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1. Introduction

The intersection of nanotechnology (1) and biomedical science (2) has given rise to an
array of novel functional materials, among which gold nanoclusters (AuNCs) have
emerged as a particularly promising class. Characterized by their ultrasmall core size—
typically less than 2 nm—AuNCs exhibit distinct optical, electronic, and catalytic
properties (3) that set them apart from larger nanoparticles (AuNPs) (4) and bulk gold.
Their high surface-to-volume ratio, quantum confinement effects, and excellent
biocompatibility make them ideal candidates for numerous applications, including
biomedical imaging, diagnostics, drug delivery and biosensing (5).

The rapid advancement in the synthesis and functionalization of AuNCs has led to an
exponential increase in research publications in recent years. However, the dispersion of
data across various journals and the lack of centralized, curated resources have presented
significant challenges to researchers attempting to navigate this growing body of
knowledge.

Despite their promise, several challenges remain. Precise control over size,
composition, and surface chemistry is difficult, as slight variations can dramatically affect
optical and catalytic behavior. Stability under physiological or harsh chemical conditions
is another limitation, and scalable, reproducible synthesis methods are still under
development. Furthermore, understanding and controlling their interactions with
biological systems or complex chemical environments remains a major research focus.
Addressing these issues is crucial for translating the unique properties of AuNCs into
reliable applications.

Parallel to the growing interest in nanomaterials, the field of photopharmacology (6)
has gained momentum as a cutting-edge approach to achieving spatiotemporal control
over biological processes. This emerging discipline integrates photochemistry with
pharmacological strategies to enable precise, reversible modulation of biomolecular
activity using light. Central to this approach are photoswitchable compounds, including
specially designed peptides and foldamers, which undergo conformational changes in
response to specific wavelengths of light. These structural transitions allow the
compounds to toggle between biologically active and inactive states, offering exceptional

control over their function in both in vitro and in vivo settings (7).



Photoswitchable systems have opened new avenues in targeted drug delivery, real-time
molecular sensing, and the engineering of dynamic biomaterials. Their ability to respond
to external stimuli with high specificity and minimal invasiveness makes them ideally
suited for the development of "smart" therapeutics-agents that can be activated or
deactivated by light, thereby minimizing systemic side effects and enhancing therapeutic
precision. Moreover, light-responsive biomaterials have shown potential in tissue
engineering and regenerative medicine, as well as in the design of optical devices and
biosensors (8).

Despite their promise, several challenges remain before these systems can be fully
translated into clinical practice. Issues such as photostability, biocompatibility, and
efficiency of light penetration in biological tissues must be addressed. Recent advances
in nanotechnology, including the integration of AuNCs with photosensitive moieties,
offer promising solutions to some of these challenges by combining the favourable
characteristics of both platforms.

Taken together, the convergence of AuNC-based nanotechnology and light-controlled
pharmacological systems holds transformative potential for modern biomedicine. This
dissertation aims to explore this multidisciplinary frontier. Streamlined access to
nanocluster data, along with the investigation of the synergy between AuNCs and
photopharmacological agents, 1is essential for next-generation biomedical
applications. Through this integrated approach, we seek to advance the rational design of

photoresponsive nanomaterials and contribute to the growing field of precision medicine.

1.1. Literature survey on gold nanoclusters

AuNCs are molecular-sized assemblies of gold atoms that typically less than 2 nm (9).
These nanoclusters exhibit remarkable properties that differ significantly from bulk gold
due to quantum effects (3) (Figure 1). Their high surface-to-volume ratio allows for
significant modification with various ligands, enhancing their stability and functionality
for specific applications, particularly in the biomedical field (10,11).

Research has demonstrated that the interaction of AuNCs with biological molecules
can enhance their stability and functionality, making them promising candidates for
therapeutic and diagnostic applications (12—15). Over the past few years, numerous

reports have been published showcasing the use of AuNCs in various oncological



applications, including imaging, diagnostics (16), targeted therapy (17), radiotherapy
(18), and immunotherapy (19).
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Figure 1. Schematic representation of the origins of distinct properties of bulk gold,

AuNPs and AuNCs (3).

1.1.1. Synthesis and characterization techniques of AuNCs

Recent advancements in the synthesis of AuNCs have focused on producing well-
defined structures with high yields and biocompatibility. Solid-phase (20,21) techniques
have gained popularity owing to their simplicity and scalability. Common methods
include chemical reduction techniques, where precursors are reduced under controlled
conditions, and biosynthesis methods utilizing biological materials as reducing agents
(22,23).

The synthesis of AuNCs commonly involves specific ligands that serve as stabilizing
agents by strongly interacting with metal atoms. One significant approach is the use of

proteins as stabilizers and reducing agents. For instance, bovine serum albumin (BSA)



has been successfully employed to encapsulate gold atoms and improve the luminescent
properties of AuNCs produced (24,25). Furthermore, micellar methods and one-pot
syntheses have gained traction for producing isomerically pure AuNCs (25).

The ligand engineering approach is critical in synthesizing AuNCs with desired
properties. Modification of ligands effect the clustering process, helping to control
aspects such as solubility and quantum yield (26,27). Quantum yield refers to the
percentage of the irradiated light that the gold nanocluster is able to emit. The higher the
value, the more detectable the given cluster becomes, thereby reducing the amount of
material required. This is of particular importance in the fields of imaging and diagnostics.
Among these, thiolated ligands (28) are especially notable for forming weak coordination
bonds with the gold core, thereby improving the nanoclusters’ sensing and catalytic
capabilities. Novel ligand systems, such as polymers and polypeptides, are being explored
for their efficiency in stabilizing and functionalizing AuNCs (29,30).

Characterizing AuNCs necessitates advanced analytical techniques to understand their
structure and properties. High-resolution transmission electron microscopy (HRTEM)
helps elucidate the morphology and structure of AuNCs at the atomic level (31), while
spectroscopic methods like UV-VIS and fluorescence spectroscopy provide insight into
their optical properties (32).

Other useful techniques include X-ray diffraction for crystalline phase determination
(33), and mass spectrometry for analysing the size distribution of nanoclusters (34).
Recent studies have focused on employing time-resolved spectroscopy to investigate
excited-state dynamics in protein-encapsulated AuNCs, revealing insights into their

luminescent properties and potential applications in bioimaging (35,36).

1.1.2. Properties of AuNCs

AuNCs exhibit unique optical properties, attributed to their small size and quantum
effects. They demonstrate strong photoluminescence and possess surface plasmon
resonance characteristics, which can be tuned by altering their size and environmental
conditions (37-39).

Because of their ultrasmall dimensions, AuNCs show molecule-like behaviour rather
than the typical properties associated with nanoparticles. This arises from their size being

comparable to the Fermi wavelength (40) of electrons, which leads to the loss of



conventional metallic characteristics. Instead, strong quantum confinement effects cause
the continuous energy bands to break into discrete electronic states, giving AuNCs unique
optical properties distinct from those of larger nanoparticles.

The catalytic capabilities of AuNCs are being exploited in various chemical reactions,
including oxidation and reduction processes. Their unique electronic environment
facilitates reactions that are unfavourable for larger gold nanoparticles (41,42).

Due to their unique properties, AuNCs hold great potential for a wide range of
biomedical applications, such as: (i) Fluorescent AuNCs are used as bioimaging and cell
imaging agents due to their non-toxic cores (5); (if) Functionalized AuNCs possess
enzyme-mimetic activity (43), allowing their application in protein activity inhibition
(44) and the colorimetric detection of analytes (27); (iii) Ultrasmall AuNCs exhibit broad-
spectrum antimicrobial effects, effectively targeting both Gram-positive and Gram-
negative bacteria by disrupting metabolic processes and inducing intracellular reactive

oxygen species (ROS) accumulation, ultimately causing bacterial cell death (45,46).

1.1.3. Biomedical application
1.1.3.1. Imaging techniques

AuNCs have emerged as excellent candidates for various imaging modalities,
particularly fluorescence imaging, due to their tuneable emission spectra and high
quantum yields (47,48). Studies have demonstrated their effectiveness in cellular and
tissue imaging, including real-time tracking of cellular processes and disease markers
(49,50). Their application in photoacoustic imaging has been highlighted for tumor
detection, leveraging their strong light absorption in the near-infrared (NIR) region for

enhanced imaging depth (51-53).

1.1.3.2. Therapeutics and drug delivery

In therapy, AuNCs are promising agents for photothermal treatment where they convert
absorbed light into heat to ablate tumor cells selectively (54). Strategically functionalizing
AuNCs with targeting ligands allows for improved specificity, minimizing side effects
on healthy tissue (55,56) (Figure 2). The efficacy of AuNCs has been thoroughly
evaluated across a range of cancer cell lines, including HeLa (29), HepG2 (57), A549



(58), MCF-7 (59), U87 (60), and MDA-MB-231 cells (61), as well as in mouse models
(62).

Furthermore, they can be used as delivery vehicles for various therapeutic agents,
enhancing their solubility and bioavailability (31,63). Notably, a wide range of
biomolecules—such as peptides, proteins, and polymers—can be used as capping agents
for AuNCs, offering potential to enhance biocompatibility, reduce toxicity, and improve
targeting. These qualities make AuNCs a promising and adaptable platform for
biomedical use. The growing number of studies on AuNCs in imaging, sensing, and
therapy over the past 15 years highlights the rising interest in the field and suggests that

clinical application may be approaching (64).
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Figure 2. Schematic illustration of radiofrequency (RF)-induced pyroptosis mediated
by biGC@PNA for cancer immunotherapy. (a) Preparation, mechanism, and
hydrophilic-hydrophobic transition of biGC@PNA. (b) Schematic representation of the
immunological effects of RF-responsive biGC@PNA, demonstrating caspase-
3/GSDME-N-mediated tumor cell pyroptosis triggered by its RF-heating effect. This
process induces pyroptosis of tumor cells, initiates immunogenic cell death (ICD),
enhances anti-PD-1 cancer immunotherapy, and promotes immune activation, thereby

suppressing distant tumors, lung metastases, and rechallenged tumors (19).

1.1.3.3. Biosensing applications
AuNCs are being utilized in biosensing applications due to their sensitivity to
environmental changes and interactions with biomolecules. Their fluorescence quenching

capabilities can facilitate the detection of specific analytes, making them suitable for
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clinical diagnostics (65,66). Recent advances in AuNCs-based sensors have shown
effectiveness in detecting heavy metals, pathogens, and other vital biomolecules,

highlighting their versatility (67,68).

1.1.3.4. Recent innovations and concerns

Research continues to unveil exciting developments in AuNCs technology. Innovations
in the synthesis and functionalization techniques are yielding multifunctional platforms
that integrate imaging and therapeutic properties (69,70). Future perspectives include
further exploration of chiral AuNCs for applications in asymmetric synthesis and
catalysis, as well as the investigation of their behaviour in biological environments for
enhanced therapeutic efficacy (19,71) .

Achieving precise control over the size, composition, and surface chemistry of AuNCs
remains a significant challenge. The synthesis methods often result in polydisperse
mixtures, complicating the reproducibility and scalability of production. Additionally, the
stability of AuNCs is influenced by factors such as ligand type, solvent, and
environmental conditions. For instance, studies have shown that the stability of AuNCs
can be modulated by different ligands and doped metal atoms, which is crucial for their
applications in, therapy, imagning and in sensing (72).

While AuNCs exhibit promising properties for biomedical applications, their
interactions within biological systems are complex and not fully understood. Factors such
as cellular uptake, biodistribution, and clearance rates are influenced by the size, surface
charge, and ligand composition of AuNCs. Recent reviews have discussed the biological
interactions and imaging capabilities of ultrasmall AuNPs, highlighting challenges in
predicting their behavior in vivo and the need for more comprehensive studies to ensure
safety and efficacy (73).

The lack of standardized protocols for the synthesis and characterization of AuNCs
leads to variability in results across different laboratories. This variability hinders the
comparison of data and the development of reliable applications. Efforts are being made
to establish guidelines and best practices to improve reproducibility and facilitate the
translation of AuNCs into practical applications.

Traditional synthesis methods for AuNCs often involve toxic reagents and harsh

conditions, raising concerns about environmental impact and scalability. There is a
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growing interest in developing green synthesis routes that utilize environmentally friendly
materials and processes. For example, the use of natural extracts for the synthesis of

AuNPs has been explored as a sustainable alternative (74).

1.2. Literature survey on photoswitchable peptides and
foldamers

Photoswitchable peptides and foldamers are revolutionary in the realm of materials
science and biomedicine due to their ability to undergo reversible conformational changes
when exposed to light stimuli. These properties open up pathways for novel applications
in targeted drug delivery, biological sensing, and advanced therapeutic interventions (75).
The phenomenon wherein these structures exhibit changes in their physical or chemical
properties when irradiated with light is largely based on the integration of chromophores
such as azobenzene, spiropyrans, or other photo-responsive moieties. This literature
survey aims to explore recent advancements in the design, synthesis, and application of
photoswitchable peptides and foldamers, underlining their potential utility in various
scientific fields, particularly in enhancing drug efficacy and developing novel therapeutic

strategies.

1.2.1. Photopharmacology

A significant portion of current photopharmacology research is dedicated to developing
molecules capable of altering cellular behaviour. Photopharmacology is a field that
employs molecular photoswitches to precisely control the activity of bioactive
compounds (76).

There are two broad approaches: photoswitch and photocages. Photopharmacology
with irreversible photocages uses light-activated protecting groups to “uncage” drugs in
a one-way, permanent manner. This gives excellent spatial and temporal control for
applications like neuroscience, cancer therapy, and gene regulation — but faces
challenges in wavelength, byproducts, and irreversibility. Common photocages:
nitrobenzyl derivatives (o-nitrobenzyl, DMNB), coumarins, BODIPY, and newer red-
shifted cages (77-79).

Its goal is to minimize systemic drug toxicity and the development of resistance, while

enabling highly targeted therapeutic interventions. By relying on small molecules,
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photopharmacology offers a practical alternative to optogenetics. Optogenetics is a
technique in neuroscience (and increasingly in other fields) that uses light to control the
activity of specific cells—typically neurons—after they have been genetically modified
to express light-sensitive proteins (80). Light of the appropriate wavelength is delivered
through thin optical fibers or LEDs precisely to the desired brain region or tissue. In
response to light, the target cells can be switched on or off within milliseconds. Light can
thus almost instantly initiate or halt cellular activity. Not only neurons but also muscle
cells, pancreatic cells, cardiac muscle tissue, and others can be manipulated. The method
is more precise than electrical stimulation (which excites all nearby neurons, not just
certain types) and faster and more reversible than chemical-based activation or inhibition
(75,81).

Photopharmacology currently focused on identifying molecular targets and assessing
efficacy through in vitro studies, including receptor binding and enzyme inhibition.
Significant progress has been made in areas like cancer treatment (82), neurology (83),
diabetes (84), and antimicrobial therapies (85) using light-controlled approaches. Future
advancements will depend on in vivo testing, comprehensive toxicity evaluations, and the
integration of molecular imaging to verify targeted drug activation and support the

development of theranostic strategies combining diagnosis and treatment (86,87).

1.2.2. Overview of photoswitchable peptides

Photoswitchable peptides are typically synthesized by embedding photosensitive
moieties into their peptide frameworks. These modifications allow for significant and
tuneable alterations in conformation upon exposure to specific wavelengths of light. The
work by Lawrence ef al. detailed the development of such azobenzene-flanked maleimide
photoswitches, which successfully facilitate conformational shifts in peptide structures.
This capability not only modulates the peptides’ catalytic properties but also enhances
their potential within sensor systems to detect environmental changes or disease-related
biomarkers (88). Importantly, the incorporation of photoswitchable units enables multiple
cycles of activity without degradation of the materials involved, which suggests
opportunities for sustained applications in therapeutic contexts (89).

Moreover, Szymanski et al. described the incorporation of a molecular photoswitch

within peptides that allows precise control over biological interactions, bringing forth
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opportunities to manipulate cellular processes with high specificity (7). This study
elucidates the dynamic influence of optical control on peptide behaviour, as seen in
muscle physiology where the resultant conformational changes can lead to notable

variations in contractile ability (7).

1.2.3. Mechanisms of photoswitching

Photocontrol of peptides, proteins, or drugs offers a non-invasive method to modulate
biological networks and study their effects or induce specific outcomes. This is achieved
by incorporating a photoresponsive element that alters the molecule’s properties upon
light exposure, with certain photochromic compounds undergoing bond changes or E/Z
isomerization. Molecules that photoswitch between E and Z forms via light-induced
isomerization provide predictable structural control, with relaxation dynamics governed
by thermal stability and energy barriers. Among various photoswitches, like stilbenes
(90), diarylethenes (91) or acylhydrazones (92), azobenzenes are especially favoured due
to their broad activation wavelength range and stable photoactivated states, enabling
precise and reliable molecular control (87,93).

The underlying mechanisms of photoswitching within peptide structures are complex
and engage various forms of structural rearrangements triggered by light activation. For
instance, Jankovic et al. demonstrated that photocontrol over protein-peptide interactions
could be attained through this method, indicating the significant efficacy of
photoswitchable peptide designs for targeted therapeutic applications (94). The
conformational changes ensuing from light exposure can enhance or diminish binding
affinities, which is critical for drug design strategies that necessitate precision in targeting
specific cellular receptors or enzymes.

Studies focused on azobenzene photoswitches, revealed that the coupling of
1somerization with peptide conformation could efficiently modulate biological activity
(95). Their findings illustrated how variations in peptide structure prompted by light
stimulus can dictate functional outcomes in therapeutic settings, such as optimizing the
affinity of drug conjugates to biomolecular targets. The light-induced trans-to-cis
1somerization triggered the transformation from capsids to aggregates, allowing precise
control over the encapsulation and release of guest molecules, highlighting the potential

of photoswitchable peptides as light-responsive nanocarriers (96).
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The PSS (photo-stationary state) ratio describes the proportion of molecules in the cis
form vs. the trans form at that equilibrium. Precisely, after illumination with light of a
given wavelength and once the system has reached equilibrium, what fraction of the
molecules are found in each of the isomeric forms. The peptide’s structure and function
can change depending on whether it is in the cis or trans form. These properties are
particulary important for controlling protein folding and unfolding, regulating binding
affinity and triggering biological activity with light.

Incorporating photoswitches into peptides allows light-controlled modulation of their
secondary structures, such as a-helices, B-turns, and [-hairpins, enabling precise
regulation of biological activity. For example, azobenzene-based photoisomerization has
been used to stabilize a B-hairpin in a peptide targeting the PD-1/PD-L1 interaction,
achieving nanomolar inhibition in the cis form with high selectivity-demonstrating the

potential of photoswitchable peptides in cancer immunotherapy (97).

1.2.4. Design and synthesis of photoswitchable peptides

The synthesis of photoswitchable peptides often employs SPPS techniques that
facilitate the integration of functional photoswitches into the peptide backbone. Recent
works have showcased diverse strategies in this realm. Cataldi et al. employed novel
fluoroaromatic azobenzene derivatives that allowed the reversible photoswitching of
secondary structures in response to amber light, enhancing the applicability of these
systems in live-cell imaging and controlled drug delivery (98). This method demonstrates
the versatility of tailored synthetic approaches for designing photoresponsive peptides.

Backus et al. contributed significantly to the understanding of the biophysical
behaviours underpinning the photoswitching phenomenon through the implementation of
2D IR spectroscopy techniques on isotope-labelled peptides. This approach elucidated
key insights into the conformational dynamics associated with light-responsive
modifications, providing a deeper comprehension of how the structural alterations can
yield variations in biological performance (99). Such feedback mechanisms are
invaluable for refining the design principles that govern the development photoswitchable

peptides for specific biomedical applications.(100)

16



1.2.5. Applications in biological systems

The application of photoswitchable peptides spans various realms within biological
systems, particularly in strategies for antimicrobial action and the precision of drug
delivery. The integration of photoswitches into peptide scaffolds has allowed for precise
control over secondary and tertiary structures, supramolecular assemblies, and
interactions with membranes and proteins (101). However, the use of azobenzene, which
is activated by UV light, presents challenges for therapeutic applications due to limited
tissue penetration and potential mutagenicity. The development of photoswitches
responsive to visible light has further advanced this field. Recent research has
increasingly moved away from UV-activated azobenzene photoswitches toward visible-
light-responsive probes, which hold greater promise for pharmacological use (102).
Activation with visible light presents a structural challenge because the photoactivatable
elements originally used are primarily UV-sensitive, and it is extremely difficult to design
structural modifications that shift this sensitivity into the visible range.

Photoswitchable therapeutics that operate in the red to near-infrared (NIR) range are
highly appealing for biomedical applications. This is due to red light’s ability to penetrate
tissues more deeply, its reduced side effects, and its widespread acceptance as a non-
invasive therapeutic approach—especially in fields such as (onco)dermatology (103—
105).

The study by Yeoh et al. highlighted how the incorporation of photopharmacological
triggers into cyclic antimicrobial peptides allowed for a significant enhancement in
antibacterial efficacy against strains like S. aureus (106). This illustrates the potential of
employing such responsive systems to devise targeted therapies that can effectively
respond to specific cellular stimuli.

Recent advances in peptide photoswitching have highlighted the potential of visible-
light-responsive systems (81) in regulating protein interactions and cell activity. One key
breakthrough involved tetra-ortho-chloroazobenzene for cysteine-selective stapling,
enabling red-light (660 nm) induced secondary structure changes and enhancing binding
affinity of a p5S3/MDM2-inhibiting peptide by over 240-fold (107).

Another strategy used a perfluorinated azobenzene photoswitch to create a cell-

penetrating peptide that shifted from disordered to helical structure under amber light
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(450 nm). While structurally responsive, it showed no significant cytotoxicity differences
across isomer states, suggesting that further functional optimization is needed (98).

Additionally, Vazquez et al developed green-light-responsive backbone
photoswitches, including tetra-ortho-fluoroazobenzene and cyclic derivatives, to target
the WDRS5-MLL1 interaction—a key player in leukemia. The trans isomer showed 10-
fold higher potency, with structural studies explaining this activity difference (75).
Building on this, new visible-light-responsive MLL1 inhibitors demonstrated
optochemical control of blood development in zebrafish, mimicking genetic knockdown
effects (108).

Furthermore, the exploration of self-assembling peptides and hydrogels facilitated by
light responsiveness has been exemplified in the work of Chan ef a/ (109). Their research
demonstrated how minor structural variations can result in substantial outcomes for
peptide assembly and nanostructure formation, tuning the system for specific applications
within tissue engineering and regenerative medicine. The ability to create a controlled
environment for drug delivery vehicles or biosensors using photoswitchable systems

holds profound implications for future research in tailored biomedical applications.

1.2.6. Advancements in foldamers

Foldamers are synthetic oligomers designed with the ability to fold into specific three-
dimensional structures (110). Unlike natural a peptides, foldamers are resistant to
enzymatic degradation and can be precisely engineered without relying on biological
folding rules. Incorporating photoswitches like azobenzene enables reversible structural
modulation under light, making foldamers promising tools for applications such as ion
transport, drug delivery, and biomolecular recognition (111-113).

Notable studies in this area have focused on harmonizing the unique properties of
foldamers with azobenzene or other photoswitches to develop stimuli-responsive
systems. Zschau and Zacharias documented the intricate folding dynamics of
azobenzene-modified foldamers, showcasing their utility in generating responsive
materials that can adapt to environmental signals (114). This advancement continues to
propel the application landscape of foldamers, particularly concerning their utility in

living systems and synthetic biology.
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Martins et al. investigated the functionality of photoswitchable calixarene activators
and their ability to modulate peptide transport across lipid membranes with high
efficiency (115). This dynamic capability emphasizes the potential for not only enhanced
drug delivery mechanisms but also the broader implications for biological compatibility
and molecular recognition in therapeutic contexts. Such efficiencies enable researchers to
develop safer and more effective delivery systems for therapeutic agents, ultimately

enhancing treatment outcomes in clinical settings.

1.2.7. Biomedical application of photoswitchable foldamers

Bioinspired photoswitchable foldamers have been developed to control chloride ion
transport through light-induced structural changes. Chiral aryl-triazole foldamers with
azobenzene units can reversibly bind and release chloride ions in nonaqueous
environments. UV light induces a trans-to-cis isomerization, weakening chloride binding
by up to 10-fold, while visible light restores binding ability (116). Inspired by
halorhodopsin, these foldamers use hydrogen bonding to stabilize a helical, B-sheet-like

structure, achieving up to an 84-fold difference in chloride affinity through light-driven

conformational changes (Figure 3) (117).

Figure 3. Illustration showing the light-triggered binding and release of chloride ions by

a photoresponsive foldameric receptor (117).

Further advancements include C:-symmetric foldamers that self-assemble into
chloride-templated helices, with their structural equilibrium tuneable by solvent,
temperature, and concentration. Sequence modifications influence foldamer stability,

highlighting the role of solvophobic m-stacking and anion-stabilizing residues in helix
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formation (118). These systems offer significant pharmacological promise, particularly
for treating ion imbalance disorders like cystic fibrosis and epilepsy. Their light-
responsive behaviour allows for targeted, reversible activation, reducing off-target effects
and enabling applications in neuromodulation, optopharmacology, and photoactivated
drug delivery (119,120).

Photoswitchable foldamers, capable of light-triggered structural changes, offer exciting
potential in drug delivery, targeted therapy, and molecular sensing (8). Systems
incorporating hydrogen-bonding units and tetrafluoroazobenzene can fold into spherical
structures with tuneable chiroptical properties under visible light, enabling spatiotemporal
drug control (121).

Light-responsive vesicles made from a-cyclodextrin and azobenzene foldamers have
demonstrated reversible disassembly and enantioselective release of propranolol,
favoring the R-isomer-highlighting their utility in precision medicine (122).

These foldamers can also mimic protein unfolding mechanisms, allowing
optomechanical drug activation and controlled enzymatic catalysis, relevant for
neuromodulation and targeted degradation (123). In tissue engineering, foldamers
modulating integrin-RGD interactions enable light-regulated cell adhesion, supporting
adaptive biomaterials (124).

Finally, foldamers engineered to simulate prion-like aggregation offer tools for
studying neurodegenerative diseases like Parkinson’s, where light-induced

conformational changes control a-synuclein aggregation (125).
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2. Objectives

The main two topics I have been working on were AuNCs and photoswitchable
peptides and foldamers

One of my objectives was to create a comprehensive, manually curated, and freely
accessible database dedicated to biomedical research involving AuNCs. During its
development, we aimed to achieve three primary goals: (i) it should be freely accessible;
(i7) the database should have a user-friendly interface; and (iii) it should include a help
section containing all the necessary information about the database. We aimed to collect
five key pieces of information from the articles: the application, particle size, cell line,
and excitation/emission wavelengths. Where TOC (Table of Contents) graphics were
available, we included them as well. A database was created, named BioGoldNCDB (Bio
= biomedical, NC = nanocluster, DB = database).

Additionally, we wanted to expand our database with information from Chemical

Abstracts Service (CAS) database (https://www.cas.org/) by the use of SciFinder"

(https://scifinder-n.cas.org/).

Currently encompassing 247 articles from 104 peer-reviewed journals, BioGoldNCDB
provides a user-friendly web interface that supports multiple device formats, including
smartphones, tablets, and personal computers. The database allows users to filter content
based on diverse criteria, enhancing accessibility and usability for both newcomers and
experienced researchers. As such, BioGoldNCDB serves not only as a practical entry
point into the field of AuNCs but also as a valuable tool for data-driven insights and cross-
disciplinary collaboration.

My other goal was to gather the latest findings related to photoswitchable foldamers
and peptides. In this field, photoswitchable molecules offer a powerful approach to
precision medicine by enabling reversible conformational changes between active and
inactive states. This light-controlled modulation enhances targeted drug delivery,
molecular sensing, and the development of photoresponsive biomaterials and optical
devices.

These dynamic systems have significant potential for creating "smart" therapeutics and
biomaterials that adapt to environmental effects, revolutionizing biomedical applications.
Advances in light-responsive technologies and nanotechnology continue to expand their

applications, driving innovation in precision medicine and materials science. As research
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progresses, these systems are set to transform drug delivery, diagnostics, and next-

generation biomaterials.
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3. Methods

3.1.Data collection and processing
BioGoldNCDB comprises manually curated and annotated entries of AuNCs sourced
from scientific literature. The initial dataset was compiled using the keyword "gold

nanocluster" in the Chemical Abstracts Service (CAS) database (https://www.cas.org/)

via SciFinder" (https://scifinder-n.cas.org/).

To refine the search, filters were applied to include English-language journal articles
published between 2000 and 2024, specifically focusing on diagnostic and
pharmacological applications. Review articles were excluded, narrowing the results to
3,577 publications. A final filter retained only articles whose abstracts contained the term
"cluster", resulting in a focused selection of 247 articles.

Six additional manually curated fields were added to each entry: application, cell line,
particle size, excitation/emission wavelength, nanobioconjugates, and where it was
available table of contents (TOC) graphics. Each article was individually reviewed, and
only those directly related to gold nanoclusters were included in the final database. The
search was completed on June 27, 2024.

Another search was made for the photoswitchable peptides and foldamers. We used
CAS database through SciFinder" too. Two main keywords were added as
“photoswitchable” and “peptides”.

The query date was August 8, 2024. The first selection was made based on content
criteria. Furthermore, we considered it important that the photoactivatable element
incorporated into the structure of peptides and foldamers should induce a conformational
change. Based on these two criteria, we selected the 30 most relevant articles and

summarized it in a mini review.

3.2. Database design and implementation

The BioGoldNCDB web interface was created using Next.js and React for the front
end (126), while the back-end processes are handled within a Node.js environment (127).
Data is stored in a MySQL relational database, and queries are executed using MySQL
commands (128). The spreadsheet-style data visualization on the webpage was developed
using the EZGrid React DataGrid component (129). Both the website and the database

are hosted on DigitalOcean's cloud infrastructure (130).
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4. Results

4.1. Analysis of the manually added columns data in
BioGoldNCDB

4.1.1. Application

A report was made for the application of the AuNCs. After data analysis four main
group was created: drug delivery, therapy, imaging and other biomedical application.
Some studies do not detailed the potential biomedical field, these data were counted in
other biomedical application. In several cases, multiple possible applications were given
for the AuNCs, for example therapy and imaging. We included all of them separately in
the categories. In 3 % of the cases no data was provided (Figure 4.).

Imaging and therapy are the most relevant fields where AuNCs can be promising

candidates
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delivery biomedical
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Figure 4. The distribution of the application fields for AuNCs.
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Therefore, a more detailed separation was made for therapy (Figure 5.) and imaging
(Figure 6.).
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Figure 5. A more detailed classification of AuNCs’ therapeutic applications.

In therapy, AuNCs can be effective in anticancer, antibacterial, photothermal and
photodynamic fields.
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Figure 6. A more specific separation for imaging.

While in imaging ~half of the cases AuNCs were used for detection, which is for

imaging in live organs. Third of the cases were used for in vitro sensing.

4.1.2. Cell line

A collection was made for the different cell lines where the AuNCs were tested on. The
most common ones are shown in Figure 7. There were a lot of promising experiments on
MCF-7, HeLa, HepG2 and A549 cell lines.

Also, it must be highlighted that AuNCs were getting positive results in antibacterial

therapy, against with E. coli and S. aureus.
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Figure 7. The most common cell line types in BioGoldNCDB.

4.1.3. Particle size

Figure 8 shows the size distribution of AuNCs. The primary aim of data collection was
to determine the size of the gold core; however, in many cases only nanobioconjugate
sizes were reported, or the core size was not specified. Among AuNCs, 28% are smaller
than 2 nm, while related nanoparticles account for nearly half of the entries (30% between
2—10 nm and 18% between 10—-50 nm).

In the literature, the size range of gold nanoclusters is not always clearly defined. When
gold nanoclusters are defined as being smaller than 2 nanometers, this usually refers to
the gold core itself. In many studies the size of the entire nanoparticle, including ligands
and cargos, is reported, which may differ from the 2 nm threshold. The core size can be
determined by TEM measurements, whereas DLS measurements generally provide the

size of the whole molecule.
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Figure 8. The distribution of the complete particle sizes found for the BioGoldNCDB
entries given in nm.

4.1.4. Excitation/ emission wavelength

Excitation and emission wavelength data were extracted from the articles and are
presented separately in Figures 9 and 10. Most excitation wavelengths fall within 400—
500 nm, while emission wavelengths are mainly in the 600—700 nm range.

Notably, excitation data were missing in 33% of cases and emission data in 39%. In
some studies, AuNCs were combined with additional metals to form hybrid structures;

these were excluded from the analysis, as the conjugated metals alter the properties of

gold and would modify the statistical outcomes.
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Figure 9. The range of excitation wavelengths reported in the BioGoldNCDB entries.
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Figure 10. The distribution pattern of emission wavelengths recorded in
BioGoldNCDB.

4.1.5. Nanobioconjugates

Nanobioconjugates can be divided in two main parts. One of them is for the
stabilization of the AuNCs, while the other, also known as cargos, is take part in the
functionalization, therefore responsible for the final properties of the AuNCs.

The surface ligands of AuNCs are crucial for their stability, photophysical properties,
and interactions with biomolecules. Thiols and their derivatives are the most commonly
used stabilizing agents. However, it is worth to highlight glutathione (GSH) because it

can be used both for stabilization and as cargo molecule (Figure 11.).
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Figure 11. The distribution of ligands in BioGoldNCDB’s entries.

Through covalent or noncovalent conjugation, additional biomolecules or cargo
molecules can be attached to AuNCs, creating nanobioconjugates with enhanced
functionality, targeting ability, and biological activity. Among such cargos, peptides and
proteins are most frequently employed, though oligonucleotides and drug molecules are

also widely used (Figure 12.).
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Figure 12. The distribution of cargo molecules in BioGoldNCDB’s entries.

4.2. Photoswitchable peptides and foldamers

A summary table was made from the collected articles and reviews. All the sequences
were assembled with their structural changes, and the characterization techniques they
were verified by. The photostationary state ratio (PSS) in photoswitchable molecules
refers to the proportion of isomers (usually cis and frans) that exist at equilibrium under
constant irradiation with light of a specific wavelength. Where PSS ratio was provided,
we added them too. Table 1 contains the photoswitchable petides, while Table 2 is for
photoswitchable foldamers (131).

Reviews were excluded from the tables.
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Table 1. Visible-Light-Photoswitchable peptides. PSS: photostationary state; X:

incorporated photoswitch; n.p.: data was not provided.

Structural
change N
Entry References Peptide sequences PSS ratio between Chiz‘;:?i?on
foldamers and 4
peptides
peptide
cis: trans mixtur macrocycle
1 100 CS-VIPs 1§ frans mixure secondary UV/VIS
in a ratio ~1:10
structure
modification
Boc-S(tBu)-A-R(Boc),-A-OH peptide
2 98 HaN-oFAzo-VAHCTr)-L R (Bock- cis/trans 84:16 rg::(r)(r)l?z;de HPLC-MS and
K(Boc)-S(tBu)-CONH, : Y HRMS (ESI)
structure
azobenzene containing oligomer modification
5 102 meta-phenylene ethynylene (mPE) E: helical hzlix-to- |
. . random coi! n.p.
azobenzene containing oligomer 7: randomized transition p
% a-helical peptide LK1 cis=Dtrans: 86% amphiphilic
4 X=Decafluoroazobenzene (DFAB) trans=>cis: 89% helix (a-helix) UV/VIS, NMR
5 91 1 and T2 peptide azobenzene Z/E random to fB- UV VIS
azobenzene containing oligomer isomerization sheet
s 116 ¢(RGDAK) peptides cis/ trans S:tcrs‘c‘fuarrey UV/ VIS, NMR,
azobenzene containing peptides isomerization . . MS
modification
53% cis/47%
trans PSS after
Ac-GKKLLACLLAALLAALLC-
365 nm )
7 92 ALLERANIL illumination, 4% helix to FTIR, CD, UV/
X=4,4’-bis(chloroacetamide)- . VIS
cis/96% trans conversion
azobenzene
PSS after 447 nm
illumination
WHFSYNWRWLPP
8 88 AMPP, azobenzene containing n.p. random to turn UVv/ VIS
peptide
p53/MDM2 inhibitor peptide Azobenzene Z/E
9 99 (PMI; TSFAEYWNNLSP) isomerization n ‘Hand °F NMR,
b UV/ VIS, HPLC

X=tetra-ortho-chloro azobenzene

trans=cis: 82%
cisdtrans 92%
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Table 2. Visible-Light-Photoswitchable foldamers. PSS: photostationary state; X:

incorporated photoswitch; n.p.: data was not provided.

Structural change between

Entry References Peptide sequences PSS ratio foldamers and peptides Characterization technique
. F NMR,
1 12 Aib foldamers np. right and left-handed 1
helicity interconversion HNMR
aromatic oligoamide sequence helix to random geometry NMR and
2 104 X= diazaanthracene-based n.p- covalent bond crystallographic studies
aromatic 3 -sheet flanked rearregament
aryl-triazole foldamer .
3 108 n.p. trans: helical UV/ VIS
azobenzene containing foldamer
trans =P cis: disrupts the
g oligo(meta-phenylene Azobenzene helix "H NMR spectroscopy, CD,
4 ethynylene)s (OmPe) foldamers ) Z/'E ) cis>trans: original helical | . .UV./ VIS, electrospray
.. isomerization ionization (ESI) MS,and GPC
azobenzene containing foldamer .
conformation restored
H-bonded amide macrocycle
5 105 based ligjht controlled, host-guest spiropirane n.p. 1D, 2D NMR
system
B-sheet-like H-bonds that
. 100 foldamers trapping Cl" ion cis — trans: interlock the ends of the NOESY 'H NMR, CD, UV/
azobenzene containing foldamer ~32% foldamer to the central VIS
helix
Boc-Ala-DZbAla-Val-DZbAla- fast B-sheet
7 17 Leu-OMe (Z,Z), (E,E) (Z°Z)7;)O}E’E): transition ECD, UV/ VIS
o
dehidro B-alanine (Z2,2) > (EE)
B-amino acid, (Z)-3-aminoprop-2- (E) and (Z) are
¢ 103 enoic acid foldamers present in a helix to B-sheet H NMR
X= 3-aminoprop-2-enoic acid 30%: 70% interconversion
molar ratio
cis/trans ratios:
B -annulus peptide rans-rich
9 87 (H-INHVGGTGGAIMAP-Azo- | ¢ 24776, random coil to p-sheet UV/ VIS, 'H NMR, CD
VTRQLVGS-OH) Interconversion
cis-richform:
azobenzene containing peptide 31/19
[Pro7,Asn8,Thr10]
10 84 X= azobenzene containing n.p. random to turmn TH/C/'SN NMR, UV/ VIS
interconversion
foldamer
- T - -
. 3 Peptide based foldamers cis: ~80 % linear to helical IH/1C NMR (NOESY,
containing Azobenzene element trans: ~85 % conversion HSQC), HPLC
o trans=>cis:
azobenzene containing foldamer 80%
o . .
12 111 X= azobenzene and phenyl-1,2,3- ) linear to h'ehca] 'H NMR (NOESY)
cisDtrans conversion
triazole motif
77%
M-helical quinoline oligoamide
foldamer azobenzene Vesicle formation is
13 114 _ ) Z/E UV/ VIS
X= a-cyclodextrine and an . . controlled
1somerization
azobenzene
aromatical oligomer containing helical to linear THNMR,
14 115 cis: ~20-37%

azobenzene

interconversion

MALDI-TOF MS, GPC, CD
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I was participating in some synthesis of molecules that are not completely identical but
essentially similar. Two of them worth to highlight, due to their scructural properties.

Phthalazin-1(2H)-one exists as a tautomeric mixture in which the exocyclic double
bond can shift onto the benzocondensed heteroring (Scheme 1), accompanied by
migration of the nitrogen-bound hydrogen to the oxygen atom. In the lactim tautomer, the
heteroring retains its aromaticity, but the resulting hydroxy group is less nucleophilic,

leading exclusively to N-alkylation, as observed in all cases.

o] OH
NH - SN
U |
~ N s N
3a 3b

Scheme 1. The tautomer forms of phthalazin-1(2H)-one.

Comparison of reaction methods (oil bath heating vs. microwave irradiation, MW) and
reaction times provides several insights. Due to the higher molecular mass of the
substrate, a larger solvent volume was required. Conventional oil heating with Na.COs
and 1 mmol CaClz in 99% propylene carbonate (PC) gave a yield of 28% (Table 3, entry
1, Scheme 2). By contrast, four hours of MW irradiation increased the yield to 50% (Table
3, entry 2), confirming the superior efficiency of MW heating. Further optimization,
reducing the reaction time to 2 h and wusing 99.7% PC, yielded 2-(2-
hydroxypropyl)phthalazin-1(2H)-one in 55% yield without the need for a drying agent
(Table 3, entry 3). This alkylated product is a novel compound, and the results

consistently highlight that water exclusion is critical for achieving efficient N-alkylation.

0 o)
NH _99.7% PC, Na;COs ITJ/Y
=N Mw, 2h, 150 °C N OH
10

3

Scheme 2. The N-alkylation reaction of phthalazin-1(2H)-one.
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Table 3. N-Hydroxyalkylation of phthalazin-1(2H)-one.

PC T  Time Yield
5 0
Entry Heating (mmol/%) Na,COs °C) (h) CaClz ( 1/3)
1 oil bath 12/99% I mmol 170 4 1 28
mmol
2 MW 12/99% 1 mmol 150 4 1 50
mmol

3 MW 12/99.7% 1 mmol 150 2 none 55

The substrate contains three nitrogen atoms at positions 1, 2, and 3, and occurs in two
isomeric forms: 1H- and 2H-benzotriazole (Scheme 3). The electron-withdrawing nature
of the nitrogens makes the adjacent hydrogens readily deprotonatable, generating
nucleophiles that can be alkylated with propylene carbonate (PC). The 2-hydroxypropyl
side chain introduced during N-alkylation is sterically bulky, making the formation of
dialkylated benzotriazole unlikely.

Moreover, because the nucleophile generated at N1 is more stable than that at N2,
alkylation is expected to occur preferentially at the N1 position. However, we sought to

determine experimentally whether N-alkylation occurs at all.

Scheme 3. Two isomeric forms: 1H- and 2H-benzotriazoles.

Our experimental results are summarized in Table 4. The data show that N-alkylation
can take place at both nitrogen atoms (Scheme 4), with the Nl-alkylated product
consistently obtained in higher yield than the N2-alkylated product. Using PC with a
drying agent and conventional oil-bath heating, we achieved 22% yield of 1-(2H-
benzotriazol-2-yl)propan-2-ol and 47% yield of 1-(1H-benzotriazol-1-yl)propan-2-ol.
Under identical conditions but with microwave irradiation, the yields of both products

increased (entry 2). As anticipated, the best outcome was obtained under MW conditions
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with high-purity PC and no drying agent (entry 3). Consistently, N1-alkylation (product
15) gave higher yields (47-55%) compared to N2-alkylation (product 14, 22-35%) (132).

H
N_  99.7%, PC, Na,CO;, =N, //<OH
N N +
4 MW, 4 h, 150 °C =7 N
N N N

6

14 15

Scheme 4. Results with benzotriazole.

Table 4. N-Alkylation of 1H- and 2H-benzotriazole.

PC T  Time Yield
5 0
Entry Heating (mmol/%) NaxCOs3 °C) (h) CaCl, (%)

14,15

1 oil bath 9/99% 1 mmol 170 3 1 22,47
mmol

2 MW 9/99% 1 mmol 150 1 25,53
mmol

3 MW 9/99.7% 1 mmol 150 4 none 35, 55
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5. Discussion

5.1. Database overview

The BioGoldNCDB search function enables efficient navigation of the database
through a range of search criteria, covering gold nanoclusters from 247 published studies.
Users can search by keywords linked to AuNC properties, particle size, and biomedical
applications, while advanced filters allow refinement by size, surface modifications
(nanobioconjugates), and other parameters. Integration with SciFinder provides
supplementary information, with additional options to narrow results by CAS numbers,
journal titles, or identifiers. This flexibility allows researchers to quickly access relevant
data to support applications in drug delivery, imaging, and diagnostics. The database
serves both newcomers and experienced researchers, with content organized into four
main categories: manually curated data, bibliographic information, identifiers, and
metadata for straightforward navigation. BioGoldNCDB also offers an intuitive,
responsive interface with column sorting, filtering, inline editing, and features such as
keyboard navigation, drag-and-drop, and export tools, ensuring seamless exploration and
management of large datasets (133).

Link for the database: https://biogoldncdb.ladon.life/

5.1.1. BioGoldNCDB’s help desk
The help desk found under the useful information menu contains all the information

available in the database, detailing their exact definitions.

Six manually added data:

» Application: Field in which AuNCs may be applied.

* Cell line: Cell culture model used to test AuNC activity.

» Particle size: Reported in nanometers (nm); includes both gold core size and full
nanoconjugated dimensions.

» Excitation/Emission wavelength: Excitation refers to the light wavelength absorbed
by AuNGC:s, raising electrons to an excited state; emission refers to the wavelength
released when they return to ground state.

* Nanobioconjugates: For surface modification, any molecules connected to the core

for stabilizing and funcionalating the AuNCs.

38



TOC: table of content graphics.

Bibliographic Information

ID: Unique identifier assigned by the journal or database.

Title: Article heading summarizing the content.

Abstract: Brief overview of aims, methods, results, and conclusions.
Authors: Researchers who conducted and wrote the study.

Journal: Scientific journal where the work was published.
Organization: Author affiliation (e.g., university, institute).
Database: Online host (e.g., PubMed, ScienceDirect).
Volume/Issue: Journal volume and issue number.

Page numbers: Pages where the article appears.

Publication date: Date of release in the journal.

Identification

Concepts: Core themes of the article.

CAS Numbers: Unique identifiers for referenced chemical substances.
Keywords: Indexing terms improving discoverability.

Accession number: Database-specific article identifier.

CAN: Identifier for the Chemical Abstracts Service abstract.

Section: Journal section (e.g., research, review).

Section cross-reference: Link to related sections.

Identifiers

CODEN: Six-character code identifying the journal.

DOI: Permanent digital identifier for the article.

Journal code: Abbreviation of the journal title.

PubMed ID: Identifier assigned in PubMed.

MeSH terms: Standardized Medical Subject Headings used
MEDLINE/PubMed.
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5.1.2. Examples

Below are brief examples of search options available in BioGoldNCDB:

1. Free Text Search — A keyword-based search that scans multiple database fields,
including BioGoldNCDB ID, CAS number, PubMed ID, author, article title,
organization, journal name, and year of publication sown on Figure 13a and b.

2. Simple Search — Enables targeted searches based on specific criteria such as
application, cell line type, particle size, nanobioconjugates, and excitation/emission
wavelengths.

3. Multi-Criteria Search — Allows users to combine several parameters simultaneously

within BioGoldNCDB, enabling more precise and tailored searches.
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a) @ BioGoldNCDB Home Useful Iformation Database

b) @ BioGoldNCDB Home Useful information Database

Figure 13. Layout of BioGoldNCDB, showing database entries (a, b) with searchable
columns and various filtering options Firstly, the most relevant bibliographic
information can be found, then other important identifiers and finally the manually

curated data.

The platform offers multiple user-friendly features. Users can filter data within specific
columns (e.g., entering anticancerin the “application” column) or perform a
comprehensive keyword search across the entire database. Results can be exported in
PDF or Excel format, and applied filters can be saved. For instance, searching for

anticancer yields 39 entries of AuNCs with anticancer properties (Figure 14).
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Figure 14. Illustration of the BioGoldNCDB single search opportunity.

BioGoldNCDB also supports multi-criteria searches; for example, combining

anticancer with the HeLa cell line narrows the results to just five entries (Figure 15).

@ BioGoldNCDB Home Useful information Database
enIRETnvael toms: (300 |10 5.0f 5
R AU — Applcation cetine Particesize (o) xctaton vl 071/ pioconpogaes Toc
antcancer [ E—
3 pesag therapyy anticancer Hela 1122043 3057610 ahitosan

Suicide Gene

" hets 20220 300488/530620 biometalic shver BJ -
agt
Antineoplastc Agents G«

phamacology: Atineopiastic o ¥
Agents: therapeutic use MCF-7 cells (human breast — g Acidification

Figure 15. Illustration of the BioGoldNCDB multi-criteria search.
With 247 curated entries from 104 journals, BioGoldNCDB stands as the first

comprehensive database dedicated to gold nanoclusters, showcasing their promising role

in biomedical research.
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5.2. Photoswitchable peptides and foldamers

In the mini-review the most recent photoswitchable peptides and foldamers related
articles and reviews were collected in. This mini-review wanted to highlight the
photoswitchable peptides and foldamers as promising next-generation tools in
pharmacology, offering potential in drug delivery, precision medicine,
optopharmacology, and responsive biomaterials. Their capacity for reversible, light-
induced structural changes allows precise control over molecular and cellular processes,
opening new avenues for light-activated therapies with exceptional spatial and temporal
accuracy.

Photoswitchable peptides and foldamers leverage chromophores like azobenzene to
achieve precise optical control over biological functions. Recent advances in their
design—often via SPPS—enable reversible, light-triggered conformational changes that
modulate biological interactions, such as enzyme activity and muscle contraction, without
degradation over repeated cycles. Spectroscopic tools like 2D IR have deepened our
understanding of their dynamic behaviour. Chemical modifications of related building
blocks, such as pyridazinone and triazole derivatives, were performed using PC both as a
solvent and as a reagent. Importantly, N-alkylation was achieved without the use of
genotoxic reagents.

Peptides integrated with photoswitchable units can change their conformation under
light, enabling controlled biological activity. Examples include azobenzene-based
designs that influence enzyme interactions and muscle contraction. These peptides are
robust over multiple light cycles and hold potential for diagnostic and therapeutic use.
Recent designs also offer fine-tuned control in live cells, emphasizing their biomedical
versatility.

Foldamers—synthetic, foldable oligomers—are resistant to enzymatic degradation and
can be engineered with light-responsive elements. Incorporating azobenzene enables
precise, reversible control over their structure and function. Foldamers have been used
for ion transport, drug delivery, and recognition tasks.

Studies show that foldamers can adapt to environmental changes, form membrane-
crossing structures, and exhibit advanced molecular recognition. Light-regulated systems
have been developed for chloride ion transport, showing efficacy in models of cystic

fibrosis and epilepsy (Figure 16). Some foldamers mimic biological processes like protein
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unfolding and aggregation, offering tools for neuromodulation and neurodegenerative
disease research.

These molecules have demonstrated potential in enhancing antimicrobial activity,
guiding self-assembly in tissue engineering, and enabling responsive drug delivery
systems. The incorporation of photoswitchable elements into foldamers has their field of
utilization, particularly in drug transport and molecular recognition, offering fine-tuned
responses to environmental stimuli.

Innovative systems, such as photoswitchable calixarene activators, have shown
effective control over peptide transport across lipid membranes, improving biological

compatibility and therapeutic targeting.
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Figure 16. The Z/E isomerization of an azobenzene unit enables a foldameric host

system to regulate the binding and release of chloride ions in response to light

stimulation (131).
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6. Conclusions

Bionanotechnology has rapidly advanced by combining chemistry, physics, biology,
and medicine with nanotechnology, leading to significant innovations. Metallic
nanoparticles, due to their unique properties and capability to be functionalized, are
pivotal in biomedical applications such as diagnostic imaging, biosensing, sample
preparation, and therapy.

AuNCs, comprised of a few dozen atoms, have gained significant attention in nano-
chemistry and nanotechnology. AuNCs are a unique subclass of gold nanoparticles with
core sizes of <2 nm, exhibiting quantum and molecular-like properties. Their ultrasmall
size leads to distinct optical, electronic, and catalytic behaviours due to quantum
confinement effects. AuNCs are synthesized with specific ligands that stabilize them and
enhance their properties. These properties, along with their biocompatibility and
photostability, make AuNCs suitable for a diversity of biomedical applications, like
bioimaging, enzyme-mimicking activity, and antimicrobial actions. Recent studies have
highlighted their potential in various fields such as in therapy, especially in anticancer
and antimicrobial therapy, in imaging, in diagnostics and in immunotherapy.

BioGoldNCDB is a freely available, manually curated database that compiles extensive
information on AuNCs, their conjugates, and relevant literature. Each entry provides
essential details such as the abstract, CAS number, Chemical Abstracts Number (CAN),
DOI, and PubMed ID, along with biomedical applications, particle size,
excitation/emission wavelengths, investigated cell lines, and nanobioconjugates used.

The database gives opportunity for complex searches. Firstly, the user can use the free
text search which is a keyword-based search. Simple search can be applied on the
manually added columns, where the user enters a specific keyword such as anticancer.
Multiple search allows to use two or more keyword for searching and gives the result
where all the criteria were matched.

The database currently covers 247 articles from 104 journals and features an intuitive,
device-compatible web interface (PC, tablet, phone). Multiple filters and a help page
assist users in refining their searches. While offering quick insights for newcomers,
BioGoldNCDB also provides advanced researchers with a comprehensive resource on the
biocompatibility, properties, and biomedical potential of AuNCs, highlighting the

importance of this unique class of nanomaterials.

45



On the other side photoswitchable peptides and foldamers are innovative molecular

systems capable of reversible conformational changes when exposed to light, opening up
significant applications in drug delivery, biosensing, and therapeutic interventions.
This light-triggered behaviour, enabled by integrating photoactive components like
azobenzene and spiropyrans, allows these molecules to alter their physical or chemical
properties on demand. This review highlights recent progress in the design, synthesis, and
practical use of these light-responsive systems, with a focus on their potential to improve
drug performance and support the development of innovative medical treatments.

Photoswitchable peptides are engineered by integrating light-sensitive groups into their
structures, allowing for controlled changes in shape when exposed to specific
wavelengths of light. Peptides enable precise regulation of biological functions, such as
muscle contraction, by controlling molecular interactions with light-offering a highly
targeted approach to manipulating cellular processes. Photoswitchable peptides are
commonly synthesized using SPPS, a method that enables the precise design of the
peptide chains. Recent research has introduced various innovative strategies in this area.

These structures function by incorporating chromophores like azobenzene, enabling
precise optical control over biological activity. Key studies have shown their ability to
alter conformation and modulate biological interactions, such as enzyme binding or
muscle contraction, without degrading over multiple activation cycles. Light-driven
control of peptide structure enables high specificity in targeting, making them ideal
candidates for responsive drug design. Advanced spectroscopic techniques like 2D IR
have provided deeper insights into their structural dynamics. Using PC as both solvent
and reagent enabled the modification of pyridazinone and triazole building blocks,
allowing N-alkylation to be performed without hazardous genotoxic agents.

Applications in biological systems include enhancing antimicrobial activity and
guiding self-assembly into functional nanostructures for tissue engineering. Foldamers
have also been enhanced with photoswitchable elements, allowing them to respond
dynamically to light stimuli. These adaptations have led to improvements in drug
transport across membranes and fine-tuned molecular recognition. Overall, the ability to
precisely manipulate peptide behaviour with light enables the development of more

sophisticated, controllable platforms for biomedical applications.
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Foldamers, synthetic oligomers designed to fold into specific 3D shapes, have been
further enhanced by incorporating photoswitchable units, enabling them to respond to
external stimulation. Recent studies have demonstrated their potential to create materials
that can adapt to environmental effects and expands the applications of foldamers,
particularly in synthetic biology and living systems. Other studies investigated
photoswitchable calixarene activators, which effectively modulate peptide transport
across lipid membranes. This ability to control transport mechanisms not only improves
drug delivery but also suggests broader applications in enhancing biological compatibility
and molecular recognition, paving the way for safer and more effective therapeutic
systems.

In conclusion, photoswitchable peptides and foldamers offer a powerful, modular
toolkit for constructing responsive systems that bridge chemistry, biology, and medicine.
Their capacity to undergo reversible, light-controlled changes makes them uniquely
suited for applications where precision and adaptability are essential. Ongoing
advancements in their design and application are likely to play a pivotal role in the future

of personalized medicine, dynamic biomaterials, and molecular diagnostics.
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7. Summary

AuNCs represent a significant advance in nanotechnology with wide-ranging
applications in biomedical fields, showcasing exceptional properties that can be tailored
for specific uses. Ongoing research into their synthesis, characterization, and
functionalization is crucial for translating these findings into practical applications.
Addressing current challenges and exploring new frontiers will drive the future of AuNCs
in medicine and beyond.

We have created BioGoldNCDB, a comprehensive and freely accessible database of
AuNCs. Each entry in the database was meticulously annotated and manually curated.
This database provides essential information, including CAS numbers and PubMed IDs,
as well as detailed data on biomedical uses, research cell lines, particle dimensions, and
excitation/emission wavelengths.

BioGoldNCDB encompasses 247 publications from 104 journals and features an
intuitive web interface accessible via smartphones, tablets, and computers. Users can fine-
tune their searches using various filters, and a dedicated help page is available for
guidance. Designed to offer quick insights for beginners, BioGoldNCDB is also a
valuable tool for researchers across multiple disciplines.

The rapidly evolving research landscape surrounding photoswitchable peptides and
foldamers suggests extensive future potential for innovative applications in biomedicine.
Their distinct responsiveness to light stimuli presents an opportunity to develop advanced
therapeutic agents, enhancer systems for drug delivery, and novel biosensing platforms.

As methodologies in synthetic biology and advanced materials science continue to
improve, it is anticipated that these photoswitchable systems will further integrate into
precision medicine, providing targeted and effective solutions to complex medical
challenges. Pyridazinone and triazole derivatives were modified using PC, enabling N-
alkylation without genotoxic reagents.

With ongoing advancements in the chemistry and methodology related to these
systems, the prospect of establishing mechanistic pathways for dynamic regulation in
therapeutic scenarios becomes increasingly feasible. Continuous innovation in
understanding the interactions between photoresponsive materials and biological systems

will serve as a cornerstone for developing next-generation medical treatments.
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1 | INTRODUCTION

Photopharmacology merges light-based technologies with phar-
macology to precisely regulate biological processes non-invasively.
Foldamers, artificial oligomers that mimic protein structures, and
photoswitchable peptides enable reversible conformational changes,
toggling between active and inactive states. This light-controlled mod-
ulation enhances molecular precision for targeted therapies, opening

new avenues in precision medicine and biomaterial development.

2 | PHOTOSWITCHABLE PEPTIDES WITH
BIOMEDICAL APPLICATION

These systems integrate photoresponsive chromophores, such as azo-
benzene, into peptides to dynamically control their conformational
states, physicochemical properties and biological activity (Albert &
Véazquez, 2019). Over the past decade, incorporating photoswitches
into peptide scaffolds has enabled precise regulation of secondary
and tertiary structures, supramolecular assemblies and affinity to
membranes and proteins (Gutiérrez-Salazar et al., 2021). Admittedly,
azobenzene response to ultraviolet (UV) light poses a limitation for its
therapeutic application due to its poor tissue penetration and muta-
genic potential. The emergence of visible-light-responsive switches
has further enhanced their biomedical applicability, offering improved

tissue penetration and minimal side effects.

2.1 | Dynamic control of peptide secondary
structures and self-assemblies with photoswitches

The incorporation of photoswitches into peptides enables precise
modulation of their secondary structures, thereby regulating their bio-
logical activity. Light-triggered isomerization of azobenzene-modified
peptides induces transitions from disordered states to well-defined
structures (Albert & Vazquez, 2019), including a-helices, p-turns (Nuti
et al, 2019) and B-hairpins (Hayward et al., 2024) (Figure 1). For
instance, recent research has demonstrated the incorporation of
azobenzene into a peptide inhibitor targeting the programmed cell
death protein 1 (PD-1) and programmed cell death ligand 1 (PD-L1)
interaction. In this study, light-induced trans-to-cis isomerization has
been shown to stabilize a p-hairpin motif critical for binding. The cis
isomer exhibited nanomolar inhibitory activity in vitro and showed
remarkably selective cellular activity, with no inhibition from the trans
isomer. This highlights the precision of photoswitchable peptides in
targeted cancer immunotherapy (Hayward et al., 2024).
Photoswitches have been shown to regulate peptide tertiary
structures, including coiled-coil formations (Ghosh et al, 2021;
Torner & Arora, 2021). Briefly, they are defined by a heptad repeat
(abcdefg), where hydrophobic residues at positions a and d stabilize
the core through interhelical packing, while long-range electrostatic
interactions at other positions govern specificity and affinity. They

assemble in parallel or antiparallel orientations with distinct

supercoiling geometries, enabling structural and functional modula-
tion. Torner and Arora (2021) systematically investigated the impact
of azobenzene placement within the different positions of a parallel
coiled-coil heptad repeat (Figure 1, upper right). The placement of
the azobenzene effectively modulated hydrophobic packing, while
misplacement caused fraying and impaired switching (Torner &
Arora, 2021). Building on this design, the incorporation of 8-hydroxy-
quinoline groups into the photoswitch-containing coiled-coil peptide
introduced metal coordination as an additional modulator. The coordi-
nation of zinc(ll) ion (Zn?*) with these groups facilitated a transition
from an a-helical coiled coil to a B-sheet through specific interstrand
coordination (Figure 1, lower right), while other metals, such as
copper(ll) ion (Cu?*), primarily stabilized helicity. This dual-control sys-
tem, combining light-responsive photoswitching and metal coordina-
tion, exemplifies the potential of coiled-coil peptides as versatile tools
for stimuli-responsive applications (Ghosh et al., 2021).

In an alternative approach, azobenzene was integrated into a
B-annulus peptide from the tomato bushy stunt virus (TBSV) to create
a photoresponsive viral capsid. The peptide self-assembled into 30- to
50-nm virus-like particles. The light-triggered trans-to-cis isomeriza-
tion induced transitions from capsids to aggregates, enabling precise
control of guest molecule encapsulation and release (Figure 1, lower
left), showcasing the potential of photoswitchable peptides for light-
responsive nanocarriers (Matsuura & Fujita, 2021).

These approaches hold significant promises for precision
medicine, where light activation can precisely control peptide function
by modulating both secondary and tertiary structures, minimizing off-

target effects and enabling targeted therapeutic outcomes.

2.2 | Visible-light-activated peptides: innovations
in biomedicine

Recent studies have shifted the focus from UV-inducible azobenzene
switches to visible-light-responsive probes, which are more relevant
for pharmacological applications (Dong et al., 2015). Photoswitchable
therapeutics operating in the red/near-infrared (NIR) spectrum are
particularly attractive for biomedical use because red light penetrates
biological tissues deeply, minimizes adverse effects and is
widely accepted as a non-invasive treatment modality, particularly in
(onco)dermatology (Hamblin, 2017; Hdll et al, 2018; Wunsch &
Matuschka, 2013).

A significant recent development is the use of tetra-ortho-chloro
azobenzene for cysteine-selective peptide stapling, enabling a second-
ary structure shift (82%) via trans-to-cis isomerization under red light
(660 nm) irradiation. This method was applied to staple a model
p53/MDM2 interaction-inhibiting peptide. In a fluorescent polariza-
tion assay, the cis form exhibited over a 240-fold stronger affinity for
MDM2 compared to its trans counterpart (Kapun et al., 2024),
highlighting the efficacy of red light-responsive systems in modulating
protein-protein interactions (Table 1; Entry 1).

Another innovative approach utilized a perfluorinated azoben-

zene switch conjugated to cysteine side chains at the i and i+ 4
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FIGURE 1 Light-induced structural transitions in azobenzene-modified peptides. (Upper left) Photoisomerization of azobenzene disrupts

secondary structures, converting a-helices and p-hairpins into unfolded conformations upon cis-to-trans isomerization, with a reversal to the
structured state upon trans-to-cis isomerization. (Upper right) Light-induced cis isomerization of an N-terminally azobenzene-linked c-c’ coiled-
coil peptide disrupts interhelical packing. Hydrophobic core heptad positions in the canonical right-handed coiled-coil conformation are shown in
green, while those failing to support interhelical packing upon trans-to-cis photoisomerization are shown in red. (Lower right) A coiled-coil peptide
modified at the ‘e’ heptad position with an 8-hydroxyquinoline moiety undergoes a light-controlled transition between coiled-coil and $-sheet
structures in the presence of Zn?*. When azobenzene is in the cis conformation, Zn?>" coordination between 8-hydroxyquinoline (position e) and
a histidine (position g) stabilizes the coiled-coil structure. Upon cis-to-trans isomerization, Zn?* is coordinated either by two 8-hydroxyquinoline
or two histidine interstrand residues, promoting an irreversible B-sheet transition. (Lower left) Light-induced structural switching between a virus-
like particle and an aggregate, regulated via azobenzene-mediated conformational control, with aggregation being irreversible.

positions to generate a stapled cell-penetrating peptide. The photoi-
somerization of the (LSKT),_,1 peptide from the trans state to the cis
state using amber light (450 nm) resulted in a secondary structure
transformation from disordered to an amphiphilic helical conformation
(Table 1; Entry 2). Despite this structural change, however, cytotoxic-
ity assays performed on human cervical cancer Hela cells (TKG Cat#
TKG 0331, RRID:CVCL_0030) and murine embryonic fibroblast NIH
3T3 cells (CCTCC Cat# GDCO0030, RRID:CVCL_0594) showed no sig-
nificant differences in ICsq values between the photostationary states.
These findings indicate that while visible-light-responsive peptides
hold promise for cell penetration, further optimization may be neces-
sary to enhance their functional activity in this application (Cataldi
et al,, 2023).

Further advancements in the field include the development of
novel visible-light-responsive backbone photoswitches. Albert and
Vazquez (2019) introduced tetra-ortho-fluoroazobenzene (Table 1;
Entry 3) and a cyclic azobenzene derivative (Table 1; Entry 4), achiev-

ing trans-to-cis photoconversion with high efficiency under green light

(520 nm). The cis-to-trans photostationary state was then reached
using blue light (405 nm). These backbone photoswitches were
incorporated into peptides to inhibit the WD repeat domain 5-mixed
lineage leukaemia 1 (WDR5-MLL1) interaction, a critical target in
leukaemogenesis. Notably, the trans isomer demonstrated 10 times
higher potency compared to the cis form in vitro. Further investigation
into the binding modes of the isomers, as revealed by co-crystal
structures and molecular dynamics simulations, has provided a
comprehensive explanation for their differential activity (Albert
et al., 2019). Building on these results, conformationally strained
visible-light photoswitches were developed as a new class of lysine
methyltransferase 2A (MLL1) inhibitors. In vivo experiments in
zebrafish larvae demonstrated optochemical control of haematopoi-
esis, with the cis isomer disrupting blood flow and inducing develop-
mental abnormalities, mimicking MLL1 knockdown phenotypes
(Albert et al., 2022).

Diarylethene (DAE)-based photoswitchable peptides represent a
powerful platform for light-controlled therapeutic and biological
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applications. Bicyclic peptides incorporating enzyme-binding and diary-
lethene photoswitch units enabled reversible inhibition of serine prote-
ases, allowing light-regulated control over hydrogel degradation and
antimicrobial activity (Babii et al., 2021). A gramicidin S-derived pepti-
domimetic showed potent, oxygen-independent cytotoxicity for pho-
todynamic cancer therapy, with local activation in tumours
demonstrated in vivo (Babii et al., 2016). Embryotoxicity studies using
Danio rerio larvae established safety windows for 19 diarylethene-
modified p-hairpin peptides, validating a rapid in vivo toxicity screening
model (Afonin et al, 2020). Additionally, diarylethene-stapled ana-
logues of a p53/MDM2 inhibitor revealed light-dependent binding
affinities, with the ‘open’ isomers showing stronger interaction due to
entropic advantages (Strizhak et al., 2020). These findings highlight the
potential of diarylethene-modified peptides for spatiotemporal control

in enzymology, oncology and protein-protein interaction targeting.

3 | PHOTOSWITCHABLE FOLDAMERS
WITH BIOMEDICAL APPLICATIONS

Photoswitchable foldamers are synthetic oligomers that mimic protein
secondary structures while incorporating light-responsive elements
for dynamic control (Braun et al., 2012). Unlike peptides, which rely on
natural amino acid sequences and hydrogen bonding for folding, folda-
mers are designed with non-natural backbones that offer enhanced

stability and tunable conformations. The integration of photoswitches,

Light-responsive
ion-binding system

Selective ion binding or
release: regulation of
extracellular CI

concentration
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such as azobenzene, allows foldamers to undergo reversible structural
changes upon light exposure (Marafon et al., 2018), modulating their
function with high precision (Gole et al., 2019). Compared to peptides,
foldamers exhibit greater resistance to enzymatic degradation and can
be engineered for specific folding patterns independent of biological
constraints. This makes them ideal for applications in ion transport,
drug delivery and biomolecular recognition (Kothapalli et al., 2020).

31 |
anions

Photoswitchable foldamers transporting

A bioinspired photoswitchable system has been developed to regulate
chloride ion transport through light-controlled structural changes.
Chiral aryl-triazole foldamers with azobenzene end groups that bind
chloride ions in nonaqueous solutions were created (Hua &
Flood, 2010). Upon UV light exposure, the azobenzene undergoes
photoisomerization from trans to cis, reducing the foldamer's stability
and chloride binding affinity by 10-fold in acetonitrile (Figure 2). This
process is reversible, as visible light restores the trans conformation,
allowing for chloride reuptake. These properties establish a light-
responsive ion transport system, offering potential applications in pre-
cision medicine and targeted pharmacological interventions.

Inspired by halorhodopsin, researchers have developed aryl-
triazole-based foldamers that can selectively bind and release chloride

ions in response to light. These foldamers feature an interlocking
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FIGURE 2 Z/E isomerization of an azobenzene element enables light-controlled binding and release of chloride ion by a foldameric host

system.
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hydrogen-bonding array that stabilizes their helical structure, resem-
bling a p-sheet-like configuration. The study highlights that hydrogen
bonding plays a more significant role than m-stacking interactions in
stabilizing the helical fold. Light-triggered structural modifications
result in up to an 84-fold difference in chloride binding affinity,
depending on m-mt contacts and hydrogen bond positioning. Such
tunable affinity enables precise chloride regulation, making these fol-
damers highly relevant for pharmacological applications, including
anion separation, modulating chloride-dependent enzymatic activity
and regulating ion flux in biological systems (Lee et al., 2014).

A related study presents a C,-symmetric aryl-triazole foldamer
capable of self-assembling into a chloride-templated 2:2 double helix,
existing in dynamic equilibrium with a 1:1 single helix. This equilibrium
is modulated by solvent composition, temperature and concentration,
demonstrating how external factors can regulate foldamer structure.
By incorporating A < P residue substitutions, researchers have shown
that a biological sequence design influences structural stability, provid-
ing a novel approach for designing therapeutic foldamers with specific
ion transport capabilities. The study underscores the importance of
solvophobic m-stacking interactions and anion-stabilizing residues in
dictating helix formation, offering new strategies for designing biomi-
metic molecules with tailored ion transport properties (Liu et al., 2018).

The pharmacological potential of these photoswitchable folda-
mers is vast, as they can serve as next-generation therapeutics for ion
imbalance disorders such as cystic fibrosis, epilepsy and neurodegen-
erative diseases. Their ability to undergo reversible structural changes
upon light exposure enables spatiotemporal drug activation, reducing
systemic toxicity and off-target effects (Wang et al., 2010). Moreover,
these systems hold promise in neuromodulation, optopharmacology
and photoactivated drug delivery, positioning photoswitchable folda-
mers as powerful tools for precision medicine and advanced pharma-

cological interventions (De Poli et al., 2016).

3.2 | Photoswitchable foldamers in drug delivery
and precision medicine

Photoswitchable foldamers, with their ability to undergo light-induced
structural transformations, present significant pharmacological poten-
tial for drug delivery, targeted therapy and molecular sensing (Khan &
Hecht, 2006). A linear molecular system integrating threefold
hydrogen-bonding units and a trans-tetrafluoroazobenzene segment
has been designed to undergo photoisomerization-driven folding,
forming a spherical structure with enhanced chiroptical properties.
The reversible modification of these structures under visible light
offers applications in dynamic drug delivery and responsive molecular
systems, allowing for precise spatiotemporal control of therapeutic
agents (Opie et al., 2017).

One promising application involves light-responsive vesicles self-
assembled from a-cyclodextrin and M-helical azobenzene-containing
foldamers. These vesicles reversibly disassemble and reassemble
under UV and visible light, enabling the enantioselective release of

propranolol, a beta-blocker, with a preference for the R-isomer. This

light-triggered enantioselectivity underscores their potential for preci-
sion medicine, allowing targeted drug release and stereoselective
pharmacological control, which is critical in chirality-dependent drug
efficacy (Yan et al., 2020).

Photoswitchable foldamers also provide a new framework for con-
trolling biomolecular unfolding dynamics. By localizing isomerization
events, these molecules enable precise manipulation of protein-like
unfolding pathways, mimicking biological helicases and topoisome-
rases. This capability offers potential applications in dynamic recogni-
tion, optomechanical drug activation and controlled enzymatic
catalysis, allowing on-demand drug activation via light. Such controlled
unfolding pathways are particularly relevant for neuromodulation and
targeted protein degradation therapies (Yu & Hecht, 2013).

In the realm of cell adhesion regulation, azobenzene-containing
foldamers have been designed to modulate integrin-RGD interactions
on biomaterial surfaces. By light-controlled E/Z isomerization,
researchers have achieved precise regulation of cell adhesion, enhanc-
ing or reducing cell binding in response to light stimuli. This innovation
offers applications in tissue engineering, regenerative medicine and
implantable biomaterials, allowing for adaptive and reversible cellular
interactions (Goulet-Hanssens et al., 2012).

Additionally, photoswitchable foldamers have been engineered to
mimic prion-like protein aggregation, with applications in neurodegen-
erative disease research and therapeutic intervention. Light-induced
conformational changes in these foldamers promote a-synuclein
aggregation, a key event in Parkinson's disease pathology. The ability
to control protein misfolding with light provides a tool for studying
early-stage aggregation events and developing photo-modulated neu-
rotherapeutics (Marafon et al., 2021).

4 | SUMMARY

These studies position photoswitchable peptides and foldamers as
next-generation pharmacological tools, with applications in drug deliv-
ery, precision medicine, optopharmacology and dynamic biomaterials.
Their ability to undergo reversible, light-driven conformational
changes enables unparalleled control over molecular and cellular func-
tions, paving the way for light-activated therapeutics with high spatial
and temporal precision.

4.1 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corre-
sponding entries in the IUPHAR/BPS Guide to PHARMACOLOGY
http://www.guidetopharmacology.org and are permanently archived
in the Concise Guide to PHARMACOLOGY 2023/24 (Alexander
et al,, 2023).
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Abstract

Interest in gold nanoclusters (AuNCs) has grown significantly in recent decades. AuNCs,
with a core size smaller than 2 nm, represent a unique class of functional nanomaterials.
Their distinctive properties enable innovative applications across various interdisciplinary
fields. Here, we introduce BioGoldNCDB, a freely available, fully annotated, and manually
curated database of mainly about AuNCs and related AuNPs. Despite the rapid growth
in biomedical applications of gold nanoclusters (AuNCs), the lack of a centralized and
structured data resource hinders comparative analysis and rational design. Researchers
face challenges in accessing standardized information on AuNCs’ structures, properties,
and biological activities, which limits data-driven development in this emerging field. The
database provides essential information, including CAS numbers and PubMed IDs, as well
as specific details such as biomedical applications, cell lines used in research, particle size,
and excitation/emission wavelengths. It currently covers 247 articles from 104 journals.
Designed with a user-friendly and intuitive web interface, BioGoldNCDB is accessible
on multiple devices, including phones, tablets, and PCs. Users can refine searches with
multiple filters, and a help page is available for guidance. While offering quick insights
for newcomers, BioGoldNCDB also serves as a valuable resource for researchers across
various fields.

Keywords: gold; nanocluster; database; application; particle size; therapy

1. Introduction

Bionanotechnology has been a rapidly advancing field in recent decades, integrating
chemistry, physics, biology, and medicine with nanotechnology to drive innovation in
modern science [1-3]. Metallic nanoparticles (NPs) play a crucial role in this field due
to their unique properties. They can be synthesized and functionalized with various
groups, enabling conjugation with peptides, antibodies, ligands, or even drugs [4]. This
versatility opens up a wide range of biomedical applications, including diagnostic imaging,
biosensing, sample preparation, and therapy [5,6].
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NPs typically range in size from 1 to 150 nm [1,7] and exhibit size-dependent applica-
tions and distinctive physical properties, allowing them to interact with cell surface recep-
tors and biomolecules. Additionally, they serve as effective drug delivery agents [8]. Among
metallic NPs, a few materials stand out, particularly iron oxide NPs (Fe304, Fe,O3) [7,9-11],
which possess magnetic properties, and silver NPs, which have gained attention due to
their antimicrobial and biomedical applications [12-14]. These materials are widely uti-
lized in protein immobilization, MRI imaging, targeted drug delivery, infectious disease
treatment, and inflammation control [7,15,16].

AuNPs are among the most widely explored nanomaterials due to their exceptional op-
tical properties, stability, and surface functionalization potential. Their surface can be mod-
ified for bioconjugation with peptides, proteins, oligonucleotides, and antibodies [17,18].
AuNPs can function as artificial antibodies, with their binding affinity adjustable by al-
tering the ligand density on their surface [19]. Their multivalency allows them to protect
unstable drugs or poorly soluble contrast agents, facilitating effective delivery to other-
wise inaccessible tissues. Due to their unique nanoscale properties, AuNPs can modulate
cellular processes in ways that small molecules or proteins cannot [20]. Some gold NPs
efficiently convert light into heat, enabling precise thermal ablation of diseased tissues.
Additionally, their high X-ray absorption enhances cancer radiation therapy and improves
imaging contrast in computed tomography (CT) scans. Metallic NPs, in general, exhibit
strong absorption and vivid colors due to surface plasmon resonance (SPR) [21], but their
fluorescence [22] or luminescence [23] emission is generally weak or negligible. However,
gold nanotechnology enables the integration of multiple functionalities into a single con-
struct, allowing for simultaneous targeting, diagnosis, and therapy [24]. These properties
make AulNPs an attractive platform for personalized medicine, as they can be chemically
tailored for specific diseases or patients [24-31].

Gold nanoclusters (AuNCs) are atomically precise gold nanomaterials typically smaller
than 2 nm, exhibiting discrete electronic structures and molecular-like properties. These
features fundamentally distinguish them from larger gold nanoparticles (AuNPs), which
display bulk-like and plasmonic behavior. Therefore, AuNCs are more accurately regarded
as a separate class of nanomaterials, rather than a subclass of AuNPs. Unlike standard
AuNPs, AuNCs [32] significantly alter their optical, electronic, and catalytic behaviors.
Solid-phase techniques [33] have become more prevalent due to their ease of use and
scalability. AuNCs are typically synthesized in the presence of specific ligands, which act
as stabilizing agents by forming strong interactions with metal atoms (Scheme 1). Thiolated
ligands [34], in particular, directly interact with the Au core via weak coordination bonds,
enhancing their sensing and catalytic properties.

Due to their ultrasmall size, AuNCs display molecule-like behavior rather than tra-
ditional NP characteristics. This is because their dimensions are comparable to the Fermi
wavelength [35] of electrons, leading to the disappearance of conventional metallic proper-
ties. Instead, pronounced quantum confinement effects cause the energy bands to transform
into discrete electronic states, resulting in distinct optical properties compared to larger
NPs [36]. These clusters (Aujg, Aups, Ausg, Aujgs) are part of the “magic-number” se-
ries of thiolate-protected gold superatoms exhibiting enhanced stability due to closed
electronic shells [37-40].
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Scheme 1. Structures of the most common nanoconjugates and ligands.

The biocompatibility, photostability, and unique optical properties of AuNCs make
them promising candidates for various biomedical applications [28,41,42]: (i) fluorescent
AuNCs serve as bioimaging and cell imaging agents due to their non-toxic core [43];
(ii) functionalized AuNCs exhibit enzyme-mimicking activity, enabling their use in protein
activity inhibition and colorimetric detection of analytes [28,44,45]; and (iii) ultrasmall
AuNCs demonstrate broad-spectrum antimicrobial properties, efficiently targeting both
Gram-positive and Gram-negative bacteria by disrupting bacterial metabolism and induc-
ing intracellular reactive oxygen species (ROS) [46] accumulation, ultimately leading to
bacterial cell death [47-51].

Over the past few years, a large number of reports have been published to demonstrate
applications of AuNCs in oncological cases, ranging from imaging [52] and diagnostic [53]
to targeted therapy [54,55], radiotherapy [56,57], and immunotherapy [58]. Their efficacy
has been extensively tested in various cancer cell lines, such as HeLa [59], HepG2 [60],
A549 lung cancer cells [61], MCF-7 [62], U87 [63] and MDA-MB-231 [64], and even in
mice models [65].

A database was created, namely BioGoldNCDB (Bio = biomedical, NC = nanocluster,
DB = database), where all the necessary information about gold nanoclusters and related
nanoparticles can be found. The database is accessible at https:/ /biogoldncdb.ladon. life/
accessed on 15 August 2024.

2. Results
Analysis of Conjugate Applications

The biomedical applications included in BioGoldNCDB and their distribution are
shown in Figure 1b. The most common applications are therapy (122 entries) and
imaging (150 entries).
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Figure 1. The distribution of applications found for the BioGoldNCDB. (b) A more specific separation
was made for therapy (a) and imaging (c).
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The most relevant nanoconjugates and their distribution in BioGoldNCDB are pre-
sented in Figure 2. The surface ligands of AuNCs play a critical role in determining their
stability, photophysical properties and interactions with additional biomolecules. Thiols
and thiol derivatives are the primary functionalization agents for AuNCs (Figure 2a).
Glutathione (GSH) is the most commonly used thiolated ligand for the stabilization
and functionalization of AuNCs. The covalent or noncovalent conjugation of additional
biomolecules or other cargo molecules to AuNCs enables the formation of nanobiocon-
jugates, enhancing their functionality, targeting, and activity in biological environments.
Among cargo molecules, peptides and proteins are the most frequently utilized, though
oligonucleotides and drug molecules are also common (Figure 2b).

(a) Ligands

m Thiols

m Thiol
derivatives

= GSH

(b) Cargo molecules
. Amino acids
Curcumin
Folic acid 304 1%
8%
Peptides
D
rug 15%
molecules
14%
( Proteins
Polysaccharides 32%
5%

Oligonucleotides

Antibodi
ntibodies 14%

8%

Figure 2. The distribution of ligands (a) and cargos (b) found for the BioGoldNCDB entries.
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The size distribution of AuNCs is shown in Figure 3. During data collection, our
primary goal was to obtain the gold core size; however, in many cases, only size data for
the nanobioconjugates were available, or the original core size was not determined.

500+
200-500 1%

none
2%

1%

| } <2 |
128%

Figure 3. The distribution of the complete particle sizes found for the BioGoldNCDB entries given
in nm.

100-200

. 5%

50-100
5%

10-50
18%

2-10
1 30%

In the case of AuNCs, 28% are smaller than 2 nanometers, while related nanoparticles
make up nearly half of the cases (specifically, 30% are between 2 and 10 nm, and 18% are
between 10 and 50 nm).

Excitation and emission wavelength data were collected from the articles and are
presented separately in Figures 4 and 5. Most excitation wavelengths fall within the
400-500 nm range, while emission wavelengths are primarily in the 600-700 nm range.
Notably, excitation wavelength data were missing in 33% of cases, and emission wavelength
information was absent in 39% of cases.

In several cases, gold NCs are combined with one or more additional metals, forming
hybrid structures. These hybrids were excluded from our analysis, as the conjugated metals
alter the properties of gold, thereby affecting the statistical outcomes.
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Figure 4. The distribution of excitation wavelengths found for the BioGoldNCDB entries.

The number of AuNCs with reported excitation and emission wavelengths, catego-
rized into 100 nm intervals, is shown in Figure 6. These data clearly demonstrate that most
AuNC:s are excited at lower wavelengths (300-500 nm), while their emission predominantly
occurs at higher wavelengths, typically in the 600-700 nm range.

800-900 nm
700-800 nm 20, 400-500 nm
6% 12%

/ 500-600 nm
28%
600-700 nm
51%

Figure 5. The distribution of emission wavelengths found for the BioGoldNCDB entries.
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Figure 6. Distribution of excitation (blue) and emission (orange) wavelengths for gold nanoclusters
(AuNCs), grouped in 100 nm intervals. The majority of AuNCs exhibit excitation in the lower wave-
length range (300-500 nm), while their emission typically occurs at higher wavelengths (600-700 nm),
reflecting their characteristic photophysical behavior.

3. Discussion
3.1. Database Overview
3.1.1. Database Content and User Interface Layout

The BioGoldNCDB search function enables users to efficiently explore the database
using multiple search criteria. It contains information on gold NCs compiled from
247 published research articles. Users can search by keywords related to NC characteris-
tics, particle size, and biomedical applications. Advanced filters allow for refinement
based on particle size, surface modification (nanobioconjugates), and other key parame-
ters. Additionally, BioGoldNCDB integrates SciFinder’s data to enhance searches with
valuable extra information. Users can further narrow results by specifying CAS numbers,
journal names, or other identifiers. By combining these search options, researchers can
quickly access specific and relevant data, facilitating the discovery and application of
gold NPs in drug delivery, imaging, and diagnostics. The database serves as a valuable
resource for both experienced researchers and those new to the field. Its content is cate-
gorized into four main groups for easy navigation. BioGoldNCDB features an intuitive
and highly responsive user interface, enabling effortless data exploration with column
sorting, filtering, and inline editing. With built-in support for keyboard navigation,
drag-and-drop functionality, and export options, it enhances usability, allowing users to
efficiently manage and interact with large datasets.

3.1.2. Manually Curated Data

e Application: The biomedical field in which the AuNCs can be utilized.

e  Cell line: The specific cell culture used for testing or biomedical investigation.

e  Particle size: Includes both the core size (analyzed by TEM technique) and the total
size of the nanobioconjugate, measured in nanometers (nm).

o  Excitation/emission wavelength: The excitation wavelength refers to the specific
wavelength of light that is absorbed by gold AuNCs to promote their electrons to an
excited energy state. The emission wavelength is the wavelength of light emitted as
the excited electrons return to their ground state.
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Nanobioconjugates: Any molecule or material added to gold NCs as part of the
functionalization process.
TOC: Table of Contents figures.

3.1.3. Bibliographic Information

ID: A unique identifier assigned to the article by the database or journal where it is
published. (Usually not shown in the article itself).

Title: The main heading of the article that concisely captures its content.

Abstract: A brief summary of the article’s purpose, methodology, key findings,
and conclusions.

Author (s): The person (people) who conducted the research and wrote the article.
Journal: The scientific publication where the article appears.

Organization: The affiliation of the author (s), typically their university or re-
search institution.

Database: The online platform where the article can be accessed (e.g., PubMed Cen-
tral, ScienceDirect).

Volume: The volume number of the journal issue where the article is published.
Issue: The specific issue number within the volume.

Paper: (uncommon) Sometimes used interchangeably with article.

Page numbers: The page range where the article appears within the journal issue.
Publication date: The date the article was published in the journal.

3.1.4. Identification

Concepts: The main topics or ideas explored in the article.

CAS Numbers: Unique identifiers assigned by the Chemical Abstracts Service to
chemical substances mentioned in the article.

Keywords: A list of terms relevant to the article’s subject matter used for indexing
and searchability.

Accession Number: An identification number assigned to the article by a spe-
cific database.

Chemical Abstracts Number (CAN): Unique identifier for the abstract text of the
publication assigned by Chemical Abstracts Service.

Section: The specific section of the journal where the article is published (e.g., research
articles, reviews).

Section Cross-Reference: A reference to a related section within the journal where
additional relevant information might be found.

3.1.5. Identifiers

CODEN: A unique six-character code assigned to a specific journal title.

DOI (Digital Object Identifier): A unique identifier for an article that remains constant
even if the location of the article changes online.

Journal Code: An abbreviation used to identify a specific journal.

PubMed ID: A unique identifier assigned to an article by the PubMed database.
MEDLINE MeSH (Medical Subject Headings): A controlled vocabulary used by
MEDLINE /PubMed to index articles in the life sciences.

3.2. Examples

1.

Below are brief examples of some search options available in BioGoldNCDB (Figure 7):

Free Text Search: A keyword-based free text search enables users to explore various
database fields, including BioGoldNCDB ID, CAS number, PubMed ID, author name,
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article title, organization, journal name, and year of publication. More details are
available at https:/ /biogoldncdb.ladon.life/.

2. Simple Search: Users can also search for specific entries in BioGoldNCDB based
on application, cell line type, particle size, nanoconjugates, and excitation/emission
wavelengths, etc.

3. Multi-criteria search: Users can also search using multiple criteria in BioGoldNCDB.

(a) @ BioGoldNCDB Home Usetul informmation Datsbiss

(b) @ BioGoldNCDB Home Useful information Database

@RIRE T OO rmems 5 ~]1 105001247

m oy Doe Journat Code  PubMad 1D TAEDUNE MuSH Applicaton Call i Partich

rtioscragain T
embston wavmength » o

Figure 7. The layout of BioGoldNCDB, displaying database entries melyek (a) and amelyek (b), with
columns accompanied by various search options.

The platform offers several user-friendly features. Users can filter data by specific
columns (e.g., searching for the keyword ‘anticancer” within the application column) or
perform a comprehensive keyword search across the entire database. Additionally, results
can be exported in PDF and Excel formats using dedicated buttons, and applied filters can
be saved within the database. As an example of a single search, searching for ‘anticancer’
returns 39 results for gold NCs with anticancer properties (Figure 8).

The database allows for multi-criteria searches using two or more keywords. For
example, instead of searching only for anticancer applications, we can also filter for entries
tested on the HeLa cell line. Using these criteria, only five results were found (Figure 9).
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Figure 8. An illustration of a BioGoldNCDB for single search example.
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Figure 9. An illustration of a BioGoldNCDB for multi-criteria search example.

4. Materials and Methods
4.1. Data Collection and Processing

Each entry in BioGoldNCDB is a manually curated and annotated record of gold NCs
collected from the literature. The initial search was performed using the keyword ‘gold
nanocluster” in the Chemical Abstracts Service (CAS) database (https:/ /www.cas.org/) via
SciFinder (https://scifinder-n.cas.org/). Search filters were applied to include publications
from 2000 to 2024, journal articles (as document type) in English, and substances with
roles in diagnostic use and pharmacological activity were included only. Review articles
were excluded, resulting in 3577 articles. A final filter retained only those whose abstracts
contained the keyword ‘cluster’, refining the selection further. Six additional manually
curated data fields were incorporated, covering application, cell line, particle size, excita-
tion/emission wavelength, nanobioconjugates, and table of content (TOC) graphics. The
search was conducted on 27 June 2024. Each literature entry was manually reviewed, and
only those specifically related to gold NCs and related nanoparticles were included in the
final database. The total number of selected articles was 247.

4.2. Database Design and Implementation

The BioGoldNCDB web interface was developed using Next.js and React for the front
end [66], while back-end processes are managed within a Node.js environment [67]. Data
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storage relies on a MySQL relational database, with queries executed through MySQL
commands [68]. The spreadsheet-style data visualization on the webpage was built using
the EZGrid React DataGrid component [69]. Both the website and database are hosted on
DigitalOcean’s cloud infrastructure [70].

5. Conclusions

In conclusion, we have developed BioGoldNCDB, a publicly available database that
compiles extensive information on AuNCs and related AuNPs, their conjugates, and rel-
evant literature. The database features an intuitive, user-friendly interface, making it
accessible not only to experienced researchers but also to newcomers in the field. All data
were manually collected and processed to present relevant insights into the biocompati-
bility, usability, and key properties of gold NCs in this rapidly evolving field. Each entry
includes basic details such as the abstract, CAS Number (CAS RN), Chemical Abstracts
Number (CAN), DOI, and PubMed ID. Additionally, the database provides information on
applications, particle size, excitation and emission wavelengths, investigated cell lines, and
nanoconjugates used.

BioGoldNCDB currently contains 247 entries sourced from 104 different journals. To
our knowledge, this is the first freely available comprehensive database dedicated to gold
NCs. We believe that BioGoldNCDB highlights the significance of this unique class of
nanomaterials and showcases their promising biomedical potential.

While the database serves as a valuable resource for newcomers, we are confident that
advanced researchers will also find substantial information relevant to this important field.

Future developments for BioGoldNCDB include periodic incorporation of newly pub-
lished experimental data, potential integration with related nanomaterial databases to
enhance interoperability, and the implementation of advanced features such as customiz-
able filtering options, interactive data visualizations, and improved user navigation to
support diverse research needs. While our primary focus remains on gold nanoclusters
(AuNCs), we have also included related gold nanoparticles (AuNPs) when they were
reported in the same original studies, in order to preserve the context and completeness of
the biomedical findings.
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Abbreviations

The following abbreviations are used in this manuscript:
AuNCsl  Gold nanoclusters
AuNPs]  Gold nanoparticles

CT Computed tomography
GSH Glutathione
SPR Surface plasmon resonance
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Abstract: A new, eco-friendly process utilising the green solvent propylene carbonate (PC) has been
developed to perform N-alkylation of N-, O- and/or S-containing heterocyclic compounds. PC
in these reactions served as both the reagent and solvent. Importantly, no genotoxic alkyl halides
were required. No auxiliary was necessary when using anhydrous PC. Product formation includes
nucleophilic substitution with the concomitant loss of water and carbon dioxide. Substrates prepared,
including the newly invented PROTAC drugs, are widely used.

Keywords: propylene carbonate; N-alkylation; heterocycles; neat conditions; green chemistry

1. Introduction

Propylene carbonate (PC) has been ranked as one of the greenest solvents according to
the GlaxoSmithKline sustainability guide [1]. PC is a carbon-neutral, polar aprotic solvent
with a boiling point of 242 °C, serving as an excellent solvent to perform chemical reactions
at higher temperatures [2]. All three carbon atoms of the ring are electrophilic sites [3].
PC has been shown to be an efficient solvent for several transformations under various
conditions. Various Suzuki-Miyaura reactions were carried out in PC [4]. Interestingly,
aside from C-C bond formation, in a few cases, N-alkylation occurred and products with a
2-hydroxypropyl side chain were observed, as PC served not only as a reagent, but also as a
solvent. Several remarkable examples are reported for alkylation reactions on heteroatoms
with PC, including 2-hydroxypropylation of adenine with PC and NaOH in DMF [5].
The O-alkylation of phenol was performed in the presence of NaOCHj; and with glycerol
carbonate as the reagent and solvent [3,6]. The synthesis of N-(2,3-dihydroxy)propylanilines
and the mechanism of the reaction were also investigated in a reaction of glycerol carbonate
with primary amines catalysed by faujasites [7]. Aminolysis as a side reaction was also
reported in the transformation of glycerol carbonate with butylamine [8]. The alkylation of
resorcinol with ethylene carbonate was carried out using a triorgano-substituted phosphane
catalyst [9]. In another study, a similar reaction was executed using alkali-loaded large-
pore zeolites as catalysts [10]. Inspired by these results, we have decided to explore the
possibilities of applying PC both as a solvent and reagent in order to perform alkylation of
certain N-, O- and S-containing substrates in one step. Usually, the alkylation of a nitrogen
heteroatom can be achieved with alkyl halides or epoxides [11]; however, these reagents are
generally considered as genotoxic agents [12]. To overcome these considerable restrictions,
several reactions were carried out where less reactive reagents, like carboxylic acids, were
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used for N-alkylation [13]. However, these reactions needed a special catalyst or special
experimental set-up, like the safe handling of hydrogen gas. In a similar way, nitroarenes
were utilised for N-alkylation under reductive conditions [14]. Alcohols were also used for
N-alkylation, but this reaction required catalytic conditions as well [15,16]. In 2010, M. Selva
and co-workers published the selective synthesis of bis-N-(2-hydroxy)alkylanilines with
ethylene and propylene carbonate [17], respectively, starting with primary aniline and in the
presence of a catalytic amount of phosphonium-based ionic liquids. They conclude that the
reactions with PC take place at higher temperatures than those for ethylene carbonate (EC),
but only in the presence of phosphonium ionic liquid. By studying the kinetic properties of
the reaction of aniline with EC, they found that in the first two hours, the concentration of
N-2-hydroxyethylaniline increased as the concentration of starting aniline decreased, but
in the following hours, the concentration of bis-N-(2-hydroxyethyl)aniline increased with a
parallel decrease of concentration of the monoalkylated product.

The aim of this work is to study the catalyst-free alkylating nature of PC under alkaline
conditions with the aid of a microwave (Scheme 1).

o

@]
s X base o X
N A
T Y °J<o — | Ty
L~z )\/ MW LA~z
X: -C=0, -NH Z: -C=0, -N(H), -CO-NH-,

Y: -C=0, -N(H) -CH=N-, -NH-C(SH)=

Scheme 1. General outline of the performed reactions.

Substrates used in the study are phthalimide (1), isatin (2), phthalazin-1(2H)-one
(3), pyrimidin-4(3H)-one (4), 6-methylpyrimidine-2,4(1H,3H)-dione (5), 1H-benzotriazole
(6) and 2-thiouracil (7) (Figure 1). These compounds have been selected since they are
substructures of drug molecules discovered previously. Phthalimide (1) is a subunit
of anticancer pomalidomide [18] and PROTACsSs [19], which promote protein degrada-
tion [20]. The other investigated heterocycles are structural elements in CNS drugs or
antimicrobial agents [21] (isatin), antihistamine azelastine [22] (phthalazinone), antipsy-
chotic risperidone [23] (pyrimidinone), 5-HT2 and o1 receptor antagonist ketanserin [24]
(6-methyluracil). 1H-benzotriazole derivatives were found to influence metabotropic gluta-
mate receptors [25], while 2-thiouracil is a subunit of the PI3K¢ inhibitor dezapelisib [26].
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Ol O~ O
N N
Y .
1 2 3
0 2 " 0
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Figure 1. The structures of substrates studied.

2. Results

Due to our experiences with Suzuki-Miyaura reactions [4a] and green chemical trans-
formation [4b, ¢, d], we returned to the 1M solution of Na,CO3 used as a base in the
N-alkylation reaction of N-heterocyclic compounds mentioned before.

All seven substrates contain a nitrogen atom with an acidic hydrogen attached. Our
aim was to demonstrate that the corresponding nitrogen nucleophile, formed via proton
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loss in the presence of a base, can attack the most electrophilic and less sterically hindered
side of PC that is the CH; group. In order to achieve our goal, we tried to optimise the
quantity of PC. Note, however, that it needs to be used in excess, because it is the reagent
and solvent as well.

2.1. Phthalimide (1)

Our prototype molecule was phthalimide [27-31] with a nitrogen atom in between two
electron-withdrawing carbonyl groups. It is a symmetric molecule existing in a tautomeric
equilibrium of 1a and 1b (Scheme 2).

(6]
NH —]— /N
1 O 1b OH

Scheme 2. Tautomer of phthalimide.

The reaction mixture was heated either by an oil bath or microwave (MW) irradiation.
In order to optimise the amount of substances and reaction conditions, we started using
1 mmol each of the substrates, 1M Na;COj3 and varied amounts of PC (6,9, 12 and 18 mmaol).
The reaction temperature was 130 °C under MW conditions, which corresponds to 150 °C in
the oil bath (Table 1). PC in excess amounts was found to be detrimental. In the beginning,
we used a temperature of 130 °C in the MW. Unfortunately, our attempt failed with the
use of aq. 1M NapCOj3 (Table 1, entry 1). Similar results were found with 1M of K,CO;,
KOH and NaOAc. Our attempts to add para-toluenesulfonic acid to protonate the hydroxy
function and form a better leaving group, as well as raising the temperature to 170 °C (oil
bath) and 150 °C (MW), were also unsuccessful.

Table 1. N-Hydroxyalkylation of phthalimide (1).

. o,
Entry Heating (mnl:(i /%) Base T (°C) Time (h) Drying Agent Ylelg (%)
1 MW 6/99% 1 mmol 1M Na,COs3 130 2 none -
2 MW 9/99% 1 mmol 1M Na,CO3 130 2 100 mg MS (3 A) 49
3 MW 9/99% 1 mmol Na,CO3 2 150 1 1 mmol CaCl, 63
4 MW 9/99.7% 1 mmol Na,CO3 2 150 1 none 70
5 oil bath 9/99% 1 mmol Na,CO3 2 170 4 1 mmol CaCl, 66

2 Aqueous or powder.

It has been suspected that the 99% purity of PC used in excess was a problem. Conse-
quently, a small amount (100 mg) of molecular sieve as a drying agent (Table 1, entry 2) was
added. The reaction under these modified conditions resulted in successful N-alkylation
of phthalimide with a yield of 49% (Scheme 3). Then, the molecular sieve was swapped
with anhydrous CaCl; (entry 3) that raised the yield to 63% at 150 °C using the MW, and to
66% at 170 °C in the oil bath, although the reaction time had to be increased from 1to 4 h
(entry 5). Finally, the alkylation with similar ratios of reagents and high-purity (99.7%) PC
without a drying agent was carried out; the highest yield of 70% was achieved (150 °C, 1 h,
MW; entry 4).

0 o]
99.7% PC, NagCO;
NH ————————> N
MW, 1 h, 150 °C _>7
HO
1 © g ©

Scheme 3. N-Hydroxyalkylation of phthalimide (1).
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2.2. Isatin (2)

For this substance (Scheme 4), both conventional heating and microwave irradiation
were tested using both 99% and high-purity (99.7%) PC. Unfortunately, at the beginning,
the reaction was unsuccessful (see, for example, Table 2, entry 1). In the single successful
attempt performed with 99.7% PC, the desired substance [32,33], 1-(2-hydroxypropyl)-1H-
indole-2,3-dione (9), was isolated in a 77% yield (Table 2, entry 2) without a drying agent.
We have tried to interpret these experimental results. In a study, isatine was shown to be
water sensitive [34,35]; we surmise that a possible ring opening of isatine may contribute to
the results found.

o

0
% 99.7% PC, Na,CO;4 0
o P N
N MW, 1 h, 150 °C OH
2 1 9 \\<
Scheme 4. N-Alkylation of isatine (2).

Table 2. N-Hydroxyalkylation of isatine (2).

Entry  Heating (mrrI:ocl /%) Na,CO3 T (°C) Time (h) CaCl, Ylel;l (%)
1 MW 9/99% 1 mmol 160 1 1 mmol -
2 MW 9/99.7% 1 mmol 150 1 none 77

2.3. Phthalazin-1(2H)-One (3)

Phthalazin-1(2H)-one also exists as a tautomeric mixture in which the exo-cyclic double
bond shifts to the benzocondensed heteroring (Scheme 5) and the hydrogen attached to
the nitrogen atom moves to the oxygen atom. In the lactim tautomer we have an aromatic
heteroring system, but the hydroxy group formed has lower nucleophilicity; thus, only
N-alkylation will occur, as in all other cases.

0O OH
Ly e
/N /N
3a 3b

Scheme 5. Tautomers of phthalazin-1(2H)-one.

In the case of phthalazinone, some conclusions can be drawn by comparing reaction
methods (oil heating and microwave irradiation) and reaction time. More solvent was used
than for the previous cases, because of the increased molecular mass of the substrate. A
yield of 28% was found using traditional oil heating in the presence of Na,CO3 and 1 mmol
CaCl, with 99% PC (Table 3, entry 1, Scheme 6). The 4 h MW irradiation improved the
yield to 50% (Table 3, entry 2), demonstrating that MW heating is more efficient than oil
heating. In a further test, reducing the reaction time to 2 h and utilising 99.7% PC has
created the product 2-(2-hydroxypropyl)phthalazin-1(2H)-one (10) with the highest yield
of 55%, even without using the drying agent (Table 3, entry 3). This latter alkylated product
is a new compound (Scheme 6). Furthermore, we can start to see a pattern, implying that
the absence of water is critical in these N-alkylation reactions.

Table 3. N-Hydroxyalkylation of phthalazin-1(2H)-one (3).

Entry Heating (mnI:oCl 1%) Na,CO3 T (°C) Time (h) CaCl, Ylellc(l) (%)
1 oil bath 12/99% 1 mmol 170 4 1 mmol 28
2 MW 12/99% 1 mmol 150 4 1 mmol 50

3 MW 12/99.7% 1 mmol 150 2 none 55
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Scheme 6. N-Alkylation of phthalazin-1(2H)-one (3).

2.4. Pyrimidin-4(3H)-One (4)

In pyrimidin-4(3H)-one (4), one N-atom is in the near proximity of the oxo functional
group and the other is further from it, and because of this, it produces two different
derivatives, namely a 1N- and 3N-alkylated products molecule. In addition, the 1N-
alkylated product (12) was the major product (Schemes 7 and §).

0 o}
H B _ ﬁLN: _ ’\)kN
-BH N/) N)

Scheme 7. The structure of pyrimidin-4(3H)-one anions.

@ N
" 99.7% PC, Na2C03 /W/OH
‘ /) l\/IW 1h, 150 °C
N
4

Scheme 8. N-Alkylation of pyrimidin-4(3H)-one (4).

Oil bath treatment has provided a decent yield of 28% of the 3N-alkylated (11) product
and 54% of the 1N-alkylated derivative (12) (Table 4, entry 1). Under MW irradiation, 99%
purity PC provided a lower amount of product 11 (17%), but 12 was isolated with a similar
yield of 58% (data not shown). Testing 99.7% PC resulted in the highest yields of 42% and
57%, respectively, proving the great reactivity of this substance (Table 4, entry 2) towards
the alkylating agent. An explanation for this phenomenon could be the higher acidity of
the hydrogen attached to the 3N due to the proximity of the strong electron-withdrawing
carbonyl group. Consequently, the base will abstract this proton and the formed negative
charge will be in conjugation with the adjacent double bond, generating a partial negative
charge on the 1IN (Scheme 7). Consequently, it has a higher stability than the other one,
because of the resulting quinoidal structure. This accounts for the observed selectivity
pattern. Both synthesised products, 11 and 12, are new compounds.

Table 4. N-Hydroxyalkylation of pyrimidin-4(3H)-one (4).

. PC o . Yield (%)
Entry Heating (mmol/%) Na,CO3 T(°O Time (h) CaCl, 11,12
1 oil bath 9/99% 1 mmol 170 3 1 mmol 28, 54
2 MW 9/99.7% 1 mmol 150 1 none 42,57

2.5. 6-Methylpyrimidine-2,4(1H,3H)-Dione (5)

While using solvent in high excess, oil bath conditions required a long time to detect
any product at all. Products were barely detected with 99% PC, which made the use of
1 mmol CaCl, necessary (a yield of 6%, Table 5, entry 4). Nevertheless, under MW condi-
tions with less PC, we could synthesise the dialkylated product 1,3-bis(2-hydroxypropyl)-
6-methylpyrimidine-2,4(1H,3H)-dione (13) (Scheme 9) with a yield twice as high (Table 5,
entry 1).
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Table 5. Results with 6-methylpyrimidine-2,4(1H,3H)-dione (5).
. PC o . Yield (%)

Entry Heating (mmol/%) Na,CO3 T(°O) Time (h) CaCl, 13

1 MW 9/99% 1 mmol 150 6 1 mmol 12

2 MW 9/99.7% 1 mmol 150 2 none 22

3 MW 9/99.7% 1 mmol 150 6 none 49

4 oil bath 12/99% 1 mmol 170 9 1 mmol 6

(e}
(o]
N
NH 99.7% PC, NapCO3 | /Qj

| MW, 6 h, 150 °C N~ 7O

N OH

H

/go
5 13 H/

Scheme 9. N-Alkylation of 6-methylpyrimidine-2,4(1H,3H)-dione (5).

With higher-quality PC, adding the drying agent was no longer required and we
attained a yield of 22% in 2 h (Table 5, entry 2). The highest productivity (49% yield)
was achieved by using the MW for 6 h without the drying agent (Table 5, entry 3). The
synthesis of 1,3-bis(2-hydroxypropyl)-6-methylpyrimidine-2,4(1H,3H)-dione (13) appeared
in a Polish patent synthetised by carcinogenic reagents [36]. In our method, using the
green PC as a reagent and solvent allowed us to obtain the dialkylated product (13) in a
similar yield (49%), with a decreased reaction time of 6 h (Table 5, entry 3). Interestingly,
in the transformation of 6-methylpyrimidine-2,4(1H,3H)-dione (5) we could not detect
any monoalkylated molecule; only dialkylated compound 13 was formed (Scheme 9).
Presumably, the nitrogen atom between the carbonyl groups is alkylated first, leading to
a product with a single 2-hydroxypropyl side chain. The latter then undergoes a second
reaction, resulting in product 13 (Scheme 10).

Scheme 10. Possible transformation routes in the alkylation of 6-methylpyrimidine-2,4(1H,3H)-dione.

It seems that PC is a good alkylating agent, and the proximal electron-donating methyl
group does not influence the alkylation of both nitrogen atoms. In order to confirm the
alkylating power of the present system, we decided to probe its reactivity with a substrate
which does not contain such a strong electron-withdrawing group as the carbonyl group.

2.6. 1H-Benzotriazole (6)

This substrate has three nitrogen atoms in positions 1, 2 and 3 and it has the following
two isomers: 1H- and 2H-benzotriazole (Scheme 11). The nitrogen atoms have an electron-
withdrawing effect and, consequently, the attached hydrogen atoms can be removed by a
base, while the nucleophiles obtained can be alkylated by PC. The 2-hydroxypropyl side
chain obtained after N-alkylation has a steric demand. As a result, it is not expected to
deliver a dialkylated product at the benzotriazole ring. Furthermore, if one considers that
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the nucleophile obtained by deprotonation of the 1N atom is more stable than the 2N atom,
alkylation is expected to take place on the 1N atom [37,38]. Nevertheless, we were curious
to know if N-alkylation occurs at all.

H
N N
\ — N\
4 = 7/
N N
6a 6b

Scheme 11. Isomeric 1H- and 2H-benzotriazoles.

The results of our experiments with benzotriazole are summarised in Table 6. These
data show that N-alkylation can take place on both nitrogen atoms (Scheme 12). In each
case, the quantity of the 1N-alkylated product (15) was higher than that of the 2N-alkylated
product (14). Using PC in the presence of the drying agent and oil bath heating, we
measured 22% of 1-(2H-benzotriazol-2-yl)propan-2-ol (14) and 47% of 1-(1H-benzotriazol-
1-yl)propan-2-ol (15). Under identical reaction conditions, using microwave irradiation,
the amounts of both 14 and 15 increased (entry 2). As usual, the best results were achieved
without the drying agent (CaCl,) and by utilising high-purity PC under MW conditions
(entry 3). As expected, in all cases, the 1N-alkylation reaction (product 15) occurs at a
higher percentage (47-55%) than the 2N-alkylation process (product 14, 22-35%).

Table 6. N-Alkylation of 1H-benzotriazole (6).

. PC o . Yield (%)
Entry Heating (mmol/%) Na,CO3 T(°O) Time (h) CaCl, 14, 15
1 oil bath 9/99% 1 mmol 170 3 1 mmol 22,47
2 MW 9/99% 1 mmol 150 3 1 mmol 25,53
3 MW 9/99.7% 1 mmol 150 4 none 35,55

H
N 99.7%, PC, 99.7%, PC, NayCOs _N
N————————>
MW 4h,150°C //_>_ @
6

Scheme 12. Results with benzotriazole (6).

2.7. 2-Thiouracil (7)

The last substrate in our N-alkylation experiments was 2-thiouracil. It is already
known that 2-thiouracil and its 5- and 6-methyl derivatives are oxidisable with hypervalent
iodine [39], for example, using iodosylbenzene or employing ozone. In each case, the
thiocarbonyl moiety is attacked and desulfurisation occurs, creating uracil and carbonyl
compounds [40]. According to the literature, 2-thioxo-1,2,3,4-tehtrahydropyrimidin-4-one
reacted with propylene oxide in a similar manner [41]. However, propylene oxide is
not an environmentally benign reagent. In this report, NaOMe/MeOH, KOH/MeOH
and NaOH/H;O as base-solvent systems were applied, and in each case, the desired
derivatives were isolated in an almost quantitative yield. It seems that, in the presence of a
base, the thiol functional group between the two nitrogen atoms of the starting 2-thiouracil
is replaced by a hydroxy group, as depicted in Scheme 13.

Based on these findings, we were not surprised to obtain two products; both monoalky-
lated 1-(2-hydroxypropyl) pyrimidine-2,4(1H,3H)-dione (16) and dialkylated-uracil (17)
were detected (Scheme 14). 1,3-Bis(2-hydroxypropyl)pyrimidine-2,4(1H,3H)dione (17) is a
new compound, while 1-(2-hydroxypropyl)pyrimidine-2,4(1H,3H)-dione (16) is mentioned
in a patent [42], but it has not yet been characterised. We observed both monoalkylation
(11%) and dialkylation (5%) in oil bath heating (Table 7, entry 1). The yields are not satisfac-
tory, and the reaction under MW irradiation provided similar results with a more balanced
product ratio. By increasing the reaction time to 7 h, the two compounds were produced in
an equal amount of 13%.
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Scheme 13. Hydrolysis of 2-thiouracil and its tautomer.
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Scheme 14. N-Alkylation of 2-thiouracil (7) with 99% PC and CaCl,.
Table 7. N-Alkylation of 2-thiouracil (7).
. PC o . Yield (%)
Entry Heating (mmol/%) Na,CO3 TCO Time (h) CaCl, 16,17, 18, 19
1 oil bath 9/99% 1 mmol 170 3 1mmol 11,5, ni., ni.
2 MW 9/99.7% 1 mmol 150 2 none ni., 7, 34,17
3 MW 9/99.7% 1 mmol 150 4 none n.i., 30, 20, 14

Next, 99% PC was replaced by 99.7% PC and reactions were performed without CaCl,.
Under these modified conditions, three products (17, 18 and 19; Scheme 15) were detected
with 1,3-bis(2-hydroxypropyl)pyrimidine-2,4(1H,3H)dione (17) in a significantly decreased
yield of 7%. As already discussed, (Scheme 13) both 2-thiouracil and uracil are present in
the alkaline solution. The high-quality PC increases the cyclisation rate (Table 7, entry 2) of
the mono-N-alkylated product (16) to serve the following two new products: one with an
oxazole ring (18, 34%) [43,44] and the other with a thiazole ring (19, 17%). By increasing the
reaction time (Table 7, entry 3), the amount of both products 18 and 19 decreases somewhat
(20% and 14%), while more dialkylated product can be obtained (17, 30%).

S d . d d

N sHMW4h1SOC

7 17 18 19

Scheme 15. N-Alkylation of 2-thiouracil (7) with 99.7% PC without CaCl,.

We have demonstrated that the sensible equilibrium, observed in previous studies
performing alkylation of 2-thiouracil, exists under our conditions as well, serving different
products. We assume that the cyclised compounds (18, 19) can be obtained after monoalky-
lation has taken place on the 1N atom, followed by elimination of a water molecule from
the alkylated side chain and the hydrogen of the hydroxy or thiol group attached to the C-2
atom (Scheme 16). Dialkylated product 17 and thiazole-condensed product 19 have not yet
been published.
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Scheme 16. Cyclisation products of uracil and 2-thiouracil.

2.8. Theoretical Calculations

For the elucidation of the results obtained, theoretical calculations were carried
out [44-47] and pKa values were determined for compounds 1-7. In the case of 1-3,
there is only a single protic hydrogen in the molecules, attached to the nitrogen atom with
calculated pKa values of 8.63, 9.70 and 11.89, respectively. These data indicate that under
alkaline conditions, protons can be removed and the formed anions as nucleophiles are
capable of opening PC, providing the N-alkylated product.

Considering compound 4, there is only a single C-H in the molecule with a protic
nature, but the two nitrogen atoms can also carry protic hydrogens. As a consequence,
two products are expected. The pKa values calculated are 7.91 and 8.40 for 1N and
3N, respectively, indicating that the 1N position is more acidic. This corroborates our
experimental results, since the 1N-alkylated product was formed with a larger amount.
Importantly, no doubly alkylated product was observed.

Regarding compound 5, both nitrogen atoms bear a hydrogen of protic nature; thus,
double alkylation might be expected. The pKa values calculated are 9.44 and 9.34 for 1N
and 3N, respectively. According to these data, the first alkylation may happen in position 3.
The pKa value calculated for the 3N-alkylated derivative of 5 is 8.81. Accordingly, the
alkylation of 5 in position 3 enhanced the acidity of position 1, and this explains why the
doubly alkylated product was isolated as the sole derivative.

Concerning compound 6, there is only a single hydrogen of protic character in the
molecule. However, the anion formed after deprotonation has two mesomeric forms, with
the negative charge located at either position 1 or position 2. Theoretical calculations
suggest that the latter mesomeric form is slightly more stable (~1 kcal/mol); thus, charge
transition is possible.

Finally, for compound 7, results may be expected to be like those of 5. The pKa values
calculated are 6.54 and 7.15 for 1N and 3N, respectively. Both protons have a significant acidic
nature, and the observed double alkylation is in harmony with theoretical calculations.

The results of the reactions are summarised in Table 8.

The cyclised compounds (18, 19) can be obtained only after monoalkylation has taken
place on the 1N atom, followed by elimination of a water molecule.

Table 8. Product yields under optimised reaction conditions.

Product(s)
Reactant Yield (%)
o]
N
1 _>7
O HO

8: 70%
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Table 8. Cont.

Product(s)
Yield (O/o)

o)

—

Reactant

9: 77%
(0]
3[a] Y
N OH
101 550/0

0]

(o] f‘\lN
OH
4 fLNﬁ/ ' N)
7 k(
11: 42% 12: 57%
0
N
)L)L )Qﬂ
N o]
H/OH
13: 49%
.
N + N
LR o
Ho N
14: 35% 15: 55%
(] (e} (]
N N N
O .Cr X
N [e] + N /o) + N )

- R

17: 30% 18: 20% 19: 14%

[a]: reaction time 2 h, [b]: reaction time 6 h, [c]: reaction time 4 h.

3. Materials and Methods

Experimental

Phthalimide (99%) and propylene carbonate (99%) were purchased from Alfa Aesar.
1(2H)-Phthalazinone (99%), 4(3H)-pyrimidone (98%), 2,4-dihydroxy-6-methylpyrimidine
(97%) and propylene carbonate (99.7%) were purchased from Sigma-Aldrich. Isatin
(98%) was purchased from Reanal, 1H-benzotriazole (99%) was purchased from Merck,
2-thiouracil (98%) was purchased from Fluka, sodium carbonate (99.5%) was purchased
from Acidum and calcium chloride (98.1%) was purchased from Molar.

Thin-layer chromatography (TLC) was performed on aluminium sheets precoated
with Merck 5735 Kieselgel 60F254 (Merck, Darmastadt). Column chromatography was
carried out with Merck 5735 Kieselgel 60F (0.040-0.063 nm mesh). All other chemicals and
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solvents were purchased from different commercial sources and used as received without
further purification.

Freeze-drying was performed one night in a LYPH-Lock 1L lyophiliser LabConco
(Kansas City, MI, USA) with a high vacuum pump at 10 mmHg and —50 °C. Melting points
were measured on a Biichi M-550 apparatus (Biichi Labortechnik AG, Flawil, Switzerland)
and are not corrected.

Procedures

Method A: Reaction under oil bath (with 99% PC and drying agent)

The substrate (4 mmol of 1, 2, 4, 5, 6 or 7, except for 3: 3 mmol), the solid Na,COj3
(4 mmol in the case of 1, 2, 4, 5, 6 or 7, except for 3: 3 mmol), the drying agent CaCl,
(4 mmol in the case of 1, 2, 4, 5, 6 or 7, except for 3: 3 mmol) and 99% propylene carbonate
(36 mmol, 3mL, d = 1.204 g/mL in the case of 1, 2, 3, 4, 6 or 7, except for 5: 48 mmol, 4 mL,
d =1.204 g/mL) were measured into a round-bottom flask with a Liebig-condenser and
gas-outlet adapter and the suspension was treated at reflux temperature at a max. oil bath
temperature of 170 °C. After the different reaction time (Tables S2-58), the suspension was
cooled down and the unreacted solid filtered off. After washing with water, the mother
liquid was neutralised with 10% HCI solution and the aqueous layer was extracted with
CHCl3 (3 x 25 mL, in the case of 2, 5) and EtOAc (3 x 25 mL, in the case of 1, 3, 4, 6, 7),
respectively. Usually, the organic phase contained the product (10, 11, 12, 16 and 17), but
in some cases, the extraction was satisfactory only to separate the unreacted propylene
carbonate and propylene glycol from the raw product, which remained in the neutralised
aqueous phase (product 8, 9, 13, 14, 15, 18 and 19). The collected organic phase was
washed with 10% CuSOy solution (2 x 15 mL) and evaporated after drying over Nay;SOy
and filtration. In each case, the crude product was lyophilised overnight at 10 mmHg
and —50 °C and weighted before the product was purified by column chromatography
(silica gel, 0.040-0.063 mesh size, except product 10, obtained after treatment with hex-
ane). The unsuccessful reactions are not described in detail, but some are mentioned in
Tables 52 and S3. All pure products—S8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18 and 19—were
characterised by 'H-, 13C-NMR spectroscopy and HPLC-MS.

Method B: Reactions under MW conditions (with and without drying agent)

MW-assisted experiments were carried out in a monomode CEM-Discover MW re-
actor using the standard configuration as delivered, including proprietary software. The
experiments were executed in 80 mL MW process vials, a dynamic method with control of
the temperature by infrared detection. Conditions: 5 min. ramp time, 150 °C temperature,
different hold time, max. 200 Psi pressure and 300 W power. The amount of reagents was
identical to that used in Method A; however, in spite of that, the use of drying agent was
not necessary when 99.7% PC was the reagent and solvent too. After the corresponding
reaction time (Tables S2-S8), the vial was cooled to 50 °C by air jet cooling, followed by the
usual work-up, described in Method A.

Structure characterisation data:

72 mg (11%) yellowish oil 1-(2-hydroxypropyl)pyrimidine-2,4(1H,3H)-dione (16),
C7H19N203: 170.17, CAS Reg. No: 1479918-99-4, Rf = 0.40 (CHCl3/MeOH 5/1), rt = 0.23'
(94%), m/z = 171.

'H NMR (400 MHz, DMSO-dy): & = 1.04 (d, ] = 6.2 Hz, 3H, CH3), 3.38 (dd, ] = 13.6,
8.4 Hz, 1H, CHy), 3.71 (dd, | =13.6, 3.6 Hz, 1H, CH,), 3.82 (m, 1H, CHOH), 5.49 (d,
J =7.8 Hz, 1H, O=CCH), 7.52 (d, ] = 7.8 Hz, 1H, NCH).

13C NMR (100 MHz, DMSO-dg): & = 20.7, 54.5, 64.0, 100.0, 146.9, 151.3, 164.1.

42 mg (5%) white oily solid 1,3-bis(2-hydroxypropyl)pyrimidine-2,4(1H,3H)-dione
(17), C10H16N204: 228.25, Rf =0.55 (CHC13 /MeOH 5/1), rt=0.22 (1000/0), m/z =229.

'H NMR (400 MHz, DMSO-dg): & = 1.00 (d, ] = 6.0 Hz, 3H, N°*CH,CHCH3), 1.05 (d,
] = 6.2 Hz, 3H, N!CH,CHCH3), 3.44 (m, 1H, N'CHy), 3.66 (m, 1H, N>CHy), 3.77 (m, 1H,
N!CH,), 3.84 (m, 1H, N3CH,), 3.83 (m, 1H, N'CH,CH), 3.89 (m, 1H, N3CH,CH), 4.67 (d,
J =5.2 Hz, 1H, N3CH,CHOH), 4.93 (d, ] = 4.8 Hz, 1H, N'CH,CHOH) 5.63 (d, ] = 7.8 Hz,
1H, O=CCH), 7.54 (d, ] = 7.8 Hz, 1H, NCH).
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13C NMR (100 MHz, DMSO-dg): & = 20.7, 21.1, 47.1, 55.7, 63.3, 64.0, 99.4, 145.3,
151.5,162.9.

4. Conclusions

We have studied the N-alkylation power of PC functioning as both an alkylating agent
and solvent, under alkaline conditions (solid NayCOj3), either without the use (anhydrous
PC (99.7%)) or in the presence of a drying agent (CaCly, 99% PC) in one-pot reactions.
In each case, N-alkylation took place, and we were able to prepare new monoalkylated
compounds 12 and 14. In the case of 6-methyluracil (5) and 2-thiouracil (7), dialkylation
occurs under our reaction conditions, suggesting that the electron-donating methyl and
thiol groups activate the heterocyclic system towards the electrophilic carbon atom of PC. In
the case of 2-thiouracil (7), both dialkylation and monoalkylation were observed, delivering
new compounds 9 and 19, in addition to the monoalkylated product 8 and the oxazole-
condensed ring system 18. It is suggested that the most productive N-alkylation is achieved
with the use of anhydrous PC under MW conditions. We were also able to transform
compound 7 into two cyclised compounds (18, 19) by dehydration. N-Alkylation was
also successful in the case of benzotriazole (6), synthesizing two monoalkylated products.
This is despite the lack of the electron-withdrawing carbonyl group. Finally, the observed
experimental data were supported by theoretical calculations.
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