix 3 - Mass spectrometry

The advent of recombinant protein therapeutics has revolutionized medicine
over the past few decades, offering highly-specific agents in oncology,
autoimmune diseases, and beyond." As the complexity of these biomolecules
increased, particularly with the development of ADCs, in which a mAb scaffold
is covalently linked to one or more small-molecule cytotoxic payloads, so too did

the analytical demands for characterizing them.??3

Mass spectrometry (MS) has emerged as a pivotal technology in the
characterization and quality control of mAbs and ADCs.* The past few decades
have also been fundamental for advances in mass spectrometer technology,
such as ionization techniques, analyzer resolving power, mass accuracy and
dynamic range.® ¢ Furthermore, because of its sensitivity, accuracy, and ability to
resolve molecular heterogeneity, MS provides unparalleled insight into
molecular composition, post-translational modifications (PTMs), such as

glycosylation, higher-order structures, and DAR determination.” 2

Historical Background

Early protein characterization relied primarily on electrophoresis, isoelectric
focusing, and UV-based chromatographic methods, which offered limited
structural resolution.? The integration of MS technology into biotherapeutic

analysis parallels advances in mass spectrometers' components. °

The introduction in the late 1980s, for example, of soft ionization techniques,
such as electrospray ionization (ESI) and matrix-assisted laser desorption
(MALDI), revolutionized protein analysis by enabling the transfer of large, fragile

biomolecules into the gas phase without fragmentation.’ ™
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The first applications of MS to recombinant antibodies emerged in the 1990s,'?
focusing on molecular-weight confirmation and limited peptide mapping.'™
However, the true analytical revolution came with the rise of high-resolution
analysers, quadrupole time-of-flight (Q-TOF), Fourier transform ion cyclotron
resonance (FT-ICR),' and Orbitrap instruments,’® which provided the resolving
power necessary to separate glycoforms, isotopic patterns, and drug-loaded

species within complex biopharmaceuticals.' 8

Modern MS instruments now routinely achieve mass accuracies of a few parts
per million (ppm) and resolving powers exceeding 100,000.6 Such capabilities,
coupled with advanced ionisation and fragmentation techniques, have
positioned MS as the central analytical tool for assessing critical quality
attributes (CQAs) of mAbs and ADCs, including sequence integrity, PTMs,

aggregation, and conjugation heterogeneity.® 2°

Structural complexity of mAbs and ADCs in mass spectrometry

Therapeutic antibodies are large glycoproteins of a molecular weight of
approximately 150 kDa, composed of two identical heavy (~50 kDa) and two
identical light (~25 kDa) chains stabilized by disulfide bonds.?' These chains
form a flexible Y-shaped structure where the arms contain the antigen-binding
sites formed by variable regions at the amino termini of heavy and light chains.
The heavy chains each contain multiple immunoglobulin domains, including
constant and variable regions, while the light chains consist of two such
domains. This molecular architecture allows antibodies to bind antigens with

high specificity and affinity.?
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And a key feature of therapeutic antibodies is the presence of numerous PTMs,
most notably N-linked glycosylation at asparagine residues on the Fc domain
(Asn297 is the most notable one). Glycosylation is critical for proper folding,
enhancing stability, and modulating effector functions, such as antibody-
dependent cellular cytotoxicity (ADCC) and complement activation.?®* The
glycan structures attached to the antibody influence its interaction with Fc

receptors and thus impact its therapeutic efficacy and safety profile.?* 2
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Fig.1: Chemical structure of N-glycan forms commonly found in monoclonal
antibodies?®

ADCs add another layer of complexity. Since they consist of a mAb scaffold
covalently attached, via a synthetic linker, to several highly cytotoxic payloads,
depending on the conjugation chemistry (lysine or cysteine linkage), each
antibody may carry a variable number of drugs, producing a heterogeneous

population of conjugates.?
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For instance, cysteine-linked ADCs often display discrete DAR values of 0, 2, 4,
6, or 8,7 whereas lysine conjugates yield broader, quasi-continuous
distributions due to the presence of numerous reactive amine sites and, as a

consequence, a vast number of positional isomers.

The analytical challenge is therefore twofold. Precisely quantifying the
molecular heterogeneity present and accurately pinpointing or verifying the
specific sites of conjugation and other modifications. To address these
demands, a hierarchical mass spectrometry strategy has been developed,
incorporating analyses at the top-, middle-, and bottom-levels to provide

comprehensive structural and site-specific information.
Top-, Middle-, and Bottom-Level Mass Spectrometric Strategies

The true strength of modern MS lies inintegrating data across the three analytical

levels.

o Top-level analysis (see 7.3.1) provides rapid global assessment of mass

confirmation, DAR estimation, and lot comparability.

o Middle-level analysis (see 7.3.2) dissects the molecule into manageable

domains, enabling domain-specific DAR and PTM profiling.

o Bottom-level peptide mapping (see 7.3.3) provides site-specific

structural confirmation.

The multi-level structural characterization paradigm demonstrates how
integrating intact, subunit, and peptide data affords a complete view of ADC

heterogeneity and structural integrity.

Such integration is now embedded in industry workflows for release testing,
stability monitoring, and comparability exercises.
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Fig.2: Antibody MS characterization flowchart: top-down, middle-down and -
up, bottom-up.®

Top-Level Analysis

Top-down, also known as intact-mass, analysis involves measuring the intact
mAb or ADC without prior digestion. When performed under denaturing ESI
conditions, it provides fast, global information on molecular weight, glycoform
composition, and overall drug loading. The deconvoluted spectrum reveals the
distribution of DAR species, enabling the calculation of the average DAR and the

drug distribution profile.?° 28

The so-called native mass spectrometry, is a significant refinement to this
approach. The analyte is keptin near-physiological, non-denaturing buffers such
as ammonium acetate. Native conditions preserve tertiary and quaternary

structures, yielding lower charge states and simplified spectra.*°

Top-level MS offers minimal sample preparation, high throughput, and accurate

mass determination, making it ideal for rapid identity confirmation and batch
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comparability testing.®' Its main limitation is the lack of detailed sequence or
site-specific information, due to the challenges of efficiently fragmenting such

large ions. *2

Middle-Level Analysis

Middle-level MS has become a cornerstone in the structural analysis of mAbs

and ADCs.*

Itinvolves enzymatic or chemical cleavage of antibodies into large, well-defined
subunits, most commonly using the IdeS enzyme, which cleaves below the hinge
region. Following reduction, these fragments are further separated into light

chain (LC), Fd, and variable subunits, each approximately 25 kDa.3*

This subdivision simplifies the complex antibody structure into manageable
pieces, enabling detailed characterization of drug conjugation sites, micro-

heterogeneity, and post-translational modifications.%®

The middle-down MS approach has been demonstrated in both cysteine- and
lysine-conjugated ADCs, enabling precise DAR determination, localization of
conjugation sites, and monitoring of variants and glycoforms, providing a robust
and complementary analytical tool widely applied in biopharmaceutical

development.®3 34

It has been demonstrated by Botzanowski et al. in 2017, that native middle-level
MS can characterize site-specific ADCs in a single run, offering a clear snapshot
of molecular heterogeneity and higher-order structure.®® While more recent

studies, conducted by Wei et al. in 2024, enhanced middle-down workflows by
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assigning internal fragments, achieving near-complete sequence coverage and

improved identification of glycosylation and conjugation sites.

The power of this approach lies in bridging the gap between native MS and
peptide-level analysis, providing a balanced view of both global and local

structure.

Bottom-Level Analysis

Bottom-up MS, also called peptide-mapping, remains the ultimate approach for
sequence verification and site-specific PTM or conjugation identification.3” 38
Proteolytic digestion, typically with trypsin or Lys-C, followed by LC-MS/MS

enables amino-acid-level resolution.®®

This method has long been the regulatory benchmark for confirming the identity

of therapeutic antibodies and mapping conjugation sites in ADCs.*°

Bottom-up analysis achieves the highest structural detail, but it introduces
additional sample preparation steps that can generate artefactual modifications
or peptide losses.*’ Furthermore, it sacrifices information on the intact
molecular context, which can be critical for assessing overall product

heterogeneity.*? 43

Consequently, bottom-up workflows are increasingly complemented by intact

and subunit analyses to form comprehensive multi-level MS strategies.

LC-MS Coupling and Impact on Manufacturing Control
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The coupling of liquid chromatography with mass spectrometry (LC-MS) has
profoundly transformed biopharmaceutical analytics, marking one of the crucial
technological advances that has enabled MS to transition from the research

laboratory to routine industrial use.** %

LC pre-separation overcomes many of the practical limitations of directinfusion,
such as sample salt concentration, ion suppression, and sample complexity,

thereby enhancing MS performance.*®

In particular, in biotherapeutics analysis, chromatographic purification helps
separate major proteoforms that differ in glycosylation, charge variants, or
payload number, thereby simplifying mass spectra and improving deconvolution
accuracy.”’” Moreover, LC-MS workflows offer superior reproducibility and
automation, two key features for regulated environments that require

consistency and traceability.*®

The robustness and informational depth of LC-MS data have led to its increasing
acceptance by regulatory agencies, including the FDA and EMA, increasingly
endorse analytical strategies aligned with Quality by Design (QbD) and Process
Analytical Technology (PAT) principles, as primary characterization method for
biotherapeutics. In this context, LC-MS has become a powerful in-process
monitoring tool, providing near-real-time feedback during manufacturing. For
example, LC-MS can detect shifts in glycosylation patterns, aggregation levels,
or drug-loading distributions immediately after purification or conjugation
steps.*® When integrated with manufacturing control systems, LC-MS data help
establish process fingerprints that ensure product consistency across batches.

In the case of ADCs, continuous monitoring of DAR and payload distribution can
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reveal subtle drifts in conjugation efficiency or linker stability, allowing for rapid

corrective action.®°
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Appendix 4 - Q Exactive™ Plus Orbitrap mass spectrometer
Given these advantages, MS-based analysis was initiated in this research as a

complementary characterization method to chromatography.

As a first step, it was necessary to establish a robust reference method for the
unmodified monoclonal antibody, serving as the analytical baseline for

subsequent conjugate comparisons.

The instrument chosen for this type of investigation was the Q Exactive™ Plus

Orbitrap mass spectrometer by Thermo Fisher Scientific. (Fig.1)

Fig.1: Q Exactive™ Plus Orbitrap mass spectrometer (Thermo Fisher Scientific)

This MS spectrometer is a a hybrid high-resolution, accurate-mass instrument
combining a quadrupole mass filter, a C-trap, a higher-energy collisional
dissociation (HCD) cell, and an Orbitrap electrostatic mass analyzer. A scheme

of the instrument layout and ion path is shown in Fig.2.
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Fig.2: Schematic representation of ion generation and transmission in the Q
Exactive™ Plus Orbitrap mass spectrometer, showing the ESI source, RF Lens,
Advanced active beam guide, quadrupole, C-trap, HCD cell, and Orbitrap
analyzer.

o 7.2.1.1lon Generation

In this system, ions are produced by electrospray ionization (ESI), which gently
transfers molecules from solution into the gas phase. A high potential (typically
3-5 kV) applied between the emitter and the inlet forms a Taylor cone at the
capillary tip, from which charged microdroplets are emitted. Assisted by a
heated gas, the solvent evaporates, and the droplets undergo Coulomb fission,

producing smaller droplets until gas-phase ions are released.’ 2

ESI generates multiply charged ions, reducing the m/z of large biomolecules
such as mAbs and ADCs, thereby bringing them within the Orbitrap's detection

range.?

o 7.2.1.21lonTransfer and Focusing
The desolvated ions enter the instrument through a heated transfer capillary and
pass into a series of RF ion guides. It improves transmission efficiency,

particularly for high-m/z species, while maintaining a pressure gradient between
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the atmospheric interface and high-vacuum regions. These ion-optical elements

ensure optimal beam collimation and minimize ion losses.?

o 7.2.1.3 Quadrupole Mass Filter

After focusing, ions enter the quadrupole mass filter, composed of four parallel
rods carrying oscillating RF and DC voltages. Only ions of specific m/z values
experience stable trajectories and pass through the quadrupole; all others are
filtered out. In full-scan mode, the quadrupole sequentially transmits a broad

m/z range, whereas in MS/MS mode, it isolates precursorions for fragmentation.*

o 7.2.1.4C-Trap and HCD Cell

Selected ions are accumulated in the C-trap, which momentarily stores and
focuses them before injection into the Orbitrap analyzer.® For fragmentation
experiments, ions are directed into the adjacent HCD cell, where they collide
with nitrogen gas under controlled energy to produce product ions. These
fragments are then re-collected in the C-trap for analysis, enabling structural

elucidation and peptide or subunit sequencing.

o 7.2.1.5Orbitrap Analyzer

lons are injected tangentially into the Orbitrap. This analyzer is a coaxial
electrostatic trap consisting of a spindle-shaped central electrode and a
surrounding outer electrode. They orbit around the central electrode while
oscillating axially along its length. The frequency of these axial oscillations
depends solely on the ions’ m/z ratio. The Orbitrap provides sub-ppm mass
accuracy and resolving power exceeding 100 000 FWHM at m/z 200, enabling
high-confidence identification of glycoforms, conjugation states, and post-

translational modifications in complex biotherapeutics.
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Part 2

1. Introduction

1.1 Background
Type 2 Diabetes Mellitus (T2DM) represents one of the major global health
burdens, characterized by a combination of peripheral insulin resistance,

progressive pancreatic B-cell dysfunction, and chronic hyperglycemia.®%°7

T2DM develops through complex interactions between genetic predisposition,
lifestyle factors, and metabolic stress, leading to impaired glucose
homeostasis® and it is closely associated with obesity and cardiovascular risk,

representing one of the leading causes of morbidity and mortality worldwide.®®
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According to The Lancet Global Burden of Disease (GBD) analysis in 2023, '
more than 529 million adults were living with diabetes in 2021, corresponding to
approximately 10.5 % of the world’s adult population. The International Diabetes
Federation (IDF) projects this figure to rise to 853 million by 2050, driven primarily

by aging populations, urbanization, dietary transitions, and sedentary lifestyles.
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These data underscore the urgent need for early biomarkers and preventive
interventions for this metabolic dysregulation that could lead to vascular

damage and organ failure.

Therefore, understanding and detecting the molecular signatures of these
processes are essential for both early diagnosis and the development of

precision therapies.
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1.2 Protein Glycation and Advanced Glycation End Products (AGEs) in
diabetes

Glycation is a non-enzymatic post-translational modification in which reducing
sugars, typically glucose, react with the amino groups of proteins, such as the
side chains of lysine, arginine, or the N-terminal amino group. This reaction,
known as the Maillard reaction, produces early glycation intermediates (Schiff
bases and Amadori products), which further evolve into stable Advanced

Glycation End Products (AGEs).(Scheme1 )'03104

R—NH, Non-crosslinking AGEs
Protein/Lipid
INucleic acid R Reactive +—NH,
>_{ AGE
— g
precursors
)J\ )
R R Schiff base Amadoriproduct a-dicarbonyl

Reducing sugar

R Crosslinking AGEs

Scheme1: of Maillard reaction and Advanced Glycation Endproducts (AGEs)
formation.™®®

AGEs accumulate naturally with age and are markedly increased under
hyperglycemic conditions, leading to structural and functional changes in
proteins.'® %7 These alterations contribute to vascular stiffening, inflammation,
and oxidative stress, all of which play central roles in diabetic complications,

cardiovascular disease, and neurodegenerative disorders.’®

From a molecular-recognition perspective, glycated peptides and AGEs

introduce novel chemical epitopes, such as carboxymethyl-lysine, pentosidine,
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and hydroimidazolone, which can be selectively recognized by specific
antibodies or by AGE-binding receptors (RAGE).'® "'° These recognition events
are exploited both analytically, in the development of immunoassays and
spectroscopic detection methods, and biologically, in the mediation of

inflammation, oxidative stress, and endothelial dysfunction.™’

The degree and pattern of protein glycation provide a molecular fingerprint of
metabolic imbalance, serving as an integrative biomarker of diseases. Glycated
peptides serve as biomarkers for metabolic, cardiovascular, renal,
neurodegenerative, and inflammatory diseases in which chronic hyperglycemia

and oxidative stress drive pathological protein modification.2113.114

The recognition of AGEs is pivotal for elucidating diabetic pathology and also for
advancing precision medicine, where molecular recognition guides both

diagnosis and treatment.

1.2.1 Glycated peptides as biomarkers for diabetes
The pathophysiological connection between glycated peptides, AGEs, and

T2DM is easy to understand.”® It arises from the persistent exposure of
biomolecules to elevated glucose concentrations and the nature of reactions

collectively known as glycation. ''117

Glycated peptides satisfy the definition of markers, as measurable molecular
indicators of physiological or pathological processes.’ Their presence reflects

integrated glycemic exposure and oxidative stress.'®

Unlike total protein glycation, which provides bulk averages, peptide-level

glycation mapping reveals specific reaction hotspots and their structural
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environments. These peptides can therefore serve as molecular reporters of

hyperglycemic states and disease progression.'®

Among plasma proteins, human serum albumin (HSA) is a major target for non-
enzymatic glycation due to its abundance and circulatory long half-life (~ 20
days). Furthermore, HSA represents an appealing early biomarker of glycemic
status, since both the degree and site-specific pattern of its glycation undergo
rapid alterations in response to short-term fluctuations in blood glucose levels,
thereby providing a kinetic window of approximately 1-3 weeks that is distinct

from that of HbA1c. 119120121

Hemoglobin Alc (HbA1c) is formed by non-enzymatic glycation of the N-
terminal valine of the hemoglobin B-chain and reflects mean glycemic exposure
over the preceding 8-12 weeks, corresponding to the lifespan of erythrocytes,
and is the standard biomarker for diabetes diagnosis and long-term monitoring,
measured using highly standardized chromatographic, immunochemical, or
enzymatic assays. However, its erythrocyte-dependent and time-averaged
nature limits sensitivity to short-term glycemic fluctuations and renders it
susceptible to red-cell turnover, motivating the exploration of albumin- and

peptide-based glycation markers with shorter kinetic windows. 22123124

Systematic reviews and meta-analyses conclude that glycated albumin shows
good diagnostic accuracy for diabetes and prediabetes, with proposed decision
thresholds in the ~15-18% range and performance complementary to HbA1c,

particularly when red-cell turnover or renal disease confound HbA1¢.25126127

At the molecular level, proteomic surveys and targeted LC-MS/MS assays have
identified signature glycated HSA peptides whose abundances differ in early

T2DM and correlate with glycemic indices, supporting their value as early-stage
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biomarkers and as analytically robust readouts for short-term glycemic

dynamics.'?812°

Collectively, these data position glycated albumin, both as a bulk parameter and
at the site-specific peptide level, as a sensitive reporter of recent hyperglycemia
and an informative complement to HbA1c for early detection, risk stratification,

and monitoring in T2DM.

1.3 Analytical techniques to identify and characterize glycation

The structural heterogeneity of glycation as a post-translational modification,
combined with the wide variability in the physicochemical properties of the
resulting adducts, poses a major analytical challenge for their detection and
quantification. The products of non-enzymatic glycation encompass a
chemically diverse ensemble, from early Schiff bases and Amadori compounds
to AGEs, that differ in molecular weight, polarity, stability, and fluorescence.
Consequently, no single analytical approach can comprehensively capture the

full spectrum of these species.™"®

Over the past decades, a broad array of analytical methodologies has been
developed to investigate glycation, spanning classical spectroscopic assays,
chromatographic separations, and mass-spectrometric techniques, each
offering distinct advantages and limitations.”® Spectrophotometric and
fluorimetric assays, while rapid and inexpensive, provide only bulk estimates of

total glycation and lack molecular specificity. 132

Chromatographic methods, particularly high-performance liquid
chromatography (HPLC) and boronate-affinity chromatography (BAC), allow

partial resolution of glycated from non-glycated proteins or peptides by
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exploiting changes in polarity or the reversible covalent interaction between

boronic acids and cis-diols. 133

1.3.1 Fluorescence Spectroscopy

One of the earliest and most widely applied techniques exploits the intrinsic
fluorescence of certain AGEs. Many fluorogenic AGEs, such as pentosidine and
cross-linked imidazolines, absorb at 370 nm and emit around 440-460 nm,"3®

providing a convenient and non-destructive mode of estimation.'¢1%”

Fluorescence spectroscopy is particularly suited for quantification of AGE in
serum, plasma, or tissue extracts. Moreover, in the past few decades, a non-
invasive optical technique, has been developed for in vivo quantification of
tissue AGEs, showing strong correlations with long-term glycemic exposure and

vascular risk in patients with T2DM. 38

This method lacks chemical specificity therefore fluorescence measurements

are most informative when complemented by structurally selective assays.

1.3.2 Boronate affinity chromatography

Boronate affinity chromatography employs the reversible covalent interaction
between boronic acid functional groups and cis-diol compounds, including

carbohydrates, nucleosides, and glycoproteins.™?®

The underlying chemical mechanism of boronic sugar-binding ability is
fundamentally related to its structural properties and acid-base behavior.
Boronic acid exhibits Lewis acid characteristics due to its unbound boron center,
which possesses an sp® hybridization with a vacant p orbital oriented
perpendicular to the molecular plane. This orbital can accept electron pairs
from Lewis bases, forming coordinative covalent bonds.™°
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In aqueous solution, when the ambient pH is equal to or exceeds the boronic
acid’s pK, (typically around 8-9), the molecule interacts with hydroxide ions,
altering its hybridization from sp®to sp® and generating a tetragonal boronated
anion. This shift from a trigonal planar to a tetrahedral geometry significantly
impacts its reactivity. The boronated anion actively forms reversible ester
linkages with cis-diols, resulting in either five- or six-membered cyclic boronated

esters depending on the spatial arrangement of the diol’s hydroxyl groups.™

This acid-base equilibrium underpins the functionality of boronic acid
complexes (BAC). Under mildly alkaline conditions, boronate-diol complexation
is thermodynamically favored, enabling selective adsorption processes.
Conversely, decreasing the pH below the boronic acid’s pK, leads to dissociation
of the boronic acid-cis-diol complex as the boronic acid reverts to its neutral,
trigonal planar sp2 configuration. This pH-dependent reversible binding provides
an effective switch for controlled adsorption and desorption based on

environmental pH changes.™
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Scheme2: Selective control and factors influencing the performance of BAC are
depicted. Green arrows indicate favorable interactions, whereas light blue
arrows represent unfavorable ones. A red upward arrow signifies that the
interaction can be enhanced by the specified factors, while blue arrows indicate
that the interaction can be inhibited by the factors mentioned.™?

A key aspect of the BAM-sugar interaction is the stereochemistry of the diol.
Sugars with syn-periplanar hydroxyl pairs, such as those presentin the furanose
form of D-fructose, form stronger complexes than those with anti-periplanar

arrangements, such as D-glucose.™*1%

Consequently, boronic acids exhibit inherent selectivity for certain
monosaccharides and glycoproteins; a property that has been exploited in
glycan profiling, in the isolation of glycated peptides, and in glucose-sensing

applications. '4¢

1.3.2.1 Analytical and biomedical applications

Owing to their selective interaction with cis-diols, BAC have proven to be highly

valuable in analytical biochemistry and clinical diagnostics.
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In glyco-proteomics, itis widely used to isolate and enrich glycopeptides prior to
LC-MS analysis.' In metabolomic studies, BAC enables preconcentration of
nucleotides and, other hydroxylated metabolites. Its ability to form reversible
complexes under mild aqueous conditions makes it suitable for biomarker
detection, particularly in diabetes research, where it allows the selective

trapping of glycated hemoglobin (HbA1c) and fructosamine peptides.'®

Recent research has shifted the use of boronic acid-functionalized materials in
biosensing and drug delivery.'* Boronic acid-based fluorescent sensors have
been developed for continuous glucose monitoring, exploiting the modulation of

fluorescence intensity upon diol binding.'®°

Despite its simplicity, the practical application of BAC continues to face
challenges. The limited binding strength at physiological pH hampers its
performance with weakly interacting analytes, and the need for alkaline
conditions can compromise biological stability, for this reason continuous
innovation in boronic acid chemistry, ligand architecture, and support materials
is steadily expanding the operational window of BAC toward physiological pH

and enhancing its selectivity and reproducibility.

1.4 Analytical strategy for profiling glycated peptides in complex biological
samples by LC-MS and MS tandem

Mass spectrometry (MS) has revolutionized the analysis of protein glycation by

providing high-resolution, site-specific identification.

As already described in 1.2 paragraph, non-enzymatic glycation of serum
proteins is an early and pervasive molecular consequence of chronic

hyperglycemia.’®™ In T2DM reducing sugars, such as glucose, react
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spontaneously with amino groups, forming a spectrum of modifications that
reflect a patient’s glycemic exposure. The resulting Amadori products occur
mainly on abundant plasma proteins like HSA, where they are created and
degraded within the normal timeframe of protein turnover. Consequently, their
quantification provides a sensitive and dynamic measure of short-term

glycaemic control, complementing long-term markers such as HbA1¢.%

Conventional immunochemical and chromatographic assays can estimate
overall glycation but lack the site-specific detail needed to resolve individual
modification sites or protein targets. In contrast, mass spectrometry enables
precise detection and structural characterization of glycated peptides through

accurate mass measurement and fragmentation analysis. %53

Glycated peptides show a diagnostic mass increment of +162.0528 Da,
corresponding to the addition of one hexose residue. Upon collision-induced
dissociation (CID), they display reproducible and distinctive fragmentation
patterns, characterized by stepwise neutral losses that confirm the presence of

Amadori modifications. 54195156

These diagnostic patterns are employed for confident identification of glycated
sites on proteins such as HSA." The reproducibility of these patterns across
patient samples has enabled the establishment of signature panels of glycated
HSA peptides, among them Lys199, Lys281, Lys525, and Lys549, that serve as

molecular indicators of diabetic status.s8%°

The analysis of glycated proteins in complex biological matrices, such as

plasma, presents two key challenges:

1. low relative abundance in the complex peptides/proteins mixture,

209



2. high heterogeneity of glycation products.

To address these diametrically opposed aspects MS-based workflows employ
selective enrichment steps combined with high-resolution separation prior to

detection.

Generally speaking, a common MS-based workflow could be divided in four key

strategic steps:

1. Proteolytic digestion: Serum or purified proteins are enzymatically

digested, through trypsin, to generate peptides suitable for MS analysis,

2. Selective enrichment. Amadori peptides contain cis-diol structures,
which can be captured by boronate-affinity media. This step enriches

glycated peptides and reduces matrix interference.

3. Liquid-chromatographic separation: the enriched peptides are separated

by reversedd-phase liquid chromatography (LC) under gradient elution.

4. Electrospray ionization (ESI) and MS/MS analysis: Peptides eluting from
the LC column are ionized by ESI, generating multiply charged ions that
are subsequently isolated and fragmented within the mass spectrometer,

and MS tandem experiments.

In ESI, analyte ions are generated from solution under an electric field that
produces charged microdroplets. For tryptic peptides, charge states of 2+ to 4+
are most common; these are readily transmitted and detected by ion-trap and
Orbitrap instruments. Glycated peptides behave similarly to their unmodified
counterparts but appear at higher m/z values due to the additional mass of the
glucose adduct.’® The presence of the carbohydrate adduct does not inhibit
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ionization; however, it may slightly alter the charge-state distribution as a result

of local polarity changes introduced at the glycation site."®"

The characteristic series corresponds to a distinctive fragmentation pattern
dominated by a cascade of neutral losses originating from the Amadori moiety."®?
The sequential elimination of water and formaldehyde molecules proceeds

through the following characteristic mass losses:'®®

-18 Da (H,0 loss)

-36 Da (2 x H,0)

-54 Da (3 x H,0O; formation of a pyrylium-type structure)

-84 Da (3 x H,0 + HCHO; formation of a furylium-type ion)

These losses appear as satellite peaks surrounding the precursor ion and, in
certain cases, also around fragment ions retaining the glycation. Their regular
spacing and relative intensity constitute a diagnostic ladder confirming the
presence of Amadori modifications. Studies on glycated HSA peptides have
demonstrated that this neutral-loss cascade is highly reproducible and largely
independent of peptide sequence, making it a robust spectral fingerprint for

glycation.®4118

1.4.1 Tandem Mass Spectrometry for Glycated Peptide Analysis

In collision-induced dissociation (CID), precursor ions are accelerated and
allowed to collide with an inert gas, typically helium or nitrogen. Repeated low-
energy collisions convert translational kinetic energy into internal vibrational

energy, which induces cleavage of labile bonds.'¢%%¢

In peptides, the weakest bonds are usually the amide linkages, and when

additional substituents such as glycation are present, these labile groups often
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fragment preferentially, leading to the characteristic neutral losses before

backbone cleavage occurs.

Since late 1980s and stats of 1990s, tandem mass spectrometry (MS/MS) has
been applied to protein and peptide analysis. In a key work published in 1986 by
Hunt et al.”® tandem MS experiments have been used to identify peptide
sequences directly from tryptic digestion of human apolipo-protein B (apoB),
this study is, wordwide, considered the foundational paper of modern

proteomics.

MS/MS spectrometry is a powerful tool to elucidate molecular structure by
isolating a specific precursor ion (also called parent ion) and inducing its
controlled fragmentation enabling precise identification of peptides, post-

translational modifications, and other molecular features.®

The principle behind this technique has been expanded to MS? (MS/MS/MS)
experiments, where a second round of fragmentation to selected ions is
executed.'® MS? can confirm modification sites, distinguish isomeric species,

and resolve complex or overlapping spectra.’®
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2. Aim of PhD research work

The prevalence of Type 2 diabetes mellitus (T2DM) continues to rise globally,

posing profound challenges to healthcare systems and to societies at large.

Early diagnosis and rigorous monitoring of disease progression are fundamental
to limiting the onset of long-term micro- and macrovascular complications. In
this regard, the non-enzymatic glycation of proteins and the subsequent
formation of advanced glycation end-products (AGEs) have emerged as critical
molecular events intimately linked to hyperglycemia, oxidative stress, and the

pathophysiology of diabetic complications.

Despite extensive research over the past decades, translational markers derived
from protein glycation remain insufficiently exploited in routine clinical practice,
principally due to limitations in analytical sensitivity, specificity, and the lack of

large-scale validation.

The present research aims to develop, optimize, and validate boronate-
functionalised solid supports for the selective enrichment and characterization
of glycated peptides as molecular indicators of early glycation events. The work
builds on the unique affinity of boronic acids for cis-diol-containing compounds
and explores how ligand structure, substitution pattern, and polymeric
backbone influence the capture efficiency and selectivity of these materials

toward Amadori-type adducts.

To achieve this, two distinct solid supports, ChemMatrix® Rink Resin (CMXRR)
and w-Aminohexyl-Agarose (AGRR), were functionalized with mono- and di-
substituted phenylboronic acid moieties in para- and meta-orientations. The
resulting materials were systematically characterized in terms of their chemical

properties, stability, and binding performance. Controlled experiments with
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synthetic model peptides representing unmodified, glycated, and glycosylated
forms were first conducted to define the parameters governing affinity and
specificity. After optimization with defined peptide standards, the best-
performing boronate resins were evaluated on increasingly complex matrices,
including mixtures of glycated peptides and protein hydrolysates, to assess their

robustness, selectivity, and reproducibility under realistic analytical conditions.

Subsequently, the optimised workflow was applied to human serum samples to
capture naturally occurring glycated peptides, particularly those derived from
HSA, a major plasma protein known to undergo extensive glycation in diabetic
conditions. The enriched fractions were analyzed by liquid chromatography
coupled to mass spectrometry (LC-ESI-MS) to identify recurring glycated
fragments and evaluate their potential as molecular biomarkers consistently

present across different serum samples.

The expected outcome of this research is to establish a validated analytical
platform integrating selective boronate-affinity enrichment and high-resolution

mass spectrometry for the investigation of early-stage protein glycation.

Beyond its methodological innovation, this work aims to provide a proof of
conceptforthe application of these synthetic boronate supportsinthe discovery
of glycated peptide biomarkers directly from biological samples, bridging the
gap between experimental chemistry and translational biomarker research in

diabetes.
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3. Results and discussion

3.1 Preparation of solid supports for the specific capture of
deoxyfructosylated peptides

The analytical detection of glycated peptides in biological matrices remains

challenging because of their low abundance and structural heterogeneity.

As described in paragraph 1.3.2, affinity-based enrichment strategies have been
developed to selectively capture cis-diol-containing biomolecules. Among
these, boronate affinity chromatography (BAC) has gained particular attention
due to the ability of boronic acids to form reversible covalent complexes with

1,2- or 1,3-diols, such as those found in glucose and Amadori adducts.

The strength and reversibility of this interaction under mild pH conditions make
boronic acid ligands ideal for isolating glycated species compatible with

subsequent mass spectrometry (MS) analysis.

Over the past decades, various boronate-functionalized materials have been
developed and commercialized. The best-known example is m-
aminophenylboronic acid-agarose (Fig.1), available as an affinity gel for the

selective capture of glycated and glycosylated biomolecules.

OH
o/ OH
Fig.1: Structure of m-aminophenylboronic acid—agarose.
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However, such materials often exhibit non-specific adsorption toward peptides
containing hydroxyl-bearing amino acids, serine, threonine, or tyrosine, and
limited loading capacity, motivating the search for new boronate supports with

improved selectivity and performance.

To address these limitations, researchers have designed next-generation BAMs
based on diverse polymeric or inorganic backbones, such as mesoporous silica,
monolithic columns, magnetic nanoparticles, and synthetic resins like
ChemMatrix®, which allow for higher ligand density and reduced non-specific
binding.

3.1.1 Functionalization of resins varying the solid supports nature and units of
phenylboronic acid

In a previous study published in 2020 in Molecules™’, ChemMatrix® Rink Resin
(CMXRR) was selected to design a novel solid support. The resin was
functionalized using a simple protocol, with lysine that acts as linker between
the resin and two moieties of phenylboronate moieties, obtaining p-PhB-Lys(p-

PhB)-CMXRR, to fish selectively glycopeptides.

Based on the results presented in that work, a set of boronate-functionalized
solid supports was conceived to systematically explore how the chemical nature
of the polymeric matrix and the spatial arrangement of phenylboronic acid

moieties affect the affinity and selectivity toward glycated peptides.

For the present study different solid supports were designed. Based on two
different solid supports, ChemMatrix® Rink Resin (CMXRR) and Agarose Resin
(AG), functionalized with a spacer (a lysine) bearing one or two units of Boronate
of para-phenyl boronic acid (p-PhB-OH) and meta-phenyl boronic acid (m-PhB-

OH). Thus, the study aims to evaluate the influence of matrix composition, ligand
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density, and electronic effects on the boronate—diol interaction. In particular,
the distinction between para- and meta-substituted phenylboronic acids
introduces subtle variations in electron distribution and steric accessibility at
the boron center, which can significantly affect binding affinity and selectivity

toward glycated peptides.

The solid supports of interest were:
= Resin 1: p-PhB-Lys(p-PhB)-ChemMatrix® Rink Resin
= Resin 2: m-PhB-Lys(m-PhB)-ChemMatrix® Rink Resin
= Resin 3: Ac-Lys(p-PhB)-ChemMatrix® Rink Resin
= Resin 4: Ac-Lys(m-PhB)-ChemMatrix® Rink Resin
=  Resin 5: p-PhB-Lys(p-PhB)-Agarose Rink Resin
= Resin 6: m-PhB-Lys(m-PhB)-Agarose Rink Resin

=  Resin 7: Ac-Lys(p-PhB)-Agarose Rink Resin

Resin 8: Ac-Lys(m-PhB)-Agarose Rink Resin

3.1.1.1 Preparation of bi substituted phenylboronate resins
Both ChemMatrix® Rink Resin (CMXRR) (loading 0.60 mmol/g) and Agarose Rink

Resin (AGRR) (loading 15 pmol/mL) were swollen in DMF for 30 min prior to
functionalization. The Fmoc-Lys(Fmoc)-OH spacer (3 equiv.) was activated with
HBTU/HATU (3 equiv.) and DIPEA (6 equiv.) in DMF and coupled to the resins for
40 min at 25 °C. After Fmoc deprotection with 20% piperidine in DMF, the
resulting Lys—CMXRR and Lys-AGRR intermediates were washed with DMF and
immediately reacted with 4-carboxyphenylboronic acid (p-PhB-OH, 6 equiv.) or

3-carboxyphenylboronic acid (m-PhB-OH, 6 equiv.) in the presence of
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HBTU/HATU (6 equiv.) and DIPEA (12 equiv.) in DMF (10 mL). The coupling was
allowed to proceed for 40 min at 25 °C with gentle stirring. The resins were
washed sequentially with DMF (7 x 1 min) and DCMX (3 x 1 min) and monitored

by the Kaiser test to confirm complete reaction.

The functionalized resins were dried under vacuum for 3 days. Small samples
were cleaved with TFA/H,O/TIS (95:2.5:2.5, v/v/v) for 3 h at room temperature to
determine loading by UV analysis after lyophilization. The final products were
obtained as follows:

= Resin 1 (p-PhB-Lys(p-PhB)-CMXRR): 3.00 g, loading 0.462 mmol/g

= Resin 2 (m-PhB-Lys(m-PhB)-CMXRR): 0.53 g, loading 0.289 mmol/g

= Resin 5 (p-PhB-Lys(p-PhB)-AGRR): loading 6.5 pmol/mL

= Resin 6 (m-PhB-Lys(m-PhB)-AGRR): loading 7.4 pmol/mL

/ HO.,.OH

? ? HO. . .OH
HO S0 ?
6 eq)

HBTU (3 equiv)
DIPEA (6 equiv)

Fmoc-Lys(Fmoc)-OH (3 equiv) p-PhB-Lys(p- ancn mM trix® Rink re

1. )-
HETU (6 oquiv), DIPEA (6 equiv) H NH, ro )
—NH, 4> _N\")\/\/\NH p-PhB-Lys(p- PhB)Ag e Gel Rink re:
2..20% piperidine in DMF 2
o

ChemMatrix® Rink resin |
CMRR

Agarose Gel Rink resin HO" B\?
AGRR [ ;]
HO™ O \?

6 equiv
—_—

HBTU (3 equiv)
DIPEA (6 equiv)

m-PhB-Lys(m-| PhB)Ch mMatrix® Rink re
Resin 2)

m—PhB—Lys(m—PhB)rAgarose Gel Rink resin
(Resin 6)

Scheme3: Synthetic pathway to obtain p-PhB-Lys(p-PhB)-ChemMatrix® Rink
resin (Resin 1), m-PhB-Lys(m-PhB)-ChemMatrix® Rink resin (Resin 2), p-PhB-
Lys(p-PhB)-Agarose Gel Rink resin (Resin 5) and m-PhB-Lys(m-PhB)-Agarose Gel
Rink resin (Resin 6).
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3.1.1.2 Preparation of mono substituted phenylboronate resins
ChemMatrix® Rink Resin (loading 0.60 mmol/g) and Agarose Rink Resin (loading

15 pmol/mL) were swollen in DMF for 30 min. The coupling of Fmoc-Lys(Mtt)-OH
(3 equiv.) was performed under the same activation conditions as described in
3.1.1.1. After washing, the Mtt protecting group was selectively removed with
TFA/TIS/DCMX (1:5:94, v/v/v), refreshed four times.

The exposed e-amino group of lysine was then coupled to either 4-
carboxyphenylboronic acid (p-PhB-OH, 3 equiv.) or 3-carboxyphenylboronic
acid (m-PhB-OH, 3 equiv.) in the presence of HBTU (3 equiv.) and DIPEA (6
equiv.) in DMF. The mixture was stirred for 40 min at 25 °C, followed by washing
with DMF (7 x 1 min) and DCMX (3 x 1 min).

Finally, the Na-amino functions of the supported lysine residues were
acetylated with acetic anhydride (10 equiv.) and DIPEA (10 equiv.) in DMF for 1
h. The resins were filtered, washed with DMF and DCMX, and dried under
vacuum for 3 days. Cleavage tests using TFA/H,O/TIS (95:2.5:2.5, v/v/v)

confirmed successful derivatization and the following loadings:

= Resin 3 (Ac-Lys(p-PhB)-CMXRR): 0.55 g, 0.354 mmol/g
= Resin 4 (Ac-Lys(m-PhB)-CMXRR): 0.49 g, 0.151 mmol/g
= Resin 7 (Ac-Lys(p-PhB)-AGRR): loading 4.3 pmol/mL
= Resin 8 (Ac-Lys(m-PhB)-AGRR): loading 3.2 pmol/mL
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1. Fmoc-Lys(Mtt)-OH (3 equiv)

HBTU (6 equiv), DIPEA (6 equiv) H NHFmoc TFA:TIS:DCM H NHFmoc
= (1%, 5%, 94%, vvsd) "
—NH, ————————— Ny A~~n O CHs e Ny AN~NH, >
o] H o
ChemMatrix® Rink resin ‘
CMRR
Agarose Gel Rink resin
AGRR
/— HO( B,OH
HO.g-OH HO.OH
CHj;
HO o H _Fmoc -
3 equiv H\")\/\/\ 1. 20% piperidine in DMF H HN 0
T e |
N [¢] . . —N
A I H ﬁ. S:AZS (10 equiv), DIPEA (10 equiv) MH 0
[e]

Fmoc-Lys(p-PhB)-CMRRIAGRR

Acetyl-Lys(p-PhB)-ChemMatrix® Rink resin
(Resin 3)
Acetyl-Lys(p-PhB)-Agarose Gel Rink resin
(Resin 7)

CI)H
B
” OH
HO OH :
| CH; B
B Ho”
HO™
HO' 0 _Fmoc HN o
y PN 1. 20% piperidine in DMF _k"
6 equiv —N N ° - N (e}
HBTU (3 equiv) H 2. Ac,0 (10 equiv), DIPEA (10 equiv) H
DIPEA (6 equiv) o in DMF o)
Fmoc-Lys(m-PhB)-CMRR/AGRR Acetyk-Lys(m-PhB)-ChemMatrix® Rink resin
(Resin 4)
\ Acetyl-Lys(m-PhB)-Agarose Gel Rink resin
(Resin 8)

Scheme4: Synthetic pathway to obtain Ac-Lys(p-PhB)-ChemMatrix® Rink resin
(Resin 3), Ac-Lys(m-PhB)-ChemMatrix® Rink resin (Resin 4), Ac-Lys(p-PhB)-
Agarose Gel Rink resin (Resin 7) and Ac-Lys(m-PhB)-Agarose Gel Rink resin
(Resin 8).
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No. Resin Loading Quantity

(mmol/g) (g
CMXRR di-modified R1 p-PhB-Lys(p-PhB)-CMXRR 0.462 0.961
R2 0.354 0.533
m-PhB-Lys(m-PhB)-CMXRR
mono- R3 Ac-Lys(p-PhB)-CMXRR 0.298 0.549
modified
R4 Ac-Lys(m-PhB)-CMXRR 0.151 0.487
AGRR di-modified R5 p-PhB-Lys(p-PhB)-AGRR 0.524 0.0284
R6 m-PhB-Lys(m-PhB)-AGRR 0.406 0.0698
mono- R7 Ac-Lys(p-PhB)-AGRR 0.317 0.0252
modified
R8 Ac-Lys(m-PhB)-AGRR 0.203 0.0702
Table1: Functionalized resins to capture glycated peptides.

CMXRR - ChemMatrix® Rink resin; AGRR - Agarose Rink resin.

3.2 Synthesis of specific deoxyfructosylated peptide fragments

Controlled glycation experiments on HSA and its peptide fragments constitute a
practical approach to characterizing both the chemical formation of Amadori
products and their analytical behavior under mass spectrometric

conditions.'>173

To elucidate which amino acid residues are most susceptible to glycation, a
study of La Polla et all of 2004 '7* combined enzymatic digestion, tandem mass
spectrometric analysis, and molecular modeling enabling the recognition of the

most putative sites.

Computational evaluation of solvent-accessible surface areas identified several
lysine residues, Lys233, Lys276, Lys378, Lys525, and Lys545, as the most

exposed and, therefore, the most reactive toward reducing sugars.
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To achieve this, synthetic fragment peptides were designed as minimal
sequence models encompassing the most reactive lysine residues,

ERQIKKQTALVELVK and SSAKQRLKCASLQ.

To understand the impact of glycation on serum proteins, two HSA peptide
fragments were designed as minimal sequence models: HSA1
(ERQIKKQTALVELVK, Fig. 2) and HSA2 (SSAKQRLKCASLQ, Fig. 3), which contain

the most reactive lysine residues (K525, K545).

NH NHZ

Y)i)w\ﬁ/)? mﬁéj wm*'@ﬁ?wm*gwmjjw

Fig.2: HSA1 peptide fragments, sequence: ERQIKKQTALVELVK.

&x&¢§x¢x&x%&§
RN

Fig.3 : HSA2 peptide fragments, sequence: SSAKQRLKCASLQ.

These peptides were synthesized using a MW-SPPS employing Fmoc/tBu
orthogonal protecting strategy and DIC/Oxyma Pure as the coupling system on

the automated MW-assisted synthesiser Liberty BlueTM (CEM, USA). And later
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were glycated according to the Boratynski strategy, enabling the stepwise
generation of early Amadori intermediates under controlled conditions.

Both peptides were desighed to have n-terminal and c-terminal function free,
the choice of the resins was settled on Wang resins. Fmoc-L-Lys(BOC)-Wang
resin (Fig.4) for HSA1, and Fmoc-L-Gln-(Trt)-Wang resin (Fig.5) both with a

loading of 0,6 mmol.

3 PO

Fig.4: Fmoc-L-Lys(BOC)-Wang resin.

}_/ |
H
Y ~Q
O o) \#/\@\

o)

NH J<

P

Fig.5: Fmoc-L-Gln-(Trt)-Wang resin.
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The resin was first swollen in DMF, to allow it to expand and expose all the active
sites to the solvent, and then the MW-SPPS was performed. Considering the
sequences, double coupling cycles were applied under microwave-assisted
SPPS conditions to ensure the complete incorporation of all amino acid into the
growing sequence.
For each amino acid in the sequence, the subsequent steps were performed,
and repeated iteratively for each amino acid:

e Standard deprotection conditions: 20% (v/v) piperidine/DMF.

e Washingsin DMF

e Coupling: DIC and Oxyma pure as coupling system and protected amino

acid building blocks dissolved in DMF
e Washings in DMF
e Coupling: DIC and Oxyma pure as coupling system and protected amino

acid building blocks dissolved in DMF

After the resin with the peptide elongated was deprotected from the amino-
terminal Fmoc protecting group, washed with DMF and DCMX and then treated
with a cleavage mixture composed of 92.5:2.5:2.5:2.5 TFA:TIS:H,O:EDT (v:v:v:v)
to cleave the peptide from the resin and remove all the protecting groups on the
side chains. The resin was then filtered and washed with diethyl ether to
precipitate the peptide. After centrifugation the crude product was collected

and glycated via Boratynsky strategy.
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3.2.1 Glycation of peptides via Boratyriski strategy

The peptides were selected as a representative substrate for controlled
glycation. They were subjected to deoxyfructosylation following the Boratynski
method "%, which enables covalent conjugation of reducing sugars to amino
groups through a dry-thermal Maillard-type reaction. This procedure promotes
condensation between the sugar carbonyl group and the g-amino function of
lysine, forming an unstable glycosylimine intermediate that rearranges to yield
the corresponding 1-deoxy-D-fructosyl-lysine derivative.

The beauty of the Boratynski reaction lies in the factthat can be performed under
various conditions, including aqueous or vacuum environments, mimicking
glycation processes occurring in biological or industrial contexts. Under
aqueous conditions at physiological pH, the reaction reflects early in vivo
glycation steps.

For the present study, glycation was carried out by simply mixing peptides or
proteins with sugars (D-Glucose) in a 1:2 ratio, then freeze-drying the mixture
and heating it at 104°C for 40 minutes.

The success of the glycation reaction was followed by HPLC-ESI-MS analysis.
The chromatographic analysis of the glycated peptides revealed a clear shift in
retention times compared to the non-glycated counterparts. This retention time
shift provides direct evidence of successful sugar conjugation to the peptide
fragments, confirming the formation of early Amadori products. Additionally,
mass spectrometric analysis substantiated these findings by showing distinct
mass increments corresponding not only to single but multiple sugar
attachments on both peptide fragments. The presence of multiple glycated
species demonstrates the heterogeneous nature of the glycation process and
highlights the reactivity of multiple lysine residues within the synthetic

sequences. Together, these chromatographic and mass spectrometric data
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unequivocally confirm the controlled and specific glycation of the HSA-derived
peptides, validating the effectiveness of the applied Boratynski strategy under

the experimental conditions.
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Fig.6: A) RP-HPLC (Alliance Chromatography system (Waters, Milford
Massachusetts, USA)) of HSA1: C18 column Waters Acquity BEH (130 A, 1.7 ym,
2.1 50 mm); temperature 35°C; flow, 0.6 ml/min; eluent, 0.1% (v/v) TFA in H20
(A) and 0.1% (v/v) TFA in CH3CN (B); A, 215 nm, rt = 3.45 min; gradient, 20-80%
B in 5 min. B) ESI-MS spectrum (ESI-MS Micromass ZQ (Waters, Milford
Massachusetts, USA)) of HSA1, (m/z): [M+H]** exp: 892.84.
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Fig.7: A) RP-HPLC (Alliance Chromatography system (Waters, Milford
Massachusetts, USA)) of glycated HSA1: C18 column Waters Acquity BEH (130
A 1.7 pm, 2.1 50 mm); temperature 35°C; flow, 0.6 mlU/min; eluent, 0.1% (v/v)
TFAiInH20 (A)and 0.1% (v/v) TFAin CH3CN (B); A, 215 nm, rt=3.00 min, gradient,
30-80% B in 5 min. B) ESI-MS spectrum (ESI-MS Micromass ZQ (Waters, Milford
Massachusetts, USA)) of glycated HSA1, (m/z) of HSA1+2Glc: [M+H]*" exp:
1067.05, (m/z) HSA1+3Glc: [M+H]* exp: 1130.46.
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Fig.8: A) RP-HPLC (Alliance Chromatography system (Waters, Milford
Massachusetts, USA)) of HSA2: C18 column Waters Acquity BEH (130 A, 1.7 ym,
2.1 50 mm); temperature 35°C; flow, 0.6 ml/min; eluent, 0.1% (v/v) TFA in H20
(A) and 0.1% (v/v) TFA in CH3CN (B); A, 215 nm, rt = 3.73 min; gradient, 20-80%
B in 5 min. B) ESI-MS spectrum (ESI-MS Micromass ZQ (Waters, Milford
Massachusetts, USA)) of HSA2, (m/z): [M+H]** exp: 711.00
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Fig.9: A) RP-HPLC (Alliance Chromatography system (Waters, Milford
Massachusetts, USA)) of glycated HSA1: C18 column Waters Acquity BEH (130
A 1.7 pm, 2.1 50 mm); temperature 35°C; flow, 0.6 ml/min; eluent, 0.1% (v/v)
TFAiInH20 (A)and 0.1% (v/v) TFAin CH3CN (B); A, 215 nm, rt=3.02 min, gradient,
30-80% B in 5 min. B) ESI-MS spectrum (ESI-MS Micromass ZQ (Waters, Milford
Massachusetts, USA)) of glycated HSA1, (m/z) of HSA2+2Glc: [M+H]*" exp:
872.98, (m/z) HSA1+3Glc: [M+H]*" exp: 954.13.
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3.3 Boronate affinity chromatography

A key part of the present research project involved designing, synthesizing, and
evaluating boronate-functionalized solid supports for the selective enrichment
of early glycation products, particularly Amadori-type peptides, potential

markers of diabetes.

As discussed in 3.1 paragraph, two classes of solid supports were investigated:
ChemMatrix® Rink resin (CMXRR), a synthetic PEG-based resin characterized by
high swelling capacity and mechanical stability, and w-aminohexyl-agarose
resin (AGRR), a hydrophilic, polysaccharide-based support. Both were
functionalized with either mono- or di-substituted phenylboronic acid (PhB)
moieties in para or meta orientation to yield a total of eight resins (R,-Ry). (see

Table 1)

The loading capacities of the functionalized resins, determined by elemental
analysis and UV quantification, ranged from 0.15 to 0.52 mmol g”. This
variability in loading values reflected differences in substitution patterns, steric
effects during coupling, and the chemical nature of the support matrix. The bi-
functionalized variants exhibited higher nominal loading, as expected, but their
spatial configuration and flexibility were hypothesized to influence their

accessibility for cis-diol recognition.

3.3.1 Boronate affinity chromatography: from peptide mixture to complex
biological mixtures

To evaluate the capture efficiency and selectivity of the 8 eight functionalized
solid supports, a systematic screening was conducted using a set of synthetic
peptides representative of glycated, non-glycated, and glycosylated sequences.

(Table 2).
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No Name Sequence MW
(g/mol)

P1 | AmadoriPeptide 1 | Ac-YNKSWK((N*-DeoxyFru)FEHSNFNDVC-OH 2236

P2 | Non - Amadori Ac-YNKSWKFEHSNFNDVC-OH 1930
Peptide 1

P3 | Scrambled Ac-VSENDK(N®-DeoxyFru)YNFHKSWNFC-OH 2236
Peptide 1
Amadori GCD-59

P4 | Surrogate Ac-NKAWK(N&-DeoxyFru)FEHANFNDC(OH)-PEG 5940
Calibrator
Gluticol GCD-59

P5 Ser’(Glc)]CSF114 H-TPRVERS’(B-D-Glc)GHSVFLAPYGWMVK-OH 2579

7

P6 | Asn’(Gal]CSF114 | || 1orvERN’(B-D-Gal)GHSVFLAPYGWMVK-OH | 2006

P7 [(N®-1- H-TPRVERK’(N&-DeoxyFru)GHSVFLAPYGWMVK-OH 2621
DeoxyFru)]CSF114

P8 | Asn’(Glc)]CSF114 H-TPRVERN’(B-D-Glc)GHSVFLAPYGWMVK-OH 2606

Table2: List of the Amadori CD59 peptides and the glycosylated peptides used

as a matrix for capturing.

These model peptides were selected to mimic clinically relevant glycated sites

identified in the extracellular domain of CD59, a glycoprotein implicated in

diabetes-related pathophysiology.
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All resins, R1-R8, were tested with a mixture of single peptides, more complex
mixtures, and sera from patients affected by T2DM, at the optimal pH for
boronate-diol complex formation. Capture efficiencies were measured by UV
absorbance of unbound fractions and confirmed through LC-MS analysis of

eluates.

3.3.1.1 Screening of Meta-Substituted resins

The first screening experiments focused on the comparative evaluation of meta-
substituted resins (R2, R4, R6, R8), differing by units of boronate attached

(mono- versus bi-functionalized) and by the support, CMXRR or AGRR.

The primary parameters considered to evaluate the efficiency in enrichment
were the selectivity toward mimic Amadori peptides versus glycosylated or non-

modified peptides, the global capture efficiency and lastly the reproducibility.

The results revealed an overall better performance, with a good compromise in
efficiency and selectivity, of the mono-substituted meta-resins, Ac-Lys(m-PhB)-

CMXRR (R4) and Ac-Lys(m-PhB)-AGRR (R8).

In particular, R4 and R8 exhibited strong enrichment for Amadori peptides P1,
P3, and P8, with capture yields ranging from 31-45%, while maintaining minimal
non-specific binding toward unmodified or glycosylated analogues (£10%). In
contrast, the bi-functionalized analogues (R2, R6) showed reduced selectivity,
tracible to steric hindrance and the simultaneous presence of two closely
spaced boronic acid sites that hindered optimal interaction with the peptide-

bound fructosyl moiety.

Interestingly, it was noted that resin architecture also impacted in the peptide
retention. The PEG-based CMXRR support consistently yielded slightly higher

capture efficiencies compared to the hydrophilic agarose support, supposedly
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due to its enhanced swelling properties and greater accessibility of boronate

groups within the polymeric network.

Peptide-dependent effects were observed, as well. Longer peptides such as P4
(MW = 6000 Da) displayed markedly lower binding (<15%), attributed to steric
exclusion and conformational rigidity. These findings highlight the need for
proteolytic digestion of biological samples prior to affinity capture to ensure

accessibility of glycated sites.

3.3.1.2 Para vs Meta Orientation: structural influence

To explore the role of boronic acid substitution pattern on binding performance,
a second comparative experiment was conducted between the most effective

meta resins (R4 and R8) and their corresponding para-analogues (R3 and R7).

The results demonstrated a distinct dependence on positional isomerism and

resin backbone.

For the CMXRR resins, the meta-analogue (R4) outperformed the para form (R3),
with average capture efficiencies for Amadori peptides of 37% versus 28%,
respectively. Conversely, in the AGRR resins, the para-analogue (R7) exhibited
slightly higher efficiency compared to the meta-analogue (R8), but at the

expense of selectivity.

These results and the ones after the first set of experiment, confirmed that both
the chemical microenvironment of the boronate moiety and the polymeric
architecture of the support jointly dictate the effectivess of binding. In fact,
CMXRR support, a PEG-based matrix, most likely provided greater flexibility and

solvent exposure, allowing the meta-substituted boronate group to engage in
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more favorable orientation for cyclic ester formation with the fructosyl diol. The
agarose matrix, by contrast, imposes more steric and hydrogen-bonding

constraints, favoring the para configuration for accessibility.

From a mechanistic perspective, the higher performance of R4 is consistent with
previous findings indicating that boronic acids with electron-withdrawing
substituents or spatially unconstrained binding pockets exhibit enhanced

complexation rates with cis-diols under mildly alkaline conditions.™*

Overall, R4 emerged as the most balanced resin in terms of selectivity and
efficiency, capturing Amadori peptides with high yield (240%) while minimizing

nonspecific adsorption (<10%).

3.3.1.3 Comparative evaluation with Commercial supports

To assess the performance of the resins produced further experiments
compared R4 with a commercially available m-aminophenylboronic acid-—

agarose resin (PBA-agarose, Sigma-Aldrich A8530).

Two sets of solutions were employed, the first was an equimolar mixture of [(1-
deoxyfructosyl)Lys’]JCSF114 (P7) and [(Asn’-Glc)]CSF114 (P8), the second were
mixtures containing only 5% (w:w) P7 relative to P8 to study the selectivity under

competitive conditions.

From the first set, under equimolar conditions, the performances of both resins
were comparable, suggesting a functional boronate activity. However, under
competitive low-abundance conditions, only R4 retained significant selectivity

for the deoxy-fructosylated peptide.

This difference underscores the critical influence of the resin backbone on

selectivity, as suggested by the previous set of experiments.
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3.3.1.4 Application to Complex Biological Samples

To validate the applicability of the R4 resin in realistic biological contexts,
experiments were extended to human serum samples from individuals with

normal glucose tolerance (NGT) and, type 2 diabetes mellitus (T2DM).

As first it was decided to test the selectivity of R4 by gradually enhanced the
complexity of the peptides mixture, shifting form single peptides or multi
synthetic peptides mixture, to a tryptic digested of Human Serum Albumin

(HSA).

Prior to boronate affinity chromatography, the HSA has been glycated by
Boratynsky's strategy, as described in 3.2.1, and enzymatically digested via
trypsin. The resulting complex, varying peptide mixture undergoes boronate

affinity capture under previously optimized conditions.

The flow through and eluted fractions have been analysed via HPLC-ESI-MS,

enabling detection and relative quantification of Amadori peptides.

Here below the resalting deconvoluted spectra for glycated HSA, from which it
was possible to confirm the high complexity of the starting mixture (Fig.10), the
enrichmentvia affinity chromatography proved a distinct difference between the

flow through (Fig.11) and eluted fractions (Fig.12)
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Fig.10: Deconvoluted MS spectra ESI-MS Micromass ZQ (Waters, Milford
Massachusetts, USA)of tryptic digested HSA, prior enrichment.
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Fig.11: Deconvoluted MS spectra ESI-MS Micromass ZQ (Waters, Milford
Massachusetts, USA) of digested HSA fragments not trapped in the BAMs.
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Fig.12: Deconvoluted MS spectra ESI-MS Micromass ZQ (Waters, Milford
Massachusetts, USA) of digested HAS fragments eluted.

Same DoE has been applied for sera of patients affected by T2DM. Also, for them
a tryptic digestion was required prior chromatography. And again, the affinity
with R4 showed a good performance in simplifying the mixtures and trapping

specific fragments, as it shown in the spectra down below. (Fig. 13-15)
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Fig.13: Deconvoluted MS spectra ESI-MS Micromass ZQ (Waters, Milford
Massachusetts, USA) of diabetic sera, prior affinity chromatography.
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Fig.14: Deconvoluted spectra ESI-MS Micromass ZQ (Waters, Milford
Massachusetts, USA).of non-retained peptides fragments.
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Fig.15: Deconvoluted MS spectra ESI-MS Micromass ZQ (Waters, Milford
Massachusetts, USA).of enriched fragments.

The R4 resin demonstrated robust performance in complex matrices, yielding
reproducible enrichment of glycated peptides even at low abundance.
Comparative profiling revealed elevated levels of Amadori-modified peptides

derived from abundant serum proteins, particularly HSA.

This trend was maintained with the progressive increase in protein glycation

observed during hyperglycemic states.
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3.4 Mass Spectrometry
For the study and characterization of specific biomarker of glycated peptides in
patient affected by diabetes (T2DM), the spectrometer of choice has been the

LTQ XL™ mass spectrometer by Thermo Scientific.

This system is a quadrupole based linear ion trap (LIT) mass spectrometer
designed for rapid multi MS scan with high sensitivity. In Fig. it is shown the

schematic representation of the parts that make up the instrumentation.
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Fig.16: Schematic representation of the LTQ XL mass spectrometer, showing lon
source, the three quadrupoles (Q00, QO0, Q1) and, the ion trap.

3.4.1 MS" for glycated peptides
The LTQ XL high ion-storage capacity and fast scan speed make it well suited to

data-dependent acquisition (DDA) during LC-MS analyses. Its ability to perform
MS® is especially advantageous for Amadori peptides, where secondary

fragmentation of neutral-loss ions enhances structural confidence.

As first approach to a multi-scan MS DoE it was decided to test HSA1 glycated

by Boratynsky strategy (see paragraph 3.2.1)
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Before showing the spectra obtained, some additional experimental

considerations were necessary:

1.

Employing moderate normalized collision energies (NCE), typically at 25—
30%. A low NCE usually provide the best balance between fragmentation
efficiency and spectral clarity. In fact, these energies generate high
sequence informative ions form peptide backbone with minimal internal
fragmentation or loss of labile side-chain modifications (as sugar
moieties).

Consider the limitation connected to the low-mass cut-off, which is
typical of ion-trap analyzers. They exclude fragment ions below m/z 100
from detection, ions below this threshold cannot be stabilized during
resonance excitation.

Recognizing that multiply charged precursor ions (typically 2+, 3+, 4+)
tend to produce mainly singly charged fragments following CID. This
reflects the redistribution of available protons during fragmentation:
since a single proton is sufficient to stabilize a small product ion, one
fragment wusually carries a single positive charge while the
complementary fragment retains the remainder. In ion-trap instruments,
this behavior is accentuated by trapping dynamics and detection bias
toward singly charged species, which simplifies the resulting spectra and
facilitates sequence interpretation.

Control and regulate the number of ions entering into the trap, ensuring
consistent signal intensity and preventing space-charge effects.
Overfilling the trap can distort ion motion, broaden peaks, and suppress

detection of low-abundance species.
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As proof-of-concept the HSA1 glycated bearing three units of glucose was

analyzed in MS/MS scan mode. The results in Fig.17 and Fig.18.

After full MS scan the parent ion corresponding to the second charge, [M+2H*]*
1129.68 was isolated and through CID fragmentated in wide band mode. It was
possible to identify the presence of diagnostic neutral-loss series of -36, =54 Da

corresponding primarily to the loss of two or three water molecules.
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Fig.17: MS spectra (LTQ XL™ mass spectrometer, Thermo Scientific); direct
infusion of HSA1 glycated peptide, MS full [M+2H*]*>*: 1129,68 corresponding to
the HSA1+3Glc.
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Fig.18: MS spectra (LTQ XL™ mass spectrometer, Thermo Scientific); direct
infusion of HSA1 glycated, MS/MS scan in wide band, parention:1129,68, peaks
corresponding to the loss of 3 and 4 molecules of water.

MS spectrometry results offer an unparalleled combination of selectivity,
sensitivity, and structural detail for the study of peptide/protein glycation. It was

possible to recognize the typical finger-print of an Amadori compound.

The LTQ XL™ linear ion-trap exemplifies how sensitive, rapid, and flexible MS
instrumentation can be applied to biomedical questions such as the

identification of glycation biomarkers in T2DM.
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4. Conclusion and future perspectives
Glycation and the formation of advanced glycation end-products (AGEs)
represent  fundamental, non-enzymatic processes linking chronic
hyperglycemia to cellular dysfunction, inflammation, and vascular
complications in diabetes mellitus. Despite extensive biochemical knowledge,
the analytical characterization of glycated species has remained challenging
due to their structural heterogeneity, low abundance, and variable
physicochemical properties. Conventional bulk assays, including
spectrophotometric or immunochemical techniques, lack the molecular

specificity required for site-resolved glycation profiling.

Consequently, developing selective enrichment tools and high-resolution
analytical workflows is essential to bridge the gap between biochemical insight

and clinical translation.

In this context, the present research aimed to design and validate a new
generation of boronate-functionalized solid supports tailored for the selective
capture of early glycation products, especially Amadori peptides, representing

promising markers of short-term glycemic control.

Building upon the well-established affinity of boronic acids for cis-diols, this
study systematically investigated how ligand architecture, substitution pattern,
and polymeric backbone influence binding selectivity and efficiency. The
ultimate goal was to integrate such tailored boronate-affinity materials into a
robust analytical platform coupled to high-resolution tandem mass
spectrometry (MS/MS and MS®), enabling the identification and characterization

of glycated peptides directly from complex biological matrices such as serum.
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A panel of eight boronate-functionalized resins was synthesized and
characterized, differing by both the nature of the polymeric support—
ChemMatrix® Rink Resin (CMXRR) and w-aminohexyl-agarose (AGRR)—and by
the substitution pattern of the phenylboronic acid moieties (para or meta) as well
as the degree of functionalization (mono- versus bi-substituted). This design
enabled a systematic exploration of how electronic and steric factors influence
the interaction between the boronate ligand and the diol-bearing Amadori
adducts. Elemental analysis and UV quantification confirmed successful
functionalization, with loadings ranging from 0.15 to 0.52 mmol g~ depending

on resin type and coupling efficiency.

A rational series of screening experiments was performed using synthetic model
peptides that mimicked glycated, glycosylated, and non-modified sequences.
The results revealed that mono-substituted meta-phenylboronic acid
derivatives, Ac-Lys(m-PhB)-ChemMatrix® (R4) and Ac-Lys(m-PhB)-Agarose (R8),
displayed the most favorable balance between selectivity and binding capacity.
In contrast, bi-functionalized variants tended to exhibit steric hindrance and
diminished selectivity. Notably, the polymeric backbone exerted a marked
influence on performance: the PEG-based ChemMatrix® support (R4)
consistently outperformed its agarose counterpart, most likely due to superior
swelling, flexibility, and solvent accessibility of the active boronate sites. These
findings underscored the cooperative role of electronic, steric, and

microenvironmental factors in dictating boronate—diol complexation efficiency.

Subsequent experiments compared the optimized in-house resin (R4) to
commercial m-aminophenylboronic acid-agarose (PBA-agarose). Under
equimolar conditions, both materials showed comparable binding capacity;

however, under competitive low-abundance scenarios, only R4 retained
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significant selectivity for Amadori peptides. This superior performance under
realistic analytical conditions confirmed the critical impact of resin architecture

and highlighted R4 as a highly selective platform for analytical glycation studies.

Building on these results, the optimized workflow was applied to increasingly
complex peptide mixtures, including tryptic digests of human serum albumin
and serum samples from patients affected by type 2 diabetes mellitus (T2DM).
Boronate-affinity enrichment with R4 followed by LC-ESI-MS analysis revealed
distinct simplification of complex spectra and enhanced detection of glycated
peptides. The deconvoluted MS profiles of enriched fractions demonstrated
clear enrichment of Amadori-modified fragments, confirming both the
selectivity and robustness of the material when applied to biological matrices.
These findings validate the feasibility of coupling boronate-affinity
chromatography with high-resolution mass spectrometry for selective profiling

of glycated peptides directly from serum samples.

The introduction of multi-stage tandem mass spectrometry (MS") further
enhanced structural characterization. Using an LTQ XL™ linear ion trap, data-
dependent acquisition enabled rapid multi-scan analysis of glycated peptides,
including MS?® experiments. In particular, the controlled fragmentation of the
model peptide HSA1 bearing three glucose units provided clear diagnostic
patterns of sequential neutral losses (-18 Da, -36 Da, -54 Da, -84 Da),
corresponding to stepwise elimination of water and formaldehyde molecules.
These spectral fingerprints are consistent with the characteristic fragmentation
cascade of Amadori compounds, confirming successful detection and
structural assignment of glycation sites. The ability to perform MS® scans greatly

improved confidence in site localization, enabling differentiation between
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isomeric glycated forms and validating the analytical power of the developed

workflow.

Collectively, the results obtained in this work demonstrate that carefully
engineered boronate-functionalized supports, in combination with advanced
MS-based detection, provide a powerful and selective strategy for the study of
early glycation events. The optimized resin (R4) achieved high selectivity (40%
capture yield) with minimal nonspecific adsorption (<10%), outperforming
commercial materials and maintaining reproducibility in complex biological
samples. Furthermore, the integration of multi-scan mass spectrometry
enabled unambiguous identification of Amadori modifications, offering
molecular-level insight into glycation chemistry and paving the way for

quantitative biomarker applications.

From a broader perspective, this work establishes a methodological framework
that bridges synthetic chemistry, affinity materials design, and analytical
glycoproteomics. The proof-of-concept validation on HSA and serum samples
supports the translational potential of this approach for identifying clinically
relevant glycated peptide markers in diabetes. Beyond its immediate analytical
implications, the workflow developed here could be adapted to other
biomolecular contexts, including oxidative or carbonyl stress-related
modifications, and extended toward quantitative proteomic platforms for

precision medicine.

In conclusion, the study advances the state of the art in glycation analysis by
demonstrating that rationally designed boronate supports can provide both high
selectivity and compatibility with downstream mass spectrometric workflows.

The combination of boronate-affinity capture and multi-MS scanning represents
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a synergistic platform capable of dissecting the complexity of protein glycation
at unprecedented resolution. The preliminary MS® data obtained herein not only
confirm the robustness of the workflow but also highlight its potential for
uncovering novel glycation biomarkers that could refine the monitoring of short-
term glycemic dynamics in T2DM. Future developments will focus on expanding
validation to larger patient cohorts, optimizing quantitative LC-MS/MS assays,
and exploring miniaturized or sensor-based implementations of the boronate-
affinity concept. Together, these advances lay the foundation for translating

analytical innovation into clinically meaningful glycation diagnostics.
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5. Experimental part

5.1 ChemMatrix® Rink resin and Agarose Rink resin functionalization with

boronate units

5.1.1 Synthesis of p-PhB-Lys(p-PhB)-ChemMatrix® Rink resin (Resin 1) and m-
PhB-Lys(m-PhB)-ChemMatrix® Rink resin (Resin 2)

The ChemMatrix® Rink resin (1.035 g, loading 0.60 mmol/mg) was weighted in a
plastic syringe with a filter and swelled in DMF for 30 min. Fmoc-Lys-Fmoc-OH
was used in 3-fold excess and activated with HBTU (3 eq) and DIPEA (6 eq) in
DMF for the coupling on the resin. The coupling mixture was stirred for 40 min
at 25°C. After the coupling reaction, the resin was filtered and washed with DMF
(3x10 ml)and DCMX (5 x 10 ml). The reaction was monitored by Kaiser test. After
Fmoc-deprotection from N-terminus and e-amino group of lysine by 20%
piperidine in DMF (v/v), the resin was washed with DMF (3 x 10 ml) and with
DCMX (5 x 10 ml). A solution of 4-carboxyphenylboronic acid (p-PhB-OH, 6 eq,
to obtain Resin 1) and of 3-carboxyphenylboronic acid (m-PhB-OH, 6 eq, to
obtain Resin 2), HBTU (6 eq) and DIPEA (12 eq) dissolved in DMF (10 ml) was
added to the syringe containing the functionalised resin Lys-CMXRR. The
reaction was stirred for 40 min at 25 °C. Once reactions were complete, the
resins were washed with: DMF (7 x 5 min) and DCMX (3 x 5 min). Each coupling
was checked by Kaiser test and repeated if necessary. The resins were then
dried undervacuum for 3 days. Both p-PhB-Lys(p-PhB)-NH 2 and m-PhB-Lys(m-
PhB)-NH 2 were cleaved in 3 h using a mixture of TFA/H20/TIS (95:2.5:2.5) (v:v:v).
The solution was evaporated under a gentle stream of nitrogen and then
lyophilised and used to evaluate final loading. Resin 1: p-PhB-Lys(p-PhB)-
CMXRR: obtained 3.001g; loading: 0.462 mmol/g. Resin 2: m-PhB-Lys(m-PhB)—
CMXRR: obtained 0.533g; loading 0.289 momol/g.
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5.1.2 Synthesis of Ac-Lys(p-PhB)-ChemMatrix® Rink resin (Resin 3) and Ac-
Lys(m-PhB)-ChemMatrix® Rink resin (Resin 4)

Ac-Lys(p-PhB)-CMXRR was obtained by coupling Fmoc-Lys(Mtt)-CMXRR with 4-
carboxyphenylboronic acid and after Fmoc-deprotection the N aamino function
was acetylated with Ac 2 O to obtain resin 3. The same procedure was followed
for the synthesis of Ac-Lys(m-PhB)-CMXRR (resin 4), using 3-
carboxyphenylboronic acid. The ChemMatrix® Rink resin (0.508 g for Resin 3,
0.496 gfor Resin 4, loading 0.60 mmol/mg) was weighted in a plastic syringe with
a filter and swelled in DMF for 30 min. The Fmoc-Lys(Mtt)-OH coupling was
performed as described for Fmoc-Lys(Fmoc)-OH (see paragraph 3.4.3.1). In
order to remove the Mtt protecting group a solution of TFA/TIS/DCMX (1%, 5%,
94%, v:v:v) was added to the resin Fmoc-Lys-CMXRR, refreshing four times the
solution. A solution of phenylboronic acid (PhB-OH, 3 eq), HBTU (3 eq), and
DIPEA (6 eq) dissolved in DMF (10 ml) was added to the syringe containing Fmoc-
Lys-CMXRR. The Resin 3 was obtained coupling 4-carboxyphenylboronic acid
(p-PhB-OH) and the Resin 4 was obtained coupling 3-carboxyphenylboronic
acid (m-PhB-OH). The reaction was stirred for 40 min at

25 °C. Once reactions were complete, the resins were washed with: DMF (7 x 5
min) and DCMX (3 x 5 min). The N a-amino functions of Resin 3 and Resin 4 were
acetylated adding a solution of acetic anhydride (AcO 2, 10 eq) and DIPEA (10
eq) in DMF and stirred for 1 h. The resins were filtered and washed with DMF (3 x
10 ml) and DCMX (5 x 10 ml). The reactions were monitored by Kaiser Test. The
resin was then dried undervacuum for 3 days. A small quantity of Ac-Lys(p-PhB)-
NH 2 and Ac-Lys(m-PhB)-NH 2 were cleaved with a TFA/H20O/TIS (95:2.5:2.5)
(v:v:v) solution for 3h ar.t. The solution was evaporated under a gentle stream of

nitrogen and then lyophilised and used to evaluate final loading. Resin 3: Ac-
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Lys(p-PhB)-CMXRR: obtained 0.549 g; loading: 0.354 mmol/g. Resin 4: Ac-
Lys(m-PhB)-CMXRR: obtained 0.487 g; loading: 0.151 mmol/g.

5.1.3 Synthesis of p-PhB-Lys(p-PhB)-Agarose Rink resin (Resin 5) and m-PhB-
Lys(m-PhB)-Agarose Rink resin (Resin 6)

The Agarose gel (Affigel 102° BioRad, 5 ml, loading 15umol/ml) was placed in a
plastic syringe with a filter and swelled in a DMF/H 2 O solution (65:35, v:v) for
30 min. The Fmoc-Rink Linker coupling (3eq) on the resin was performed with
HATU (3eq) and DIPEA (6eq) for 2h at 25 °C. The resin was filtered and washed
with DMF and H20. The reaction was monitored by Kaiser test and coupling was
repeated with fresh solution. After Fmoc deprotection by a 20% piperidine
solution in DMF (v:v), a solution of Fmoc-Lys(Fmoc)-OH (3eq), HATU (3eq), and
DIPEA (6eq) dissolved in DMF was added. The coupling reaction was stirred for
2h at 25 °C. After then, the resins were washed with DMF and H 2 O in order to
remove the soluble side-products and the excess of reagents. In order to
perform the coupling reaction with p-PhB-OH to obtain Resin 6 or m-PhB-OH to
obtain Resin 7, the Fmoc protecting groups were removed by 20% piperidine
solution in DMF (v:v). A solution of 4-carboxyphenylboronic acid (p-PhB-OH, 6
eq, to obtain Resin 6) and of 3-carboxyphenylboronic acid (m-PhB-OH, 6 eq, to
obtain Resin 7), HATU (6 eq) and DIPEA (12 eq), was dissolved in DMF (10 ml),
then added to the syringe containing the functionalized resin Lys-AGRR. The
reaction was stirred for 40 min at 25 °C. Once reactions were complete, the
resins were washed with: DMF (7 x 5 min) and H20 (3 x 5 min). Each coupling
was checked by Kaiser test and repeated if necessary. Both p-PhB-Lys(p-PhB)-
NH 2 and m-PhB-Lys(m-PhB)-NH 2 were cleaved in 3 h using a mixture of TFA/H

2 O/TIS (95:2.5:2.5, viv:v). The solution was evaporated under a gentle stream of
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nitrogen and then lyophilised and used to evaluate final loading. Resin 5: p-PhB-
Lys(p-PhB)-AGRR: loading 6.5 pymol/ml. Resin 6: m-PhB-Lys(m-PhB)-AGRR:
loading 7.4 pmol/mL.

5.1.4 Synthesis of Ac-Lys(p-PhB)-Agarose Rink resin (Resin 7) and Ac-Lys(m-
PhB)-Agarose Rink resin (Resin 8)

The Agarose gel (Affigel 102® BioRad, 5 ml, loading 15 pmol/ml) was placed in a
plastic syringe with a filter and swelled in a DMF/H 2 O solution (65:35, v:v) for
30 min. The Fmoc-Rink Linker coupling (3eq) on the resin was performed with
HATU (3eq) and DIPEA (6eq) for 2h at 25 °C. The resin was filtered and washed
with DMF and H 2 O. The reaction was monitored by Kaiser test and the solution
was refreshed to repeat the coupling (Scheme 4). After Fmoc-linker
deprotection by a 20% piperidine solution in DMF (v:v), Fmoc-Lys(ivDde)-OH
(3eq), HATU (3eq), and DIPEA (6eq) dissolved in DMF were added to the resin for
2h at25°C. The Fmoc-Lys(ivDde)-AGRR was washed with DMFand H2 O in order
to remove the soluble side-products and the excess of reagents. To remove the
Fmoc group on a-amino Lys function, 20% piperidine solution in DMF (v:v) was
added and successively the free amino group was acetylated with acetic
anhydride (AcO 2, 10eq) and DIPEA (10eq) in DMF and stirred for 1 h to obtain
Ac-Lys(ivDde)-AGRR. The ivDde protecting group was removed with a 2%
hydrazine monohydrate solution in DMF(v:v), refreshing three times. A solution
of 4-carboxyphenylboronic acid (p-PhB-OH, 3eq, to obtain Resin 7) and of 3-
carboxyphenylboronic acid (m-PhB-OH, 3eq, to obtain Resin 8), HATU (3eq) and
DIPEA (6eq) dissolved in DMF (10 ml) was added to the syringe containing the
Ac-Lys-AGRR. The reactions were stirred for 40 min at 25 °C (Scheme 6). Once

reactions were complete, the resins were washed with: DMF (7 x 5 min) and H 2

252



O (3 x 5 min). Each coupling was checked by Kaiser test and repeated if
necessary. Smallamounts of Ac-Lys(p-PhB)-NH2 and Ac-Lys(m-PhB)-NH 2 were
cleaved with a TFA/H 2 O/TIS solution (95:2.5:2.5, v:v:v) for

3h a r.t. The solution was evaporated under a gentle stream of nitrogen,
lyophilised and used to evaluate final loading. Resin 7: Ac-Lys(p-PhB)-AGRR:
loading: 4.3 pmol/ml; Resin 8: Ac-Lys(m-PhB)-AGRR: obtained loading: 3.2

pmol/ml.

5.1.5 Loading of the new functionalized phenylboronate resins

The calibration curve was calculated plotting peak area average (y) against
concentration of standards (x). A stock solution was prepared weighting 6.64 mg
(4 x 10 -5 mol) of 4-carboxyphenylboronic acid (Sigma Aldrich, M=165.94 g/mol)
dissolved in 10 ml H 2 O/MeCN (1:1, v/v, conc. 4 mM). Eight working solutions
for calibration curve plotting, were prepared by serial dilution of the initial
sample (0.1 mM, 0.05 mM, 0.02 mM, 10 uM, 5 uM, 2 uM, 1 uM). H20/MeCN (1:1,
v/v) solution was used as blank sample. The samples were measured at A 236
nm by UV-Vis Spectroscopy, using Cary 4000 UV-Vis Spectrophotometer (Palo
Alto, California, USA) with quartz cells. Curves with correlation coefficients (R?)

0.998 were generated.

5.2 Synthesis of glycated peptides
5.2.1 Solid-phase peptide synthesis by microwave automated synthesizer

5.2.1.1 Procedure for Microwave-assisted automatic SPPS

The synthesis of ERQIKKQTALVELVK (HSA1) and SSAKQRLKCASLQ (HSA2) was

carried out on a Liberty Blue™ automatic synthesizer equipped with a Teflon
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reaction vessel. A Fmoc/tBu orthogonal protection strategy was used while
microwaves were applied both in coupling and deprotection steps. Nitrogen
bubbling ensured thorough mixing during all the reactions.

The resins Fmoc-Lys(Boc)-wang resin and Fmoc-Gln(Trt)-wang resin (loading
0.6 mmol/g), was weighed and put in the reaction vessel for 15 min to allow
swelling. In the meantime, amino acid building blocks solution, coupling and
deprotection solutions were prepared with the following concentrations, based
on a 0.025 scale synthesis: amino acid building block 0.2 M, Piperidine 20% in
DMF , Oxyma Pure 0.5 M, DIC 0.25 M.

Following peptide synthesis, the final deprotection was carried out manually.
The resin was initially swollen in fresh DMF for 10 minutes and subsequently
filtered under vacuum. A 20% piperidine solution in DMF was then added for 5
minutes, after which the solution was removed by vacuum filtration. A second
portion of 20% piperidine in DMF was applied for 10 minutes, followed by
filtration. The resin was finally washed sequentially with fresh DMF and DCMX
and subsequently dried under vacuum.

Cleavage was carried out with the following mixtures: 92.5:2.5:2.5 TFA:TIS:H,O
92.5:2.5:2.5:2.5 H,O:DODT:TIS:H,0. For each 100 mg of resin 1 mL cleavage
solution was used, with an excess of 1 mL. The resin was mixed for 2h at room
temperature. After the resin was filtered and the liquid collected, the addition of
cold diethyl ether caused the peptide to precipitate. To enhance this process,
the falcons were placed at -20°C for 20 minutes. Afterwards, centrifugation was
performed at 4°C for 5 minutes at 4000 rpm. The cold diethyl ether was drained,
and the process was repeated twice. Finally, the filtered product was

lyophilized.
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5.2.1.2 Boratynski protocol reaction for peptide glycation
A mixture of 1:1:1 (v:v:v) of synthetic peptides (20 mg/mL in H,O):D-glucose
(40mg/mL in H.0):0.1M phosphate buffer pH8. Then the solution was freeze

dried until complete lyophilization, then they were heated for 40 min at 104 °C.

5.3 Boronate affinity chromatography: from peptide to complex biological

mixtures

5.3.1 General procedure of capturing of glycated peptides by the new
functionalized resin (R1 - R8)

The general procedure optimised for PhB-Lys(PhB)-CMXRR described in
Molecules 2020, 25, 755, p. 8 — DOI 10.3390/molecules25030755 was applied
with each functionalised resin R1 - R8 to capture separately equimolar

concentrations of all synthetic peptides P2—-P8.

After 1h of capturing reaction, the filtrate and washing solutions were collected
(flow through, FT). Subsequent cleavage in acidic conditions led to the filtrate
with captured peptides (eluted), which together with washing solutions was
combined into the final solution. Both fractions were then lyophilized. Each
lyophilized sample was dissolved in H20 (1.0 mL). FT and eluted solutions were
then analysed by UV-HPLC, to calculate the yield of capturing by the following
formula: Abs eluted/(Abs eluted+Abs FT) * 100%
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Resin Swelling  Washing Addition of Filtration Washing  Addition  Filtration Washing
inB (1h) in B (x3) Peptide (1h) with B (x3) of A (1h) with A (x3)

B (basic): 50 mM (NH.)HCO; buffer pH8 in H,0:DCM 1:1(v:v)
A (acidic): 0.1% HCOOH pH2 in H,0:DCM 1:1(v:v)

Fig.19: Procedure of capturing and cleaving peptides by the Resin

5.3.2 Experiment 1: Screening of meta-PhB-functionalized resins CMXRR (R2,
R4) Resin and meta AGRR resin (R6, R8)

Basic solutions ad hoc containing the equimolar concentrations of each peptide
sequences P1-P8 was prepared and used following the general capturing
protocol described above with each meta resin R2, R4, R6, R8. All the fractions
(FT and eluted from resins) were collected, lyophilized, and analyzed by LC-UV-
MS.
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5.3.3 Experiment 2: Comparison of selected para CMXRR Resin (R3) and para
AGRR resin (R7)

Selected resins R3 and R7 were used to capture the equimolar concentrations
of each one separately peptide sequences P1-P8 following the general capturing

protocol described in 5.3.1

5.3.4 Experiment 3: Capturing comparison of Ac-Lys(m-PhB)-CMXRR(R4) and
PBA-agarose resins

Two ad hoc aqueous solutions, containing the equimolar concentrations of
[Lys7(1-deoxyFru)]CSF114 (P8) and Asn7(Glc)CSF114 (P9) peptides with same
concentration, or 5% w/w P8:P9, were prepared and used following the general
capturing protocol described above. All the fractions (FT and released from PBA-
agarose (A8530), (R4) Ac-Lys(m-PhB)-CMXRR and (R8) Ac-Lys(m-PhB)-AGRR
resins) were collected, lyophilized, and analyzed by LC-UV-MS to check the
capturing efficiency towards Amadori and non-Amadori peptides in different
concentrations. One ad hoc aqueous solution containing the equimolar
concentrations of complex mixture of different non-Amadori peptides
(vmol/mL), including two Amadori peptides P1 and P8, at the same
concentration (umol/mL), was prepared and used following the general
capturing protocol described above. All the fractions uncaught and released
were collected, lyophilized, and analyzed by LC-UV-MS to calculate the yield of

capturing.

5.4 Trypsin/Chymiotrypsin Digestion Protocol

The protein and sera samples were denatured and reduced in 50 mM ammonium

bicarbonate buffer pH 7.8. Disulfide bonds were reduced using tris(2-

257



carboxyethyl)phosphine (TCEP) and alkylated with iodoacetamide to prevent
reformation. Digestion was performed by adding trypsin at a 1:25 enzyme-to-
protein ratio (w/w), followed by incubation at 37°C for 12 hours. The reaction was
terminated by lowering the pH to <4 with formic acid. For chymotrypsin
digestion, analogous conditions were employed, with pH adjusted to 7.8 and the

enzyme-to-protein ratio optimized accordingly.

5.5 LC-MS Analysis

The elution of peptides/tryptic digested peptide mixtures followed a linear
gradient from 10%B to 60%B over 25 minutes, at a flow rate of 0.4 mL/min and a
column temperature of 35°C, with detection at 214 nm and injection of 10ug of
protein onthe column. The desalting step was performed with a gradient starting
with 100% 0.1% FA in H,O for 2 minutes, then gradually shifting to 50%
acetonitrile over 0.5 minutes. This was maintained isocratically for the next 2.5
minutes, followed by a final ramp to 100% ACN over the last 2 minutes. The flow

rate was set to 0.5 mL/min, with injection volumes ranging from 1 to 5 pL.

For mass spectrometric detection, the LTQ XL (Thermo Scientific) mass
spectrometer was employed, running in positive ion mode. Full mass spectra
were collected within an m/z range from 150 to 2000, applying in-source

collision-induced dissociation (CID) at 80 eV.
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Appendix 1-LTQ XL™ mass spectrometer
For the study and characterization of specific biomarker of glycated peptides in
patient affected by diabetes (T2DM), the spectrometer of choice has been the

LTQ XL™ mass spectrometer by Thermo Scientific.

This system is a quadrupole based linear ion trap (LIT) mas spectrometer
designed for rapid multi MS scan with high sensitivity. In Fig.1 it is shown the

schematic representation of the parts that make up the instrumentation.

Conversion

Qoo Dynode
Linear
loncso::rgep Quadrupole lon Trap l

Skimmer Lens L1 Front Back
lon Transfer Lens Lens

Capilla Lens LO Qo Q1 ~

prany Iube Quadrupole Gate Lens Octapole 1 \ )

ens T

v
Q1 lon
Guide

hd
lon Source
Interface

Mass Analyzer,
lon Detection System

Fig.1: Schematic representation of the LTQ XL mass spectrometer, showing lon
source, the three quadrupoles (Q00, QO0, Q1) and, the ion trap.

Electrospray ion source and inlet system

Peptides eluting from the LC column are nebulized under an applied potential
(2-4 kV). The aerosol enters the instrument through a heated capillary, which
aids desolvation, and passes through a tube-lens/skimmer assembly that

focuses the ions and removes neutral contaminants.
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lon optics and RF guides

A series of multipole RF ion guides transmit ions through differentially pumped
regions, maintaining ion current while progressively reducing pressure from

atmospheric (~1 mbar) to high-vacuum (~10~° mbar) levels.

Linear ion trap analyzer

lons are radially confined by oscillating RF fields between parallel rods and
axially trapped by DC end electrodes. During an MS scan, ions are accumulated,
then sequentially ejected according to their m/z dependent resonance
frequency and detected. For tandem MS, a selected precursor is isolated in a
narrow m/z window and subjected to resonant CID with helium as collision gas.
The trap can perform multiple stages (MS") of fragmentation, which is

particularly valuable for confirming glycation sites.
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