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Abstract

ABSTRACT

Human epidermal growth factor receptor 2 (HER2/ErbB2) is a major oncogenic driver in
many cancers, and its extracellular or intracellular domains are the main therapeutic targets. In
contrast, the transmembrane domain (TMD), which also plays an important role in receptor
dimerization and activation, remains comparatively underexplored as a potential therapeutic
target. In this study, ErbB2 TMD-derived peptides were investigated as potential competitive
inhibitors of receptor dimerization, while a nicotintum-based biamphiphilic surface-active ionic
liquid (Nic BAIL) was developed as a vesicular carrier to address the poor aqueous compatibility
of highly hydrophobic transmembrane peptides.

Three ErbB2-TM peptide variants (v1-v3) were purified and characterized by LC-MS. Nic
BAIL was synthesized and characterized by NMR, direct-infusion ESI-MS and differential
scanning calorimetry (DSC). The Nic BAIL-v3 nanoformulation was prepared and characterized
by dynamic light scattering (DLS) and cryogenic transmission electron microscopy (Cryo-TEM),
and its colloidal stability was evaluated under storage and dilution conditions. Planar bilayer
electrophysiology was employed to investigate membrane activity, while cellular activity was
evaluated in BT-474 and NCI-H23 cells, representing high and low ErbB2 expression,
respectively. In addition, live-cell imaging was performed to observe morphological changes
after treatment.

Nic BAIL formed nanoscale vesicular assemblies, with a predominant nanoscale population
maintained following formulation with v3 peptide, although the formulation exhibited time- and
concentration-dependent changes in hydrodynamic size and dispersity. Planar bilayer
electrophysiology showed that Nic BAIL-v3 increased ionic conductance and decreased
electrical resistance across artificial DPhPC bilayers, indicating strongly altered membrane
barrier properties. In cell viability assays, free v3 peptide produced similar
concentration-dependent effects on BT-474 and NCI-H23 cells, while Nic BAIL-v3 produced an
additional significant reduction in BT-474 viability compared to Nic BAIL alone. This
enhancement was not observed in NCI-H23 cells. Live-cell imaging further demonstrated
sustained cell-associated FAM-v3 fluorescence and progressive morphological deterioration
without pronounced acute loss of membrane integrity.

In this thesis, Nic BAIL was developed as a self-assembling membrane-active carrier for
delivery of highly hydrophobic ErbB2-derived peptides and that Nic BAIL-v3 formulation
exhibited a cell-line-dependent biological effect. But the intrinsic inhibitory activity of Nic BAIL
complicates interpretation of observed cellular effects. Peptide loading, membrane localization,
HER2-specific targeting, and direct interactions between v3 and HER2-TMD remain
unconfirmed and require further investigation.

Keywords: HER2; ERBB2; transmembrane peptide; surface-active ionic liquid; vesicle
formulation
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Targeting HER2-positive cell lines by transmembrane peptide based surface-active ionic liquid nanoformulation

1. Background Information
1.1 HER2-positive cancer biology

1.1.1 Definition, diagnosis and therapeutic importance of HER2-positive cancers

HER2-positive cancers are malignant tumors classified according to tumor-specific
pathological criteria as exhibiting clinically significant overexpression of the human epidermal
growth factor receptor 2 protein and/or amplification of its encoding gene, ErbB2. Although
HER2 overexpression and ErbB2 amplification occur across several solid-tumor types, their
diagnostic assessment and clinical application have been most extensively established in breast
cancer and gastric or gastroesophageal junction adenocarcinomal!-?],

In breast cancer, HER2 status is determined primarily using immunohistochemistry (IHC)
and in situ hybridization (ISH). IHC assesses the abundance and membrane-localization pattern
of HER2 protein in the invasive tumor component, whereas ISH evaluates amplification of the
ErbB2 locus. According to the 2023 ASCO-CAP guideline update, IHC 3+ is defined by
complete, intense circumferential membrane staining in more than 10% of invasive tumor cells
and is interpreted as HER2 positive. IHC 2+ corresponding to weak-to-moderate complete
membrane staining in more than 10% of tumor cells is considered equivocal and requires reflex
ISH testing or repeat testing on another suitable specimen. If the result is IHC 2+/ISH-
non-amplified, it is considered negative for HER2 overexpression or gene amplification. IHC 0
and 1+ are still interpreted as negative for HER2 protein overexpression. Although the term
“HER2-low” has been used clinically for IHC 1+ or IHC 2+/ISH-negative metastatic breast
cancers, the 2023 ASCO-CAP update does not endorse it as a distinct pathological interpretive
category. Instead, laboratories are advised to report specific IHC score together with the
conventional HER2 interpretation, thereby enabling better targeted treatment for different
patients!!3],

The definition and scoring of HER2 positivity are tumor-type specific and should not be
transferred directly between different malignancies. In advanced gastric and gastroesophageal
junction adenocarcinoma, HER2 testing is also generally initiated using IHC, with reflex ISH
performed for IHC 2+ cases. However, glandular polarity in gastroesophageal tumors often
results in strong basolateral or lateral membrane staining rather than the complete
circumferential staining expected in breast cancer. Such staining can satisfy gastric-specific
HER2-positive criteria even when it would not qualify as IHC 3+ under the breast cancer scoring
system[2’4].
complete, basolateral, or lateral membrane staining in at least 10% of tumor cells. In biopsy
specimens, a cohesive cluster of at least five tumor cells showing strong complete, basolateral, or
lateral membrane staining may be classified as IHC 3+, irrespective of the overall percentage of
positive cells. Evaluation of multiple biopsy fragments is therefore important for reducing
sampling error and improving detection of focal HER2-positive tumor populations/>*.,

Accurate HER?2 classification has both prognostic and predictive significance, although the
relative importance of these functions varies among different tumor types. Approximately 15-20%
of breast cancers and 11-16% of gastric cancers exhibit HER2 overexpression and/or ErbB2

In surgical resection specimens, an IHC score of 3+ generally requires strong

amplification™®), In a large Australian ISH testing program, 15.8% of early breast cancers were
classified as HER2 positive. Before the introduction of effective HER2-directed treatment,
ErbB2 amplification was associated with shorter time to relapse and reduced overall survival,
particularly in lymph-node-positive breast cancer!’. HER2 status is also associated with distinct
clinicopathological patterns in gastric and gastroesophageal junction adenocarcinoma. Screening



Targeting HER2-positive cell lines by transmembrane peptide based surface-active ionic liquid nanoformulation

data from the ToGA program identified HER2 positivity in 22.1% of evaluable tumors, with
higher rates in gastroesophageal junction than gastric cancers and in intestinal-type than
diffuse-type tumors!®. The independent prognostic effect of HER2 in gastroesophageal cancer
has been less consistent across individual studies than in historical breast cancer cohorts, partly
because of differences in tumor heterogeneity, disease stage, assay methodology, and scoring
criteria. Nevertheless, meta-analyses have reported an association between HER2 overexpression
and poorer survival in gastric cancer, while its most firmly established clinical role remains the
identification of a molecularly selected patient population for HER2-directed treatment!®!,
1.1.2 Structure of the HER-family receptors and the molecular basis of HER?2 activation
The human epidermal growth factor receptor (HER/ErbB) family belongs to the receptor
tyrosine kinase (RTK) superfamily and has four homologous members: HER1 (EGFR /ERBBI1),
HER2 (ErbB2), HER3 (ErbB3), and HER4 (ErbB4)!!%. All four receptors share a conserved
overall modular organization consisting of an N-terminal extracellular domain (ECD), a
single-pass a-helical transmembrane domain (TMD), and an intracellular region composed of a
juxtamembrane segment (JMS), a bilobed tyrosine kinase domain (TKD), and a C-terminal tail
containing multiple regulatory tyrosine residues. Despite this conserved architecture, the
receptors differ substantially in ligand-binding properties, kinase activity, conformational

regulation, and dimerization preferencel!'-'4],

EGFR HER2 Extended conformation Tethered cor_lformation
(Active) (Inactive)

@

Ligand
No known

Extracellular

Cell membrane Z\<¢———————— TMD dimer Z 4————_

Cytoplasm

Asymmetric TKD dimer —»

C-terminal tail ——»

Figure 1. Schematic diagram of tethered and extended conformation of receptor and EGFR-HER2
heterodimer. The diagram illustrates the organization of the extracellular, transmembrane, juxtamembrane,
and intracellular kinase domains, together with receptor dimerization and activation-associated
phosphorylation. Created with BioRender.com.

The ECD of each HER-family receptor can be divided into four subdomains (I-IV). Domain
I (L1) and Domain III (L2) are leucine-rich regions that form the principal ligand-binding
surfaces in ligand-responsive family members, whereas Domain II (CR1) and Domain IV (CR2)
are cysteine-rich modules involved in conformational regulation, receptor-receptor interactions,
and positioning of the ECD relative to the membrane. In ligand-responsive family members
(HER1, HER3, and HER4), the ligand binds through a composite interface formed by domains I
and III, thereby stabilizing an ECD arrangement competent for receptor dimerization . For
HERI, the known activating ligands include epidermal growth factor (EGF), transforming
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growth factor-a (TGF-a), amphiregulin (AREG), heparin-binding EGF-like growth factor
(HB-EGF), betacellulin (BTC), epiregulin (EPR), and epigen (EPG). HER3 binds primarily to
neuregulin-1 (NRG1) and neuregulin-2 (NRG2), whereas HER4 responds to several neuregulins
as well as selected EGF-family ligands, including HB-EGF and BTC!¢11. Structural studies of
the unliganded ECD of EGFR, HER3, and HER4 revealed a compact, tethered arrangement in
which the domain II dimerization arm contacts the membrane-proximal region of domain IV.
This intramolecular interaction reduces the accessibility of the dimerization arm and contributes
to extracellular autoinhibition. Ligand binding between domains I and III reshapes this tethered
arrangement between domains II and IV and stabilizes an extended, dimerization-competent
receptor conformation in which the dimerization arm in domain II becomes available for
intermolecular receptor interaction. Two extended ligand-bound receptor molecules can
consequently form a back-to-back extracellular dimer!!>!416201 Within this family, HER2 is
structurally distinct from the ligand-binding members. In the available ligand-free HER2 ECD
structures, domains I-IV adopt an extended arrangement in which the domain II dimerization arm
is exposed rather than sequestered by a classical tethered conformation. This conformational
feature makes HER2 the preferred dimerization partner for ligand-activated HER receptors and
contributes to its prominent role in amplifying signaling output. Productive HER2 activation also
depends on receptor abundance, dimer-partner identity, membrane-proximal geometry, and
assembly of the intracellular domains!!+2!22],

Downstream of the ECD, each receptor contains a single-pass hydrophobic transmembrane
a-helix that participates actively in signal transmission rather than just functioning as a
membrane anchor'?’l. Interaction between ECDs is coupled to helix-helix association of the
TMDs within the membrane, which in turn regulates the organization of the intracellular JIMS
and TKD[?*, Structural studies of the isolated HER2 TMD identified a symmetric, right-handed
dimer mediated by an N-terminal small-residue interface centered on the T652xxxS656xxxG660
motif, which was proposed to represent an activation-compatible conformation. Other studies
also identified alternative HER2 TMD packing arrangements, suggesting that HER2 may
interconvert between multiple membrane-embedded dimer conformations that may correspond to
different effects on kinase activity!?>!]. Because these structures were obtained using isolated
TMD or TMD-JMS fragments in membrane-mimetic systems, their assignment to definitive
full-length active and inactive states should remain appropriately qualified.

Adjacent to the C-terminus of the TMD is the JMS, which functions as an allosteric coupler
between the transmembrane helices and the catalytic intracellular regions. In the activation
mechanism established most clearly for EGFR, the JIMS can be divided into JMS-A and JMS-B
subregions. Ligand-dependent receptor rearrangement promotes formation of an antiparallel
helical association between the two JMS-A segments, whereas JMS-B from the activator
protomer forms a juxtamembrane latch that helps stabilize the receiver kinase!?®2°l. Although this
structural model is best established for EGFR, sequence conservation and functional studies
support its broader relevance to the HER family®***!l. Mutational and structural studies have
further shown that alterations in the HER2 TMD and JMS can enhance receptor phosphorylation
and transforming activity by stabilizing activation-compatible membrane-proximal interactions
or altering the geometry transmitted to the kinase domains, underscoring the functional
importance of this region!*?,

The HER-family TKD consists of a smaller N-terminal lobe and a larger C-terminal lobe
separated by an ATP-binding cleft. In this configuration, the C-lobe of one kinase domain (the
activator) contacts the N-lobe of the partner kinase domain (the receiver). Catalytic activation is

3
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primarily driven by this interaction, which allosterically reorganizes the receiver kinase into a
catalytically active conformation without requiring activation-loop phosphorylation as the
principal activation switch. This mechanism was best established for EGFR and subsequently
supported for other HER-family receptor combinations. The JMS is structurally compatible with
this asymmetric kinase assembly and thereby couples membrane-proximal receptor
rearrangements to the activation of the intracellular kinase!?*334],

Distal to the kinase domain, the C-terminal tail is highly dynamic and widely regarded as a
largely intrinsically disordered regulatory region. The tail's conformational flexibility permits
multiple tyrosine residues to become accessible to the activated kinase and to cytosolic signaling
proteins. Following receptor activation, phosphorylation of these residues creates
sequence-specific  docking sites for proteins containing Src homology 2 or
phosphotyrosine-binding domains. In this way, the C-terminal tail acts as a flexible
phosphotyrosine display platform that recruits adaptor proteins and regulatory components
required for activation of downstream pathways*>=°]. Taken together, activation of HER-family
receptors is a coordinated, multilevel allosteric process involving ECD conformational
rearrangement and dimerization, TMD packing, organization of the JMS, formation of an
asymmetric kinase dimer, and phosphorylation-dependent assembly of signaling complexes on
the C-terminal tails. HER2 occupies a distinctive position within this system because its
extended and dimerization-competent ECD, catalytically active kinase domain, and compatibility
with other HER-family partners enable it to amplify both ligand-dependent and, when
overexpressed, ligand-independent signaling.

1.1.3 HER2-associated signaling networks
1.1.3.1 PI3K-AKkt signaling pathway

EGFR dimer HER2 dimer HER2-containing
heterodimers

=9 ® CH® G
Ler)
=9 —
| D — e — ()
|
L b1 I !
| o ~
5 | 5 |
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= (& | &
E-cadherin
1
elF4E
Cell growth,
survival, Protein synthesis, EMT, Apoptosis,
differentiation, cell-cycle progression, migration cell-cycle
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Figure 2. Schematic diagram of HER2-associated signaling pathways. The diagram illustrates signaling
through the PI3K-Akt and RAS-RAF-MEK-ERK pathways downstream of HER2 receptor complexes,
together with regulatory proteins and downstream cellular responses. Created with BioRender.com.
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Among the pathways activated by HER2-containing receptor complexes, the
phosphatidylinositol 3-kinase (PI3K)-Akt pathway is a major regulator of HER2-driven tumor
cell growth, metabolism and survival. The HER2-HER3 heterodimer is widely regarded as one
of the most potent HER-family signaling units for activation of class IA PI3K. Within this
complex, HER2 provides the catalytically active kinase, whereas HER3 functions primarily as an
efficient receptor-associated scaffold for PI3K recruitment and activation. Upon
heterodimerization, the HER2 kinase phosphorylates tyrosine residues within the C-terminal tail
of HER34] This tail contains six canonical YXXM motifs that can bind the Src homology 2
domains of the p85 regulatory subunit of class IA PI3K. The presence of multiple YXXM motifs
enables strong and efficient recruitment of p85 together with its associated p110 catalytic subunit
to the plasma membrane/***). In tumors with high-level HER2 overexpression and
phosphorylation, the p85 regulatory subunit can bind directly to phosphorylated HER2, but this
direct interaction is comparatively weak and becomes quantitatively important under
overexpression conditions!*?46]. Therefore, HER3-mediated recruitment remains the predominant
and generally more efficient route linking HER2 activation to PI3K activation. Once localized to
the plasma membrane, the pll0 catalytic subunit of PI3K phosphorylates
phosphatidylinositol-4,5-bisphosphate (PIP2) to generate
phosphatidylinositol-3,4,5-trisphosphate (PIP3). PIP3 functions as a membrane-associated
second messenger that recruits proteins containing pleckstrin homology domains, including Akt
and 3-phosphoinositide-dependent protein kinase 1. Membrane colocalization enables PDK1 to
phosphorylate Akt at Thr308 within its activation loop, whereas mammalian target of rapamycin
complex 2 (mTORC2) phosphorylates the hydrophobic-motif residue Ser473. Together, these
phosphorylation events promote complete Akt activation*’*8]. Under conditions of HER2
overexpression or amplification, HER2 and HER3 can form ligand-independent signaling
complexes that maintain PI3K-Akt activity!*’!. The pathway is negatively regulated by the tumor
suppressor PTEN, a lipid phosphatase that converts PIP3 back to PIP2 and therefore limits the
abundance of membrane PIP3 and restricts the recruitment and activation of Akt’®%. The pathway
can also remain constitutively and persistently activated through alterations downstream of the
receptor complex. For example, activating mutations in PIK3CA, which encodes the p110a
catalytic subunit, or loss of PTEN function can maintain PI3K-Akt signaling despite reduced
upstream receptor input®!l. Activated Akt phosphorylates numerous substrates involved in
protein synthesis, glucose and lipid metabolism, cell-cycle progression, suppression of apoptosis
and adaptation to cellular stress. Therefore, it can promote malignant progression and reduce
sensitivity to HER2-directed pathway inhibition, resulting in decreased treatment responsiveness
and poor prognosis!*?46-52],
1.1.3.2 MAPK/ERK signaling pathway

In parallel with PI3K-Akt signaling, the RAS-RAF-MEK-ERK pathway represents a major
downstream effector of HER2-containing receptor complexes. Phosphorylated HER-family
receptors recruit adaptor complexes containing Shc and Grb2. Grb2 may associate directly with
selected receptor phosphotyrosine motifs or indirectly through phosphorylated Shc, while its Src
homology 3 domains interact with the guanine nucleotide exchange factor SOS. Recruitment of
SOS to the plasma membrane promotes the exchange of GDP for GTP on RAS, generating active
RAS-GTP. RAS-GTP recruits and activates RAF-family kinases, which phosphorylate and
activate MEK1 and MEK2. MEK1/2 subsequently phosphorylate ERK1/2 within their activation
motifs. Activated ERK1/2 phosphorylates a broad range of regulatory substrates, promoting
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proliferative gene expression, cell-cycle entry, survival under selected stress conditions and
cytoskeletal programs involved in migration and invasion*’>3**, In HER2-driven tumors, the
MAPK/ERK signaling pathway functionally complements PI3K-Akt, and overlap and
cross-regulation also occur between the two pathways. The relative contribution of each pathway
depends on receptor composition, genetic background and treatment context. In
HER2-overexpressing breast cancer models, pharmacological PI3K inhibition relieved negative
feedback restriction on upstream HER-family receptors, resulting in increased receptor
phosphorylation and compensatory ERK activation. Cells exposed to prolonged PI3K inhibition
consequently acquired increased dependence on ERK signaling for continued survival®®. The
activation of RAS-MAPK signaling can also reduce tumor dependence on HER2. In metastatic
HER2-positive breast cancer, alterations associated with increased RAS pathway output,
including the loss of the RAS GTPase-activating protein NF1, were enriched in tumors with poor
responses to HER2-targeted therapy. Experimental NF1 depletion increased MAPK activity,
reduced sensitivity to HER2 inhibition and shifted cell cycle regulation from AKT-dependent to
MEK-ERK-dependent control’®®l. Additional feedback activation has been observed after
repeated HER2 kinase inhibition. For example, prolonged lapatinib exposure can increase RAF,
MEK and ERK phosphorylation in HER2-positive breast cancer cells, providing further evidence
that suppression of Akt signaling may redirect signaling flux toward the MAPK pathway®”!. In
summary, these findings demonstrate that PI3K-Akt and MAPK/ERK constitute a dynamically
coordinated signaling network, and therapeutic suppression of one branch may alter feedback
regulation and increase dependence on the other.

1.1.3.3 Other signaling pathways

In addition to the PI3K-AKT and MAPK/ERK pathways, the HER2-containing receptor
complex activates several other signaling pathway modules, including the PLCy-PKC pathway,
the STAT3-centered signaling pathways, and the Src-FAK-dependent adhesion pathways. These
context-dependent pathways cooperate with the two major pathways described above to regulate
cancer cell transcriptional plasticity, migration, invasion and adaptation to environmental or
therapeutic stress.

The PLCy/PKC pathway is an important accessory pathway. Phospholipase C-y (PLCy) can
be recruited to activated receptor tyrosine kinase complexes through its SH2 domains and is
activated by tyrosine phosphorylation. Activated PLCy hydrolyzes PIP2 to generate
inositol-1,4,5-trisphosphate and diacylglycerol. IP3 binds to receptors on the endoplasmic
reticulum and promotes the release of Ca** from intracellular stores. DAG remains within the
plasma membrane, and together with Ca**, promotes activation of protein kinase C (PKC). These
Ca?’- and PKC-dependent responses regulate cytoskeletal organization, secretion, proliferation
and cell motility. In HER2-expressing breast cancer models, PLCyl activation has been
particularly associated with EGFR-HER2-containing receptor complexes, rather than
representing a defining output of the HER2-HER3 dimer. Balz et al. demonstrated functional
cooperation between EGFR-HER2-PLCyl and HER2-HER3-PI3K signaling in an
EGFR/HER2/HER3-expressing breast cancer model. HER3 depletion reduced Akt activation but
also altered EGF-induced PLCyl activation and cell migration, indicating cross-regulation
between the survival and motility branches®®. These findings suggest that HER2-containing
receptor complexes can coordinate PI3K-dependent survival signaling and PLCyl-dependent
motility programs, although the relative importance of this mechanism may vary considerably
according to the cellular context.

HER2-driven tumors can also converge on STAT3 signaling, although the molecular
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connection is less uniform than that of the PI3K or MAPK pathways. Depending on cellular
context, STAT3 activation may involve autocrine cytokine production, JAK-family kinases,
Src-family kinases, focal adhesion-associated proteins or other receptor-linked intermediates.
Hartman et al. demonstrated that HER2 overexpression induced IL-6 secretion, which activated
STAT3 and reinforced an IL-6—STAT3 transcriptional circuit. Both murine and human
HER2-amplified breast cancer models showed functional dependence on this pathway, linking
HER2 overexpression to inflammatory signaling and tumorigenesis!®. Subsequent studies
showed that inhibition of the IL-6-JAK2-STAT3 axis could suppress HER2-positive tumor
growth and enhance the effects of HER2-directed therapy in experimental models!®.
HER2-overexpressing breast cancer cells, increased STAT3 phosphorylation has also been
associated with epithelial-mesenchymal transition, tumorsphere formation and increased
expression of stem cell-associated markers, including OCT4, SOX2 and CD44. Pharmacological
inhibition of STAT3 reduced these stem-like phenotypes, supporting a functional role for STAT3
in HER2-associated transcriptional plasticity!®!l. Clinical-translational evidence further links
STAT3 activity with treatment outcome. In primary HER2-positive breast cancer specimens, a
constitutive phosphorylated-STAT3-associated gene-expression signature was associated with
reduced benefit from trastuzumab-containing therapy, supporting the regulatory role for STAT3
in therapeutic adaptation!®?,

HER2 signaling also intersects with Src family kinase (SFK) and focal adhesion kinase
(FAK), which regulate cell-matrix adhesion, cytoskeletal dynamics and invasion. FAK is
activated through both integrin engagement and growth factor receptor signaling and therefore
functions as an integration hub rather than as a purely linear downstream component of HER2.
Activated FAK forms signaling complexes with Src, resulting in phosphorylation of
focal-adhesion-associated proteins and regulation of adhesion assembly, disassembly and
cytoskeletal remodeling. Previous studies have shown that FAK signaling was required for
oncogenic transformation and invasion driven by cooperative HER2-HER3 signaling[®*!. Genetic
or pharmacological interference with FAK markedly reduced the transforming and invasive
effects of the receptor pair. Consistent with this finding, subsequent studies have shown that
HER?2 signaling regulated focal-adhesion turnover and invasive behavior through the Src-FAK
axis. Inhibition of HER2 signaling reduced HER2-Src association, decreased Src and FAK
activity, stabilized peripheral focal adhesions and suppressed cell migration and invasion!®+%3],
FAK inhibition has shown antitumor activity in ER-positive/HER2-positive breast cancer models,
further illustrating that HER?2 signaling interacts with adhesion-dependent signaling pathways[®!.

In summary, these additional signaling modules extend the biological consequences of
HER2 activation. They integrate with the PI3K-AKT and MAPK/ERK signaling pathways,
creating a flexible regulatory network capable of supporting tumor growth, dissemination and
adaptation to changing environmental or therapeutic conditions.

1.1.4 HER2-targeted therapies

Established HER2-targeted therapies can be grouped into three major classes: monoclonal
antibodies (mAbs), antibody-drug conjugates (ADCs), and tyrosine kinase inhibitors (TKIs).
These therapies target different structural and functional properties of HER2. Monoclonal
antibodies recognize extracellular epitopes and modulate receptor function while recruiting
immune effector mechanisms. ADCs use HER2 as a tumor-associated surface antigen to
facilitate the selective delivery of cytotoxic payloads. TKIs inhibit the intracellular kinase
activity of HER2 and other members of the HER receptor family depending on the selectivity
profiles.
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1.1.4.1 Monoclonal antibodies (mAbs)

Monoclonal antibodies (mAbs) were the first major class of HER2-targeted drugs to
demonstrate clinical efficacy and remain a core component of HER2-directed therapy.
Trastuzumab is a humanized immunoglobulin G1 (IgG1) mAb that binds to subdomain IV of the
HER2 extracellular domain. Because its epitope is distinct from the canonical dimerization
interface located in subdomain II, trastuzumab does not directly inhibit HER2 dimerization.
Recent structural analysis demonstrated that trastuzumab binding can stabilize an alternative
conformation of the HER2 extracellular domain, which may result in reduced compatibility with
HER3 binding, a high-affinity binding partner of HER2, thereby preventing the activation of
downstream signaling!®’-%®!. These findings suggest that receptor conformational adaptation may
contribute to the attenuation of selected HER2-containing receptor assemblies and their signaling
competence!®’. Nevertheless, the effects of trastuzumab on HER2 homo- and heterodimerization
appear to be context-dependent, and the precise contribution of this structural mechanism to its
overall antitumor activity remains under investigation.

A major component of trastuzumab activity is its capacity to recruit Fcy receptor-bearing
immune effector cells. Following binding of the Fab (fragment antigen-binding) region to HER2
on the tumor-cell surface, the exposed Fc (fragment crystallizable) region interacts with Fcy
receptors on immune effector cells. Clinical and translational evidence supports the conclusion
that the engagement of FcyR on natural killer cells promotes antibody-dependent cellular
cytotoxicity (ADCC) contributes to trastuzumab-mediated HER2-positive tumor cells killing!"l.
Additionally, Shi et al. demonstrated that the engagement of FcyR on macrophages can induce
antibody-dependent cellular phagocytosis (ADCP), enabling macrophages to phagocytose and
eliminate HER2-high tumor cells both in vitro and in vivo, supporting ADCP as an additional
mechanism of action!”!). Trastuzumab may also affect HER2 receptor processing. Molina et al.
demonstrated that trastuzumab inhibited both basal and experimentally activated cleavage of the
HER2 extracellular domain in breast cancer cells!’!. Inhibition of ectodomain shedding may
limit the formation of signaling-competent truncated HER2 species while preserving the
extracellular antibody-binding region. In addition, preclinical xenograft studies have reported
antiangiogenic and antimetastatic effects of trastuzumab. For example, Lange et al. observed
reduced angiogenesis and metastatic dissemination in a spontaneous-metastasis xenograft model
of HER2-positive esophageal adenocarcinomal’?!. However, these effects are best regarded as
supportive and context-dependent components of trastuzumab activity rather than universally
established primary mechanisms.

Pertuzumab is another humanized HER2-targeted mAb, but it recognizes an epitope within
subdomain II of the HER2 extracellular domain, which contains the principal extracellular
dimerization interface. By occupying subdomain II, pertuzumab sterically interferes with
ligand-induced HER2  heterodimerization, particularly = formation of the highly
signaling-competent HER2/HER3 complex!’#l. Because phosphorylated HER3 provides multiple
essential binding sites for class IA PI3K, suppression of HER2/HER3 assembly reduces one of
the most potent routes of HER-family-mediated PI3K-Akt activation*®]. The distinct epitopes
and partially complementary mechanisms of trastuzumab and pertuzumab therefore provide a
molecular rationale for dual HER2 antibody blockade!’”. The clinical importance of this
complementary inhibition was demonstrated in the phase III CLEOPATRA trial. Addition of
pertuzumab to trastuzumab and docetaxel significantly improved survival in patients with
previously untreated HER2-positive metastatic breast cancer, establishing dual
trastuzumab-pertuzumab blockade as an important therapeutic strategy!’®!.
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Additional mAbs have been engineered to enhance specific aspects of HER2 targeting.
Margetuximab is a chimeric, Fc-engineered anti-HER2 IgG1 mAbs that shares HER2 epitope
specificity and Fc-independent antiproliferative activity with trastuzumab. Its Fc region contains
amino-acid substitutions that increase affinity for the activating Fcy receptor CD16A/FcyRIlla
and decrease affinity for the inhibitory Fcy receptor CD32B/FcyRIIb. Preclinical studies showed
that this Fc engineering enhanced immune-cell activation and ADCC relative to antibodies
containing an unmodified IgGl Fc region””). The phase III SOPHIA trial compared
margetuximab plus chemotherapy with trastuzumab plus chemotherapy in patients with
previously treated HER2-positive advanced breast cancer. Margetuximab produced a statistically
significant but quantitatively modest improvement in centrally assessed progression-free survival,
with a median progression-free survival of 5.8 months, compared with 4.9 months for
trastuzumab. However, the final overall survival (21.6 months in the margetuximab group and
21.9 months in the trastuzumab group) did not demonstrate a statistically significant overall
survival advantage!’®7°!. These results provided a rationale for improving HER2-targeted therapy
through optimization of Fc-Fcy receptor interactions while also indicating that enhanced
Fc-mediated immune engagement does not necessarily translate into a large improvement in
clinical outcomes.
1.1.4.2 Antibody-drug-conjugates (ADCs)

Antibody-drug conjugates (ADCs) combine the antigen specificity of monoclonal antibodies
with the cytotoxicity of small molecule payloads. Structurally, an ADC consists of three essential
components: a tumor-targeting antibody, a chemical linker, and a cytotoxic payload. After
binding to HER2 on the surface of tumor cells, HER2-directed ADCs undergo receptor-mediated
internalization and intracellular trafficking. Subsequent linker cleavage and/or proteolytic
degradation of the antibody component in intracellular compartments releases active drug
species, which then induce tumor-cell death.

Trastuzumab emtansine (T-DM1) was the first HER2-directed ADC to receive broad clinical
approval. It consists of trastuzumab linked to the maytansinoid microtubule inhibitor DM1
through a stable, non-cleavable maleimidomethyl cyclohexane-1-carboxylate (MCC) thioether
linker, with an average drug-to-antibody ratio (DAR) of approximately 3-3.6. T-DM1 selectively
binds to HER2-expressing tumor cells via its trastuzumab component. The HER2-T-DMI
complex then undergoes receptor-mediated endocytosis and is trafficked to lysosomes, where the
trastuzumab component is degraded by proteases. Because the MCC linker is non-cleavable and
remains chemically attached to DMI, intracellular processing generates the principal active
catabolite lysine-MCC-DM1 (Lys-MCC-DM1) rather than freely diffusing DM18%. The
lysosomal membrane transporter SLC46A3 facilitates the export of maytansinoid-containing
catabolites from lysosomes into the cytoplasm, where Lys-MCC-DM1 can binds tubulin and
disrupt microtubule dynamics, such as microtubule assembly and polymerization®!!. This
interferes with mitotic-spindle formation and chromosome segregation, resulting in mitotic arrest
and ultimately inducing apoptosis or mitotic catastrophe!®’l. Because Lys-MCC-DMI1 is
positively charged at physiological pH and has poor membrane permeability, it is largely retained
within the cell that internalized the ADC. Consequently, T-DM1 has relatively limited bystander
cytotoxicity against adjacent cells with low or absent HER2 expression!®}]. The clinical efficacy
of T-DM1 was established in the phase III EMILIA trial, in which T-DM1 improved
progression-free survival and overall survival compared with capecitabine plus lapatinib in
patients with HER2-positive advanced or metastatic breast cancer who had previously received
trastuzumab and a taxane treatment'34],
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Trastuzumab deruxtecan (T-DXd) is a later-generation HER2-targeted ADC with enhanced
cytotoxic delivery capacity compared with T-DM1. T-DXd consists of a trastuzumab-derived
anti-HER2 antibody conjugated to the exatecan-derived topoisomerase I inhibitor payload DXd
through a plasma-stable but enzymatically cleavable tetrapeptide linker. The relative stability of
the linker in circulation is intended to limit premature systemic payload release while permitting
efficient intracellular drug liberation following target-mediated uptake!®*!. Following binding to
HER2, the ADC is internalized and trafficked to lysosomal compartments, where proteolytic
cleavage of the linker releases the DXd payload. Under normal conditions, topoisomerase I
transiently cleaves one strand of DNA to relieve torsional stress generated during replication and
transcription and subsequently religates the strand. DXd stabilizes the covalent topoisomerase
I-DNA cleavage complex and prevents DNA religation, thereby leading to replication-associated
strand breaks and DNA damage, ultimately disrupting cell-cycle progression and inducing
apoptosis!®. The greater activity of T-DXd compared with T-DM1 can be attributed to several
design characteristics. First, T-DXd has a DAR of approximately 8, enabling substantially more
payload molecules to be delivered per antibody-binding event. Second, its protease-cleavable
linker permits release of an unconjugated and pharmacologically active payload rather than a
charged amino acid-linker catabolite. Third, released DXd is sufficiently membrane-permeable
to diffuse out of the initially targeted cell and enter neighboring tumor cells®”!. This bystander
killing effect allows T-DXd to eliminate adjacent cells with lower or absent HER2 expression
and is therefore particularly advantageous in tumors with spatially heterogeneous HER2
expression!®). In mixed HER2-positive and HER2-negative preclinical tumor models, T-DXd
produced marked killing of neighboring HER2-negative cells, whereas T-DM1 showed
substantially weaker bystander activity!®,

The phase III DESTINY-Breast03 trial demonstrated that T-DXd produced superior
progression-free and overall survival compared with T-DM1 in patients with HER2-positive
metastatic breast cancer previously treated with trastuzumab and a taxane®”. The phase III
DESTINY-Breast09 trial evaluated T-DXd plus pertuzumab as first-line treatment for
HER2-positive metastatic breast cancer, and this combination therapy produced a significantly
lower risk of disease progression or death®). The clinical application of T-DXd has subsequently
expanded both to earlier treatment lines and beyond conventionally defined HER2-positive
breast cancer. On 15 December 2025, the US Food and Drug Administration approved Enhertu
(fam-trastuzumab deruxtecan-nxki) with pertuzumab for the first-line treatment of adults with
unresectable or metastatic HER2-positive (IHC 3+ or ISH+) breast cancer®?. On 25 June 2026,
supported by the DESTINY-PanTumor02%!, DESTINY-Lung01®* and DESTINY-CRC02%,
the European Commission expanded the indication of T-DXd to include monotherapy for adults
with unresectable or metastatic HER2-positive (IHC 3+) solid tumors who had received prior
treatment and had no satisfactory alternative treatment options.
1.1.4.3 Tyrosine kinase inhibitors (TKIs)

Lapatinib was one of the earliest HER2-directed TKIs to demonstrate clear clinical utility. It
is an orally administered, reversible dual inhibitor of EGFR and HER2 that competes with ATP
for binding to their intracellular kinase domains and stabilizes an inactive-like kinase
conformation, thereby preventing catalytic activation®®!. In HER2-dependent tumor-cell models,
lapatinib reduced receptor phosphorylation and downstream ERKI1/2 and Akt activation,
resulting in growth arrest and, in susceptible cellular contexts, apoptosis®’). The clinical activity
of lapatinib was demonstrated in a randomized phase III trial involving patients with
HER2-positive advanced breast cancer whose disease had progressed after regimens containing
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an anthracycline, a taxane and trastuzumab. Lapatinib plus capecitabine significantly prolonged
the time to disease progression compared with capecitabine alone!®®). Although its clinical role
has subsequently become more limited with the development of more active HER2-directed
agents, lapatinib provided important proof of principle that intracellular inhibition of HER2
kinase activity could produce clinical benefit after prior antibody-based treatment.

Neratinib is an orally administered, irreversible pan-HER TKI that directly inhibits EGFR,
HER2 and HERA4. In contrast to the reversible binding of lapatinib, neratinib contains an
electrophilic group that forms a covalent interaction with a conserved cysteine residue within the
ATP-binding region of HER-family kinases. This irreversible binding produces sustained
suppression of receptor catalytic activity, autophosphorylation and downstream signaling!®”). The
clinical efficacy of extended adjuvant neratinib was evaluated in the phase III ExteNET trial. In
patients with early-stage HER2-positive breast cancer who had completed trastuzumab-based
adjuvant therapy, one year of neratinib significantly improved invasive disease-free survival
compared with placebo, and this benefit remained evident in the protocol-defined five-year
analysis!!%. A major limitation of neratinib is its gastrointestinal toxicity, particularly diarrhea.
cutaneous adverse events may also occur, which are generally believed to be caused by its broad
inhibition of HER-family kinases. It can inhibit EGFR in normal intestinal epithelium, thereby
interfering with epithelial renewal, barrier integrity and ion-transport regulation. In the original
ExteNET study, in which routine antidiarrheal prophylaxis was not mandated, grade 3 diarrhea
occurred in approximately 40% of neratinib-treated patients!'"1%?], The subsequent CONTROL
study demonstrated that proactive prophylactic antidiarrheal treatment and stepwise
dose-escalation strategies can reduce the incidence and severity of neratinib-associated diarrhea
and improve treatment tolerability!!%%],

Tucatinib is a later-generation, orally administered TKI with substantially greater selectivity
for HER2 than for wild-type EGFR. Preclinical studies demonstrated that tucatinib reduces
receptor phosphorylation and downstream signaling by preferentially inhibiting the
ATP-dependent kinase activity of HER2, while relatively preserving EGFR-mediated
physiological functions. This selectivity reduces EGFR-inhibition-related adverse effects
compared with pan-HER inhibitors!!®!%1 The clinical efficacy of tucatinib was established in
the randomized phase III HER2CLIMB trial, which enrolled previously treated patients with
HER2-positive unresectable locally advanced or metastatic breast cancer. The addition of
tucatinib significantly improved both progression-free survival and overall survival compared
with the placebo-containing regimen, establishing tucatinib as an effective treatment option in
heavily pretreated HER2-positive metastatic breast cancer!!’®!”]. An important feature of
HER2CLIMB was the inclusion of patients with brain metastases, including patients with active,
untreated or progressing intracranial disease. In this subgroup, tucatinib improved central
nervous system progression-free survival and reduced the risk of intracranial progression or
death, demonstrating clinically meaningful activity against HER2-positive disease involving the
central nervous system!'®l. On the basis of the HER2CLIMB results, the US Food and Drug
Administration approved tucatinib in 2020 in combination with trastuzumab and capecitabine for
adults with advanced unresectable or metastatic HER2-positive breast cancer, including patients
with brain metastases, who had received at least one prior anti-HER2-based regimen in the
metastatic setting!!%],

More  recently, HER2-directed TKI development has expanded beyond
ErbB2-overexpressing breast cancer to ErbB2-mutant solid tumors, especially non-small-cell
lung cancer (NSCLC). Zongertinib (BI 1810631) is an orally administered, irreversible and

11



Targeting HER2-positive cell lines by transmembrane peptide based surface-active ionic liquid nanoformulation

HER2-selective covalent TKI designed to inhibit oncogenic HER2 while largely preserving
wild-type EGFR signaling. Zongertinib forms a covalent interaction with Cys805 within the
HER2 kinase domain, resulting in sustained inhibition of HER2 phosphorylation and
downstream signaling [110][110]. In preclinical studies, zongertinib potently inhibited tumor
models driven by several forms of HER2 alteration, including NSCLC xenograft models with
acquired resistance to trastuzumab deruxtecan. Furthermore, preclinical combination
experiments showed that zongertinib could enhance the antitumor activity of HER2-directed
ADCs and KRASS'?C inhibitors without producing evident additive toxicity, suggesting its
potential for combination therapy strategies!!!”, The Beamion LUNG-1 clinical trial evaluated
the efficacy of zongertinib in patients with advanced or metastatic solid tumors carrying HER2
alterations. In the dose-escalation study, zongertinib demonstrated preliminary antitumor activity
against HER2-altered tumors. Although treatment-related adverse events occurred, only 10% of
patients experienced grade 3 or higher treatment-related adverse events, which were consistent
with clinically relevant HER2 inhibition accompanied by reduced, but not absent,
EGFR-associated toxicity!!!!l. Beamion LUNG-1 also demonstrated clinically meaningful
activity in previously treated patients with advanced HER2-mutant non-squamous NSCLC,
including patients who had previously received a HER2-targeted ADC therapy, supporting the
use of zongertinib after earlier treatment!!'?!. In August 2025, the FDA granted accelerated
approval to zongertinib for adults with unresectable or metastatic non-squamous NSCLC
harboring an FDA-test-confirmed HER2 tyrosine kinase domain activating mutation after prior
systemic therapy. In the approval population, the objective response rate was 75% among
patients who had received platinum-based chemotherapy but no previous HER2-directed TKI or
ADC, and 44% among patients previously treated with both platinum chemotherapy and a
HER2-directed ADC!'3, First-line results reported subsequently showed sustained activity in
previously untreated advanced HER2-mutant NSCLC!'%, On February 2026, the FDA expanded
the accelerated approval to patients with the same molecularly defined disease who had not
received systemic therapy for advanced disease!!!”],

1.2 Ionic liquids
1.2.1 Concept and fundamental physicochemical properties of ionic liquids

Ionic liquids (ILs) are salts composed entirely of cations and anions and are conventionally
defined as having melting points below 100 °CI[!!6]. Most ILs contain at least one organic ion,
while the counterion may be either organic or inorganic. Unlike conventional electrolyte
solutions, a pure IL contains no separate molecular solvent phase. Instead, its constituent ions
form a continuous liquid medium. The low melting points of ILs arise primarily from inefficient
crystal packing associated with bulky, asymmetric ions, delocalized charge distributions,
conformational flexibility, and weakly coordinating counterions. These structural characteristics
hinder efficient lattice packing, reduce the enthalpic stabilization of the solid state and increase
conformational disorder, thereby making it difficult to form a tightly ordered lattice
structure!"”121l. Common IL cations include imidazolium, pyridinium, pyrrolidinium,
ammonium, phosphonium, and cholinium ions, and commonly used anions include halides,
tetrafluoroborate, hexafluorophosphate, dicyanamide, alkyl sulfates, carboxylates, and
bis(trifluoromethanesulfonyl)imide!''?). ILs may also be classified as aprotic ILs which usually
contain quaternized cations without easily transferable protons, or protic ILs which are
commonly generated by proton transfer from a Bronsted acid to a Brensted base!'?%!23],

A major feature of ILs is their extensive structural tunability. Variation of the cation, anion,
alkyl-chain length, charge distribution, functional groups, and hydrogen-bonding capacity can
modify properties such as melting behavior, viscosity, density, miscibility, polarity, interfacial
activity, chemical reactivity, and biological effects. This structural diversity gives ILs a generally

12



Targeting HER2-positive cell lines by transmembrane peptide based surface-active ionic liquid nanoformulation

greater tunability than conventional molecular solvents, and ILs are often therefore described as
“custom solvents”. However, these properties are usually not independent, and structural
modification intended to optimize one characteristic may simultaneously alter several other
physicochemical properties!!24-12],

Many ILs exhibit relatively high viscosities and, in many cases, higher densities than
conventional low molecular weight organic solvents!!?”-13%  Density is determined by the
relationship between the total molar mass of the ion pair and the effective molar volume
occupied by the ions. Viscosity reflects a combination of electrostatic interactions, hydrogen
bonding, dispersion forces, ion association, and conformational dynamics. In amphiphilic ILs
containing sufficiently long hydrocarbon substituents, segregation between polar ionic regions
and nonpolar domains can generate nanoscale structural heterogeneity, which influences
diffusion, solvation, ionic transport, self-assembly, and interfacial behavior!!3!"*3 ILs also
provide highly diverse solvation environments because they can participate in multiple types of
noncovalent interactions and can therefore dissolve or stabilize a wide range of inorganic,
organic, polymeric, and biological solutes!!**+!%]. The empirical Kamlet-Taft solvatochromic
parameters are often used to describe three complementary solvent behaviors of IL: acidity (o)
which is mainly influenced by the cation, hydrogen-bond-acceptor basicity (B) which is
controlled mainly but not entirely by the anion, and dipolarity/polarizability (n*) which reflects
contributions from both ions and from the collective polarizability of the liquid
environment!'*%!31 Changes in the constituent ions can consequently alter solvent-solute
interactions, extraction behavior, and the solubility of specific compounds.

Another characteristic of many ILs is their extremely low equilibrium vapor pressure under
ambient conditions, which reduces evaporative losses and exposure compared with conventional
organic solvents!'*®!. However, ILs are not completely nonvolatile, some ILs can be distilled
under low pressure, while others may undergo substantial chemical decomposition before
significant vaporization occurs!!**'*!l. Because ILs consist entirely of mobile ions, ILs also
exhibit intrinsic ionic conductivity, although conductivity depends not only on ion concentration
but also on viscosity, ion size and shape, ion association, structural relaxation, self-diffusion, and
the extent to which cation and anion movement are associated!!28130:142:144]  Notably, their
physicochemical properties are particularly sensitive to water content, as most ILs are
hygroscopic: absorbed water can weaken cation-anion interactions, disrupt or reorganize
hydrogen-bond networks, reduce viscosity, and increase ionic mobility and conductivity.
Furthermore, as the water concentration increases, the IL-dominated liquid can transform into an
aqueous electrolyte solution!!4%:1461,

1.2.2 Surface-active ionic liquids: molecular design, interfacial activity and self-assembly

Surface-active ionic liquids (SAILs) constitute a subclass of ionic liquids whose molecular
architecture combines a charged or strongly hydrated ionic region with one or more hydrophobic
regions, typically composed of long alkyl chains or other nonpolar substituents. This
amphiphilicity enables SAILs to adsorb at interfaces and undergo concentration-dependent
self-assembly in aqueous solutions. Amphiphilicity can be introduced by the cation, the anion, or
both. Systems in which both constituent ions contain substantial hydrophobic regions are
commonly called biamphiphilic ionic liquids (BAILs). In such systems, electrostatic association
between oppositely charged amphiphilic ions, together with synergistic hydrophobic interactions
between their nonpolar regions, can generate an effective molecular geometry that promotes
significant self-assembly!!47-148],

The hydrophobic structure is one of the main factors determining SAIL aggregation. Before
substantial aggregation occurs in the bulk phase, SAIL molecules preferentially adsorb at
interfaces. At air-water or oil-water interface, the hydrophobic regions minimize its contact with
water, while the ionic headgroups remain preferentially hydrated, thus reducing the interfacial free
energy. Consequently, increasing SAIL concentration usually leads to a progressive decrease in
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surface tension until the interface approaches saturation!'*1°%, Further addition of amphiphilic
molecules favors association in the bulk phase, thereby reducing the unfavorable free energy
contribution associated with hydration of the nonpolar regions!**!>!], When experiments confirm
that the resulting aggregates are micelles, the concentration associated with the initiation of
micellization is conventionally referred to as the critical micelle concentration (CMC)!"*3. For
amphiphilic ionic liquids capable of forming non-micellar structures, the more general term
critical aggregation concentration (CAC) is more preferable because it does not presuppose the
morphology of the aggregates. In vesicle-forming systems, the transition associated with the
appearance of vesicular assemblies has sometimes been described as the critical vesicle
concentration (CVC). The relationship between molecular geometry and aggregate morphology
can be qualitatively described using the critical packing parameter (CPP). Relatively small CPP
values favor the formation of highly curved micellar structures, while increasing the hydrophobic
volume and/or decreasing the effective headgroup area reduces spontaneous curvature and can
favor the formation of cylindrical aggregates, bilayers, and vesicles!'*?. However, the CPP should
be regarded as a qualitative geometric framework rather than a strict criterion, because ion
association, hydration, molecular interdigitation, chain conformation and solution composition
can dynamically alter the effective molecular packing!!*?l. Thus, SAIL self-assembly has been
reported to generate a variety of structures, including spherical, ellipsoidal, cylindrical, and
worm-like micelles, bilayers, unilamellar and multilamellar vesicles, as well as lamellar and other
ordered phases!!47-154153],

Increasing alkyl-chain length generally enhances the hydrophobic driving force for
association and decreases the concentration required for self-assembly. Singh et al. synthesized
ester-functionalized nicotine-derived SAILs, [CaENic][Br] (n = 8, 10, and 12), all of which
exhibited concentration-dependent self-assembly behavior in water, with the CMC decreasing
with increasing alkyl-chain length!!>¢!. A similar dependence was observed by Jiao et al. for
1-alkyl-3-methylimidazolim alkyl sulfates ([Camim][CnSO4]) SAILs, in which increasing the
alkyl-chain length of either ionic component promoted aggregation’’. Rao et al. also
demonstrated that variation of the hydrophobic-chain lengths of both ions in biamphiphilic
imidazolium alkyl sulfate ILs significantly affected their surface activity and self-assembly
behavior in aqueous solution!!3®!, However, hydrophobic-chain length alone does not determine
aggregation behavior. Headgroup hydration, charge density and delocalization, functional group
chemistry, linker structure, steric constraints, and conformational flexibility can all influence the
balance between hydration and hydrophobic association!!47-148],

Although the removal of hydrophobic regions from direct contact with water is a major
thermodynamic driving force for aggregation, counterion association also plays an important role.
Counterion identity can influence interfacial adsorption, CAC, aggregate size and morphology
through differences in charge density, hydration, molecular size, polarizability, hydrophobicity,
and specific interactions with the ionic headgroups!!>®). The counterion effect is particularly
pronounced in alkyl sulfate-based SAILs. Jiao et al. demonstrated that replacement of Na* in
sodium dodecyl sulfate (SDS) with organic imidazolium or pyrrolidinium counterions generated
SAILs with lower CMC and higher surface activity than SDS!'®"!. Studies of SAILs containing
quaternary ammonium counterions have also shown that counterion structure can significantly
affect aggregation behavior and aggregate size in aqueous solutions!'®!l. Therefore, replacing a
small inorganic counterion with an organic amphiphilic ion is a strategy to transform traditional
ionic surfactants into an amphiphilic system with enhanced surface activity and stronger
association between the constituent ions.
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External electrolytes provide another way to regulate SAIL self-assembly. The added
electrolytes can shield electrostatic repulsion between charged headgroups, enhance counterion
association, and generally reduce the concentration required for aggregation. However, depending
on ion identity and molecular architecture, this effect may not be limited to a simple change in
CAC, but may also induce significant reorganization of the supramolecular structure. Rao et al.
showed that dodecylbenzenesulfonate-based SAILs formed micellar aggregates in water but
underwent a NaBr-induced micelle-to-vesicle transition!'%!. Conversely, studies by Sun et al. on
acyl amino acid surfactants demonstrated that increasing ionic strength or introducing specific
counterions, like tetraalkylammonium ions, could promote a vesicle-to-micelle transition,
illustrating the importance of ion-specific effects on headgroup hydration and interfacial
packing!'%®l. These observations suggest that electrolyte effects depend not only on ionic strength
but also on the chemical properties and interfacial affinity of the ions involved.

Temperature is also an important variable affecting the interfacial activity and self-assembly
of SAILs. It can influence not only the CAC but also aggregate dimensions and morphology, and
the direction of these changes is highly system-dependent. Roy et al. demonstrated a reversible
temperature-induced vesicle-to-micelle transition in assemblies containing the SAIL
1-hexadecyl-3-methylimidazolium chloride (CismimCl) and 5-methyl salicylic acid (5mS)!64],
Similarly, a catanionic system composed of cetyltrimethylammonium bromide (CTAB) and
1-butyl-3-methylimidazoliumdodecyl sulfate ([bmim][DS]) exhibited temperature- and
composition-dependent transitions among vesicular, cylindrical, and spherical micellar
structures!!®). These findings emphasize that aggregate morphology determined under specific
experimental conditions cannot necessarily be generalized to a different temperature, ionic
environment, or solvent composition.

Overall, SAILs are highly tunable and their interfacial adsorption and supramolecular
organization can be modulated through the size and structure of the hydrophobic domains, the
chemical properties of the ionic headgroups, counterion identity, ionic environment, and
temperature. Their significant surface activity and capacity for self-assembly enable SAILs not
only to solubilize hydrophobic compounds but also to form nanoscale assemblies that can load
payloads and interact with biomembranes. These physicochemical characteristics lay the
foundation for the biomedical and therapeutic applications of SAILs.

1.2.3 Biomedical and therapeutic applications of surface-active ionic liquids

Surface-active ionic liquids (SAILs) have attracted increasing attention as multifunctional
components in pharmaceutical and biomedical formulations due to their interfacial activity and
self-assembly behavior. Depending on their molecular structure and concentration, SAILs can
function as solubilizers, permeability modifiers, self-assembling nanocarriers, or bioactive
amphiphilic molecules. Their ionic composition can be modified to tune hydrophobicity, surface
charge, aggregation behavior, and interactions with drugs and biomembranes, thereby enabling the
formulation and delivery of compounds with poor aqueous solubility or limited membrane
permeabilityl!34135.166]

Poorly water-soluble molecules can partition into the nonpolar domains of SAIL aggregates,
while charged or polar compounds can interact with ionic headgroups through electrostatic
interactions, hydrogen bonding, and other non-covalent interactions. Therefore, self-assembly can
provide hydrophobic region for cargo incorporation while maintaining a hydrated ionic interface
with the surrounding aqueous medium. Pal et al. investigated the interactions between lidocaine
hydrochloride with the SAILs 1-dodecyl-3-methylimidazolium chloride ([Cizmim][Cl]), and
1-tetradecyl-3-methylimidazolium chloride (Ci4mim][Cl]). Addition of the drug decreased the
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critical aggregation concentration and generated significant interactions with the interfacial region
of the SAILs aggregates, supporting their potential use as drug-carriers!'®’). Kulshrestha et al.
reported a magnetic proline-derived SAIL ([ProCio][FeClsBr]) which can self-assemble into
vesicles in water. These vesicles were able to incorporate the model hydrophobic molecule pyrene
and the antibiotic ciprofloxacin and subsequently release the incorporated compounds in a
controlled manner!!®8,

Amphiphilic ionic liquids can interact with biological barriers and alter the organization of
membrane lipids and associated biomolecules. Therefore, they may influence drug transport
across biological barriers rather than simply functioning as solubilizers. This property has been
extensively investigated for transdermal drug delivery!!*>1%%], Tahara et al. employed choline-fatty
acid ionic liquids to facilitate the incorporation of an antigenic peptide into an oil-based
permeation-enhancing formulation. The optimized system significantly increased transdermal
peptide transport compared to an aqueous carrier and induced antitumor vaccination response with
no detectable skin irritation under the tested conditions!!®”). Uddin et al. developed lipid-based
biocompatible ionic-liquid nanodispersions for the the peptide drug leuprolide acetate and
reported improvements in formulation stability, drug loading, and transdermal transport. The
optimized formulation produced a significant increase in peptide transport compared with the
corresponding aqueous carriers!! ],

However, the molecular properties that promote membrane association and enhanced delivery
may also contribute to biological toxicity. Therefore, cytotoxicity is one of the major limitations in
the biomedical development of SAILs. Biological responses to ILs depend on cation and anion
structure, alkyl-chain length and concentration, aggregation state, exposure time, and cell
typel!3>:16 The charged region of an amphiphilic IL can interact with polar or charged membrane
components, while its hydrophobic domain can partition into the lipid acyl-chain region.
Increasing hydrophobicity generally enhances membrane partitioning and may alter lipid packing,
membrane fluidity and membrane permeability. Kumar et al. reported ICso values spanning
several orders of magnitude across structurally different ILs on MCF-7 human breast cancer cells,
demonstrating that the structures of both cations and anions have a substantial contribution,
particularly for cations containing long alkyl substituents!!’!. Cook et al. further found that within
a homologous series of alkylimidazolium ILs, increasing hydrophobicity was associated with
stronger partitioning and permeabilization of model phospholipid membranes, which was
associated with toxicity to bacterial, yeast, and mammalian cells!!'’?. High membrane activity is
not necessarily harmful in all biomedical contexts. Strong membrane interactions may contribute
positively to antimicrobial activity or permeability, whereas the same properties may be
undesirable for carriers intended to deliver selective therapeutic agents. Therefore, SAIL design
must find a balance between sufficient amphiphilicity to support stable self-assembly, cargo
incorporation, and membrane associated perturbation and toxicity. Aggregation state is also
crucial because free SAIL molecules and pre-formed micellar or vesicular aggregates may not
interact with biomembranes in the same manner. Therefore, biological effects should be
interpreted by combining both absolute concentration and associated aggregation state.

Hemolysis provides a complementary measure of membrane compatibility of amphiphilic
compounds because erythrocytes are particularly sensitive to surfactant-induced membrane
damage. Therefore, hemoglobin release could serve as a functional indicator of
membrane-disruptive activity. Just like cytotoxicity, hemolytic activity is also strongly dependent
on hydrophobic structures. Garcia et al. investigated a homologous series of cholinium-based ILs,
CnCholBr (n =10, 12, 14, and 16), and observed a pronounced increase in hemolytic activity with
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increasing hydrocarbon chain length. The concentrations required to induce 50% hemolysis of red
blood cells (HCs0) were 420 + 2 ug mL™! for Ci2,34 + 0.2 pg mL! for C14,and 11 +0.1 pgmL™"' for
Ci6!'7%). These results demonstrate that relatively modest structural changes within a homologous
series can substantially alter erythrocyte compatibility. A similar chain-length dependent HCso was
observed for ester-functionalized cholinium-based ILs, C,ECholBr (n =10, 12, and 14), for which
HCso values of >2500 uM, 232 £ 2 uM, and 56 = 1 uM were reported for the Cio, Ci2, and Ci4
homologues, respectively!! %!, Although the HCso values in two studies reported in different units,
both homologous series clearly showed a trend of increasing hemolytic activity with increasing
hydrophobicity.

Biodegradability is another important consideration in the development of SAILs for
biomedical and pharmaceutical applications. Earlier studies have demonstrated that several
conventional ionic-liquid structures, including some imidazolium-based compounds, exhibit
limited susceptibility to biodegradation!’>!7®l. Therefore, the incorporation of biologically
derived building blocks, including choline, amino acids, and fatty acid-derived ions, has been
explored as a strategy for developing more environmentally friendly ILs. For example, lauroyl
sarcosinate-based SAILs containing biologically relevant cations exhibited substantial
biodegradation, and some morpholinium- and piperidinium-containing compounds undergoing
extensive or complete biodegradation under the investigated conditions!!’”!”8]. However,
biological origin alone does not guarantee complete biodegradability. Their biodegradability must
be assessed based on the complete ionic structure. Several structural characteristics have been
shown to be associated with improved biodegradability. Accessible, unbranched aliphatic
structures and the introduction of hydrolysable or oxidizable functional groups, such as hydroxyl,
carbonyl, carboxyl, ester, and, in suitable molecular environments, amide groups, may facilitate
microbial transformation. Conversely, extensive branching, quaternary carbon centers,
halogenation, and certain chemically persistent heterocyclic structures may hinder
biodegradation!!’®!"], These relationships should be regarded as general molecular-design
tendencies rather than deterministic rules because the final biodegradation depends on the
complete molecular structure, bioavailability to microorganisms, and toxicity toward the microbial
populations responsible for degradation. For SAILs, increasing the length of a metabolically
accessible linear alkyl chain does not necessarily improve their biodegradability. Garcia et al.
evaluated the aerobic biodegradation of CaCholBr (n = 10, 12, 14, and 16) using the OECD 310
COz2 headspace test. After 28 days, biodegradation values of 78 £ 5.7%, 69 + 1.8%, 52 + 4.9%, and
0% were obtained for the C1o, Ci2, C14, and C1s homologues, respectively!!”?]. Importantly, the Cis
homologue caused approximately 85% inhibition of the microbial inoculum in the associated
inhibition assay. Therefore, the extremely low biodegradation under these conditions was
attributed mainly to its strong antimicrobial activity toward the microorganisms responsible for
mineralization rather than to an intrinsically non-metabolizable hydrocarbon chain. This example
demonstrates that experimentally measured biodegradation reflects not only structural
susceptibility to metabolism but also bioavailability and toxicity to the degrading microbial
community.

One strategy to improve degradation behavior while maintaining surface activity is to
introduce functional groups that are unstable to hydrolysis or enzymatic degradation. Ester-bond is
particularly attractive because its cleavage can break down a long-chain amphiphile into smaller
products that may subsequently be more suitable for microbial metabolism. Garcia et al. evaluated
ester-functionalized cholinium-based SAILs, ChECholBr (n = 10, 12, and 14), using the OECD
310 CO: headspace test and found that all three compounds reached more than 60%
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174]

biodegradation after 28 days!!’¥. Compared with the corresponding non-ester-functionalized
cholinium-based SAILs investigated previously, the ester-containing SAILs exhibited superior
degradation kinetics, supporting introduction of a cleavable ester-bond as a useful
molecular-design strategy for enhancing biodegradability while retaining amphiphilic
functionality.

Interaction with proteins is another important factor determining the behavior of SAIL in
biological media. Protein-SAIL association may involve electrostatic attraction or repulsion,
hydrophobic interactions, hydrogen bonding, counterion-mediated effects, and interactions with
pre-existing micellar or vesicular aggregates. Therefore, the resulting response is strongly
dependent on SAIL structure, concentration, aggregation state, protein identity, pH, and solvent
environment. Paul et al. investigated human serum albumin (HSA) in the presence of submicellar
concentrations of 1-butyl-3-methylimidazolium octylsulfate ([BMIM][OS]) and observed
spectroscopic changes consistent with partial perturbation of the native protein conformation!'8l,
This finding demonstrates that significant interactions with serum proteins may occur even below
the aggregation concentration of a SAIL. However, aggregation does not necessarily result in
protein destabilization. Bharmoria et al. investigated the vesicle-forming SAIL,
3-Methyl-1-octylimidazolium dodecylsulfate ([Csmim][C120S0s3]), and confirmed that its
interaction with bovine serum albumin (BSA) is concentration-dependent. The protein-SAIL
interactions observed in the low-concentration differed substantially from those observed at and
above the vesicular forming concentration, while BSA remained comparatively stable in the
vesicular and post-vesicular states!'**. Alves et al. also reported that aggregates formed by the
fluorinated  SAILs  cholinium  perfluorobutanesulfonate  [Niii2on)][C4F9SO3],  and
1-ethyl-3-methylimidazolium perfluorobutanesulfonate [C2CiIm][C4F9SOs], could stabilize BSA
and promote a more compact protein conformation under the investigated conditions!'8!. These
findings demonstrate that the outcome of protein-SAIL interactions depends strongly on molecular
structure and aggregation state.

Recent studies have further highlighted the importance of aggregate surface charge in SAIL
vesicle-protein interactions. Sardar et al. compared cationic-rich and anionic-rich vesicles formed
from the long-chain SAIL 1-hexadecyl-3-methylimidazolium chloride (CisMimCl) and aerosol
OT in their interactions with human serum albumin (HSA). The tertiary structure of HSA was
largely preserved in the presence of cationic-rich vesicles but was significantly perturbed by
anionic-rich vesicles. After HSA adsorption, the size of cationic-rich vesicles increased
significantly, while the anionic-rich vesicles underwent structural disruption and generated smaller
vesicular structures. Zeta-potential measurements indicated that electrostatic attraction played a
dominant role in protein adsorption to the cationic-rich vesicles, whereas electrostatic repulsion
led to destabilization of the anionic-rich assemblies!!®?!. These observations suggest that the
effective surface charge and ionic composition of SAIL aggregates can strongly affect protein
conformation and vesicle stability. However, it should be recognized that most mechanistic studies
on protein-SAIL interaction were conducted using purified HSA or BSA in relatively simple
aqueous media. Complete serum contains a complex mixture of albumin, immunoglobulins,
apolipoproteins, complement components, enzymes, electrolytes, and other biomolecules that can
compete for association with the surface of a SAIL aggregate. Therefore, protein interactions
observed in simplified buffer systems cannot be directly interpreted as evidence of compatibility
or colloidal stability in serum-containing biological media.

Overall, the structural versatility of SAILs provides opportunities for drug solubilization,
self-assembled nanocarrier formation, permeability enhancement, antimicrobial activity, and
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delivery of peptide or protein therapeutics. At the same time, their amphiphilic and surface-active
nature introduces potential limitations, including nonspecific membrane disruption, hemolysis,
variable biodegradability, protein binding, and altered colloidal behavior in complex biological
media. In addition, the in vivo distribution, metabolism, clearance, immunological effects, and
long-term toxicity of many SAILs remain insufficiently characterized. Moreover, development of
SAIL-based pharmaceutical formulations requires rigorous control of chemical purity, residual
synthetic reagents, aggregate size distribution, batch-to-batch reproducibility, and formulation
stability. Consequently, most biomedical applications of SAIL-based formulations remain in the
preclinical stage, including physicochemical characterization, cell-based studies, and tests on
animal models.
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2. Aim of the project

Human epidermal growth factor receptor 2 (HER2/ErbB2) plays a crucial role in the
development and progression of HER2-positive cancers through receptor dimerization and
activation of downstream signaling pathways, including the PI3K/Akt and MAPK/ERK cascades.
Clinically established HER2-targeted therapies mainly target on the extracellular domain (ECD)
or the intracellular kinase domain (TKD) of the receptor, while research on the TMD as a
therapeutic target is comparatively underexplored, although recent studies have shown that the
TMD also plays an important role in receptor dimerization.

Based on the functional importance of the HER2 transmembrane domain, three
HER2-TMD-derived peptide variants (vl, 2 and 3) were designed as potential competitive
inhibitors of receptor dimerization. Our hypothesis was that incorporation of a
HER2-TMD-derived peptide into the cell membrane could interfere with native
transmembrane-domain packing and receptor dimerization, thereby inhibiting the activation of
HER2-associated intracellular signaling pathways. However, the hydrophobicity of
transmembrane peptides generates substantial challenges during synthesis, purification,
physicochemical characterization, and delivery in biological environments. The peptide
constructs were therefore chemically modified to improve their aqueous dispersibility, while
bi-amphiphilic surface-active ionic liquid (BAIL) vesicles were investigated as nanocarriers for
incorporation and delivery of the hydrophobic peptide to cancer cells. The overall aims of this
project are:

1) Synthesize nicotinium-based bi-amphiphilic surface-active ionic liquid (Nic BAIL);
Characterize Nic BAIL using appropriate analytical techniques to confirm its chemical identity
and relevant physicochemical properties.

2) Purify three hydrophobic HER2-TM-derived peptide variants using suitable
chromatographic methods and confirm their molecular identities by mass spectrometry.

3) Generate the Nic BAIL-v3 nanoformulation and evaluate its physicochemical properties,
including vesicle formation, peptide incorporation, size distribution, morphology and colloidal
stability.

4) Investigate the interaction of the Nic BAIL-v3 nanoformulation with artificial lipid
membrane model by planar bilayer electrophysiology.

5) Evaluate the biological activity of the Nic BAIL-v3 nanoformulation on cell lines with
different HER2/ErbB2 status.
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3. Results and discussion
3.1 Synthesis and characterization of nicotinium-based bi-amphiphilic
surface-active ionic liquid (Nic BAIL)

A nicotinium-based bi-amphiphilic surface-active ionic liquid (Nic BAIL) was synthesized
via a two-step route. In the first step, the nicotinium-based mono-amphiphilic ionic liquid (Nic
MAIL) was prepared. This synthesis involved (i) Fischer esterification of bromoacetic acid with
dodecan-1-ol to afford dodecyl 2-bromoacetate, followed by (ii) Menshutkin quaternization of
nicotine at the pyridine nitrogen with the bromoacetate intermediate to yield Nic MAIL.

Under solvent-free conditions, dodecan-1-ol was esterified with bromoacetic acid in the
presence of p-toluenesulfonic acid (PTSA) as catalyst to form dodecyl 2-bromoacetate. The
progress of the reaction was monitored by thin layer chromatography (TLC). After purification,
dodecyl 2-bromoacetate was isolated in 82% yield. Subsequent quaternization of the pyridine
nitrogen of nicotine with dodecyl 2-bromoacetate proceeded via nucleophilic substitution to give
Nic MAIL in 65% yield after purification (Figure S1).
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Figure 3. 1H NMR (600 MHz, CDCIl;) spectrum of Nic MAIL (a): 6 9.81 (s, 1H), 9.23 (d, J = 8.2 Hz,
1H), 8.85 (d, /= 6.3 Hz, 1H), 8.14 (dd, J= 8.2, 6.1 Hz, 1H), 5.62 (s, 2H), 4.24 (t, J= 6.9 Hz, 2H), 3.97 (s,
1H), 3.63 (t,J = 6.7 Hz, 1H), 3.25 (s, 1H), 2.79 (s, 3H), 2.72-2.63 (m, 1H), 2.51-2.37 (m, 1H), 2.36-2.28
(m, 1H), 1.71-1.64 (m, 2H), 1.34-1.25 (m, 36H), 0.87 (t, /= 7.0 Hz, 3H); 13C NMR (151 MHz, CDCl5)
spectrum of Nic MAIL (b): 6 165.27, 148.11, 147.89, 146.35, 135.16, 128.49, 68.26, 61.24, 56.30, 38.45,
32.04, 29.75, 29.69, 29.56, 29.47, 29.26, 28.35, 25.72, 22.81, 21.75, 14.23; Nic MAIL under ESI+ mode

(©).
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The successful formation of Nic MAIL was confirmed by NMR and mass spectrometry. In
the 1H NMR spectrum (Figure 3a), quaternization of the pyridine nitrogen caused pronounced
downfield shifts of the aromatic protons relative to nicotine, with the aromatic resonances
appearing in the 6 8.00-10.00 ppm region. This characteristic deshielding is consistent with
formation of a pyridinium-type cation, in which the positive charge on nitrogen withdraws
electron density from the aromatic ring. In addition, the signal at 6 0.87 ppm was assigned to the
terminal methyl group of the alkyl chain, the signal at 6 1.25 ppm to the methylene envelope of
the dodecyl chain, and the singlet at & 5.62 ppm to the methylene group directly attached to the
quaternized nitrogen (-N'-CHz-), further supporting successful introduction of the dodecyl
2-bromoacetate moiety. In the 13C NMR spectrum (Figure 3b), the resonance at 6 61.24 ppm
was assigned to the carbon of the -N-CHz- group, while the ester carbonyl carbon appeared at &
165.27 ppm. These NMR data are consistent with formation of Nic MAIL. In ESI+ mass
spectrometry (Figure 3c), a main ion peak at m/z 389.8569 for the nicotinium ester cation
[C12ENic]" (C24H41N202") was observed, consistent with the expected molecular mass.

In the second step, the Nic BAIL was prepared by anion exchange of Nic MAIL with sodium
dodecyl sulfate (SDS), thereby replacing bromide with dodecyl sulfate (DS"). After purification,
Nic BAIL was obtained in 47% yield.
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Figure 4. 1H NMR (600 MHz, CDCIs) spectrum of Nic BAIL (a): 6 9.62 (s, 1H), 9.28 (d, ] = 8.2 Hz, 1H),
8.95(d, J=6.1 Hz, 1H), 8.16 (dd, J = 8.2, 6.1 Hz, 1H), 5.67 (s, 2H), 4.22 (t, ] = 7.0 Hz, 2H), 3.98 (t, ] =
6.9 Hz, 4H), 3.62 (t, ] = 6.7 Hz, 1H), 3.55 (s, 1H), 3.34-3.26 (m, 1H), 2.86 (s, 3H), 2.71-2.62 (m, 1H),
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2.47-2.38 (m, 1H), 2.35-2.27 (m, 1H), 1.71-1.61 (m, 2H), 1.58-1.52 (m, 2H), 1.35-1.24 (m, 36H), 0.87
(dt, J = 6.6Hz, 6H); 13C NMR (151 MHz, CDCIs) spectrum of Nic BAIL (b): 6 165.78, 148.01, 147.87,
147.17,134.33, 128.61, 68.57, 67.89, 67.63, 63.20, 61.29, 56.41, 38.70, 32.90, 32.05, 31.53, 29.79, 28.49,
25.98,25.82,22.81, 21.65, 14.24; Nic BAIL under ESI- mode (c).

Conversion of Nic MAIL to Nic BAIL was supported by both NMR and mass spectrometry.
Compared with the 1H NMR spectrum of Nic MAIL, the resonances in the 1H NMR spectrum
of Nic BAIL (Figure 4a) at & 0.87 and 1.25 ppm, corresponding to the terminal methyl and
methylene protons of the alkyl chains, respectively, showed increased integral intensities,
consistent with the introduction of an additional dodecyl chain from the dodecyl sulfate anion.
Moreover, a characteristic triplet at 6 3.98 ppm was assigned to the methylene group adjacent to
the sulfate headgroup in the dodecyl sulfate anion (-CH2-O-SOs37). The aromatic multiplets in the
0 8.00-10.00 ppm region were retained, indicating preservation of the nicotinium aromatic core
during the ion-exchange process. In the 13C NMR spectrum of Nic BAIL (Figure 4b), the signal
at 0 67.89 ppm further supported the presence of the methylene carbon adjacent to the sulfate
group. In ESI+ mass spectrometry, consistent with Nic MAIL, a main ion peak signal belonging
to the nicotinium ester cation was observed, while in ESI- mode (Figure 4c), a main ion peak
signal at m/z 265.5153 for dodecyl sulfate anion DS™ (C12H25SO4") was observed, consistent with
the expected molecular mass. Together, these data support the presence of the nicotinium cation
and dodecyl sulfate anion, supporting successful anion exchange.

3.2 Purification and characterization of ErbB2-TM peptides

Three peptide derivatives (Table 1) were designed and synthesized based on the amino acid
sequence corresponding to residues 653-675 of the human HER2 transmembrane (TM) domain,
SIHSAVVGILLVVVLGVVFGILI. The native TM part is 23 amino acids long with and is
dominated by highly hydrophobic residues like Ile, Leu, and Val. Its highly hydrophobicity is
consistent with its native function as a membrane-spanning a-helical domain, but also presents
practical challenges during synthesis, purification and physicochemical characterization.
Therefore, we introduced structural modifications to improve the physicochemical properties of
the peptide and facilitate its subsequent experimental applications. The vl construct
(SHSAVVGILLVVVLGVVFGILI-Ado-KKKK) was designed as the non-fluorescent parent
peptide. In this construct, Ado (8-amino-3,6-dioxaoctanoic acid) serves as a short miniPEG spacer
connecting the hydrophobic TM part to a C-terminal poly-lysine tag (KKKK). The hydrophilic
poly-lysine tag was introduced to improve the solubility in aqueous solution. To enable
fluorescence-based detection and visualization in subsequent cellular uptake studies,
5(6)-carboxyfluorescein (FAM) was conjugated to the N-terminus of vl to generate v2
(FAM-SIISAVVGILLVVVLGVVFGILI-Ado-KKKK). FAM is a widely used fluorophore with
strong visible light absorption and fluorescence, exhibiting a distinct absorption band around 490
nm under near-neutral aqueous conditions. In v3, an additional PEG4 linker was introduced
between FAM and the TM sequence (FAM-PEG4-SIISAVVGILLVV VLGV VFGILI-Ado-KKKK)
to increase the spatial separation between the fluorophore and the core TM sequence, thereby
minimizing potential steric and physicochemical perturbations associated with direct attachment
of FAM to the TM sequence. Furthermore, the PEG4 linker could additionally enhance the
hydrophilicity of the construct and was expected to reduces the tendency of aggregation and
facilitate solubility and stability.

Crude ErbB2-TM derivative peptides (v1-v3) were purified by preparative HPLC on an
ISAspher 100-5 Si (RP) column (250 x 20 mm) under HILIC conditions using H2O/ACN

23



Targeting HER2-positive cell lines by transmembrane peptide based surface-active ionic liquid nanoformulation

containing 0.1% TFA as the mobile phase. The crude peptides were purified using a gradient
from 85% to 50% ACN+0.1% TFA over 60 min. PDA detection was performed at 214 nm for all
peptides to monitor peptide-bond absorbance. For the FAM-labeled peptides (v2 and v3),
chromatograms were additionally monitored at 450 nm for fluorescence-selective detection
(Figure S2). Although FAM exhibits a distinct absorption band at approximately 490 nm under
near-neutral aqueous conditions, a stronger chromatographic response was experimentally
observed at 450 nm under acidic conditions (ACN/H20 with 0.1%TFA) used for purification.
Therefore, 450 nm was chosen as the additional monitoring wavelength. The collected fractions
were lyophilized to remove solvent and afford the purified peptides, with yields of v1, 54%; v2,
55%; and v3, 54%.

Analytical HPLC chromatograms of the purified peptides showed a dominant product peak
accompanied only by very weak impurity peaks eluting at 4.1-4.5 min (Figure 5). The retention
times (/R) at 214nm of the purified peptides were 5.792 min for v1, 5.777 min for v2, and 5.895
min for v3. Based on peak-area normalization, the purities of v1, v2, and v3 were estimated to be
98.14%, 97.68%, and 98.77%, respectively (Table 1). All peptides showed purities above 95%,
suggesting that the preparative HPLC method removed most UV-detectable impurities under
these analytical conditions.
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Figure 5. HPLC and LC-MS analysis of v1-v3 peptides.
Peptides Sequences tR Theoretical Measured Mass error
(min) m/z m/z (ppm)
vl SIISAVVGILLVVVLGVVFGILI-Ado- 5.792 738.2453 738.2360 -12.6
KKKK
v2 FAM-SIISAVVGILLVVVLGVVFGILI  5.777 827.7572 827.7424 -17.9
-Ado-KKKK
v3 FAM-PEG4-SIISAVVGILLVVVLGV 5.895 889.5427 889.5295 -14.8

VFGILI-Ado-KKKK
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Table 1. Sequences and analytical characterization of v1-3 peptides. Retention time (tR) is based on 214
nm detection. The detected mass peak and calculated mass error are based on [M+4H]*".

After purification and lyophilization, the identities of v1-3 peptides were confirmed by
LC-MS in positive electrospray ionization (ESI+) mode. The mass spectra (Figure 5) exhibited
the characteristic multiply protonated ion distributions expected for these peptides. For vl,
characteristic ion clusters were observed at m/z 590.7879 and 738.2360, assigned to [M+5H]>"
and [M+4H]*" charge states, respectively; For v2, the [M+5H]*" and [M+4H]*" ions were
detected at m/z 662.3980 and 827.7424, while v3 exhibited the corresponding ions at m/z
711.8207 and 889.5295. These signals are in close agreement with the calculated mass and are
consistent with charge-state distribution of the target peptide, supporting the assignment to the
target molecular species. Taken together, the chromatographic profiles and ESI-MS results
confirmed the successful purification and molecular identity of v1-3 peptides.

3.3 Physicochemical characterization of Nic BAIL vesicles and Nic BAIL-v3
complexes
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Figure 6. Differential scanning calorimetry (DSC) analysis of Nic BAIL. The figure shows the heating
cycle (red), cooling cycle (blue), melting (Tm) and freezing (Tf) temperature of Nic BAIL.

The thermal behavior of Nic BAIL was investigated by differential scanning calorimetry
(DSC) to define an appropriate temperature window for vesicle preparation and characterization.
The thermogram (Figure 6) showed a reproducible major phase transition near room temperature,
with the principal transition temperatures observed at 27.0 °C during heating and 24.5 °C during
cooling. The relatively small thermal hysteresis between the heating and cooling scans indicates
that this transition is largely reversible, although accompanied by a certain degree of structural
rearrangement during the phase transition process. This main thermal event is consistent with an
ordering-disordering transition of the amphiphilic Nic BAIL, most likely associated with
rearrangement of the hydrophobic alkyl chains. In addition to the main transition, several weaker
broad peaks were observed, which may reflect more subtle structural rearrangements or
heterogeneity in molecular packing. Overall, the DSC results provide a physicochemical basis
for performing vesicle extrusion above the transition temperature. At 37 °C, Nic BAIL was
above the observed thermal transition, justifying performing extrusion of vesicles and
preparation of nanoformulation at this temperature. On this basis, dynamic light scattering (DLS)
and cryogenic transmission electron microscopy (Cryo-TEM) were employed to characterize the
size, morphology, and stability of Nic BAIL vesicles and Nic BAIL-v3 complexes.
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Figure 7. DLS profiles show the intensity, number and volume distribution of hydrodynamic size of
freshly prepared 540 pM Nic BAIL vesicles suspension (a) and 540 pM Nic BAIL-12.5 pM v3
nanoformuulation (c) in 10 mM pH7.4 PB at 37 °C, with corresponding correlation coefficient vs decay
time diagrams (b, d). Data are presented as mean = SD (n=3).

DLS measurements performed at 37 °C showed that freshly prepared Nic BAIL vesicles
exhibited a unimodal nanoscale size distribution, indicating the formation of a relatively
homogeneous vesicle population (Figure 7a). Upon addition of v3 peptide (12.5 uM), the
intensity-, volume-, and number-weighted size distributions all shifted slightly toward larger
diameters, suggesting a modest increase in hydrodynamic size after peptide addition (Figure 7c).
This observation shows a change in apparent hydrodynamic size after peptide addition.
Importantly, no pronounced secondary population at larger diameters was observed, suggesting
that no dominant large-aggregate population was detected under these measurement conditions.
The corresponding correlograms (Figure 7b and 7d) displayed high intercepts and smooth
single-step decays, further supporting good quality and the absence of a dominant slowly
diffusing population.

Figure 8. Cryo-TEM image of Nic BAIL vesicles at x36000.

Subsequent cryo-TEM imaging further showed that Nic BAIL vesicles exhibited a vesicular
morphology with diameters of approximately 50-100 nm (Figure 8). No marked morphological
changes or obvious large-scale structural perturbations were observed after the incorporation of
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v3 peptide. The absence of pronounced morphological changes may be attributed to the small
molecular dimensions of v3 peptide compared with the overall vesicle size, meaning that
potential peptide association or membrane insertion would not produce detectable alterations in
vesicle morphology. Although the slight increase in hydrodynamic diameter observed by DLS is
consistent with possible peptide-vesicle assosiation, neither this observation nor the cryo-TEM
images provide direct evidence of peptide incorporation into the vesicle membrane. Furthermore,
individual v3 peptides could not be resolved under the present cryo-TEM imaging conditions,
preventing direct assessment of their localization. Taken together, the results demonstrate the
preservation of nanoscale vesicle-like structure, but do not independently confirm peptide

loading, the extent of peptide-vesicle association, or the localization of v3 within the vesicle.
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Figure 9. DLS profiles show the intensity (a), number (b) and volume (c) distribution of hydrodynamic
size of 540 uM Nic BAIL vesicles suspension during 24 h storage in 10 mM pH7.4 PB at 25 °C, with
corresponding correlation coefficient vs decay time diagrams (d). The line graph (e) shows the changes in
hydrodynamic size and PDI during storage. Data are presented as mean + SD (n=3).

Following the formation of the vesicle-peptide nanoformulation, its stability was
subsequently evaluated. The room-temperature (25 °C) storage stability of Nic BAIL vesicles
(540 uM) was evaluated by DLS over 24 h (Figure S4). At 0 h, the vesicle suspension exhibited a
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unimodal nanoscale size distribution with a Z-average diameter of 100.06 = 2.51 nm and a low
PDI of 0.099 + 0.012, indicating a relatively narrow particle-size distribution at the initial time
point. Over time, the hydrodynamic diameter increased gradually to 112.56 + 3.63 nm at 24 h,
and in parallel, the PDI increased progressively to 0.237 £ 0.011, indicating a gradual broadening
of the particle size distribution and increasing heterogeneity during storage. Inspection of the
intensity- (Figure 9a), number- (Figure 9b), and volume-weighted size distributions (Figure 9c¢)
showed that the vesicles remained dominated by a nanoscale main population throughout the 24
h period. However, minor larger-size populations became more apparent in the intensity- and
volume-weighted distributions with increased storage time, particularly at later time points of 12
h and 24 h. The correlograms (Figure 9d) remained smooth and well-defined throughout the
study, but shifted progressively toward longer decay times, consistent with a gradual increase in
hydrodynamic size and heterogeneity. Collectively, these results indicate that Nic BAIL vesicles
remain relatively stable during the first several hours of room-temperature storage, but undergo
gradual particle growth and increasing heterogeneity over time, with early signs of aggregation
becoming evident after 24 h. Therefore, the Nic BAIL vesicles used in subsequent formulations

were all freshly prepared and used as soon as possible.
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Figure 10. DLS profiles show the intensity (a), number (b) and volume (c) distribution of hydrodynamic
size of 540 uM Nic BAIL-12.5 uM v3 nanoformulation during 24 h storage in 10 mM pH7.4 PB at 25 °C,
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with corresponding correlation coefficient vs decay time diagrams (d). The line graph (e) shows the
changes in hydrodynamic size and PDI during storage. Data are presented as mean + SD (n=3).

Next, the room-temperature (25 °C) storage stability of the concentrated formulation (540
UM Nic BAIL-12.5 uM v3) was also evaluated by DLS over 24 h (Figure S5). At 0 h, the sample
exhibited a unimodal nanoscale size distribution with a well-fitted correlogram, indicating a
relatively homogeneous particle population. The fresh formulation displayed an initial
hydrodynamic diameter of 131.95 + 8.02 nm with a PDI of 0.138 £ 0.010. At 2 h, the
intensity-weighted distribution (Figure 10a) remained dominated by a single nanoscale
population, although the main peak shifted slightly toward larger diameters, accompanied by a
modest increase in hydrodynamic diameter to 138.45 £ 8.13 nm and PDI to 0.145 + 0.009. By 4
h, the intensity-weighted distribution still remained largely unimodal, whereas the
volume-weighted distribution (Figure 10c) began to broaden toward larger diameters and showed
a shoulder extending to around 200 nm. This trend became more evident at 12 h, where the
contribution of the larger-size region increased further, while the intensity-weighted distribution
continued to shift toward larger diameters. Consistently, the hydrodynamic diameter increased to
149.76 + 6.65 nm at 4 h and 162.26 + 9.05 nm at 12 h, while the PDI rose to 0.170 = 0.019 and
0.203 + 0.020, respectively, indicating progressive particle growth and increasing heterogeneity.
Furthermore, it is worth noting that an additional micron-sized population became apparent in
the intensity- and volume-weighted distributions at 24 h, indicating the emergence of a minor
fraction of large aggregates. At this time point, the hydrodynamic diameter increased to 193.19 +
16.19 nm and the PDI reached 0.261 + 0.023. Throughout the storage period, the correlograms
(Figure 10d) remained smooth but progressively shifted toward longer decay times, while the
intercept tended to be lower at later time points, supporting a gradual increase in hydrodynamic
size and increasing heterogeneity of the particle population.

Collectively, these results indicate that although the formulation retained a predominant
nanoscale main population during the first several hours of room-temperature storage, it
underwent progressive particle growth and increasing heterogeneity, with clear signs of
aggregation after prolonged storage, particularly at 24 h. The proximity of the DSC transition to
room temperature (25 °C) provides a hypothesis for the observed changes. Therefore, the
formulation used in subsequent in-vitro cell experiments was freshly prepared and used as soon
as possible to avoid deterioration.
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Figure 11. DLS profiles show the intensity (a), number (b) and volume (c) distribution of hydrodynamic
size of 1000 uM Nic BAIL vesicles suspension during stepwise dilution with 10 mM pH7.4 PB at 25 °C,
with corresponding correlation coefficient vs decay time diagrams (d). The line graph (e) shows the
changes in hydrodynamic size and PDI during dilution process. Data are presented as mean £+ SD (n=3).

Because the cell experiments were performed at a working concentration of 54 pM Nic
BAIL-1.25 uM v3 rather than at the concentrated stock solution, the dilution stability of the
carrier system was first evaluated by DLS (Figure S3). Freshly prepared Nic BAIL vesicles
remained narrow, unimodal nanoscale size distributions upon dilution from 1000 uM to 540 uM,
exhibiting hydrodynamic diameters of 101.38 £ 4.08 and 100.06 + 2.51 nm, respectively,
together with low PDI of 0.100 = 0.016 and 0.099 + 0.012, indicating homogeneous vesicle
populations. Upon further dilution to 270 pM and 162 pM, the vesicles remained predominantly
nanosized, but the peak broadened and shifted modestly toward larger diameters, with increases
in hydrodynamic size and dispersity (108.68 + 5.99 and 112.54 + 7.26 nm; PDI = 0.145 + 0.020
and 0.163 £+ 0.020). The most pronounced change was observed at the concentration of 54 puM,
where the hydrodynamic diameter increased to 132.13 + 10.46 nm and the PDI rose to 0.280 +
0.040. At this concentration, the intensity- (Figure 1la) and volume-weighted distributions
(Figure 10c) showed a broadened main peak of nanoscale population together with an additional
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small peak of larger-size aggregates. Consistently, the correlogram (Figure 11d) at 54 pM
displayed a lower intercept and a more pronounced slow-decay tail, supporting reduced

homogeneity and the presence of a minor fraction of larger, slowly diffusing particles.
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Figure 12. DLS profiles show the intensity (a), number (b) and volume (c) distribution of hydrodynamic
size of 540 uM Nic BAIL-12.5 uM v3 nanoformulation and 540 uM Nic BAIL vesicles suspension
during direct dilution to working concentration with 10 mM pH7.4 PB at 25 °C, with corresponding
correlation coefficient vs decay time diagrams (d).

After completing the evaluation of the dilution stability of the carrier itself, the dilution
behavior of the concentrated formulation was evaluated by direct dilution to the final working
concentration used in cell experiments (Figure S6). Upon dilution, the peptide-loaded
formulation remained dominated by a nanoscale population, but its hydrodynamic size increased
from 131.95 £ 8.02 nm to 156.74 = 4.93 nm, together with an increase in PDI from 0.138 +
0.010 to 0.191 £ 0.025. The intensity- (Figure 12a), number- (Figure 12b), and volume-weighted
distributions (Figure 10c) all shifted toward larger diameters. The diluted Nic BAIL-v3
formulation still showed a relatively well-defined main population without the pronounced
large-size fraction observed in blank Nic BAIL at 54 uM. The correlogram (Figure 12d) also
retained a high intercept and a smooth decay profile after dilution, despite shifting to longer
decay times than the concentrated formulation. In contrast, dilution of blank Nic BAIL vesicles
from 540 pM to 54 pM resulted in a stronger loss of homogeneity, as reflected by the appearance
of a minor larger-size population in the intensity- and volume-weighted distributions and a
marked rise in PDI from 0.099 + 0.012 to 0.280 + 0.040. Taken together, these results indicate
that direct dilution to the biological working concentration affects the stability of the system, but
the peptide-loaded system remains colloidally better defined than the corresponding blank Nic
BAIL. This suggests that incorporation of v3 may partially suppress the severe heterogeneity that
develops in the blank vesicle system upon dilution. However additional experiments need to be
performed to statistically solidify this statement.
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3.4 Planar bilayer electrophysiology of Nic BAIL-v3 formulations
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Figure 13. Planar lipid bilayer electrophysiology of Nic BAIL nanoformulation. Current responses
measured at + 50 mV before and after addition of the samples to preformed DPhPC bilayers: Phosphate
buffer (PB) (a); n-octyl-B-d-glucoside (OG) (b); Nic BAIL / PB (c); v3/0G (d); and Nic BAIL-v3/PB (e).
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Group Voltage  Capacitance [pF] Resistance [GQ]  Mean [pA] RMS [pA]

PB only -50 mV 15.7806 21.2199 -0.65159 0.359295
+50 mV 17.5689 14.3507 0.486676 0.38526

OG only -50 mV 14.2381 8.86225 -0.929656 0.409356
+50 mV 10.3756 28.4589 0.713966 0.32232

v3/0G -50 mV 15.9736 4.93928 -1.92367 0.382629
+50 mV 15.8314 22.8523 0.538545 0.32223

Nic BAIL/PB -50 mV 11.2419 27.2439 -0.317554 0.267306
+50 mV 10.4871 48.2395 0.205978 0.383077

Nic BAIL-v3/PB  -50 mV 31.0213 13.8316 -0.761127 0.780102
+50 mV 32.7546 10.6792 0.276398 0.346151

Table 2. Electrophysiology parameters of DPhPC lipid bilayer before adding samples.
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Group Voltage Capacitance [pF]  Resistance [GQ] Mean [pA] RMS [pA]
PB only -50 mV 15.1254 23.3514 -0.696444 0.354112
+50 mV 17.1478 15.4127 0.499153 0.369405
OG only -50 mV 18.4903 8.18503 -0.717375 0.50489
+50 mV 10.335 22.4951 0.56213 0.315308
v3/0G -50 mV 14.8804 6.77434 -1.70997 0.383064
+50 mV 24.2809 23.4264 0.418278 0.324743
Nic BAIL/PB -50 mV 9.1703 29.4768 -0.288876 0.260226
+50 mV 9.9878 49.9099 0.213613 0.375697
Nic BAIL-v3/PB  -50 mV 26.1219 0.25004 -290.844 2.26658
+50 mV 26.4418 0.18139 144.674 1.99844

Table 3. Electrophysiology parameters of DPhPC lipid bilayer after adding samples.

The v3 peptide was designed to interact with the transmembrane domain of HER2, its
delivery requires interactions with the lipid environment of the cell membrane. Therefore,
investigating the direct effects of the Nic BAIL-v3 formulation on lipid membrane integrity or
permeability is important for evaluating its membrane-interacting properties. To investigate
whether the Nic BAIL-v3 nanoformulation could alter membrane barrier properties, planar
bilayer electrophysiology was performed using an artificial DPhPC lipid bilayer on the Orbit
Mini platform.

Before sample addition, all bilayers exhibited stable baseline currents close to zero at both
-50 and +50 mV, indicating successful formation of intact sealing membranes on cavities. This
was further supported by the high membrane resistances which were in the GQ range, and
capacitance values consistent with formed bilayers (Table 2). Addition of PB alone (Figure 14a),
OG alone (Figure 14b), Nic BAIL/PB (Figure 14c), or v3/OG (Figure 14d) caused only minor
transient fluctuations and did not produce a sustained increase in current. In the control groups,
the mean baseline current remained close to zero both before and after sample addition, and the
noise reports showed only minimal changes. Likewise, membrane resistances remained in the
GQ range after treatment, indicating that neither buffer, OG, free v3 peptide, nor Nic BAIL alone
could cause substantial bilayer permeabilization under these conditions v3/OG (Table 3). In
contrast, addition of the Nic BAIL-v3 formulation induced a pronounced and persistent increase
in transmembrane current at both holding potentials (Figure 14¢). At -50 mV, the mean current
shifted from -0.76 pA before treatment (Table 2) to -290.84 pA after treatment (Table 3), while it
increased from 0.28 pA to 144.67 pA at +50 mV. This large current response was accompanied
by an increase in baseline current fluctuations, from 0.78 to 2.27 pA at -50 mV and from 0.35 to
2.00 pA at +50 mV, indicating increased conductance and current fluctuations. RC analysis was
consistent with increased conductance. For the Nic BAIL-v3 group, the membrane resistance
dropped dramatically from 13.83 and 10.68 GQ before treatment to 0.25 and 0.18 GQ after
treatment at -50 and +50 mV, respectively. At the same time, the membrane capacitance
remained relatively high, decreasing moderately from 31.02 and 32.75 pF to 26.12 and 26.44 pF.
By contrast, the control groups retained high RC values and near-baseline mean currents after
sample addition.

Collectively, these findings demonstrate that the Nic BAIL-v3 formulation markedly
increases ionic conductance of DPhPC bilayers, while the individual components and control
group did not produce comparable sustained responses under the tested conditions. The increase
in transmembrane current and decrease in membrane resistance are consistent with membrane
permeabilization, potentially involving conductive membrane destabilization or perturbations of

33



Targeting HER2-positive cell lines by transmembrane peptide based surface-active ionic liquid nanoformulation

the lipid bilayer structure. However, the artificial DPhPC bilayer lacks the molecular complexity
of biological membranes, current observations cannot directly determine the extent or
consequences of membrane permeability changes in living cells, necessitating further
investigation in biological systems.

3.5 In vitro effects on cell viability in cell lines with different HER2/ERBB2
status
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Figure 14. Dose-response curves and the half maximal inhibitory concentrations (ICso) of v3 peptide (a)
and Nic BAIL (b) on BT-474 and NCI-H23 cell lines; Cell viability of NCI-H23 (c) and BT-474 (d) after
incubation for 48 h under different treatment conditions. Cell viability was normalized to the
corresponding untreated control. Data are presented as mean = SD from three independent experiments (n
= 3). Statistical differences among treatment groups were evaluated using ordinary one-way ANOVA
followed by Tukey's multiple comparisons test. Brackets indicate selected pairwise comparisons, with
significance levels based on Tukey-adjusted p-values: ns, p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001;
and ****p < 0.0001. Statistical significance was defined at a = 0.05.

To evaluate the cellular effects of v3 and its SAIL-based formulations in different
HER2-related biological contexts, two human cancer cell lines with different ERBB2 expression
profiles were selected. BT-474 is a human breast cancer cell line derived from invasive ductal
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carcinoma, characterized by HER2 overexpression and commonly classified as a hormone
receptor-positive, HER2-positive luminal B model. NCI-H23 is a human non-small-cell lung
cancer cell line derived from lung adenocarcinoma and was selected as a low ERBB2 expression
comparator. The selection was based on the previous study by Abujubara et al.'®3, which
reported that the ERBB2 mRNA expression values of BT-474 and NCI-H23 were approximately
10.5 and 3.2, respectively (Table S1). To compare the effects of nanocarrier itself, a previously
reported bi-amphiphilic ionic liquid Pro BAIL was included as a reference formulation!!3], It
consists of an L-proline-derived cation [ProCio] and a dodecyl sulfate anion [DS]. The fixed
carrier concentration of 54 uM and peptide concentration of 1.25 pM were selected to maintain
consistency with the formulation conditions investigated in the previous Pro BAIL study, thereby
enabling comparison of the cellular responses to Pro BAIL-based and Nic BAIL-based
formulations at matched concentrations. Cell viability was determined after 48 h of treatment
using the CellTiter-Glo assay and normalized to the untreated control group.

Free v3 induced a concentration-dependent reduction in cell viability in both cell lines, with
half-maximal inhibitory concentration (ICso) values of 18.5 uM for BT-474 and 18.0 uM for
NCI-H23 cells (Figure 14a). At 1.56 uM, a concentration slightly higher than the 1.25 pM v3 used
in the nanoformulations, free v3 produced a significant but relatively modest reduction in viability
in both cell lines compared with those induced by the carriers only and the nanoformulation.
Together with the concentration-dependent response, these results indicate that within the
concentration range relevant to the formulation, there is no pronounced difference in overall
sensitivity to free v3 between the two cell lines under the experimental conditions. Nic BAIL also
reduced cell viability in a concentration-dependent manner, with ICso values of 34.4 uM in BT-474
cells and 47.3 uM in NCI-H23 cells (Figure 14b). The lower ICso observed in BT-474 cells
suggests a slightly greater sensitivity to Nic BAIL than NCI-H23 cells. At a fixed concentration of
54 uM used for the nanoformulation, Nic BAIL alone significantly reduced cell viability in both
cell lines.

Despite this strong carrier-related effect, incorporation of 1.25 uM v3 into 54 uM Nic BAIL
generated different responses in the two cell lines. In NCI-H23 cells, the Nic BAIL-v3 formulation
did not significantly decrease viability compared to 54 uM Nic BAIL alone (Figure 14c). In
contrast, in BT-474 cells, v3 incorporation resulted in a further reduction in viability compared
with the corresponding Nic BAIL treatment alone. Although a substantial proportion of the
overall viability reduction observed with the Nic BAIL-v3 formulation was attributable to the
carrier itself, v3-associated additional reduction was still statistically significant (Figure 14d).
Since 1.56 uM free v3 peptide produced only a relatively modest effect, the additional reduction
observed in BT-474 cells cannot be attributed solely to the cytotoxicity of the peptide at the
formulation concentration. The Pro BAIL formulations exhibited a different response profile. At a
concentration of 54 uM, Pro BAIL alone reduced cell viability in both cell lines. However,
incorporation of 1.25 uM v3 did not generate a statistically significant additional decrease in cell
viability in both cell lines. Moreover, at the same nominal carrier concentration, Nic BAIL
generally produced a greater reduction in cell viability than the corresponding Pro BAIL
treatments in two cell lines. These differences indicate that the chemical identity of the SAILs
carrier substantially influence the cellular response and further suggest that the biological effect of
v3 is dependent on the carrier environment.

Collectively, these results indicate that both the carrier and the incorporated peptides
contribute to the overall cellular response. Free v3 didn’t show intrinsic selectivity between
BT-474 and NCI-H23 cells, while incorporation of v3 into Nic BAIL produced a statistically
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significant additional reduction in viability specifically in BT-474 cells, which was not reproduced
in NCI-H23 cells. This suggests that the biological activity of the Nic BAIL-v3 formulation may
be influenced by the HER2/ERBB2 status of cells. Previous studies by Abujubara et al. reported
that ErbB2 transmembrane-derived peptides can inhibit downstream PI3K/Akt and MAPK/ERK
signaling pathways, and their incorporation into Pro BAIL nanocarriers enhances their activity
through a combination of membrane-associated and signaling-related effects!!®*!. The current
results are compatible with this model, but the strong carrier-associated effects occurred at 54 uM
limit the distinguishment between peptide-specific activity and nanocarrier activity. Further
investigations using lower carrier concentrations, FRET-based measurements of peptide direct
association and cellular uptake investigation would be required to confirm this pharmacological

synergy mechanism.
Pl-only Control Nic BAIL-v3 Nic BAIL-v3 + PI

4h

48h

Figure 15. Representative phase-contrast and fluorescence overlay images show the morphology changes
of BT-474 cells under different treatments. BT-474 cells were imaged at 4, 12, 24, and 48 h under three
conditions: Pl-only control, Nic BAIL-v3 formulation (54 pM Nic BAIL and 1.25 pM v3), and Nic
BAIL-v3 formulation in the presence of PI.

To investigate the interaction of the Nic BAIL-v3 nanoformulation with BT-474 cells and
observe changes in cell morphology during treatment, time-lapse live-cell imaging was performed
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over 48 h. Cells were exposed to Nic BAIL-v3 nanoformulation and parallel imaging was also
performed using propidium iodide (PI) staining to visualize cells exhibiting impairment of
membrane integrity.

As shown in Figure 15, a distinct cell-associated green fluorescence signal was detectable
after 4 h of incubation and persisted during the 48 h imaging period, indicating the association of
the FAM-labelled v3 peptide with the cells. Morphologically, compared to the untreated control
group, cells exposed to Nic BAIL-v3 nanoformulation progressively exhibited reduced spreading,
increased cell rounding, and detachment. These deteriorated morphological changes were
consistent with the decreased cell viability detected by CellTiter-Glo assay. Comparable
green-fluorescence patterns and overall cellular morphology were also observed in the Nic
BAIL-v3 groups with and without propidium iodide (PI), indicating that addition of PI did not alter
the cellular response to the nanoformulation under the experimental conditions. However, no
pronounced time-dependent increase in Pl-positive cells (red) was visually apparent during the
imaging period, suggesting that the progressive deterioration of cellular morphology was not
accompanied by the acute loss of membrane integrity. Previous planar bilayer electrophysiology
experiments demonstrated that the Nic BAIL-v3 nanoformulation exhibited membrane activity
by increasing ionic conductance across artificial lipid bilayers. In contrast, PI fluorescence
depends on the ability of a relatively large, membrane-impermeant dye to enter cells and interact
with intracellular nucleic acids. Therefore, increased ionic conductance across an artificial lipid
bilayer does not necessarily imply increased permeability to PI in living cells, particularly given
the additional structural complexity of biological membranes. Consequently, the relationship
between the membrane activity observed in the planar bilayer model and potential alterations in
cellular membrane integrity remains to be further investigated and elucidated.

In summary, the present findings demonstrate that the combined application of v3 peptide and
Nic BAIL vesicles enhances the inhibitory effect in a cell-line-dependent manner. Together with
the sustained association of v3 peptide to BT-474 cells and the observed morphological
deterioration, highlighting the potential of this nanoformulation as a novel strategy for
HER2-targeted therapy.

3.6 Sustainability and Ethical Considerations

The development of new drug delivery systems also involves social, ethical, and
environmental considerations which beyond their physicochemical and biological performance.
The Nic BAIL-v3 nanoformulation investigated in this study represents an investigative
approach to addressing the delivery challenges of highly hydrophobic ErbB2 transmembrane
peptides. Such technologies may contribute to the future development of other peptide-based
anticancer strategies.

From an ethical perspective, this study currently involves neither animal experiments nor the
human participants, and the biological evaluation was evaluated using human cancer cell lines.
Nevertheless, the membrane-active Nic BAIL nanocarriers raises important safety concerns. The
significant reduction in cell viability induced by Nic BAIL alone indicates that the carrier itself
possesses intrinsic biological activity, which may limit its suitability as a selective drug delivery
vehicle. Before further therapeutic investigation, it is essential to systematically evaluate its
effects on non-malignant cells, as well as potential off-target toxicity. A responsible scientific
report requires to distinguish experimentally demonstrated effects from proposed mechanisms,
particularly given that the peptide localization and direct association with receptor in this study
have not yet been directly verified.
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Environmental sustainability is another important consideration. Although ionic liquids can
offer desired physicochemical properties, they are not inherently environmentally benign. These
properties remain unclear because this study did not investigate the biodegradability,
environmental persistence, or ecotoxicity of Nic BAIL. Furthermore, the synthesis and
purification of Nic BAIL and peptides involved organic solvents and reagents that pose health
and environmental risks, including dichloromethane, dimethylformamide, trifluoroacetic acid,
and hexafluoroisopropanol, which require appropriate handling and waste management.
Considering that the experiments were conducted in a suitable laboratory setting, researchers
were equipped with protective equipment, risk assessments of the experiments and required
reagents were performed beforehand, and all waste properly handled by specialized recycling
companies, the risk of harm to personnel and the environment was minimal.

Overall, further development of Nic BAIL-based peptide delivery systems should integrate
biological safety, environmental assessment, and responsible manufacturing which are essential
for determining whether the potential therapeutic benefits can justify the associated ethical,
environmental, and societal risks.
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4. Conclusions and Perspectives

This study represents a nicotinium-based bi-amphiphilic surface-active ionic liquid (Nic
BAIL) vesicle system for the delivery of the highly hydrophobic ErbB2 transmembrane peptide
v3. Nic BAIL and the ErbB2-TM peptide variants were successfully synthesized, purified, and
characterized.

After incorporation of v3 peptide, the Nic BAIL-v3 nanoformulation showed a vesicular
structure and retained a predominant nanoscale population after dilution to the biological
working concentration. However, these observations did not directly establish peptide loading or
its localization within the vesicular structures. Planar bilayer electrophysiology demonstrated
that Nic BAIL-v3 nanoformulation perturbed membrane electrical properties of artificial DPhPC
bilayer, suggesting direct interaction with membranes and ability to alter membrane electrical
barrier properties. In vitro Cell experiments showed that both free v3 and Nic BAIL reduced
viability in a concentration-dependent manner. Importantly, the addition of 1.25 uM v3 into Nic
BAIL caused a further significant reduction in HER2-high expression BT-474 cell viability,
while this enhancement was not observed in HER2-low expression NCI-H23 cells. However, the
present results are not sufficient to establish HER2-specific targeting or pharmacological synergy
effect between Nic BAIL and v3. Qualitative live-cell imaging showed cell-associated
accumulation of v3 peptide together with progressive morphological deterioration, but did not
provide direct evidence of peptide internalization or loss of membrane integrity. These findings
provide a preliminary basis for further investigation of membrane interactions and potential
receptor-related biological activity of Nic BAIL-v3 nanoformulation.

Future studies should focus on determining peptide localization within Nic BAIL vesicles
and quantifying peptide loading. The concentration-dependent biological effects of Nic BAIL-v3
should be evaluated using lower carrier concentrations that can reduce intrinsic carrier-associated
viability inhibition. The effects of the nanoformulation on HER2 activation and downstream
PI3K/Akt and MAPK/ERK signaling should be examined using appropriate molecular assays.
More direct mechanistic studies should be conducted, such as using Forster resonance energy
transfer (FRET) to provide further information on proximity and dimerization between receptor
and peptides. Additionally, pharmacological, toxicological, metabolic, and pharmacokinetic
properties of Nic BAIL should be systematically evaluated.
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5. Experimental Section

5.1 Synthesis of nicotinium-based bi-amphiphilic surface-active ionic liquid

(Nic BAIL)
5.1.1 Synthesis of dodecyl 2-bromoacetate

Solvent free

o 80°C, 2 h

Br\)l\oH + HO A~~~ > Br\)LO
O\

S
o)

p-TSOH
Figure 16. Synthetic scheme of dodecyl 2-bromoacetate.

Dodecyl 2-bromoacetate was synthesized by esterification of dodecan-1-ol with bromoacetic
acid under solvent-free conditions. Dodecan-1-ol (10 mmol, 1.8634 g), bromoacetic acid (1.2
equiv, 12 mmol, 1.6674 g), and catalytic p-toluenesulfonic acid (0.098 g, ca. 5 mol %) were
stirred at 80 °C for 2 h. Reaction progress was monitored by thin-layer chromatography (TLC)
on silica gel G plates using n-hexane/ethyl acetate (98:2, v/v) as the mobile phase, and the spots
were visualized by iodine staining (Rf = 0.3-0.6). After completion, the reaction mixture was
cooled to room temperature, dissolved in DCM, and washed sequentially with saturated NaHCO3
solution (1x) and H2O (3%). The organic phase was dried over anhydrous Na>SO4 and then
concentrated using a rotary evaporator under vacuum at 40°C to afford dodecyl 2-bromoacetate
as a slightly viscous, transparent, oily liquid product. The product was stored under N2 at 4 °C.
5.1.2 Synthesis of
(R)-1-(2-(dodecyloxy)-2-oxoethyl)-3-(1-methylpyrrolidin-2-yl)pyridin-1-ium bromide (Nic
MAIL)

ACN

65°C, 8 h, under N = 2
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Figure 17. Synthetic scheme of [C12ENic] [Br] (Nic MAIL).

Nic MAIL was prepared by quaternization of nicotine with dodecyl 2-bromoacetate. 1.0
mmol nicotine (162 mg, 161 pL) was dissolved in 5.0 mL ACN under N2, and 1.2 mmol dodecyl
2-bromoacetate (1.2 equiv, 369 mg, 348 ul) was added dropwise with stirring. After
homogenization at room temperature, the reaction mixture was heated to 65 °C under N2 for 8 h.
After completion, the mixture was cooled to room temperature, and the solvent was removed by
a rotary evaporator under vacuum at 38 °C. The crude product was dissolved in ACN/ H20 (1:1,
v/v) and purified by reversed-phase flash chromatography on a Biotage Isolera One system with
the Biotage Sfar C18 D Duo column (100 A, 30 um, 30 g). Eluent A was H20 with 0.1% TFA
(v/v) and eluent B was ACN with 0.1% TFA (v/v). Elution was performed at a flow rate of 25
mL min! with UV detection at 254 and 280 nm with a collection threshold of 25 mAU. The
gradient was as follows: 10% B for 3 column volumes (CV) for equilibration, 10% B for 1 CV,
10-30% B over 3 CV, 30-51% B over 3.4 CV, 51% B for 0.2 CV, 51-60% B over 1.5 CV, 60-95%
B over 3 CV, and 95% B for 1 CV. Product-containing fractions from CV 7-10 were combined
and concentrated by rotary evaporator under reduced pressure at 38 °C, and further dried under
high vacuum for 3 h to afford Nic MAIL as a highly viscous, light yellow liquid product. The
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purified product was stored under N2 at 4 °C.

5.1.3 Synthesis of
(R)-1-(2-(dodecyloxy)-2-oxoethyl)-3-(1-methylpyrrolidin-2-yl)pyridin-1-ium dodecyl sulfate
(Nic BAIL)

MeOH : HC1 (1.0 mol/L)=9: 1 o
60 °C, 6 h, under N, 4 }N\)J\o
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\
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Figure 18. Synthetic scheme of [Ci12ENic] [DS] (Nic BAIL).

Nic BAIL was obtained by anion exchange from Nic MAIL. 800 mg Nic MAIL was
dissolved in 45 mL MeOH, and 5 mL 1.0 mol L' HCI was added. After stirring at room
temperature for 10 min, 490 mg SDS (1.0 equiv) was added, and the reaction mixture was heated
to 60 °C and stirred under N2 for 6 h. Upon reaction completion, the reaction mixture was
concentrated by a rotary evaporator under vacuum at 38°C. The flask was then connected to a
high vacuum pump and run for 3 h to remove residual solvent. The crude product was dissolved
in 50 mL DCM and filtered to remove inorganic salts. The organic phase was washed with 50
mL H20 (3 x) until no chloride was detected in the aqueous layer by the AgNO3 test. The DCM
layer was dried over anhydrous NaxSOs, concentrated by rotary evaporator under reduced
pressure at 38 °C, and further dried under high vacuum for 3 h to afford Nic BAIL as a light
yellow, sticky solid product. The product was stored under Nz at 4 °C.

5.2 Characterization of Nic BAIL

5.2.1 Nuclear magnetic resonance (NMR) spectroscopy analysis

NMR spectra were recorded at the Swedish NMR Centre, University of Gothenburg, on a
600 MHz Oxford magnet (600#2, violet). Approximately 10 mg of product was dissolved in 1000
uL of CDCls and transferred into 3 mm NMR tubes. All spectra were acquired at 25 °C.
5.2.2 Differential scanning calorimetry (DSC) measurement

DSC thermograms were recorded using a TGA/DSC 3+ STARe system (METTLER
TOLEDO) under a N2 atmosphere. Before measurement, samples were dried under vacuum for
at least 24 h. Heating and cooling scans were performed at a rate of 5 °C min™'. Thermograms
from the third and fourth cycles, which showed good reproducibility, were used for analysis and
presentation.
5.2.3 Direct-infusion ESI-MS characterization

Nic MAIL and BAIL were characterized by direct-infusion electrospray ionization mass
spectrometry in both ESI+ and SEI- modes. Stock solutions were prepared by dissolving 1.0 mg of
the product in 1.0 mL of H2O/ACN (50:50, v/v) and were subsequently diluted 1000-fold with the
same solvent mixture to a final concentration of 1.0 ug mL"!. The diluted sample was loaded into a
microsyringe and continuously infused into the ESI source using a syringe pump at a flow rate of
10 pL min''. Mass spectra were acquired over an m/z range of 100-4000 using a Waters SYNAPT
G2-Si High Definition MS System at sensitivity mode with a scan time of 1.0 s for 20 min. The
parameters of ESI source at positive mode were: capillary, 3.0 kV; sampling cone, 30 V; source
offset, 50 V; source temperature, 120 °C; desolvation temperature, 450 °C; cone gas, 25 L h'!;
desolvation gas, 800 L h™'; nebuliser, 6.5 Bar. The parameters of ESI source at negative mode were:
capillary, 2.0 kV; sampling cone, 30 V; source offset, 50 V; source temperature, 120 °C;
desolvation temperature, 400 °C; cone gas, 5 L h'!; desolvation gas, 500 L h'!; nebuliser, 3.0 Bar.

41



Targeting HER2-positive cell lines by transmembrane peptide based surface-active ionic liquid nanoformulation

5.3 Purification of ErbB2-TM peptides (v1, v2, v3)

5.3.1 Preparative HPLC purification

All crude ErbB2-TM peptides (v1, v2, and v3) were purified by preparative HPLC using a
Waters 1525 Binary HPLC Pump equipped with a Waters 2996 PDA detector. Separations were
carried out on an ISAspher 100-5 Si (RP) column (250 x 20 mm) at room temperature (25 °C).
Eluent A was H20 with 0.1% TFA (v/v) and eluent B was ACN with 0.1% TFA (v/v), and the
flow rate was set to 10 mL min’!. For purification, each crude peptide was dissolved in MeOH/
H20 /HFIP (4:4:2, v/v/v) to a final concentration of 20 mg mL™!. The column was equilibrated at
85% B/15% A for 15 min before the first injection. Peptide samples were injected at a volume of
1.0 mL per run, and elution was performed using a linear gradient from 85% B to 50% B over 60
min. For v2 and v3 peptides with FAM, eluent was monitored at 450 nm and collected manually
from 31.5 to 40.5 min; for vl peptide without FAM, eluent was monitored at 214 nm and
collected manually from 30 to 39 min. The collected fractions were pooled, pre-cooled in liquid
nitrogen, and then lyophilized to remove the solvent.
5.3.2 Analytical HPLC analysis

All peptides were analysed by analytical HPLC using a Waters €2695 Separations Module
equipped with a Waters 2998 PDA detector with an ISAspher 100-3 Si (RP) column (50 X 4.6
mm) maintained at 50 °C. 500 pM peptide solution was prepared by dissolving the required
amount of peptide powder in ACN/H20 (90:10, v/v). Eluent A was H20 with 0.1% TFA (v/v) and
eluent B was ACN with 0.1% TFA (v/v). The flow rate was set to 2.0 mL min!, and the injection
volume was 10 pL. Before the first run, the column was equilibrated at 95% B/5% A for 15 min.
Samples were then analyzed using the following gradient: 95% B hold for 2 min, 95% B to 70%
B over 3 min, and then 70% to 50% B over 5 min. Chromatograms were extracted at 214 and
450 nm, the purity of peptide was analyzed at 214 nm based on peak area normalization method.
5.3.3 LC-MS analysis

Peptide samples were analyzed by LC-MS using a Waters SYNAPT G2-Si High Definition
MS System coupled to a Waters ACQUITY UPLC System. Chromatographic separation was
performed on an ISAspher 100-3 Si (RP) column (50 x 3.0 mm) maintained at 30 °C. The
mobile phases consisted of H2O with 0.1% (v/v) formic acid (FA) (eluent A) and ACN with 0.1%
(v/v) FA (eluent B). For analysis, peptide samples were prepared as highly diluted solutions in
ACN/H20 (50:50, v/v). Prior to analysis, the column was equilibrated at 85% B/15% A for 15
min at a flow rate of 0.5 mL min™'. Subsequently, 1.0 pL of the peptide solution was injected and
analyzed using a gradient from 85% B to 50% B over 10 min at a flow rate of 0.5 mL min™.
Mass spectrometric detection was carried out in ESI+ mode using the method
MS-Sen-ESIpos-100-4000 12min.
5.4 Generation of Nic BAIL vesicles and incorporation of peptides

32.75 mg Nic BAIL was dissolved in 5.0 mL 10 mM phosphate buffer (pH 7.4) to obtain a
10 mM stock solution. The stock solution was diluted to 1 mM and subjected to 10 freeze-thaw
cycles while being maintained above the phase transition temperature in a 37 °C water bath
before extrusion. Vesicles were generated at 37 °C by sequential extrusion through 0.2 and 0.1
um polycarbonate (PC) membranes (20 passes each) using an Avanti mini-extruder. The extruded
vesicle suspension was filtered through a 0.45 um polytetrafluoroethylene (PTFE) membrane
and used as soon as possible. 500 uM stock solutions of v1-3 peptides were prepared by
dissolving 2.21 mg of vl, 248 mg of v2, and 2.67 mg of v3 in 1500 pL of
1,1,1,3,3,3-hexafluoroisopropanol (HFIP), separately. An appropriate volume of peptide stock
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solution was added to the preformed Nic BAIL vesicle suspension to obtain the target peptide
concentration in the Nic BAIL-peptide formulation. The mixtures were kept under reduced
pressure for 2 h to remove HFIP before use.
5.5 Characterization of vesicle-peptide complexes
5.5.1 Dynamic light scattering (DLS) measurement

Dynamic light scattering (DLS) measurements were performed at 37 °C to determine the
size distribution of vesicles using a Zetasizer Nano ZS (Malvern Instruments, U.K.). The quality
and reliability of the measurements were assessed from the PDI values, correlograms and
instrument quality reports. Scattered light was detected at a backscattering angle of 173°. Before
measurement, samples were first vortexed and then added into cuvettes and equilibrated in the
instrument for 120 s. Three consecutive measurements were then performed, and the results were
presented as mean + standard deviation.
5.5.2 Cryogenic transmission electron microscopy (Cryo-TEM) imaging

For the Cryo-TEM imaging, 10 mM Nic BAIL was prepared and extruded to obtain a stock
vesicle suspension. Dilution of the Nic BAIL vesicles and preparation of concentrated
formulation of 5400 uM Nic BAIL-125 uM peptide were performed using the same method
described in Section 5.4. Quantifoil R1.2/1.3 Cu 300-mesh grids were glow-discharged under air
atmosphere using negative polarity at 20 mA for 60 s. A 3 puL sample drop was applied to the
glow-discharged grid and vitrified using a Thermo Fisher Vitrobot Mark IV plunge-freezing
system. The Vitrobot chamber was maintained at 4 °C and 100% humidity. After sample
application, the grid was allowed to equilibrate for 10 s, blotted for 5 s, and subsequently
plunge-frozen in liquid ethane. Cryo-TEM images were acquired on a Talos Arctica transmission
electron microscope operated at 200 kV and equipped with an X-FEG source and a Falcon III
detector. Suitable imaging regions of the grid were selected based on ice quality and visibility.
Images were recorded at a magnification of 36000 and analyzed with ImageJ.
5.5.3 Planar bilayer electrophysiology of the vesicle-peptide complexes

The membrane activity of Nic BAIL-v3 complexes was investigated by planar bilayer
electrophysiology using an Orbit Mini miniaturized bilayer recording device (Nanion
Technologies, Munich, Germany) equipped with a MECA 4 recording chip (Ionera Technologies,
Freiburg, Germany). A four-well chip containing 100 um apertures was used. The current across
each well was recorded at a sampling frequency of 1.25 kHz, a bandwidth of 0.625 kHz, and a
current range of -2 to +2 nA. All measurements were conducted at room temperature. Each chip
well was filled with 150 pL of 50 mM phosphate buffer (pH 7.4). 5.0 mg/mL stock solutions of
1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC, Avanti Polar Lipids, USA) were
prepared in electronic-grade octane. Bilayers were formed across the cavities by the air bubble
method. Successful bilayer formation was indicated by negligible baseline current fluctuations,
whereas saturated current signals (£2 nA) indicated the absence of a stable membrane. In cases
of unstable current traces or blocked apertures, the membrane was disrupted using the Zap
function and reformed. After bilayer formation, the membrane was allowed to equilibrate for 60
s. Resistance and capacitance (RC) were then estimated using a predefined voltage protocol
consisting of a triangular wave and a seal-test pulse. For the triangular wave, the amplitude
(Vamp) was set to 100 mV and the period (Tperiod) to 20 ms. For the seal-test pulse, the pulse
amplitude (Vpulse) was set to 100 mV, the pulse duration (Tpulse) to 200 ms, and the holding
time (Thold) to 500 ms. Following the initial RC estimation, a constant holding potential of
either -50 or +50 mV was applied, and the baseline current was recorded for 120 s. At 180 s, 15
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pL of samples were added directly to the chip well to reach the desired final concentration while
continuous current recording was maintained. After the current reached a new steady state after
sample addition, RC estimation was repeated using the same voltage protocol to assess bilayer
integrity after treatment.
5.6 In vitro cell experiments with Nic BAIL-v3 nanoformulation
5.6.1 Cell lines and culture

Human BT-474 and NCI-H23 cell lines were obtained from the American Type Culture
Collection (ATCC). Cells were maintained in RPMI-1640 medium supplemented with 10% fetal
bovine serum (FBS), 2 mM glutamine and 0.1% gentamicin and cultured in a humidified
incubator at 37 °C under 5% COa. Cells were cultured to 70-80% confluence before being
harvested for use or passaged. Cells were detached from the plates using TrypLE Express (Gibco)
and resuspended in the fresh media at known concentration. Cell concentration and viability
were determined by trypan blue exclusion using a Countess 3 FL Automated Cell Counter
(Invitrogen) prior to use in subsequent studies.
5.6.2 Cell viability assay

For the peptides only treatment, a desired volume of peptide-HFIP stock solution
corresponding to the required amount of peptide was dried under vacuum and redissolved in 25
mM Octyl B-D-glucopyranoside (OG) prepared in 10mM PH 7.4 PB to obtain a peptide stock
concentration of 100 uM. 1000 uM Nic BAIL vesicle suspension and the 540 pM Nic
BAIL-12.5uM v3 stock were prepared using the procedure described before. All stock solutions
were diluted with corresponding culture medium to reach final assay concentrations. In all
treatment groups, the volume of the added dose was kept below 3% (v/v) of the total volume of the
final well volume. The cells were seeded in a white opaque 96-well plate with a clear bottom at a
density of 5000 cells per well and allowed to attach prior to treatment. Cells were subsequently
incubated with peptide, vesicles, and peptide-vesicle nanoformulation for 48 h. Following
incubation, the cell viability was assessed using the CellTiter-Glo Luminescent Cell Viability
Assay (Promega #G7570, Madison, Wisconsin) according to the manufacturer’s instructions.
Luminescence was recorded on a BioTek Synergy HTX plate reader (Agilent) and was used as an
indicator of metabolically active cells. Cell viability was expressed as a percentage relative to the
untreated control group. Each treatment was performed in triplicate in three independent
experiments.
5.6.3 Live cell imaging

Live-cell imaging was performed using an Incucyte SX5 System (Sartorius) equipped with
green, orange, and near-infrared (G/O/NIR) optical channels. Cells were maintained under
standard culture conditions during imaging and monitored over time. The orange and green
channels were used to monitor PI and Nic BAIL-v3 nanoformulation which contains visualizable
FAM-labelled v3 peptide. Images were acquired at predefined time points for qualitative
assessment of the spatial distribution of fluorescent peptide and cellular morphology.
5.7 Statistical Analysis

Data processing and presentation were performed using Microsoft Excel (Microsoft
Corporation), Origin 2021 (OriginLab Corporation), and GraphPad Prism 10 (GraphPad
Software, Boston, MA, USA). Data are presented as mean + standard deviation (SD), unless
otherwise stated. Statistical significance was defined as p < 0.05, with significance levels
indicated as ns (not significant, p > 0.05), *p < 0.05, **p < 0.01, ***p < 0.001, and ****p <
0.0001. The number of replicates is specified in the corresponding figure legends.
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Figure S1. Purification of Nic MAIL using reversed-phase flash chromatography. Fractions from CV
7-10 were collected.
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Figure S2. Preparative HPLC chromatograms at 214 nm and 450 nm of v1-v3 peptides.

62



Appendix

a 1000uM Nic BAIL_0h_Size Distribution
30
Size = 101.38+4.08 nm —=— Intensity
PDI = 0.100+0.018 ~—=— Number
25 I —— Veolume
20 |
T
@
o 15
@
o
104
5
4] 1 T T
1 10 100 1000 10000
Size (d. nm)
C 270puM Nic BAIL_0Oh_Size Distribution
Size = 108.6815.99 nm —=— Intensity
254 PDI = 0.145+0.020 ~=— Number
—— Volume
20+
€
S 15
<4
[
o
104
5
0 t T T
1 10 100 1000 10000
Size (d. nm)
e , I
162pM Nic BAIL_Oh_Size Distribution
Size = 112.54£7.26 nm —=— Intensity
25 PDI = 0.1630.020 ~=— Number
—— Volume
20 |
S 154
=4
o
o
10
54
0 : \ ‘
1 10 100 1000

Size (d. nm)

10000

54uM Nic BAIL_0Oh_Size Distribution

PDI = 0.280+0.040

204

Size = 132.13£10.46 nm

—=— Intensity
—=— Number
= Volume

Size (d. nm)

b

1000pM Nic BAIL_Oh_Raw Correlation Data

1.0
0.8
=
]
5
0.6
3
s}
c
=]
T 0.4
2
=]
o
0.2+
0.0 T T ¥ . y T T o
0.1 10 1000 100000 1E7 1E9
Time (us)
d 270uM Nic BAIL_Oh_Raw Correlation Data
1.0
0.8
=
Q
2
%5 0.6+
o
o
s
2
B 0.4
g
3
o
0.2
0.0 B I B B e I e T
0.1 10 1000 100000 1E7 1E9
Time (ps)
162uM Nic BAIL_0h_Raw Correlation Data
1.0
0.8
€
2
=
= 0.6
=]
o
c
o
8 0.4+
2
5}
o
0.2
0.0 e
01 10 1000 100000 1ET 1E9
Time (us)
54uM Nic BAIL_0h_Raw Correlation Data
1.0
0.8
=
]
o
& 0.6
Q
o
c
]
®o4
2
=]
o
0.2
0.0 i T P e by —r-rrray
0.1 10 1000 100000 1ET7 1E9
Time (ps)

Figure S3. DLS profiles show the intensity, number and volume distribution of hydrodynamic size of Nic
BAIL vesicles suspension at 1000 pM (a), 270 uM (c), 162 uM (e), and 54 uM (g) during step dilution
with 10 mM pH7.4 PB at 25 °C, with corresponding correlation coefficient vs decay time diagrams (b, d,
f, h). Data are presented as mean = SD (n=3).
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Figure S4. DLS profiles show the intensity, number and volume distribution of hydrodynamic size of Nic
BAIL vesicles suspension in 10 mM pH7.4 PB stored at 25 °C for 2 h (a), 4 h (¢), 12 h (e), and 24 h (g),

with corresponding correlation coefficient vs decay time diagrams (b, d, f, h). Data are presented as mean
+ SD (n=3).
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Figure S5. DLS profiles show the intensity, number and volume distribution of hydrodynamic size of 540
uM Nic BAIL-12.5 uM v3 nanoformulation in 10 mM pH7.4 PB stored at 25 °C for 2 h (a), 4 h (c), 12 h
(e), and 24 h (g), with corresponding correlation coefficient vs decay time diagrams (b, d, f, h). Data are
presented as mean = SD (n=3).
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Figure S6. DLS profiles show the intensity, number and volume distribution of hydrodynamic size of the
nanoformulation after direct dilution to working concentration of 54 uM Nic BAIL-1.25 uM v3 (a) with

10 mM pH7.4 PB at 25 °C, with corresponding correlation coefficient vs decay time diagrams (b). Data
are presented as mean + SD (n=3).

Cell line Cancer Type Molecular Subtype = ERBB2 expression (RNA) ERBB2 CRISPR effect
BT-474  Breast HER2 10.5 N/A

overexpression
NCI-H23 Lung - 3.2 -0.15

Table S1. ERBB2 RNA expression levels and CRISPR dependency scores of cancer cells sourced from
the Cancer Dependency Map!!%3]
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