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Introduction

1 Introduction

In this part, a concise description of the recent progress in iron-based MPNs (metal-
phenolic networks) for drug delivery and peptide therapeutics with their strategies for the

intracellular delivery of peptides is given.

1.1 Iron-based MPNSs for drug delivery

This part will focus on the introduction of iron-based MPNs and its purpose for cancer
therapy with a synergistic ROS enhancement effect.

1.1.1 Iron-based MPNs

Over the past decade, MPNs entered into the realm of therapeutics research gradually,
such as antibacterial therapy and antitumor therapy.’> MPNs are three-dimensional stable
supramolecular organic-inorganic hybrid networks formed through coordination between
various metal ions and polyphenolic ligands. Polyphenolic compounds possess inherent
properties, such as metal chelation, pH reactivity, redox potential, polymerization, and
photo-absorption. These networks exhibit similarities to metal-organic framework (MOF)
materials.> However, compared with MOF nanomaterials, MPNs possess several
advantages, including excellent safety, faster and cost-effective preparation methods, and
environmental friendliness.*® Nanoparticles based on MPNs take advantages of the
interactions between metal ions and phenolic molecules to confer favorable
characteristics, such as exceptional thermal stability and pH sensitivity.*%” As studied by
Xu, et al., by adjusting the multimodal iron coordination involving catechol, carbonyl, and
hydroxyl groups within the MPNSs, it is feasible to manipulate a wide range of
physicochemical characteristics, such as size control, selective permeability by
fluorescein isothiocyanate (FITC)-dextran within the range of 20-2000 kDa, and pH-
dependent degradability.® The utilization of natural polyphenols and molecules that
possess catechol or galloyl groups, such as tannic acid (TA), gallic acid (GA), and
epigallocatechin gallate (EGCG), dopamine (DOPA) have been reported as the phenolic
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ligand for MPNs.%'3 Meanwhile, metal ions like Fe3*, Cu?*, Zn?*, Mn?*, Ni**, and Co** were

successfully applied to coordinate with polyphenols to create MPNs. 415

Iron (Fe) is one of the common essential trace elements found in the human body, playing
a crucial role in various physiological processes. It exhibits a particularly strong connection
with the immunity, enhancing the body's ability to resist infections and low biotoxicity.'®
Hence, iron stands out as a promising candidate for therapeutic applications. In addition,
the polyphenolic compound gallic acid (GA) features several favorable characteristics for
biomedical applications, such as antioxidant, anti-inflammatory, antimicrobial, and
antitumoral properties and is suggested as beneficial agent for the treatment of diabetes
and cardiovascular diseases.'’-?? These properties enable GA to serve as building blocks

for developing iron-based MPN materials with multiple functionalities.

1.1.2 Iron-based MPNs for cancer therapy with synergistic ROS effect

To date, cancer is one of the leading threats of human health behind the heart and
circulatory disorders.?® Various cancer treatments such as surgical resection,
chemotherapy, radiotherapy, and immunotherapy have been developed and
demonstrated some efficacy in suppressing tumor growth.?42° Nonetheless, due to their
lack of tumor specificity, potential development of therapeutic resistance, and challenging
tumor microenvironments (TME), these existing cancer treatments are still hindered by
limited therapeutic effectiveness and severe side effects.! Therefore, there is an urgent
need to develop innovative strategies that can achieve more potent and safer cancer

treatments.

Recently, iron-based nanoparticle systems, such as iron nanometallic glasses, iron oxide,
and metal polyphenol networks (MPNSs), have been utilized as drug delivery vehicles and
as agents that generate reactive oxygen species (ROS) for the purpose of treating
cancer.3%-32 ROS, including peroxide (O227), Oz, hydroxyl radical (HO-), and singlet
oxygen ('0Oz2), play crucial roles in cell signaling and homeostasis during various biological
processes.?¥34 The Fenton reaction, contained in iron-based MPNs, can transform
hydrogen peroxide (H202) into free radicals with the help of iron.3' Moreover, polyphenol

4
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could accelerate the conversion from Fe(lll) (low catalytic efficiency) into Fe(ll) (high
catalytic efficiency), resulting in a significantly enhanced Fenton reaction.3® High level of
ROS within the organism can induce oxidative harm to cellular components and impair
proper cellular metabolism.3® To be specific, the concept of the ROS threshold is used to
elucidate the varying vulnerability of tumor cells and non-tumor cells to approaches that
produce reactive oxygen species (ROS). While a certain level of ROS is necessary for cell
survival, an excessive amount of ROS leads to cell death. Non-tumor cells typically
generate lower levels of ROS and possess robust antioxidant mechanisms. When
therapeutic approaches elevate ROS levels, tumor cells surpass the threshold for cell
death sooner, making them more susceptible to elimination. This distinction provides an
opportunity for ROS-promoting therapies.?” Thus, the induction of ROS from external

sources represents a promising strategy for cancer treatment.

Multiple polyphenols and their derivatives can be employed to coordinate with Fe for
cancer therapy with ROS synergistic effect. In order to discover new pathways for
overcoming multidrug resistance (MDR) of cancer, Guo et al. prepared the dendrimer
(Den)-doxorubicin (DOX)-tannic acid-Fe®* (DDTF) nanocomplex by mixing the metal-
phenolic network formed by tannic acid and Fe®* with the DOX-loaded Den, which can
combat MDR of cancer cells via an apoptosis/ferroptosis hybrid pathway.*® Dong et al.
developed a kind of ultrasmall nanocomplexes composed of gallic acid-ferrous (GA-Fe(ll)),
serving as catalysts for the Fenton reaction and facilitating the continuous conversion of

H202 into highly cytotoxic hydroxyl radicals (HO+). This process effectively amplifies

intracellular oxidative stress, leading to cancer cell death.?® Yu et al. formed another
versatile nanotherapeutic agent, called FeEP-NPs, through a one-pot self-assembly
technique based on the coordination between Fe and (-)-epigallocatechin gallate (EGCG),
with  poly(vinylpyrrolidone) serving as a stabilizer. The engineered FeEP-NPs
demonstrated efficient generation of the toxic hydroxyl radical (HO¢) through the Fenton
reaction, thereby enabling effective chemodynamic therapy (CDT)."> Additionally, to
address challenges such as multidrug resistance (MDR) and minimizing drug toxicity in

normal tissues, Chen et al. designed and fabricated a core structure comprised of glucose
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oxidase (GOx)-attached Fe3O4 nanoparticles, while their shell layer consists of PEGylated

metal-phenolic networks (MPNs) loaded with the prodrug form of doxorubicin (pDOX).40

To sum up, iron-based MPNs act not only as the carriers for antitumor drugs, but also as
the reactive oxygen species (ROS) enhancing agent through Fenton reaction. Therefore,
the exploration of lron-based MPNs presents a highly promising approach for the

combination therapy against cancer.

1.2 Peptide therapeutics

In recent years, there has been a revival of interest and scientific progress in the field of
peptide drug discovery. The pharmaceutical industry has recognized the significant
potential of peptide therapeutics in addressing unmet medical needs. This class of
compounds is now seen as an excellent complement or even a preferable alternative to

small molecule and biological therapeutics.

1.2.1 Current state

Peptides are a distinctive category of biomolecules that have found a therapeutic niche
due to their unique biochemical and therapeutic properties. The intermediate nature
between small molecule drugs and therapeutic biologics enables peptides to combine
their benefits while avoiding their respective drawbacks.*' By virtue of their molecular
weight, peptides were defined by the IUPAC and US FDA as a polymer composed of less
than 50 amino acids (500-5000 Da), between small chemical molecules (< 500 Da) and
biologics (> 5000 Da).?”#?> Nevertheless, the boundary of 50 residues is not an absolute
rule, and some scientists differentiate peptides from proteins based on their synthetic
feasibility.** However, recent advances in synthesis techniques have also made it possible

to synthesize small proteins.*

The impact of peptides on the modern pharmaceutical industry has been significant, and
they have played a crucial role in advancing the fields of biological and chemical science.

In first half of the 20th century, the study of the structures and physiological functions of

6
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peptide hormones like insulin, oxytocin, gonadotropin-releasing hormone, and
vasopressin had a profound impact on the fields of pharmacology, biology, and chemistry,
as well as other technologies that were crucial for modern drug discovery. These
fundamental investigations acted as a catalyst for numerous major advancements.*
Towards the end of 20th century, there was a notable emergence of a new category of
peptides therapeutics that differed significantly from small molecule drugs in size. This
progress was driven by advancements in recombinant protein expression and other
molecular biology tools, improved protein purification techniques and analysis tools, and
the discovery that proteins possess exceptional potency and selectivity towards their
molecular targets.?” Contemporarily, particular attention was attracted on peptide
therapeutics, with a strong emphasis on macrocyclic peptides. These peptides possess a
distinct size and extensive binding surface area, which allows them to effectively target
protein-protein interactions (PPI) and other challenging, hard-to-treat targets.*6:47

Over the past two decades, there has been a notable surge in the exploration of peptide-
based drugs. Over 60 new, non-insulin peptide drugs (Table 1) were approved worldwide
since 2000, with several achieving significant market success.*84° All these peptide drugs
have found extensive use in various therapeutic fields, including pain management,
oncology, urology, respiratory, metabolic disorders, cardiovascular diseases, and
antimicrobial treatments.>® Currently, more than 170 peptides are undergoing active
clinical development, and numerous others are being studied in preclinical research.®°
During the transition from Phase Il to Phase Ill of drug development, peptides are
demonstrating superior performance compared to small molecules, with a success rate of
42% for peptides compared to 29% for small molecules.®! This favorable performance of
peptides, as well as their advantageous characteristics and recent innovative
advancements in their discovery, have generated significant interest in peptides as a

promising class of drugs.?’52:53
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Table1. Non-insulin Peptides Approved in the Years 2000-2022

Peptide name

Atosiban
Taltirelin

Aviptadil
Carbetocin
Nesiritide
Teriparatide

Enfuvirtide
Abarelix
Ziconotide

Pramlintide
Exenatide
Icatibant

Romiplostim
Degarelix

Mifamurtide
Liraglutide

Tesamorelin
Lucinactant

Peginesatide
Pasireotide
Carfilzomi

Linaclotide
Teduglutide

Lixisenatide
Albiglutide

Oritavancin
Dulaglutide

Afamelanotide

Year of
approval
2000

2000

2000
2001
2001
2002

2003
2003
2004

2005
2005
2008

2008
2008

2009
2009

2010
2012

2012
2012
2012

2012
2012

2013
2014
2014
2014

2014

Approved
indication(s)
obstetrics

Central nervous
system
urology

obstetrics
cardiovascular
osteoporosis

antiinfective
oncology
pain
metabolic
disease
metabolic

disease
hematology

hematology
oncology

oncology

metabolic
disease
antiinfective

pulmonary

hematology
endocinology
oncology

gastroenterology
gastroenterology

metabolic
disease
metabolic
disease
antiinfective

metabolic
disease
dermatology

Peptide name

Angiotensin I
Semaglutide

Etelcalcetide
Macimorelin
177Lu Dotatate

Edotreotide
Gallium Ga-68
Bremelanotide

Afamelanotide

Enfortumab
Vedotin
Polatuzamab
Vedotin
Trastuzumab
Deruxtecan
Setmelanotide

64Cu-Dotatate

Gallium (58Ga)
Gozetotide
Belantamab
Mafodotin
Pegcetacoplan

Vosoritide

Melphalan-
Flufenamid
Voclosporin

Dasiglucagon

Piflufolastat-
F18
Difelikefalin

Odevixibat

Tisotumab
Vedotin
Loncastuximab
Tesirine
Terlipressin

Daxibotulinumt-
oxinA
Olipudase Alfa

Year of
approval
2017

2017

2017
2017
2018
2019

2019
2019
2019

2019
2019
2020

2020
2020

2020
2021

2021
2021

2021
2021
2021

2021
2021

2021
2021
2022
2022

2022

Approved
indication(s)
hematology

metabolic
disease
hemodialysis

endocinology
oncology
oncology

endocinology
hematology
oncology

oncology
oncology

metabolic
disease
imageology

oncology
oncology

metabolic
disease
achondroplasia

oncology

lupus nephritis
hypoglycemia
imageology

hemodialysis

metabolic
disease
oncology

oncology
hepatorenal
syndrome

glabellar lines

endocinology



Introduction

Lxazomib 2015 multiple Tebentafusp 2022 melanoma
Ninlar myeloma
Abaloparatide 2017 osteoporosis Sutimlimab 2022 cold agglutinin
disease
Plecanatide 2017 chronic idiopathic Faricimab 2022 metabolic
constipation disease

Data taken from 4548.49,

On the other hand, the remarkable and simultaneous success of recombinant biologics
have prompted a reconsideration of the peptide field for potential prospects, given their
common biological traits and scientific advancements that are applicable to both areas.*®
Furthermore, methods, employed to produce peptides, play an important role in the widely
application of peptide therapeutics. Since Merrifield introduced solid-phase peptide
synthesis (SPPS) in 1963,%* and recent advances in flow-SPPS,** chemical synthesis was
revolutionized by offering rapid and reliable access to peptides and small proteins, while
convergent synthesis in solution and chemical ligation are for large-scale production or
peptides larger than 50 amino acids. Enzymatic synthesis is among other strategies, as
well as the utilization of expression systems such as cell-free or recombinant systems,
transgenic animals, and plants.®>® As a result of these accomplishments, pharmaceutical
corporations have been motivated to make substantial enhancements in their investments

towards the discovery of peptide-based drugs.

1.2.2 Advantages and disadvantages of peptide therapeutics

Small molecule drugs are renowned for their extensive history of therapeutic use, and
possess inherent benefits such as economical production and sale, oral delivery, and
favorable membrane permeability.® Both naturally derived and chemically manufactured
small molecules offer cost competitiveness when compared to peptides and biologics
(which include proteins or antibodies).®”-%8 Nonetheless, their small structure makes it
challenging to effectively modulate extensive surface interactions, such as protein-protein
interactions (PPIs). PPIs play significant role in numerous cellular processes and influence
biological functions by causing changes in protein characteristics, including enzymatic
activity, subcellular localization, and/or binding properties.®® Typically, PPIls cover an

interaction area of 1500-3000 A?, whereas small molecules can embrace only 300-1000

9
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A2 of the protein surface, owing to their restricted molecular size.®® The clinical use of
small molecules is also limited by their low specificity compared with peptide drugs.®"
When compared to small molecules, peptides provide heightened potency, selectivity, and
specificity, while displaying diminished off-target toxicity and reduced potential for drug-
drug interactions. On the other hand, in contrast to proteins, peptides exhibit enhanced
activity per unit mass, superior tissue penetration, reduced immunogenic potential, and
lower manufacturing expenses (synthesis for small peptides as opposed to recombinant
production for proteins).f? Moreover, peptides generally exhibit moderate molecular
weights, and feature structural diversity and conformational flexibility at the same time
which can be tuned to specific bio-interactions.*! From the physicochemical perspective,
bioactive peptides fill the gap between small molecule drugs and large macromolecular
biologics, which can mediate therapeutic effects by interference with cellular process and
interactions with target receptors.®® It was demonstrated that these remarkable
biomolecules are suitable to treat cancer, vascular diseases and microbial infection.®
Furthermore, their design flexibility and feasible modification enables generation of
sequences with favorable solubility, target selectivity, low toxicity and immunogenicity

leading to safe and economic therapeutics.5%6¢

Nevertheless, certain limitations hinder the broad clinical application of peptides, such as
short half-life and susceptibility to enzymatic degradation. In addition, the membrane
impermeability of polar, macromolecular peptides generally restricts applicability to
extracellular targets, such as cell surface receptors, ion channels, or secreted

proteins.*267 posing significant obstacles in the development of peptide drugs.

i. Peptides have poor biological stability. While natural peptides are composed of
amino acids linked by amide bonds, they do not possess the stability that results
from secondary or tertiary structures.5°

ii. Peptides are membrane impermeable. Several factors, including the length and
amino acid composition of peptides, affect their ability to permeate the membrane.
Peptides usually face difficulty in crossing the cell membrane to reach intracellular

targets, which restricts their potential use in drug development.>3

10
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The inherent pros and cons of peptides pose obstacles for peptide drug development, but
they also offer prospects and pathways for the refinement and customization of peptide

drug design.

1.2.3 Strategies for overcome the shortcoming of peptides

Advanced chemical and nanoengineering methods have been employed to conquer
biological barriers. To unravel the full potential of peptide drugs and extend the
pharmacological space of ‘druggable’ targets toward the intracellular environment, diverse
strategies were developed, such as peptide cyclization, variation of the sequence length
and side chains and conjugation to cell-penetrating peptides (CPPs).%® Specifically, the
methods can be classified into two categories - the direct enhancement of the properties
of the therapeutic compound that change its chemical structure, while the employment of
nanoparticles that address certain drawbacks without modifying the peptide's
structure.*4%°-72 These cutting-edge technologies signify a promising shift in the approach
towards developing peptides as effective therapeutic agents and distinctive molecular

tools.

In the realm of peptides, cyclization methods have been extensively utilized and
accomplished through various approaches, such as cyclization from head to tail, from
head/tail to side chain, or from side chain to side chain.”®"#4 Cyclization can tackle protein-
protein interactions, enhance affinity, extend the target's retention period, and

consequently prolong the half-life.”>76

Recently, many research papers focused on directly modifying amino acids were
pubblished.#6:50.75.77 As an instance, substituting L-amino acids with D-amino acids (L-Trp
to D-Trp).”® Another promising avenue for modification is increasing the size of the side
chain which leads to greater stability due to the disruption of enzyme recognition, but
without assist for cell permeability.”® Furthermore, recent advancements in chemical and
enzymatic synthesis technologies have significantly improved the accessibility of synthetic
non-natural amino acids. As a result, peptides can now be engineered with unprecedented
precision and control, thereby expanding their potential applications. For example, the

11
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incorporation of reactive side chains into peptides enables the formation of covalent
crosslinks, which can enhance their stability and binding affinity towards target
molecules.8%-82 However, non-natural chemical building blocks as side chains may bring

the risk of side effects, such as toxicity or immunogenicity.®?

When assessing renal clearance, it is important to take into account the total net charge
of a peptide sequence. Peptides that have a net negative charge tend to have a longer
half-life than those with a net positive charge.®* Moreover, there are many other
approaches to prolong plasma stability, such as by modifications at the N- and C-
terminus,”® and to slow down the renal clearance, by conjugation of peptides with larger
molecules (such as HSA), PEGylation,®> PASylation.””

1.2.4 Peptides as a platform for drug delivery

Peptides present a versatile platform that can deliver cargos to designated targets while
also exhibiting biological activity. Consequently, they have emerged as a promising tool
for developing targeted therapeutics, particularly in the field of oncology. PDC (peptide-
drug conjugates) presents a versatile approach that provides an excellent opportunity for
delivering payloads and imaging agents, enabling the identification of the tumor location
or determination of tumor progression.®%8” However, PDCs suffer from the same
limitations as peptides, namely poor stability in circulation and rapid renal clearance, which
are one of their primary drawbacks. The utilization of nanoparticles presents a promising
solution to overcome the poor stability in circulation and rapid renal clearance associated
with PDCs and peptides.®8° Nanoparticles have been extensively studied for their ability
to improve drug delivery, primarily due to their unique physical and chemical properties.
They have a high surface area-to-volume ratio, which allows for increased drug loading,
and their physiological property enables them to penetrate tissues more efficiently.%
Moreover, nanoparticles can be designed to have specific surface properties that enable
them to evade the body's immune system, leading to longer circulation times and

enhanced accumulation at the tumor site.

12
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1.3 Aim of this thesis

Considering economic synthesis and retention of activity, nanoparticles (NPs) play an
increasing role for the delivery of biomacromolecules into cells, including therapeutic
peptides.®!-%> Several researchers have confirmed that encapsulation of peptides into NPs
significantly improves proteolytic stability and cellular uptake.®®-°” However, in contrast to
nucleic acids which can be encapsulated by nanocarriers via electrostatic interactions
almost quantitatively, the diverse physicochemical properties of peptides impede the
development of generic strategies for a facile, flexible and efficient cargo loading.
Consequently, the general lack of active loading mechanisms frequently leads to low
encapsulation efficiencies and loading capacities. Therefore, new concepts for delivery of
bioactive peptides with facile and high loading efficiency, for instance via self-assembly is

still a challenging task.

The aim of this thesis has been to develop a novel generic platform for the quantitative
assembly of peptides into nanoparticles and efficient cellular delivery. More specifically, a
protected gallic acid (GA) derivative 3,4,5-tris((tert-butoxycarbonyl)oxy)benzoic acid%
was planned to be used for the preparation of GA-functionalized peptides via solid-phase
synthesis, which should assemble into iron-gallic acid peptide nanoparticles (IGPNs) via
coordinative interaction with Fe3*. In view of potential applications in cancer therapy, pro-
apoptotic peptides®®1% had to be encapsulated into IGPNSs. It was expected that multi-
leveled anti-tumor effects could be achieved by the combination effect with intrinsic ROS
generation enhanced by the nanomaterial. Fe?*/Fe3* can catalyze the conversion of
endogenous H20:2 into highly reactive hydroxy radical (HOe<) through Fenton reaction
(Figure 1).%10" In this process, polyphenols contribute by accelerating the reduction of Fe3*
to Fe?*.3% It was the hope that this strategy would lead to therapeutic nanoparticles
exclusively composed of functional components: bioactive peptides as well as ROS
generating Fe3* and gallic acid. In this research, the feasibility to assemble different
peptides into IGPNs and trigger intracellular effects had to be systematically investigated.

If successful, the proposed platform provides a promising therapeutic direction for delivery

13
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of antitumoral peptides accompanied by synergistic chemodynamic effects via

intracellular ROS generation.

Apoptosis

Figure 1. lllustration of combined antitumoral affects mediated by IGPNs containing gallic
acid (GA) modified apoptotic peptides and Fe3*.

14
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2 Materials

2.1 Chemicals

Gallic acid (Sigma-Aldrich, Burlington, MA, USA), anhydrous DCM AcroSeal® (Acros
Organics, Geel, Belgium), di-tert-butyl dicarbonate (DIBOC, Sigma-Aldrich), N,N-
diisopropylethylamine (DIPEA, Iris Biotech), ethyl acetate (Sigma-Aldrich), 4-
(dimethylamino)pyridine (DMAP, Sigma-Aldrich), 2-chlorotrityl chloride resin (Iris Biotech),
Fmoc-L-Lys(Boc)-OH, Fmoc-L-Lys(Dde)-OH, Fmoc-L-Ala-OH, Fmoc-L-Thr(tBu)-OH,
Fmoc-L-GIn(Trt)-OH, Fmoc-L-Pro-OH*H20, Fmoc-L-Val-OH, Fmoc-L-Leu-OH, Fmoc-
Gly-OH, Fmoc-L-Glu(tBu)-OH*H20 (Iris Biotech), 1-hydroxybenzotriazole (HOBt, Sigma-
Aldrich), benzotriazole-1-yl-oxy-tris-pyrrolidino-phosphonium hexafluorophosphat
(PyBOP, Multisyntech GmbH, Witten, Germany), methanol anhydrous AcroSeal® (Acros
Organics), N,N-dimethylformamide (DMF, Iris Biotech, Marktredwitz, Germany),
dichloromethane (DCM, Bernd Kraft, Nordrhein-Westfalen, Germany), N-methyl-2-
pyrrolidone (NMP, Iris Biotech), trifluoroacetic acid (TFA, Thermo Scientific, Waltham, MA,
USA), piperidine (Iris Biotech), hydrazinium hydroxide (Sigma-Aldrich), methyl-tert-butyl
ether (Brenntag Mulheim/Ruhr, Mulheim, Germany), n-hexane (Brenntag Mulheim/Ruhr),
deuterium oxide (Sigma-Aldrich), dimethyl sulfoxide-ds (Eurisotop, Saint-Aubin, France),
iron (lll) chloride hexahydrate (Grissing GmbH, Filsum, Germany), polyvinylpyrrolidone
(PVP10, average mol wt 10 kDa, Sigma-Aldrich), 2’,7’-dichlordihydrofluorescein-diacetate
(H2DCFDA, Thermo Fisher Scientific), CellROX™ Green Flow Cytometry Assay Kit
(Thermo Fisher Scientific), CellTiter-Glo® (Promega, Madison, WI, USA), methylene blue
(Sigma-Aldrich).

2.2 Celllines
Name Description Application
N2A Mouse neuroblastoma cell lines Cytotoxicity

Human cervix carcinoma cell o
WT-HelLa i Cytotoxicity
ines

15
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3 Methods

3.1 Nuclear magnetic resonance (NMR):

"H-NMR spectroscopy was performed with an Advance 1ll HD 400 MHz Bruker BioSpin
(400 MHz) with CryoProbe™ Prodigy probe head. Each sample was prepared by
dissolving 5-7 milligram of the material in 600 yL D20 or DMSO-ds in NMR tubes
(Hilgenberg, standard 5 mm).

3.2 MALDI-TOF mass spectrometry:

MALDI-TOF mass spectra were measured with a Autoflex |l mass spectrometer (Bruker
Daltonics, Germany). The matrix solution was composed of 10 mg/mL Super-DHB (90/10
m/m mixture of 2,5-dihydroxybenzoic acid and 2-hydroxy-5-methoxybenzoic acid) in
69.93/30/0.07 (v/viv) H2O/acetonitrile/trifluoroacetic acid. 1.5 yL of matrix solution was
spotted on a MTP AnchorChip (Bruker Daltonics, Germany). After crystallization of the
matrix solution, 1.5 pL of sample solution (1 mg/mL in water) was added onto the matrix
spot. Data was recorded either in positive or negative ion mode, depending on chemical

structure.

3.3 ESI mass spectrometry:

ESI mass spectra were recorded with a Thermo scientific LTQ FT Ultra Fourier transform
ion cyclotron with lonMax source. All the samples were dissolved in water or 30%

acetonitrile in water at a concentration of 1 mg/mL.

3.4 Analytical reversed-phase high performance liquid
chromatography (RP-HPLC):

RP-HPLC was carried out with a VWR-Hitachi Chromaster 5160 pump system VWR-
Hitachi Chromaster 5260 autosampler and a VWR-Hitachi Chromaster 5430 diode array

detector (VWR, Darmstadt, Germany) at 280 nm detection wavelength. As a column either
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a YMC Hydrosphere 302 C18 (YMC Europe, Dinslaken, Germany) or a Waters Sunfire
C18 (Waters, Milford, MA, USA) was used. A gradient from 1% to 100% acetonitrile

containing 0.1% trifluoroacetic acid in 30 min was applied.

3.5 Transmission electron microscopy (TEM):

For Transmission electron microscopy (TEM) and energy dispersive X-ray (EDX)
spectroscopy, a Titan Themis (FEI) equipped with a Super-X EDX detector, operated at
300 kV was used. Samples were prepared by drying sample droplets on a plasma

activated thin carbon film supported by a copper grid.

3.6 X-ray photoelectron spectroscopy (XPS):

The XPS measurements were carried out by using a VSW TA10 X-ray source providing
non-monochromatized Al Ka radiation (hv = 1486.6 eV) set at 15 mA and 12 kV and a
VSW HA100 hemispherical analyzer. The spectra were recorded with a pass energy of
22 eV and a dwell time of 0.1 s per measurement point. The samples were applied onto
a silica wafer and subjected to overnight oven drying, resulting in the formation of a

residual dry film on the wafer.

3.7 X-ray diffraction (XRD):

Powder X-ray diffraction (PXRD) measurements were carried out on a Bruker D8 Discover
with Ni-filtered Cu Ka radiation and a LynxEye position-sensitive detector in Bragg-
Brentano geometry. KB radiation was attenuated with a 0.0125 mm Ni filter. All samples

were prepared by fixating the dried samples between two polymer foils.

3.8 Dynamic light scattering (DLS) and zeta-potential measurements:

DLS and zeta potential were measured using the Nano-ZS Zetasizer equipped with DTS-
1070 folded capillary cuvettes (Malvern Instruments, Malvern, Worcestershire, United

Kingdom). All samples were dispersed in deionized water and measured three times with
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at least six subruns each to get respective z-averages, PDls. Zeta potential
measurements were performed in the solution of 10 mM NaCl in water as triplicates with

10-15 subruns, respectively.

3.9 Thermogravimetric analysis (TGA):

Thermogravimetric analysis (TGA): TGA was carried out with a thermo-microbalance
(Netzsch, STA 449 C Jupiter) by applying a heating rate of 10 °C/min from room
temperature up to 900 °C. Approximately 10 mg of material was heated under synthetic

air (N2/O2 mixture).

3.10 UV-Vis spectroscopy:

UV-Vis measurements were carried out using a Cary 3500 UV-Vis multicell
spectrophotometer system. All the samples were diluted with the respective solvent to a

total volume of 1 mL or 3 mL.

3.11 Synthesis of 3,4,5-tri-O-(tert-butoxycarbonyl)-gallic acid

4-Dimethylaminopyridine (DMAP) (61 mg, 0.5 mmol, 0.5 eq.), di-tert-butyl decarbonate
(DIBOC) (237 mg, 1.08 mmol, 4.0 eq.) and pyridine (474 mg, 6 mmol, 6.0 eq.) was added
in sequence to a stirred suspension of gallic acid (170 mg, 1 mmol, 1.0 eq.) in
dichloromethane (20 mL) under nitrogen atmosphere. After stirring at room temperature
overnight, the reaction mixture was quenched with water (20 ml) and washed with 3 x 1
M HCI, 3 x water and dried over anhydrous MgSOs4. The solvent was evaporated at
reduced pressure, to give the crude product. Purification by column chromatography with
n-hexane:ethyl acetate 9:1 (v/v) as eluent vyielded the product 3,4,5-tri-O-(tert-
butoxycarbonyl)-gallic acid (231 mg, 47.1%) as a light yellow oil, '"H NMR (400 MHz,
DMSO-de) 5 7.78 (d, J = 0.6 Hz, 2H), 1.49 (s, 18H), 1.48 (s, 9H); MS (ESI) m/z 469.2 [(M-
H)J.
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3.12 General synthesis of peptides

2-Chlorotrityl chloride resin was used as solid support for all peptide syntheses. In case
of GA modified peptides, Fmoc-Lys(Dde)-OH was loaded onto the peptide resin. Amino
acids were sequentially coupled from C- to N-terminus under standard Fmoc solid phase
peptide synthesis (SPPS) conditions in 10 mL syringe reactors. Coupling of a-amino acids
were carried out with 4 eq Fmoc L-amino acid (relative to loaded amines), 4 eq 1-
hydroxybenzotriazole (HOBt), 4 eq PyBOP and 8 eq N, N-diisopropylethylamine (DIPEA)
dissolved in a mixture of DCM-DMF 4:3 (7 mL per g resin), followed by 1 h incubation
under agitation at room temperature. Fmoc deprotection was carried out by 4 x 10 min
incubation with 20% piperidine in DMF (7 mL per g resin) at room temperature. After each
coupling and deprotection step, the resin was washed 2 x DMF and 3 x DCM (7 mL per
g resin), and a Kaiser test was performed to confirm quantitative conversion. In case of
double-GA modified peptides, the sequence was terminated by coupling of Fmoc-
Lys(Dde)-OH, followed by Fmoc deprotection and Boc protection (10 eq DIBOC and 10
eq DIPEA in DCM, 1 h reaction time) of the lysine a-amine. Dde protecting groups were
removed by 15 x 2 min incubation with 2% hydrazinium hydroxide in DMF (7 mL per g
resin) at room temperature. 3,4,5-tri-O-(tert-butoxycarbonyl)-gallic acid (Boc-protected
GA) was then coupled to the deprotected lysine e-amines with a solution containing 3 eq.
of the building block, 3 eq PyBOP, 3 eq HOBt and 12 eq DIPEA in DMF for 30 min at

50 °C (Biotage SP Wave) and for 30 min at room temperature.

Finally, peptides were cleaved from the resin by incubation with trifluoroacetate-
triisopropylsilane-H20 95:2.5:2.5 (7 mL per g resin) for 90 min at room temperature. The
cleavage solution was dropped into 45 mL of pre-cooled methyl-tert-butylether (MTBE)-n-
hexane 1:1 and centrifuged. The supernatant was discarded and precipitated peptide was
collected. Peptide purification was carried out by preparative RP-HPLC with a Pure C-830
chromatography system (BUCHI, Flawil, Switzerland), a semi-preparative C18 RP-HPLC
column (Waters, Milford, US) and a gradient from 99:1 to 0:100 (water / acetonitrile) within
25 min. All peptides were lyophilized and analyzed by analytic RP-HPLC, '"H-NMR and
mass spectrometry (MALDI-MS or ESI-MS).
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3.13 Synthesis of iron-gallic acid peptide nanoparticles (IGPNs)

For the synthesis of FePVP nanoparticles, a solution of FeClsz-6H20 in H20 (0.2 ml, 0.6
M) was added to 10 mL PVP solution (10 mg mL™" in H20) and agitated for 1 h. The
peptide solution (1 mL, 0.6 M in H20) was added to the mixture and stirred overnight. Fe
nanoparticles were synthesized in a similar way, but without addition of PVP. The following
day, obtained nanoparticles were dialyzed (MWCO = 10K) against deionized water for 24

h and stored at 4 °C for further use.

3.14 Investigation of the stability of IGPNs in different media

In order to evaluate the stability of IGPNs over time, IGPNs were incubated in water, PBS,
50% serum and artificial lysosomal fluid (ALF 1 L contains: 3.21 g NaCl, 6.00 g NaOH,
20.80 g citric acid, 0.097 g CaClz, 0.179 g sodium phosphate heptahydrate, 0.039 g
Na2S04, 0.106 g MgSO4-6H20, 0.059 g glycerine, 0.077 g sodium citrate dihydrate, 0.09
g sodium tartrate dihydrate, 0.085 sodium lactate, 0.086 sodium pyruvate, 1 mL
formaldehyde, topped to 1L by double distilled water). 50 uL of the freshly prepared IGPNs
were added into each cuvette, followed by dilution with 2 mL of the individual medium
(water, PBS, 50% serum and ALF). The four samples were monitored under agitation for
6 hours (25 °C, 700 rpm) at 550 nm using a Cary 3500 UV-Vis Spectrophotometer. The

absorbance of each sample was recorded every 5 minutes.

3.15 Methylene blue assay

MB assays were used to measure the HO-« production efficacy of IGPNs. IGPNs 36 ug
Fe3*) were mixed with MB (1.5 mL, 10 ug L"), H202 (1 mL) and H20 was added to a final

volume 3 mL. The absorbance at 664 nm was recorded every 5 minutes over 6 h or 24 h

using a Cary 3500 UV-Vis Spectrophotometer.

20



Methods

3.16 Cell culture

HelLa cells were grown in Dulbecco’s Modified Eagle Medium (DMEM)-low glucose (1 g/L
glucose) supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin, and 100
Mg/mL streptomycin. The cells were cultured in ventilated flasks at 37 °C and 5% CO: in
an incubator with a relative humidity of 95%. The cells were passaged at a confluency of
80-90%.

3.17 Evaluation of ROS generation by flow cytometry

The CellROX™ Green Flow Cytometry Assay Kit (Thermo Fisher Scientific) was used to
detect ROS in living cells by flow cytometry. HelLa cells were seeded in 24-well plates at
a density of 50000 cells/well one day prior to the treatment. On the next day, the medium
was replaced with 450 yL of fresh medium. 50 uL of peptides or IGPNs (100 uM) was
added to each well resulting in a final concentration of 10 uM peptides, and the cells were
incubated for 24 h. Afterwards, the medium was removed, and the cells were harvested,
washed, and re-suspended in PBS containing 10% FBS. The CelROX™ Green reagent
was added to each sample resulting in a final concentration of 800 nM. Then, the cells
were incubated for 45 min at 37 °C in the dark. Subsequently, 0.6 pL of the 5 uM SYTOX®
Red Dead Cell stain solution was added to each sample. After another 15 min incubation,
the cells were analyzed by flow cytometry as described above. The CellROX™ Green
signal was measured with 488 nm excitation and 530 nm emission. The SYTOX® Red
signal was assayed with 639 nm excitation and 660 nm emission. Ten thousand of isolated

live cells were counted.

3.18 Evaluation of ROS generation by confocal laser scanning

microscopy (CLSM)

HelLa cells were seeded in 8-well Ibidi p-slides (Ibidi GmbH, Germany) at a density of
20000 cells/well 24 h prior to the treatment. On the next day, the medium was replaced
with 270 uL of fresh medium. 30 pyL of IGPNs and peptides was added to each well

resulting in a final concentration of 10 uM peptides, and the cells were incubated for 24 h.
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As a positive control, tert-butyl hydroperoxide solution (TBHP, 200 uM) was added, and
the cells were incubated for 30 min. Afterwards, the cells were washed twice with PBS
followed by 30 min of staining with DCFH-DA (10 yM) in the dark. Next, the DCFH-DA
solution was discarded, and 300 uL of PBS was added per well for CLSM imaging. Images
were recorded on a Leica-TCS-SP8 confocal laser scanning microscope equipped with a
HC PL APO 63 x 1.4 objective (Germany). DCFH-DA signal was recorded with emission

at 520 nm. All images were analyzed using the LAS X software from Leica.

3.19 Evaluation of cellular uptake by flow cytometry

The peptides were labeled using 5-carboxyfluorescein NHS ester. Peptides (5 mg) were
dissolved in 0.5 mL of HEPES buffer (pH 7.4) and the pH was adjusted to 8.3 using 1 M
NaOH. The solution of 5-carboxyfluorescein NHS ester (10 mg/ mL) DMSO was prepared.
Afterwards, the solution of reactive dye was mixed with peptides solution, with molar ratio
of 0.75(dye):1(peptide). After 4 h reaction time at room temperature, the peptide-
carboxyfluorescein conjugate was purified by dialysis (MWCO = 1 KDa) and lyophilized

for further use.

One day prior to the cellular uptake experiments, HelLa cells were seeded into 24-well
plates at a density of 30000 cells/well. On the next day, the medium in each well was
replaced with 450 pL of fresh medium. Peptides (20% carboxyfluorescein labeled) and
IGPNs were prepared as described above. 50 pL of the nanoparticles was added to each
well resulting in a final concentration of 10 uM peptides, and the cells were incubated for
4 h. Subsequently, the cells were harvested, washed with PBS, and re-suspended in PBS
containing 10% FBS. Subsequently, trypan blue (0.04%, w/v) was added to quench the
fluorescence of carboxyfluorescein-labeled peptides adsorbed on the cell membrane, and
the cells were incubated for 1 min. Then, 1 ng/uL DAPI was added directly to each sample
before the measurement to differentiate between live and dead cells. The samples were
analyzed by flow cytometry with a CytoFLEX S flow cytometer (Beckman Coulter, CA,
USA). The DAPI fluorescence was detected with 405 nm excitation and 450 nm emission.
The FITC signal was measured with 488 nm excitation and 530 nm emission. Ten

thousand of isolated live cells were counted and evaluated. The data were analyzed using
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FlowJo 7.6.5 by FlowJo, LLC (Becton, Dickinson and Company, USA). All experiments

were performed in triplicate.

3.20 Evaluation of cellular uptake by confocal laser scanning

microscopy (CLSM)

HelLa cells were seeded in 8-well Ibidi p-slides (Ibidi GmbH, Germany) at a density of
20000 cells/well 24 h prior to the experiment. On the next day, the medium was replaced
with 270 uL of fresh medium. 30 pL of carboxyfluorescein-labeled IGPNs was added to
each well corresponding to a final concentration of 10 uM peptides. The medium was
removed after 4 h incubation, and the cells were washed twice with 300 yL of PBS
followed by 40 min of fixation with 4% PFA at RT. Afterwards, the cells were washed twice
with PBS again, and the cell nuclei were stained with 2 ng/uL DAPI. The DAPI solution
was discarded after 20 min incubation, and the cells were further washed with trypan blue
(0.04%, w/v). Afterwards, 300 uL of PBS was added per well for CLSM imaging. Images
were recorded on a Leica-TCS-SP8 confocal laser scanning microscope equipped with a
HC PL APO 63 x 1.4 objective (Germany). DAPI and carboxyfluorescein emission were
recorded at 450 nm and 520 nm, respectively. All images were analyzed using the LAS X

software from Leica.

3.21 Evaluation of cell viability (CellTiter-Glo assay)

CellTiter-Glo® Luminescent Cell Viability Assay was performed to determine the viability
of HelLa cells after treatment with IGPNs or the individual components. One day prior to
the treatments, HelLa cells were seeded into 96-well plates at a density of 5000 cells/well.
On the next day, the medium in each well was replaced with 90 pL of fresh medium.
Afterwards, 10 yL of nanoparticles or control solutions (free peptides, Fe, FePVP) was
added to each well corresponding to the specified final concentrations of peptide or Fe3*,
respectively. The supernatant was removed after 72 h incubation, and 25 yL of medium
as well as 25 pL of CellTiter-Glo reagent (Promega, Mannheim, Germany) were added to
each well. The plate was gently agitated for 30 min at RT, and the luminescence signal

(relative light units, RLU) was recorded by a Centro LB 960 plate reader luminometer
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(Berthold Technologies, Bad Wildbad, Germany). The relative cell viability (in percentage)
was calculated relative to control wells treated with HBG buffer as ([RLU] test/[RLU]

control) x 100%. All experiments were performed in triplicate.

3.22 Apoptosis assay

Cell apoptosis was assessed by flow cytometry using an Annexin V-FITC Apoptosis
Detection Kit (BioVision, USA). HelLa cells were seeded into 24-well plates at a density of
30000 cells/well one day prior to the experiment. On the next day, the medium in each
well was replaced with 450 uL of fresh medium. 50 pL of IGPNs or controls was added to
each well corresponding to a final concentration of 10 uM peptides (or Fe in case of FeCls
and FePVP). After 48 h incubation, the cells were trypsinized, collected, and re-suspended
in 500 pL of Annexin V-FITC binding buffer (1 x). Next, 5 yL of Annexin V-FITC and 5 pL
of propidium iodide (PI, 50 ug/mL) were added to each sample, and the samples were
incubated for 5 min at RT in the dark. Afterwards, the cells were washed, re-suspended,
and analyzed by flow cytometry as described above. The FITC signal was measured with
488 nm excitation and 530 nm emission. The PI fluorescence was assayed with 488 nm

excitation and 640 nm emission. All experiments were performed in triplicate.
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4 Results and discussion

This section was adapted from: F Shen, Y Lin, M Hohn, X Luo, M Déblinger, E Wagner,
U Lachelt (2023) Iron-Gallic Acid Peptide Nanoparticles as a Versatile Platform for Cellular
Delivery with Synergistic ROS Enhancement Effect. Pharmaceutics 15 (7), 17809.

4.1 Synthesis of gallic acid-tagged peptides

Basis for the assembly of peptides into IGPNSs is the integration of gallic acid (GA) into the
peptide sequences. To enable GA functionalization during peptide synthesis, a Boc-
protected derivative was synthesized following a procedure developed by Florimond et al
(Scheme 1): gallic acid was converted into 3,4,5-tri-O-(tert-butoxycarbonyl)-gallic acid
(GA(Boc)s-OH) by reaction with di-tert-butyldicarbonate in presence of pyridine and 4-

dimethylaminopyridine.%

O_< 0 Boc
o o~ / o
0 0 o Boc
OH d
H H
OH o)
Bod
GA GA(Boc)3-OH

Scheme 1. Synthesis of Boc-protected gallic acid. Reagents and conditions: DIBOC (4 eq),
pyridine (6 eq), DMAP (0.5 eq), DCM, RT, 2 h.

Standard Fmoc solid-phase peptide synthesis conditions were used for the assembly of a
series of GA modified peptides (Table 2). The sequences were designed for a systematic
assessment of the following peptide sequence parameters: (1) number of GA moieties,
(2) physico-chemical peptide characteristics, and (3) bioactivity. The different peptides
can be grouped into six series: minimal GA peptide motif, neutral model peptides,
positively charged model peptides, negatively charged peptides, pro-apoptotic SIO
peptides and pro-apoptotic AVP peptides. Each sequence was conjugated with one or
two gallic acid moieties via amide formation at the side-chain of N- and C-terminal lysines

serving as molecular adaptors. The purity, molecular weights and structures of all
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synthesized peptides were confirmed by analytic RP-HPLC, ESI- or MALDI-TOF mass

spectrometry and NMR (cf. Analytical Material).

Table 2. Gallic acid-tagged functional units used for the assembly of IGPNs.

Code Sequence? Molecular Weight Function
(Da)
K* K(GA) 298.3 minimal peptide motif
K** GA-K(GA) 450.0
As AAAA 300.2 neutral model peptides
Ag* AAAAK(GA) 582.6
A K(GA)AAAAK(GA) 862.4
(KA)2 KAKA 416.3 cationic model peptides
(KA)2* KAKAK(GA) 696.8
(KA)2** K(GA)KAKAK(GA) 977.1
(EA)2 EAEA 418.4 anionic model peptides
(EA)2* EAEAK(GA) 698.7
(EA)2** K(GA)EAEAK(GA) 979.0
SIO QPK 371.4 pro-apoptotic SIO
SIo* QPK(GA) 523.5 peptides
SIO** K(GA)QPK(GA) 803.8
AVP AVPIAQK 725.9 pro-apoptotic AVP
AVP* AVPIAQK(GA) 878.0 peptides
AVP** K(GA)AVPIAQK(GA) 1158.3

@ Peptide sequences are ordered from N- to C-terminus. * indicates one gallic acid (GA)

conjugated to the side chain of the C-terminal lysine (K); ** indicates two GA conjugated to the

side chains of the C- and N-terminal K.
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4.2 Synthesis and characterization of Iron Gallic Acid Nanoparticles
(IGPNs)

IGPNs were synthesized by adaption of previously published procedures for the
generation of iron-GA coordination polymers.'%? With each peptide, two different types of
nanoparticles were assembled, either by direct interaction of GA modified peptides with
Fe3* in solution or after initial pre-complexation of Fe3* with polyvinyl pyrrolidone (PVP)
(Figure 2, 3). FeCls was dissolved in bidistilled water for preparation of Fe nanoparticles,
while for FePVP nanoparticles FeCls and PVP were agitated for 1 hour initially. Then,
equimolar amounts of peptides were added to assemble IGPNs via coordinative
interactions between GA and Fe3*.
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Figure 2. Assembly of IGPNs. Synthesis of IGPNs by coordinative interaction of mono- (a) or di-
functionalized (b) gallic acid peptides with Fe®* (Fe Nanoparticles),'® and by initial pre-
complexation of Fe3* with PVP (FePVP Nanoparticles).'%
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FePVP-K*  FePVP-K** *  FePVP-A** Fe-(KA),*  FePVP-(KA),*

FePVPK**  FePVP-A,*  FePVP-A**  Fe-(KA),** FePVP-(KA),**

*

FePVP-SIO* FePVP-SIO**  FePVP-AVP*  FePVP-AVP**  FePVP-(EA),* Fepyp-(EA),**

Fe-SIO** FePVP-AVP* Fe-(EA),**

Figure 3. Photographs of IGPN suspensions in water.

The systematic evaluation showed that formation of IGPNs depended on GA modification:
native peptides without GA did not form particles with Fe3*, whereas peptides with one (*)
or two (**) GA moieties at the termini showed assembly. Measurements of particles size
distribution (hydrodynamic diameter), polydispersity index (PDI) and {-potential of the
generated IGPN suspensions were carried out by dynamic and electrophoretic light
scattering (DLS, ELS) (Figure 4A, Table 3) and revealed mean z-averages between 86.5
+ 2.7 nm and 384.4 £ 22.4 nm and {-potential values in the range between -25.2 mV to
2.2 mV. It was found that the length or charge of investigated peptide sequences as well
as the number of attached GA modifications did not change the size significantly, However,
in case of positively or negatively charged peptide sequences a strong reduction of PDI
was achieved with the PVP mediated synthesis procedure. Accordingly, an evaluation of
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the size distribution (Figure 4B) suggests favorability of the PVP assembly approach due

to a reduction of IGPN aggregation in aqueous environment.
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Figure 4 Characterization of nanoparticles. (A) Hydrodynamic size (z-average, columns) and
polydispersity index (Pdl, dots) of IGPNs as determined by DLS. (B) Particle size distribution of
IGPN suspensions in water.

Table 3. Size (Z-Ave), Polydispersity Index(PDI), zeta-potential (ZP) and Conductivity
(Cond) measurements by dynamic light scattering(DLS).

Nanoparticles Z-Ave(d.nm) PdI ZP(mV) Cond(mS/cm)
Fe-K* 115.3+0.26 0.46+0.01 -25+2.48 1.19+0.05
FePVP-K* 154.9+2.25 0.29+0.04 -0.3+0.2 1.410.08
Fe-K** 264.7+36.4 0.61+0.07 -16.8+3.35 1.2110.05
FePVP-K** 174.712.22 0.45+0 0.88+0.12 1.55+0.08
Fe-As* 310.7+39.29 0.37+0.07 -3.92+0.21 1.4+0.06
FePVP-A+* 188.6+£1.7 0.26+0.01 2.5410.04 1.36+0.07
Fe-A4** 111.51+£2.68 0.15+0.03 -11.9+2.77 1.1440.05
FePVP-A4** 207.31+0.24 0.27+0.01 -5.06+0.85 1.07+0.05
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Fe-(KA)2*
FePVP-(KA)2*
Fe-(KA)2**
FePVP-(KA)2**
Fe-(EA)2*
FePVP-(EA):*
Fe-(EA)2**
FePVP-(EA)2**
Fe-SIO*
FePVP-SIO*
Fe-SIO**
FePVP-SIO**
Fe-AVP*
FePVP-AVP*
Fe-AVP**
FePVP-AVP**

351.7+£25.45
258.3+2.14
171.2+32.91
239.9+0.49
384.4+22.35
219.5+1.22
273.3+x27.16
255.2+1.13
107.3+0.61
142.2+4 .82
183.417.29
181+93.98
83.45+3.01
118.97+1.85
179+1.78
181+93.98

0.23+0.09
0.06+0.03
0.27+0.04
0.06+0.05
0.38+0.05
0.11+0.04
0.35+0.02
0.06+0.04
0.38+0.02
0.34+0.04
0.34+0.02
0.35+0.14
0.49+0.07
0.37+0.01
0.27+0.04
0.35+0.14

-2.77+0.2
21701
-3.61£3.42
2.83+0.25
-2.13+0.76
-0.77+0.11
-18.6+£2.27
1.16+0.2
-11.2+0.17
2.74+0.53
-10.7+£1.48
-13.1£1.37
-21.6+0.72
-25.2+2.06
-2.53+0.39
-13.1+1.37

1.19+0.05
1.71+0.08
1.25+0.07
1.53+0.07
1.16+0.05
1.79+0.09
1.1+£0.05
1.8+0.09
1.19+0.06
1.48+0.08
1.12+0.05
1.18+0.05
1.24+0.05
1.34+0.05
1.12+0.05
1.14+0.06

* indicates one gallic acid (GA) conjugated to the side chain of the C-terminal lysine (K);

** indicates two GA conjugated to the side chains of the C- and N-terminal K.

In a dry dispersed state, transmission electron microscopy (TEM) determined similar

appearance of Fe and FePVP nanoparticles built from neutral model peptides (Fe-A4*™*,
FePVP-As™*, Figure 5).
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Figure 5. TEM micrograph of Fe-As** and FePVP-As**. Measurement performed by Markus
Doblinger (Department of Chemistry, LMU Minchen).

X-ray diffraction (XRD) experiments with Fe-As4*, FePVP-A4*, Fe-A4**, FePVP-A4** did not

show distinct diffraction patterns (Figure 6).
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— Fe-A**
— FePVP-A,**
— Fe-A/*
~—— FePVP-A*

Figure 6. XRD measurements of Fe-As*, FePVP-As*, Fe-As™, FePVP-As™™.

20/°
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performed by Tianhao Xue (Department of Chemistry, LMU Mudnchen).

Measurement

The XPS spectra of the iron 2p core level confirms the presence of iron in the sample.

The core level for Fe(0) is expected at 707 eV. The binding energies shifted to higher

values indicate higher oxidation states (Figure 7).
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Figure 7. XPS analysis of Fe-As** (left) and FePVP-As** (right). Measurement performed by
Hannah lliner (Department of Chemistry, LMU Munchen).
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Elemental mapping by energy dispersive X-ray (EDX) spectroscopy in scanning
transmission electron microscopy (STEM) mode shows that iron (Fe) and Oxygen (O) are
homogeneously distributed in IGPNs (Figure 8A, B), and the total iron content in Fe-A4**,
FePVP-A4** was determined by inductively coupled plasma optical emission spectroscopy
(ICP-OES) to be ~4.6% and ~3.6%, respectively.
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Figure 8. (A)STEM-EDX elemental map of Fe-As**. (B) STEM-EDX elemental map of FePVP-A4**.
Markus Ddéblinger (Department of Chemistry, LMU Munchen).

Furthermore, to assess the encapsulation efficiency of integrated peptides, solid IGPNs
were separated from surrounding dispersant medium with spin filters (Agilent Spin Filter,
10 kDa) via centrifugation (12500 rpm, 5 min). Free peptide solutions (As*, As**, K*, K**,
S10*, SIO**, AVP*, AVP**) served as controls and analysis via RP-HPLC showed that the
GA modified peptides were encapsulated into IGPNs via Fe3* chelation quantitatively
(Figure 9), since in case of IGPN suspensions no distinct amounts of free peptide were
detectable. The peptides were found to be quantitatively integrated in each of the four
different IGPNs, providing strong evidence for an efficient assembly and encapsulation

process.
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Figure 9. Determination of free peptides in filtrated solutions via RP-HPLC. Free peptide solutions

(100 uM) served as controls.

Additional characterization of IGPNs was conducted by UV-Vis spectroscopy (Figure 10).
After decomposition of IGPNs at pH 1, the measurements revealed characteristic
absorbance peaks of the particle components (265 nm peptide, 333 nm Fe3*). Compared
with Fe nanoparticles (red curve), the FePVP nanoparticles (black curve) exhibit higher
absorbance at 214 nm in relation to 265 nm, which can be attributed to the introduction of
PVP.
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Figure 10. UV-Vis spectrometry of IGPNs.

Moreover, the decomposition resulted in the disappearance of the Ligand to Metal Charge
Transfer Bands (LMCT), which confirms the supposed nature of bonding between iron

and gallic acid (Figure 11).
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Figure 11. UV-Vis spectrometry. (A) Fe-As** (black), decomposed Fe-As** (red). (B) FePVP-As™
(black), decomposed FePVP-As** (red).
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Thermogravimetric analysis (TGA) showed an obvious difference between Fe-A4** and
FePVP-A4** nanoparticles, which is consistent with a higher organic content due to the
integration of PVP (Figure 12).
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Figure 12. Thermogravimetric analysis of Fe-As** and FePVP-As**. Measurement performed by
Tianhao Xue (Department of Chemistry, LMU Munchen).

The stability of Fe-A4*, FePVP-A4*, Fe-As™*, FePVP-A4** in water, phosphate buffer (PBS),
50% serum and artificial lysosomal fluid (ALF) were investigated by monitoring the

absorbance of IGPN suspensions at 550 nm by UV-Vis spectroscopy (Figure 13).

The stability of Fe-As*, FePVP-As*, Fe-A4**, FePVP-As** in water, PBS, 50% serum and
artificial lysosomal fluid (ALF) were investigated by monitoring the absorbance of the
suspension of IGPNs at 550 nm by UV-Vis (Figure13). ALF was prepared as previously
described to simulate the environment of lysosomes, including pH, ionic strength, salts
and viscosity.'® The aggregation or dissolution of nanoparticles were assessed
continuously over a time period of 6 hours after the treatment with above mentioned

solutions. It was found, that all IGPNs remained stable in water, but dissolved rapidly in
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ALF. Interestingly, Fe-A4* and FePVP-As4* exposed to 50% serum increased in

absorbance over time presumably due to adsorption of serum proteins probably leading

to the issue of peptide release. In contrast, Fe-A4** and FePVP-A4** remained stable,
which can be attributed to the GA modification at both termini of peptide. FePVP-As**

showed the most stable particle size, which indicates that the two-fold GA modification

and PVP both improve the stability of IGPNs.
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Figure 13. Absorbance of IGPNs at 550 nm in different media (1: water, 2: PBS, 3: 50% serum, 4:
ALF). (A) Fe-As*. (B) FePVP-As*. (C) Fe-As**. (D) FePVP-A4**.
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4.3 Cellular uptake of IGPNs

The cellular uptake of IGPNs was investigated to confirm that the assembly into
nanoparticles is a favorable strategy to facilitate the cellular delivery of non-permeable
peptides. carboxyfluorescein-labeled derivatives of the model peptides with poor cell
permeability (A4, Aa*, As™, (EA)2, (EA)2*, (EA)2**) were used for assembly into fluorescent
IGPNs (Fe-As4*, FePVP-As*, Fe-As**, FePVP-As**, Fe-(EA)2*, FePVP-(EA)2*, Fe-(EA)2**
FePVP-(EA)2**) and cellular internalization was determined by flow cytometry analysis
(Figure 14) and confocal laser scanning microscopy (CLSM, Figure 15 and Figure 16). As
expected, cells treated with free carboxyfluorescein-labeled peptides exhibited significant
fluorescence levels compared to HBG buffer treated cells. In contrast, assembly into
IGPNSs strongly promoted cellular delivery of A4*, A¢**, (EA)2* and (EA)2**. Moreover, the
CLSM images confirm, that with IGPNs (Fe-A4*, FePVP-As*, Fe-A+4** and FePVP-A4**)
intracellular carboxyfluorescein is detectable, in contrast to the free carboxyfluorescein-
labeled peptides (A4, As*, As**) alone. Altogether, the results demonstrate that IGPNs

represent a feasible strategy for cellular peptide delivery.
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Figure 14. Flow cytometry analysis of HelLa cells treated with carboxyfluorescein-labeled peptides
or derived IGPNSs for 4 h. Experiments performed by Yi Lin (Pharmaceutical Biotechnology, LMU
Munchen).
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HBG A, A* Fe-A,* FeVP-A4* A<* Fe-A,* * FePVP-A,**
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Figure 15. CLSM images of HelLa cells treated with HBG buffer, carboxyfluorescein-labeled A,
As*, AL, Fe-As*, FePVP-As*, Fe-As** or FePVP-A4s** for 4 h. Nuclei were stained with DAPI.
Additional flow cytometry and CLSM data are provided in Figure S8-S10. Scale bar, 40 um.
Experiments performed by Miriam Hohn (Pharmaceutical Biotechnology, LMU Munchen) and Yi

Lin (Pharmaceutical Biotechnology, LMU Munchen).
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Figure 16. Celluar uptake of of carboxyfluorescein-labeled peptides determined by confocal laser
scanning microscopy (CLSM). Hela cells were incubated with HBG, (EA)2, (EA).*, (EA).**, Fe-
(EA)*, FePVP-(EA).*, Fe-(EA)**, FePVP-(EA)** for 4 h. Nuclei were stained with DAPI (blue),
FITC channel indicates carboxyfluorescein fluorescence (green). Scale bar: 40 um. Experiments
performed by Miriam Hohn Pharmaceutical Biotechnology, LMU Minchen) and Yi Lin
(Pharmaceutical Biotechnology, LMU Miinchen).
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4.4 ROS production of IGPNs

To verify the hypothesized Fenton reaction of IGPNs, H202 was used as a source of
hydroxyl radicals (HO¢) and to simulate the tumor microenvironment. This is confirmed by
monitoring the generation of HO- with methylene blue (MB).3' The degradation of MB upon
exposure to H202 and different samples adjusted to the same Fe content (IGPNs or FeCls
solution) was monitored by UV-Vis spectrometry. At pH 4 (Figure 17A) the absorbance at
664 nm decreased rapidly in presence of Fe-As**, FePVP-As** or Fe3*. While no different
reaction rates were observed for IGPNs and Fe at the favorable acidic pH, at pH 7.4 the
absorbance decline was generally slower, but much more obvious in case of IGPNs.
(Figure 17B). This phenomenon could be explained by an accelerated conversion of Fe3*
to Fe?* in presence of GA. Altogether, the above results indicate that IGPNs facilitate the

generation of toxic ROS, which is expected to enhance their therapeutic effect.

A B
15 15
14] = Fe-A,*, H,O, - FePVP-A,” H,0, 14 & Fe-A,"", H,O, = FePVP-A,™ H,0,
13 —— H,0, -v Fe*, H,0, 13 —— H,0, ¥ Fe* H,0,
12 ] Blank

Abs
Abs

02 : .

T T T 02 T T T T T T T T T T T
0 2 4 6 8 10 12 0 2 4 6 8 10 12 14 16 18 20 22

Time (h) Time (h)

Figure 17. Determination of ROS generation by UV-Vis spectrometry. (A), (B) Detection of HO*
at pH 4 (A) and pH 7.4 (B) by monitoring of methylene blue absorbance for 6 h at 664 nm.

To further evaluate ROS production on a cellular level, flow cytometry and confocal laser
scanning microscopy (CLSM) were employed for determination. CellROX™ Green

reagent, which is converted to a bright fluorescent derivative intracellularly in presence of
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ROS, was incubated with HelLa cells pretreated with As*, Fe-As*, FePVP-As*, As**, Fe-
As™ FePVP-A4**. HBG and tert-butyl hydroperoxide (TBHP) treated cells served as
negative and positive controls, respectively. After 45 min incubation, dead cells were
stained with SYTOX red. After the evaluation of 10000 live cells by flow cytometry, it was
found that IGPNs (Fe-As4*, FePVP-A4**, Fe-A4** FePVP-A4**) mediated a distinct shift of
the cell populations towards higher CellROX™ Green fluorescence, comparable to the
positive control TBHP (Figure 18A). A visual confirmation of intracellular ROS generation
was achieved by CLSM using the ROS imaging probe 2',7'-dichlorodihydrofluorescein
diacetate (DCFDA), which is oxidized to 2',7"-dichlorofluorescein (DCF) upon intracellular
exposure to ROS. Compared with the HBG group, a much stronger green fluorescence

could be observed in cells after 24 h incubation with IGPNs (Figure 18B).
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Figure 18. Determination of intracellular ROS generation by flow cytometry and confocal
microscopy. (A) HelLa cells incubated with A4 peptides and derived IPGNs (10 uM, 24 h) followed
by staining with CellROX Green. (B) HelLa cells incubated with Fe-As** and Fe-As** (10 uM, 24 h)
followed by staining with DCFDA. TBHP was used as a positive control. Scale bar, 40 pm.
Experiments performed by Miriam Hohn (Pharmaceutical Biotechnology, LMU Munchen) and Yi

Lin (Pharmaceutical Biotechnology, LMU Munchen).
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Additional data indicates that the IPGN-triggered ROS generation is time and dose
dependent (Figure 19). In sum, IPGNs demonstrated a distinct ability to generate ROS in

HelLa cells, with Fe-A4** and FePVP-A4** being most effective.
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Figure 19. Determination of intracellular ROS formation. Hela cells were incubated with Fe-As**
(20 uM) and FePVP-A4** (20 pM) for 12 h or 24 h, respectively. Nuclei were stained with DAPI
(blue) and ROS was detected by DCFDA (green). Scale bar: 40 um. Experiments performed by
Miriam Hohn (Pharmaceutical Biotechnology, LMU Minchen) and Yi Lin (Pharmaceutical

Biotechnology, LMU Miinchen).

4.5 Bioactivity of IGPNs

The general cytotoxicity of IGPNs as well as the ability to induce biological effects by
delivering bioactive peptides were evaluated by CellTiter-Glo assay in HelLa cells (Figure
20). The two pro-apoptotic peptides SIO and AVP were selected as bioactive peptide
cargos. FeCls solution (Fe), the complex of iron and PVP (FePVP) as well as free peptides

(unmodified and coupled with gallic acid) were used as controls at the same concentration
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(10 uM). The viability of cells treated with the model peptides A4, A4* and A4** indicate
that the integration of gallic acid did not affect the tolerability of the derivatives. Moreover,
IGPNs assembled from the inactive model peptides did not show obvious toxicity and cell
viability levels remained over 80% in all cases. Also, the pro-apoptotic peptides SIO and
AVP, with or without gallic acid modification, were not able to mediate significant
cytotoxicity. In contrast, IGPNs assembled from double-GA modified pro-apoptotic
peptides (Fe-SIO**, FePVP-SIO**, Fe-AVP**, FePVP-AVP**) induced strong tumor cell
killing and reduced cell viability below 20%.
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Figure 20. Cell viability of HeLa cells after treatment with peptides or IGPNs as determined by
CellTiter-Glo® Luminescent Cell Viability Assay. HelLa cells were incubated for 72 h with Fe,
FePVP, SIO, SIO *, SIO **, AVP, AVP*, AVP** SIO**, Fe-SIO**, FePVP-SIO**, AVP**, Fe-AVP**,
FePVP-AVP** at doses corresponding to 10 uM peptide content (or Fe3* in case of Fe and FePVP).

Experiments performed by Yi Lin (Pharmaceutical Biotechnology, LMU Munchen).
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Additional cell viability experiments with Fe-SIO**, FePVP-SIO** determined, that the
cytotoxic effects are dose-dependent (Figure S21.To evaluate the cytotoxicity of IGPNs
in another tumor cell line, the model peptide (A4) and proapoptotic peptide (AVP) were
chosen for testing in murine neuroblastoma Neuro 2A (N2a) cells. Also, in N2a cells, a
pronounced cytotoxic effect was observed with Fe-AVP** and FePVP-AVP** at a dose
corresponding to 10 uM peptide, whereas none of the other samples (free A4 or AVP
peptides, A4-based IGPNs, Fe-AVP* or FePVP-AVP*) showed distinct effects on cell
viability. These additional findings support the potential utility of IGPNs based on double

GA-modified peptides as effective therapeutic agents against different types of tumor cells.
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Figure 21. Cell viability determined by CellTiter-Glo Assay. (A) HelLa cells were incubated with
SIO**, Fe-SIO**, FePVP-SI0**(2, 5, and 10 yM), (B) N2a cells were incubated with IGPNs (10
uM) of A, and AVP for 72 h before evaluation via CellTiter-Glo® Luminescent Cell Viability Assay.
Experiments performed by Yi Lin (Pharmaceutical Biotechnology, LMU Miinchen) and Xianjin Luo

(Pharmaceutical Biotechnology, LMU Miinchen).

To elucidate the cytotoxicity mechanism of IGPNs more in detail, cell apoptosis assays
were carried out via Annexin V and propidium iodide (Pl) staining and flow cytometry
(Figure 22, 23). Consistent with the cell viability data, none of the controls or IGPNs
assembled from single-GA modified peptides resulted in obvious apoptosis induction; only
the cells treated with IGPNs assembled from double-GA modified pro-apoptotic peptides
showed a clear enrichment of Annexin-V-FITC positive subpopulations indicating the
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occurrence of apoptotic events. These results demonstrate that double-GA modification
of bioactive peptides and assembly into IGPNs is a feasible strategy for cytosolic delivery

and induction of intracellular biological effects.
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Figure 22. Evaluation of apoptotic events by Pl/Annexin V-FITC staining and flow cytometry. HeLa
cells were incubated for 24 h with Fe-SIO**, FePVP-SIO**, AVP**, Fe-AVP**, FePVP-AVP** at
doses corresponding to 10 uM peptide content. Experiments performed by Yi Lin (Pharmaceutical

Biotechnology, LMU Minchen).
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Figure 23. Evaluation of apoptotic events by PlI/Annexin V-FITC staining and flow cytometry. Hela
cells were incubated for 24 h with Fe, FePVP, SIO, SIO *, SIO **, AVP, AVP*, AVP** at doses
corresponding to 10 uM peptide content (or Fe3* in case of Fe and FePVP). Experiments

performed by Yi Lin (Pharmaceutical Biotechnology, LMU Minchen).
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5 Summary

Cytosolic delivery of peptides is of great interest owing to their biological functions, which
could be utilized for therapeutic applications. However, their susceptibility to enzymatic
degradation and the multiple cellular barriers hinder their clinical applications. Integration
into nanoparticles, which can enhance the stability and membrane permeability of
bioactive peptides, is a promising strategy to overcome the extracellular and intracellular

obstacles.

A novel generic strategy for the assembly of peptides into metallo-peptidic nanoparticles
is presented. By conjugation of gallic acid (GA) to the side-chains of C- and N-terminal
lysines, GA modified peptides are generated, which assemble quantitatively with Fe3* or
PVP-templated Fe3* (FePVP) into iron-gallic acid peptide nanoparticles (IGPNs). This
approach exhibits versatility in its applicability to a wide range of peptides with varying
lengths, charges, and sequences. GA functions can readily be integrated into peptide
sequences by the presented approach via coupling to C- and N-terminal lysine side chains.
IGPNSs, especially the double GA-modified FePVP NPs are stable in water, PBS and
serum-containing medium, but decompose in artificial lysosomal fluid (ALF), which
indicates the endolysosomal biodegradability of the particles. Although the particle
appearance of dry disperse Fe and FePVP IPGNs appears similar in TEM imaging, the
PVP assembly approach is considered to be favorable for higher colloidal stability in
aqueous environment. It could be shown that IGPNs-are able to promote generation of
reactive oxygen species (ROS) from H202 via a Fenton reaction. Furthermore, the
assembly into IGPNs facilitates cellular uptake of peptides with poor cellular permeability
otherwise. Finally, the IGPNs integrated with double GA-tagged pro-apoptotic peptides
and FePVP demonstrated a potent anti-tumoral activity with apoptosis induction and killing

of HeLa and N2a cells.

In sum, the presented data describes a convenient and versatile platform for the cellular
delivery of cell-impermeable peptides and highlights a potential utilization for cancer

therapy by combining apoptotic peptide cargos with the intrinsic ROS generation of IGPNSs.
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6 Abbreviations

HO-
ADCs
ALF

CDT
CLSM
CPPs
DCM
Den

DHB
DIPEA
DLS
DMAP
DMF
DOPA
DOX
D-Trp
EGCG
FBS

FDA
FITC

GA
Glu-PLGA
H2DCFDA
HAS, HSA
HOBt
ICP-OES
IGPNs
IUPAC
kDa
LMCT
L-Trp
MDR

mL

mM
mmol
MOF
MPNs
MWCO

Hydroxyl radical

Antibody-drug conjugates

Artificial lysosomal fluid
Chemodynamic therapy

Confocal laser scanning microscopy
Cell penetrating peptides
Dichloromethane

Dendrimer

2,5-dihydroxybenzoic acid

N, N-diisopropylethylamine

Dynamic light scattering
4-(dimethylamino)pyridine

N, N-dimethylformamide

Dopamine

Doxorubicin

D-tryptophan

Epigallocatechin gallate

Fetal bovine serum

Food and drug administration
Fluorescein isothiocyanate

Gallic acid
Glucose-poly(lactide-co-glycolide)
2'7'-dichlordihydrofluorescein-diacetate
Human serum albumin
1-hydroxybenzotriazole

Inductively Coupled Plasma Optical Emission spectroscopy
Iron-gallic acid peptide nanoparticles
International Union of Pure and Applied Chemistry
Kilodalton

Ligand to Metal Charge Transfer Bands
L-tryptophan

Multidrug resistance

Milliliter

Millimolar

Millimole

Metal-organic framework

Metal polyphenol networks

Molecular weight cut-off
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NMP
NMR
NPs
PAS
PBS
PDCs
PDI
PEG
PK

PPI
PVP
PyBOP
RGD
ROS
RP- HPLC
SEM
SPPS
TA
TBHP
TFA
TGA
TME
UV Vis
XRD
UM
pumol

N-methyl-2-pyrrolidone

Nuclear magnetic resonance
Nanoparticles

Pro, Ala and Ser

Phosphate buffered saline

Peptide-drug conjugates

Polydispersity index

Poly(ethylene glycol)

Pharmacokinetic

Protein-protein interactions (PPI)
Poly-(vinylpolypyrrolidon)
Benzotriazol-1-yloxytripyrrolidinophosphonium hexafluorophosphate
Tripeptide - arginine, glycine, aspartic acid
Reactive oxygen species

High performance liquid chromatography
Scanning electron microscopy
Solid-phase peptide synthesis

Tannic acid

Tert-butyl hydroperoxide solution
Trifluoroacetic acid

Thermogravimetric analysis

Tumor microenvironments

Ultraviolett visible

X-ray diffraction

Micromolar

Micromole

49



Analytical data

7 Analytical data

HPLC (RP-C18, detection at 280 nm)
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TH NMR spectra
GA(Boc)3-OH

Boc

o)
(0] Boc
o

Bod

Chemical Formula: CyoH37044
Exact Mass: 470.18

zhens @
PROTON_Imu DMSO {C:\Bruker\TupSanE.Z\curreﬂt\.‘\kWagner} nmrsu 8

M=o
hinihin;
PR

3.40
3.40
155
149
148

40000

{

k38000

36000
‘ ;34000

132000
4 30000
Las000
L 26000
[ 24000
L22000
20000

~18000

ECEc

LIEUUD
;14UUD
llZUUD
:IUUUD
1 lSUUU
lGUUU
1 l4DDD

i ;ZDDD
A J‘ .Ul |

o

2000

200 T
-

4000

T T
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0
f1 (ppm)

'H NMR (400 MHz, DMSO-ds) 5 7.78 (d, J = 0.6 Hz, 2H), 1.49 (s, 18H), 1.48 (s, 9H).
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Analytical data

P‘:ik
OH
OH
° OH O
HN
OH
NH,

Chemical Formula: C43H4gN,Og
Exact Mass: 298.12

shen200 =

)
PROTON_Imu D20 {C:\Bruker\TopSpin3.2\cument \AkWag c:ri nmr:

.

SE5SERENEEIERISEREE NN TEITE SRS RR AR RN SRy P00
_.\n.s,_{\ - 1
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| | f 45000
|I | Jl
|
| |
| I 40000
| |/
i P
+35000
+30000
i
: 25000
D (m)| [F(m)
188 L40
+20000
+15000
10000
5000

L
<
2
5

5000

9.0 8.5 8.0 7.5 7.0 6.5

H NMR (400 MHz, Deuterium Oxide) & 6.80 (s, 2H), 3.95 (t, J = 6.3 Hz, 1H), 3.25 (t, J = 6.9 Hz,
2H), 1.96 - 1.79 (m, 2H), 1.55 (p, J = 7.2 Hz, 2H), 1.48 - 1.31 (m, 2H).
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Analytical data

K**
OH
OH
© OH O
HN
OH
H O
HO OH

H

Chemical Formula: CygH2oN504q
Exact Mass: 450.13

chen_ak coooo [uuu
PROTON_Imu DMS0 {C:\Bruker\TopSpin3.2\current\Ak\Wagner} nmrsu 18
T momuon o @ omonT
b secmme= g PRl e
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| ' [y
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| [ 7000
| { I | | [
[ f ‘ ‘ [ | | J I‘
JI / l .II | | I
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5000
D (d}| [F(t) C(s) I(d)
8.63 | |8.06 |6.88 1.48 000
Ald) E (d) B () G (q) K () H(d)
9,01 8.16 6.81 4.26 3.16 1.77
3000
3 (m)
1.37
2000
1000
}\ nl h
1 i
| | TR | X o N A A Lo
—1000
O HH 15 ks i TorT
= z = = s 2000
T

1.0 105 100 95 90 &5 80 75 70 65 60 55 50 45 40 35 3.0 25 20 15 1.0 05 0.0 -05
f1 (ppm)

H NMR (400 MHz, DMSO-ds) & 9.01 (d, J = 23.4 Hz, 3H), 8.63 (d, J = 21.4 Hz, 2H), 8.16 (d, J =
7.6 Hz, 1H), 8.06 (t, J = 5.5 Hz, 1H), 6.88 (s, 2H), 6.81 (s, 2H), 4.26 (q, J = 7.5 Hz, 1H), 3.16 (s,
2H), 1.77 (d, J = 7.6 Hz, 2H), 1.48 (d, J = 8.3 Hz, 2H), 1.41 - 1.31 (m, 2H).
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Analytical data

As

NH O
/ OH
Chemical Formula: C;,H5,N4O05
Exact Mass: 302.16

shen10
PROTON_Imu D20 {C:\Bruker\TopSpin3.2\current\AkWagner} nmrsu 6

B (ddt)

D (m)
4,24 1.32
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4,00 1.45
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1]
lL_i —
RN Tr
R 3
T T T T T T T T T T T T T T T T T v T T T T T T
11.5 11.0 105 10.0 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 1.5 1.0 05 0.0
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;200000
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LIDDDDD
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;EUUUU
l4DDDD
LZDDDD
i

20000

"H NMR (400 MHz, Deuterium Oxide) & 4.24 (ddt, J = 15.9, 14.4, 7.2 Hz, 3H), 4.00 (q, J = 7.1 Hz,

1H), 1.45 (d, J=7.1 Hz, 3H), 1.37 - 1.24 (m, 9H).
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Analytical data

As*
NH,

NH O

S H;\l

o)
HN
NH O
)—/§V OH
H
OH H OH

Chemical Formula: Co5H3gNgO g
Exact Mass: 582.26

shen100 o
PROTON_Imu D20 {C1\BrukerTopSpin3. 2\cument\AkiWagneny nmrss 1 5 cmman oo R —_— T, -
z32 Y YT Y YISy RN e nmmana IIICooomIEoon
' et S Ve A [
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[ I
— ! s I
J ( VA I
C (td) F (dd)
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‘ IIJ
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an t i LA
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;lDDDD

0

H NMR (400 MHz, Deuterium Oxide) 8 6.81 (s, 2H), 4.27 - 4.20 (m, 4H), 3.26 (td, J = 6.7, 2.3 Hz,
2H), 3.00 (t, J = 6.7 Hz, 1H), 1.45 (dd, J = 7.1, 3.7 Hz, 4H), 1.33 - 1.25 (m, 15H).
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Analytical data
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(0]
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H
H,N H
0]
H
(NN
NH O
% 0
S OH HN
NH O
% OH
H
OH H OH
Chemical Formula: C3gHs54NgO15
Exact Mass: 862.37
shen_2gal EMCEEER R e S N NS TN e YN S TN NS SN na S g 11000
PROTON_Imu DMSO {C:\Bmker\TnpSpmZ.Z\cuneﬁTt\AWr?@rﬁpﬁ@ 16 ~D\;= Uw TETT m;:{/m ﬁiw;
‘ 10000
f ‘ o000
Ilr \I | f I\I ‘ | I r
. { ! | o | / \‘| 000
1830 7000
(Mm) ] Lenon
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3|10 K@ @)
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B (5) c(m A () D (m) E(m) -
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4000
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R B L S
gt 3 w28 = can® 2000
120 115 110 105 100 95 90 65 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10

f1 (ppm)

H NMR (400 MHz, DMSO-ds) 8 9.00 (s, 4H), 8.61 (d, J = 7.3 Hz, 2H), 8.14 (d, J = 10.9 Hz, 6H),
8.06 - 8.03 (m, 3H), 6.81 (d, J = 2.4 Hz, 4H), 4.38 (t, J = 7.2 Hz, 2H), 4.31 - 4.24 (m, 4H), 4.17 -
4.10 (m, 2H), 3.17 - 3.14 (m, 3H), 1.47 (t, J = 6.9 Hz, 4H), 1.36 - 1.32 (m, 4H), 1.25 (d, J = 7.0 Hz,
4H), 1.23 - 1.20 (m, 12H).
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Analytical data

(KA)2*
H,N

@) O

H
HZNQLN NH

N Aon
<N _\H OH
: OH
NH,

Chemical Formula: C31H5,NgO4q
Exact Mass: 696.38

@)
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shen700 o
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4.2L‘ _32 1.54 ~10000
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H NMR (400 MHz, Deuterium Oxide) & 6.82 (s, 2H), 4.28 - 4.20 (m, 3H), 4.11 (dd, J = 8.0, 6.3
Hz, 1H), 3.92 (t, J = 6.7 Hz, 1H), 3.26 (td, J = 6.7, 3.6 Hz, 2H), 2.90 (dt, J = 15.5, 7.6 Hz, 4H), 1.82
(dtd, J = 9.3, 6.3, 2.8 Hz, 3H), 1.74 - 1.59 (m, 5H), 1.54 (dd, J = 11.2, 7.4 Hz, 3H), 1.44 - 1.25 (m,
13H).
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Analytical data

(KA)2**
HoN
O (e
H
N
0 NH, , O N " OH
HO N NH 2
N v N OH
H = H
OH
HO
H HN
OH
NH,
Chemical Formula: C44H68N1oo15
Exact Mass: 976.49
shen7 o
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f1 (ppm)

H NMR (400 MHz, Deuterium Oxide) & 6.78 (d, J = 4.5 Hz, 4H), 4.24 - 4.20 (m, 2H), 4.09 - 4.03
(m, 2H), 3.94 (t, J = 6.4 Hz, 1H), 3.28 - 3.18 (m, 4H), 2.89 (t, J = 7.6 Hz, 3H), 2.82 (t, J = 7.7 Hz,
2H), 1.83 (d, J = 7.9 Hz, 3H), 1.71 - 1.58 (m, 7H), 1.52 (dq, J = 15.0, 7.9 Hz, 10H), 1.24 (dd, J =
20.0, 7.2 Hz, 10H).
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Analytical data

Chemical Formula: CgH,gN4Og
Exact Mass: 418.17
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"H NMR (400 MHz, Deuterium Oxide) & 4.33 - 4.23 (m, 3H), 4.00 (t, J = 6.5 Hz, 1H), 2.54 - 2.38
(m, 4H), 2.14 - 2.00 (m, 3H), 1.91 (ddt, J = 14.3, 8.8, 7.2 Hz, 1H), 1.33 (dd, J = 12.2, 7.2 Hz, 6H).
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Analytical data

0]

HN OH
HO (@] (@) OH OH
H
H,N >N >N
H H H H

Chemical Formula: CygH4oNgO 14
Exact Mass: 698.28
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H NMR (400 MHz, Deuterium Oxide) & 6.76 (s, 2H), 4.26 - 4.21 (m, 2H), 4.16 (dq, J = 7.3, 3.9
Hz, 2H), 3.95 (t, J = 6.5 Hz, 1H), 3.20 (t, J = 6.7 Hz, 2H), 2.41 (td, J = 7.4, 5.2 Hz, 2H), 2.23 (dd,
J=17.9,5.9Hz, 2H), 2.09 (dt, J = 14.3, 7.1 Hz, 3H), 1.85 - 1.76 (m, 2H), 1.68 - 1.61 (m, 1H), 1.47
(td, J = 7.6, 2.8 Hz, 2H), 1.26 (d, J = 7.3 Hz, 4H), 1.20 (d, J = 7.2 Hz, 3H).
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Analytical data

(EA)2**

HN o

oH HO. _O
HO H
H o} y O y O
HO N N N_JJ\N N.Jk OH
H H H H :
) : :

Chemical Formula: C4oH5gNgO 149
Exact Mass: 978.38
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| o.01 7.95 | | 6.81 4.13 221 [1.74 | |1.20 Lsaoa
K (d) E (dt) 0 (s
8.18 4,24 4 1.35 5000
4000
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]
2000
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, i i W \ u\. T I
N SRR B, U L | SN A i AWV
ToT T 1 i A A A 1000
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1 (ppm)
'H NMR (400 MHz, DMSO-ds) 5 9.01 (s, 2H), 8.71 (d, J = 7.7 Hz, 2H), 8.18 (d, J = 7.7 Hz, 3H),
8.11-7.99 (m, 5H), 7.95 (dd, J=10.3, 7.5 Hz, 3H), 6.81 (d, J = 1.5 Hz, 4H), 4.33 (p, J = 7.0 Hz,
4H), 4.24 (dt, J = 8.0, 4.2 Hz, 3H), 4.13 (dt, J=12.9, 6.0 Hz, 3H), 2.21 (dd, J = 16.2, 8.3 Hz, 5H),
1.74 (d, J = 10.9 Hz, 5H), 1.52 - 1.43 (m, 4H), 1.35 (s, 5H), 1.20 (q, J = 6.8 Hz, 9H).
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Analytical data

° OH
N,
0
O%_/N

NH
HzN/\/\g/ 2

Chemical Formula: C4gH,gN5O5
Exact Mass: 371.22
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H NMR (400 MHz, DMSO-ds) 5 8.13 (dd, J = 18.8, 11.2 Hz, 2H), 7.76 (q, J = 19.1, 17.3 Hz, 3H),
4.38 (td, J = 8.6, 7.6, 4.0 Hz, 1H), 4.15 (td, J = 8.4, 4.5 Hz, 1H), 3.70 - 3.56 (m, 1H), 3.50 (d, J =
8.4 Hz, 1H), 2.74 (dd, J = 16.3, 7.8 Hz, 2H), 2.41 - 2.24 (m, 1H), 2.19 (dd, J = 16.0, 8.7 Hz, 1H),
2.08 (dt, J = 18.1, 8.9 Hz, 2H), 1.97 - 1.81 (m, 3H), 1.71 (dt, J = 23.0, 7.7 Hz, 2H), 1.55 (h, J = 7.2
Hz, 3H), 1.44 - 1.23 (m, 3H).
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Analytical data
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HO H /\/\jOHO
H N,
H .
N
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: NH
H2N/\/T 2
Chemical Formula: Cy3H33N509
Exact Mass: 523.23
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"H NMR (400 MHz, Deuterium Oxide) d 6.81 (s, 2H), 4.38 (dd, J = 8.4, 6.1 Hz, 1H), 4.32 (t, J =
5.9 Hz, 1H), 4.24 (dd, J = 9.1, 5.0 Hz, 1H), 3.62 (dt, J = 10.2, 6.4 Hz, 1H), 3.50 (dt, J=10.1, 7.0
Hz, 1H), 3.25 (td, J = 6.7, 4.9 Hz, 2H), 2.39 (t, J = 7.4 Hz, 2H), 2.19 (ddd, J = 12.5, 8.5, 6.4 Hz,

1H), 2.12 - 2.03 (m, 2H), 1.98 - 1.64 (m, 6H), 1.57 - 1.48 (m, 2H), 1.36 (g, J = 9.3, 8.1 Hz, 2H).
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Analytical data
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Chemical Formula: C3gH49N7O44
Exact Mass: 803.33
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H NMR (400 MHz, DMSO-ds) 5 9.00 (s, 2H), 8.67 (d, J = 9.4 Hz, 2H), 8.21 - 8.00 (m, 8H), 7.27
(s, 2H), 6.83 (d, J = 10.1 Hz, 4H), 4.40 (s, 2H), 4.12 (s, 2H), 3.77 (s, 2H), 3.64 (s, 2H), 2.79 - 2.70
(m, 2H), 2.18 (s, 1H), 2.05 (s, 1H), 1.86 (s, 4H), 1.69 (s, 4H), 1.48 (s, 2H), 1.33 (s, 8H).
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Analytical data
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NH
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W N, N.&J\N OH
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Chemical Formula: C33H59NgOq
Exact Mass: 725.44
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H NMR (400 MHz, DMSO-ds) & 8.54 (d, J = 7.5 Hz, 3H), 8.15 (d, J = 7.3 Hz, 3H), 8.04 (d, J= 7.5
Hz, 3H), 4.32 (dt, J = 28.5, 7.2 Hz, 6H), 4.18 (t, J = 7.3 Hz, 3H), 3.84 (d, J = 7.0 Hz, 5H), 1.34 (d,
J = 6.9 Hz, 9H), 1.30 - 1.19 (m, 26H).
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Analytical data
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Chemical Formula: C4gHg3NgO13
Exact Mass: 877.45
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Analytical data

Mass spectrometry (ESI-MS or MALDI-TOF MS)
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Analytical data
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