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The global rise in antibiotic resistance underscores the urgent need for alternative antimicrobial
strategies. One approach involves the conjugation of iron-chelating moieties to macromolecular
scaffolds to disrupt bacterial iron homeostasis and inhibit cellular uptake mechanisms. In this work, the
pre-chromophoric unit of the siderophore ferribactin served as the structural template for the
development of antimicrobial polymer precursors. A series of L-tyrosine and L-DOPA-derived pre-
chromophore analogues were synthesized and chemically modified to introduce polymerizable
functionalities. These monomers were copolymerized with N-vinylpyrrolidone via reversible addition—
fragmentation chain-transfer (RAFT) polymerization to afford well-defined, bifunctional copolymers.
Antimicrobial testing of the monomers and polymers showed varying levels of activity, depending on the

rsc.li/njc bacterial species.

1. Introduction

The increase in antimicrobial resistance is a serious threat to
human health causing an estimated 1.27 million annual deaths
worldwide.' Therefore, the issue is under ongoing surveil-
lance and discussion in the scientific and health commu-
nities."™ Different approaches to combat these resistances
are being pursued, including new technologies like artificial
intelligence (AI),>* or targeting enzymes in cell wall synthesis or
in respiratory chain processes.>® Other strategies focus on
reducing the pathogenicity and virulence of bacteria rather
than killing them to avoid selective evolutionary pressures,
thus reducing the spread of antibiotic resistance by “diluting”
the bacterial gene pool.”® Targeting the nutrient supply of
bacteria, such as the iron uptake, is another promising strategy
to inhibit bacterial growth, especially in combination with
antibiotics.”

Iron as a stoichiometric building block is an essential
element in the bacterial growth phase. Nature developed var-
ious chelators for iron uptake, among which enterobactin 1 is a
prominent example (Fig. 1). Enterobactin 1 belongs to a class of
small iron chelating molecules named siderophores, produced

“ Institut fiir Organische Chemie, Universitdt Stuttgart, D-70569 Stuttgart, Germany.
E-mail: sabine.laschat@oc.uni-stuttgart.de

b Department of Chemistry, Cape Breton University, 1250 Grand Lake Road, Sydney
B1P 6L2, Nova Scotia, Canada. E-mail: trisha_ang@cbu.ca,
matthias_bierenstiel@cbu.ca

¢ Helmholtz-Zentrum fiir Infektionsforschung (HZI) Braunschweig, InhoffenstrafSe 7,
D-38124 Braunschweig, Germany. E-mail: ursula.bilitewski@helmholtz-hzi.de

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025

by bacteria to maintain iron uptake, especially in iron deficient
conditions.’®** Conjugates of siderophores and antibiotics
show promising results as ‘“Trojan horses”, increasing the
activity of antibiotics by using the bacteria’s own pathways to
bring antibiotics into the cell thus circumventing some bacter-
ial resistance mechanisms."*"* Pyoverdin D 2 is an example for
a class of siderophores used by the Pseudomonas species that
has been thoroughly investigated.*>™2* The first total synthesis
of pyoverdin D 2 was reported in 2013 by Mashiach and
Meijler.?* Synthetic approaches towards the chromophore unit
3-chr of pyoverdin D 2 (marked blue in Fig. 1) have been known
since 1990, but challenges remain due to the multistep synth-
eses and toxic reagents required.”*

Ferribactin 4-ferri, i.e. the biosynthetic precursor of pyover-
din 3-pyo, is a weaker siderophore,*® which is also found in
Pseudomonas supernatants.”’ Ferribactin 4-ferri differs from
pyoverdin 3-pyo only in the chromophore unit. Although some
literature refers to the ferribactin substructure 4-chr as a
chromophore,””° it should be noted that 4-chr is a colorless
compound. Therefore, in this work, unit 4-chr is referred to as a
pre-chromophore. Ferribactin 4-ferri has been less studied than
pyoverdin 3-pyo, presumably due to the fact, that its binding
affinity towards Fe(m) is 4 orders of magnitude lower than that
of the corresponding Fe(u)-pyoverdin complexes. This vast
difference is caused by the varying amounts of binding sites.
Both siderophores have two binding sites in the form of N-
formyl-N-hydroxy-L-ornithine moieties (marked pink in Fig. 1).
But while the catechol unit of the pyoverdin chromophore 3-chr
provides a third binding site of pyoverdin, the phenol unit of
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Fig. 1 Examples of siderophores, the (pre)chromophoric subunits of pyoverdin 3-chr and ferribactin 4-chr as well as deferiprone 5.

the ferribactin pre-chromophore 4-chr does not participate in
complexation. This was shown by Budzikiewicz with '*C NMR
studies of Ga(m)-complex analogues of ferribactin compared
with data for pyoverdin 3-pyo from other literature.>® Ga(i)
serves as a substitute for Fe(ur) with equal charge and com-
parable ion radius and does not have the unfavorable para-
magnetic property afflicting NMR studies.*® Most publications
deal with the structure of ferribactin 4-ferri and its role
as precursor in the biosynthesis of pyoverdin 3-pyo.>®™°
The synthesis of the ferribactin pre-chromophore 4-chr was
reported in 1993 by Jones, who achieved the formation of a
tetrahydropyrimidine unit in 4-chr via a chiral iminothio-
ester.® However, epimerization occurred during the synthetic
reaction and only a diastereomeric mixture was obtained.*
Later, Abdallah performed the coupling via an amide and
Meerwein’s reagent, introducing the first stereoselective synth-
esis step.’™?> Begley®® and Jones** utilized truncated ferribactin
derivatives for biomimetic oxidative cyclizations to the pyoverdin
derivative.

20848 | New J. Chem., 2025, 49, 20847-20858

Regarding their use as antimicrobials, siderophores and
their iron-binding subunits seem to be highly attractive lead
compounds for drug development.'®*> However, combining a
low molecular weight iron chelator with a macromolecular
backbone is an effective strategy to limit the growth of patho-
genic bacteria, because small iron binding molecules are likely
to be ingested and digested by bacteria. Kizhakkedathu con-
nected a hyperbranched polyglycerol with the hexadentate
Fe(ur) chelator N,N-bis(2-hydroxybenzyl)ethylenediamine-N,N-
diacetic acid (HBED) units (subunit 6, shown in Fig. 2).>® These
macromolecular Fe(m) chelators successfully slowed down the
growth of Staphylococcus aureus and showed bactericidal activ-
ity when administered as adjuvants together with antibiotics.*®
An alternative approach was reported by Berkland who devel-
oped a biomimetic iron-sequestering polymer PAI-DHBA 7 via
crosslinking of polyallylamine (PAI) with 2,3-dihydroxybenzoic
acid (DHBA).*” Pretreatment of culture media with this polymer
effectively inhibited the growth of Pseudomonas aeruginosa.®”
Other catechol-based polymers with antibiotic activity against a

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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Fig. 2 Previous work on siderophore-polymer hybrids and the ferribact
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in-derived polymers described in this work.
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variety of bacteria are known as well.*® An attractive approach
towards polymer-based drug delivery systems is the reversible
addition-fragmentation chain transfer (RAFT) polymeri-
zation.**™*! RAFT enabled, for example, the synthesis of amphi-
philic copolymers with sequence-controlled alternating hydro-
philic-hydrophobic pendant side chains.*? Solvent-dependent
self-assembly of these copolymers led to micelles, vesicles or
reverse micelles, which were used for drug encapsulation.*?
Amino acid-based alternating copolymers displayed a pH-
dependent reversal of amphiphilicity.**** Previously, Ang et al.
disclosed a deferiprone-functionalized acrylamide monomer 8
that was co-polymerized with N-vinylpyrrolidone 9 using RAFT
polymerization to yield an iron-binding co-polymer, DIBI 10, with
enhanced antimicrobial activity.*> The DIBI copolymer inhibited
the growth of the antibiotic-resistant bacteria Acinetobacter
baumannii, the methicillin-resistant Staphylococcus aureus as
well as the yeasts Candida albicans and Candida vini.***®

Our aim was to synthesize a library of polymerizable ferri-
bactins with different protecting groups, to integrate them into
polymers in order to obtain antibiotic polymers 11, 12, and to
gauge the roles of the chromophores and pre-chromophores
in the native compounds (Fig. 2). Although the synthesis of
1-tyrosine-based ferribactin pre-chromophores 14-T is known,*'
no synthetic route for the analogous L.-DOPA-based derivatives
14-D has been published yet. This should provide the basis for a
biomimetic approach towards the pyoverdin chromophore
3-chr via the ferribactin pre-chromophore 14-T or 14-D instead
of truncated systems without stereogenic centers.**** Since the
synthesis route is complex, an incorporation of small amounts
of the ferribactin-based monomers 13-T and 13-D with other
easily available iron chelating monomers such as MAHMP 8 is
favorable, to enhance the effects of already existing polymers.
This was tested under the RAFT polymerization method that
afforded the iron-chelating co-polymer DIBL*’

The ability to bind iron was evaluated by UV-vis measure-
ments, a simpler and more sensitive method in comparison
with NMR studies with Ga(m).>® This should allow for better
comparison between phenol- and catechol-derived ferribactins
and different protecting groups, as well as a first indication of
potential antimicrobial activity.

Finally, biological tests with synthesized ferribactins 13-T and
13-D and the obtained polymers 11 and 12 were performed with
different bacteria to determine their antimicrobial activity. This
data indicated the influence of structural motives in the ferribactins
13-T, 13-D and the incorporation into the polymers 11 and 12, thus
pointing to the first structure activity relationships (SAR).

2. Results and discussion

2.1. Retrosynthetic approach to the ferribactin
pre-chromophore

In order to synthesize the ferribactin pre-chromophore deriva-
tives 14-T and 14-D, the synthetic route via an iminoether,
following a method by Jones®® and Abdallah,*" appeared to be
the most promising (Fig. 2). The protection of the amino acid
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precursors was necessary for the synthesis of target polymers 11
and 12 in order to avoid undesired side reactions during the
different synthetic steps. The set of O-methyl and N-Cbz
protecting groups (PGs) was chosen to obtain chemically stable
derivatives and to minimize accidental deprotection during
acidic or other deprotecting reaction conditions throughout
the planned synthetic route. But the deprotection of the meth-
oxy ethers may not be viable for the target molecules 14-T or 14-
D due to their stability. Therefore, another set, containing
O-silyl and N-Boc protecting groups was chosen to synthesize
derivatives that can be easily deprotected after synthesis of the
target molecules 14-T and 14-D. Compounds 14-T, 14-D should
be obtained via coupling of amides 15-T and 15-D with 2,4-
diaminobutyric acid (DABA) 16 (prepared from r-glutamine 17)
and subsequent cyclization. Amides 15-T and 15-D should be
synthesized from r-tyrosine 18a and 1-DOPA 18b, respectively.

2.2. Synthesis of ferribactins derived from tyrosine and DOPA
amides

First, the amide derivatives of r-tyrosine 18a and r-DOPA 18b
had to be prepared. As shown in Scheme 1, the amino groups of
L-tyrosine 18a and .-DOPA 18b were protected first by modifica-
tion of known procedures.**>" Tyrosine 18a was treated with
Boc,0 and NaOH (method A) and gave Boc-tyrosine 19a-T in
quantitative yield, while the Boc protection of DOPA 18b was
performed with NaHCO; and Boc,O and gave Boc-DOPA 19b-D
in quantitative yield (entries 1, 2). The Cbz protection of
tyrosine 18a was performed with CbzCl (method B) and yielded
53% of Cbz-tyrosine 19¢-T. The Cbz-DOPA 19d-D was obtained
in a similar reaction with CbzCl and K,COs in 48% (entries 3, 4).
Then the vicinal hydroxy groups of the phenol moiety were
protected with different protecting groups according to literature
to avoid oxidation reactions towards quinoid systems.’>>> Boc-
DOPA 19b-D was treated with TBDMSCI (method C) to give the
TBDMS and Boc-protected 20b-D in 43% yield (entry 5). The Cbz-
protected tyrosine 19¢-T and DOPA 19d-D were alkylated with an
excess of Mel and the obtained methyl esters were saponified with
2 M NaOH to yield the O-methyl-N-Cbz-protected tyrosine 20c-T in
80% and the O-methyl-N-Cbz-protected DOPA 20d-D in 78%,
respectively (method D, entries 6, 7).

The amidations of the protected derivatives 20b-D, 20c-T and
20d-D were performed according to a modified procedure by
Moreno-Cinos with isobutyl chloroformate and concentrated
NH; solution, yielding the O-TBDMS-N-Boc-DOPA amide 15b-D
in 58%, the O-methyl-N-Cbz-tyrosine amide 15¢-T in 55% and the
O-methyl-N-Cbz-DOPA amide 15d-D in 49% respectively (method
E, entries 9, 10, 11).** To obtain O-TBDPS-N-Boc-tyrosine amide
15a-T, the N-Boc-tyrosine 19a-T was first treated according to
Moreno-Cinos, then with TBDPSC], yielding 21% of 15a-T over
two steps (method F, then method G, entry 8, see SI, Chapter $3).>*

2.3. Synthesis of coupling agent 2,4-diaminobutyric acid (DABA)

The second building block for the coupling of the tetrahydro-
pyrimidine ring in 14-T and 14-D is 2,4-diaminobutyric acid
(DABA) 16. The synthesis of DABA 16 started with glutamine 17
(Scheme 2), which was treated with Boc,O (analogue to tyrosine

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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1 19a-T - Boc A quant.
2 19b-D - Boc A quant.
3 19¢-T - Cbz B 53
4 19d-D - Cbz B 48
5 20b-D TBDMS Boc C 43
6 20c-T Me Cbz D 80
7 20d-D Me Cbz D 78
8 15a-T TBDPS Boc F, G 21
9 15b-D TBDMS Boc E 58
10 15¢c-T Me Cbz E 55
1 15d-D Me Cbz E 49

Scheme 1 Synthesis and results of tyrosine and DOPA amides. (A) Boc,0,
NaOH or NaHCOs3, H,O, THF, rt, 22-25 h, quant.; (B) CbzCl, NaOH or
K>COs, H,O, THF, rt, 23-26 h, 48-53%; (C) TBDMSCL, imidazole, MeCN, rt,
42 h, 43%; (D) Mel, K,COs, DMF, rt, 18-26 h, then 2 m NaOH, rt, 6-19 h,
78-80%; (E) N-methylmorpholine, isobutyl chloroformate, concentrated
NHsz, CH,Cl,, 0 °C to rt, 21-24 h, 49-58%, (F) N-methylmorpholine,
isobutyl chloroformate, concentrated NHsz, CH,Cl,, O °C to rt, 18 h, then
1M NaOH, THF, rt, 3 h, 54%; (G) S3-T, TBDPSC|, imidazole, CH,Cly, rt, 25 h,
38%. For further details see Chapter S2, SI.

18a)*° and Boc-glutamine 21 was isolated in 67% yield
(method A). A Hofmann rearrangement with N-Boc-glutamine
21 was performed with Br, and NaOH, then the resulting
intermediate was protected with Boc,O, so N,N-Boc,-DABA 22
could be obtained in 44% yield (method B).>* Boc,-DABA 22 was
treated with an excess of concentrated HCI to yield DABA 16 as
dihydrochloride in 84% (method C).>

2.4. Formation of ferribactin pre-chromophore monomers

After optimization (see SI, Chapter S3), pre-chromophore synthesis
was performed according to Jones.** Therefore, the silyl-protected

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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amines 15a-T, 15b-D and the methyl-protected amides 15¢-T, 15d-D
were stirred with MeOTf, then coupled with DABA 16 to obtain the
corresponding ferribactin pre-chromophores (14a-T, 14b-D, 14¢-T,
14d-D) (Scheme 3). The silyl-protected derivatives yielded 94% for
14a-T and 59% for 14b-D (method A, entries 1, 2), while the methyl-
protected derivatives yielded 73% for 14c¢-T and 40% for 14d-D
(entry 3, 4).

For further functionalization to the ferribactin monomers
13a-T, 13b-D, 13¢-T and 13d-D deprotection was necessary. For
the silyl-protected, Boc-containing derivatives 14a-T and 14b-D,
the acid-catalyzed reaction with trifluoroacetic acid (TFA)
according to a method by Imramovsky was successfully
applied.”® The derivatives 14a-T and 14b-D were deprotected
with TFA and used without isolation in the subsequent cou-
pling reaction.”” Activation of N-Boc-protected B-alanine S2
with EDC-HCI and HOB, followed by addition of the depro-
tected derivatives of 14a-T and 14b-D, yielded the silyl-protected
spacer derivatives 23a-T in 83% and 23b-D in 42% (method B,
entries 5, 6). After optimization (see SI, Chapter S3), the method
of Ghorai was used to deprotect the methylated Cbz-derivatives
14¢-T and 14d-D.”® Sequential treatment with 6 M HCI, then
coupling with N-Boc-protected B-alanine S2 yielded the methyl-
protected compounds 23¢-T in 5% and 23d-D in 35% respec-
tively (method B, entries 7, 8).>® To introduce the polymerizable
side group, Boc deprotection with TFA was carried out on the silyl-
protected (23a-T, 23b-D) and methyl-protected (23c-T, 23d-D)
spacer derivatives. The subsequent coupling reaction (optimized
as described in the SI, Chapter S3) was performed with methacrylic
acid, EDC-HCI and HOB. The silyl-protected monomers 13a-T and
13b-D were obtained in 80% and 49% yield. The methyl-protected
monomers 13c-T and 13d-D were obtained in 68% and 47% yield
(method C, entries 9, 10, 11, 12).

2.5. Investigation of iron binding properties of ferribactin
pre-chromophore monomers

The silyl-protected (13a-T, 13b-D) and methyl-protected (13¢-T,
13d-D) monomers were tested regarding their Fe(m)-binding
properties by adding increasing amounts of FeCl; (4 mM
solution in MeOH) to a solution of monomers in MeOH and
monitoring the absorbance via UV-vis spectroscopy (Fig. 3).
To study how the protecting groups alter the Fe(m)-binding
properties, samples of the silyl-protected monomers 13a-T and
13b-D were deprotected with TBAF to yield deprotected 24a-T

New J. Chem., 2025, 49, 20847-20858 | 20851
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1 14a-T TBDPS Boc A 93
2 14b-D TBDMS Boc A 59
3 14c-T Me Cbz A 73
4 14d-D Me Cbz A 40
5 23a-T TBDPS - B 83
6 23b-D TBDMS - B 42
7 23c-T Me - B 5
8 23d-D Me - B 35
9 13a-T TBDPS - o} 80
10 13b-D TBDMS - C 49
1 13c-T Me - C 68
12 13d-D Me - C 47

Scheme 3 Coupling reaction to ferribactin pre-chromophores and mod-
ification to monomers. (A) MeOTf, CH,Cl, or CHCls, reflux to rt, 22-27 h,
then DABA 16, iPryEtN, EtOH, rt to reflux, 20-23 h, 40-93%; (B) TFA,
CH,Clp, rt, 4 h or 6 M HC, reflux, 6 h then Boc-B-alanine S2 EDC-HCI,
HOBt-H,O, N-methylmorpholine, CH,Cl, or DMF rt, 16-22 h, 5-83%; (C)
TFA, CH,Cl,, rt, 2—4 h then methacrylic acid (MAA), EDC-HC|, HOBt-H,O,
N-methylmorpholine, CH,Cl,, rt, 16—23 h, 47-80%. For further details see
Chapter S2, SI.

and 24b-D. The TBAF was not removed before the measure-
ments. In Fig. 3 the absorbance of all variants with an added
amount of 80 nmol of Fe(u) in approx. 1 mL solvent is shown
exemplarily (all spectra are shown in the SI, Fig. S2-S7). The
enlarged section of the absorption spectrum at /4 = 400-800 nm
(Fig. 3b) shows that for all protected derivatives no additional
band was detected as was expected for the Fe(m) binding

20852 | New J. Chem., 2025, 49, 20847-20858

View Article Online

NJC
according to the literature.’®"®" None of the protected mono-
mers showed Fe(ui) binding properties, even the sterically less
demanding methyl ethers in 13d-D were suppressing coordina-
tion. The phenol/catechol-unit of the molecule was proven to be
the only binding site by detecting a shift in absorbance,
although several peptide bonds and the tetrahydropyrimidine
ring were present. The peptide bonds and the tetrahydro-
pyrimidine ring remained unchanged and free during the
complexation experiments. The deprotected 24b-D (catechol-
type) showed a wide band with a maximum absorbance around
570 nm, which indicates an Fe(ur) binding at the catechol unit.
This aligns perfectly with the ligand system containing two
catechol units at neutral pH as reported by Bijlsma.>
The deprotected 24a-T (phenol-type) showed a narrow and
much weaker band with a maximum absorbance at 460 nm,
which would fit in the range of phenol-containing Fe(m)
complexes.®”® Due to its small intensity, it is assumed that a
very weak complexation occurred.

Since UV-vis measurements showed that the free catechol
moiety is needed for Fe(ur) binding, we surmised that the silyl-
protected monomers (13a-T, 13b-D) and the methyl-protected
monomers (13¢-T, 13d-D) probably cannot induce a state of
iron deficiency and show antimicrobial effects from iron deple-
tion. Only the enzymatic catechol deprotection of the DOPA-
derived derivatives 13b-D (silyl-protected) or 13d-D (methyl-
protected) might lead to this effect. The Fe(u) binding of the
tyrosine-based derivatives 13a-T (silyl-protected), 13¢-T (methyl-
protected) in their free phenolic form is probably too weak to
show an effect. It can be concluded that the complexation
behavior of ferribactin and polymer derivatives occurs through
the catechol moiety, as there is an absence of metal complexa-
tion towards peptide bonds and the tetrahydropyrimidine.

2.6. Polymerization of ferribactin pre-chromophore
monomers

Copolymerization of the silyl-protected monomers (13a-T, 13b-
D) and the methyl-protected monomers (13¢-T, 13d-D) with
N-vinylpyrrolidinone (NVP) 9 and N-[2-(3-hydroxy-2-methyl-
4-oxopyridin-1(4H)-yl)ethyl|methacrylamide (MAHMP) 8 was
attempted. DIBI 10 was synthesized as a control reaction
according to the original conditions by Ang*® (Scheme 4), which
yielded DIBI 10 in 83%, to show successful polymerization
conditions and to obtain DIBI as non-(pre-)-chromophore con-
taining co-polymer for control experiments.

The reaction conditions were adjusted for the silyl-protected
(13a-T, 13b-D) and methyl-protected (13¢-T, 13d-D) monomers
as shown exemplarily for the polymerizations of methyl-
protected 13¢-T in Scheme 4. The reactions were performed
in uM scale in gas chromatography (GC) vials. The monomers,
RAFT-agent 25, NVP 9 and tetramethylethylenediamine
(TMEDA) were dissolved in the solvent or solvent mixture
(Table 1). Due to solubility issues we, unfortunately, could
not use the reported RAFT conditions.**™** Tert-butyl hydroper-
oxide (TBHP) was added and stirred at 40 °C.

The methyl-protected monomers 13c-T and 13d-D were
soluble in water. As shown in Table 1 (entry 1) and Scheme 4

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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(middle), the methyl-protected monomer 13c¢-T reacted with
NVP 9 without further change to the reaction conditions of the
DIBI 10 control and yielded polymer 11¢-T in 65%. Copolymer-
ization of NVP 9 and MAHMP 8 (Scheme 4, bottom and Table 1,
entry 2) was performed and yielded DIBI polymer 12¢-T in 71%,
confirming reagent and reaction conditions. For the methyl-
protected monomer 13d-D, a similar reactivity was expected as
compared to methyl-protected 13¢-T, but no reaction occurred
under aqueous conditions (entry 3). Due to their hydrophobic
protection groups, the silyl-protected monomers 13a-T and 13b-
D could not be dissolved in H,O, therefore addition of a co-
solvent was necessary (entry 4). For silyl-protected 13a-T, a
mixture of H,O and DMSO was tested and yielded a solid.
The NMR spectrum of the solid showed an overlapping mixture

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025

of broadened singlets and sharp doublets of the tyrosine phenyl
ring protons. The broadened singlets indicate polymerization
and the remaining sharp doublets indicate that silyl-protected
monomer 13a-T is still present (see SI, page S158). Additionally,
the matrix-assisted laser desorption (MALDI) mass spectra data
shows no polymer distribution and only one relevant signal at
1156.98, since the mass of silyl-protected 13a-T is 640.31 and
the mass of NVP 9 is 111.07 (see SI, Chapter S13). We deduced
from this data that the formation of short chains of oligomers
had likely occurred (entry 5). The silyl-protected DOPA derivative
13b-D did not show any reaction under the RAFT conditions. Silyl-
protected 13b-D gelled the (1:1) mixture of H,O/DMSO as well
as the (1:1) mixture of H,O/DMF with the intended con-
centration of 26 mM while dissolving, before the start of the

New J. Chem., 2025, 49, 20847-20858 | 20853
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Table 1 Reaction conditions for the polymerization attempts of silyl-protected (13a-T, 13b-D) and methyl-protected (13c-T, 13d-D) monomers with

NVP 9 and MAHMP 8

Entry Monomer Comonomer Solvent (v:v) Time [h] Yield [%] Observation

1 13c-T NVP 9 H,0 19 65 copolymer 11c¢-T formed

2 13¢-T NVP 9, MAHMP 8 H,0 20 71 copolymer 12¢-T formed

3 13d-D NVP 9 H,0 18 — no reaction

4 13a-T NVP 9 H,O0 — — 13a-T does not dissolve

5 13a-T NVP 9 H,0/DMSO 1:1 18 — oligomers formed

6 13b-D NVP 9 H,0/DMSO 1:1 — — gelation of reaction mixture
7 13b-D NVP 9 H,O/DMF 1:1 — — gelation of reaction mixture
8 13b-D NVP 9 Dioxane/H,0 5:3 18 — no reaction

reaction (entries 6, 7). The gelation of solvents by DOPA
derivatives and short peptides containing DOPA is known.**%
Moreover Kar® observed the gelation of dioxane, THF, DMSO
and DMF by TBDMS protected (catechol unit) DOPA, that was
solely caused by the silyl units and showed liquefaction after
cleavage of the TBDMS ether with fluoride. The silyl-protected

20854 | New J. Chem., 2025, 49, 20847-20858

monomer 13b-D was soluble in a (5: 3) mixture of 1,4-dioxane/
H,0, but the monomer showed no conversion under RAFT
conditions (entry 8). Incorporation of silyl-protected monomers
13b-D and 13a-T as well as additional silyl deprotection was
desirable. For silyl-protected 13b-D, this would lead to a free
catechol, that could bind iron (as shown for the deprotected

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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24b-D in chapter 2.5) or enhance the iron binding properties of
existing polymers. Deprotected derivative 24a-T could mimic
ferribactin and deprotected derivative 24d-D pyoverdin and
their (pre-)chromophoric units, and, if recognized, interfere
with the siderophore uptake of bacteria.

The co-polymerization with NVP 9 was performed to
increase water solubility with the aim of increasing the iron
binding and bioactivity of the silyl-protected monomers 13a-T
and 13b-D and the methyl-protected monomers 13¢-T and 13d-
D. Poly-NVP polymers and co-polymers are known for their
great water solubility and have been used as blood plasma
extenders.®® A polymer has additional advantages. It cannot be
as easily taken up and digested by bacteria®® and can improve
the antibacterial activity with an effect of cooperation through
several active units in the vicinity, as shown by Ang"® in DIBI 10.
Another effect mentioned by Ang is the induction of steric
hinderance by the polymer chain, later described as the poly-
mer molecule wrapping around the Fe(u), that increases the
antimicrobial effect.”>*” All of these effects might combine in
our targeted polymers. After polymerization, the silyl groups of
the incorporated 13a-T and 13b-D could be deprotected to
benefit from the iron binding capacity due to the free phenol
or catechol moiety. The B-alanine as a short spacer was chosen
to mirror the ethyl amide linker of MAHMP 8 and methacrylate
as polymerizable group was used to get the same reactivity as
MAHMP 8 by Ang, since the same polymerization method and
conditions were chosen.*” Increasing solubility by polymeriza-
tion worked, because the obtained polymers 11¢-T and 12¢-T of
the monomer 13¢-T were easily water soluble. Even the oligomers
of silyl-protected 13a-T with 9 showed an increased water solubi-
lity, compared with the silyl-protected monomer 13a-T itself.

For the successfully synthesized polymers 10, 11¢-T and 12c-
T, diffusion-ordered spectroscopy (DOSY) NMR spectra and
MALDI mass spectra were measured (see SI, Chapter S7).
For 10, the MALDI distribution showed a maximum in the
same order of magnitude as the molecular weight for 10
synthesized by Ang.*®> For 11¢-T and the mixed polymer 12¢-T,
the maxima were lower. DOSY spectra are 2D spectra, showing
the cross signals of the 'H NMR and the diffusion coeffi-
cient (see SI, Table S2). No homopolymer formation for 10,
11c-T or 12¢-T was observed and the extracted diffusion coeffi-
cients lie roughly in between the reported ones for NVP 9 and
PVP.%°

2.7. Biological tests

The biological tests were performed in aqueous medium with
small amounts of DMSO. Due to their solubility in H,O
and H,O/DMSO mixtures, the silyl-protected monomers (13a-T,
13b-D), the methyl-protected monomers (13¢-T, 13d-D) and the
polymers (11c-T, 12¢-T) were chosen for biological testing. For
comparison, the known DIBI polymer 10 was included in the
assays.®

The cytotoxicity tests were performed with L929 mouse cells
and the Alamar Blue assay was used to evaluate the viability of
the cells.” As an example of the obtained results, the data for
13a-T are shown in Fig. 4.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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Fig. 4 Cell viability assay of the monomer 13a-T.

The silyl-protected monomers 13a-T and 13b-D and the
methyl-protected monomers 13c¢-T and 13d-D (see SI, Fig. S8)
displayed a similar influence on cell viability regardless of the
protecting groups. A variation of around 90% to 110% was
obtained for concentrations from 0.4 uM to 25 pM, showing no
cytotoxicity in this concentration range and lying within the
expected experimental measurement error range. For concen-
trations higher than 50 uM, the cell viability decreased with
increasing concentration (70% cell viability at 100 pM), indicat-
ing cytotoxic properties at higher concentrations. For polymers
11c-T, 12¢-T and DIBI 10 the cell viability increased slightly with
increasing concentrations (see SI, Fig. S9). The results indicated
that the studied polymers 12¢-T, 11c-T and DIBI 10 were not
cytotoxic.

Antibacterial tests were performed with Escherichia coli wild
type (WT), Escherichia coli ATolC, Staphylococcus aureus, Kleb-
siella pneumoniae and Pseudomonas aeruginosa. Four of which
(S. aureus, K. pneumoniae, P. aeruginosa, E. coli) belong to the
ESKAPE pathogens, which are representative for nosocomial
multidrug resistant bacteria.®® Examples for the results
obtained are shown in Fig. 5 (For all results see SI, Fig. S10-519).

For the E. coli WT no antibacterial activity of the silyl-
protected monomers (13a-T, 13b-D) and the methyl-protected
monomers (13¢-T, 13d-D) was observed (Fig. S10). The polymers
10 and 12¢-T slightly inhibited growth of E. coli WT at the high
concentrations of 50 pg mL ™' and 100 pg mL ™", whereas the
polymer 11c-T showed no activity. This indicates that the
activity is probably caused by the hydroxypyridone unit in
the polymer 12¢-T (derived from monomer 8), which agrees
with the published results for DIBI 10.*> Presumably, at high
concentrations both polymers created an iron poorer medium
that led to decreased bacterial growth.

Next, tests were performed for E. coli ATolC. Since the ATolC
mutant is defective in the TolC protein, which is in charge of
the transport of molecules through the outer membrane, the
results were expected to be more distinct.®

New J. Chem., 2025, 49, 20847-20858 | 20855
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The methyl-protected monomers 13¢-T and 13d-D did not
show any significant activity (Fig. S12). In contrast, the silyl-
protected monomers 13a-T and 13b-D led to growth of about
80% at concentrations of 100 uM. Both monomers seem to be
active against E. coli ATolC at high concentrations. As expected,
the polymers showed a more distinct activity against the ATolC
variant than against the wild type (Fig. S13). While 11¢-T had no
activity, the polymers 10 and 12¢-T (Fig. 5a) reduced the growth
of E. coli ATolC to 70-75%. The growth rate already decreased
at concentrations of 10 ug mL ™.

The tests with S. aureus showed no activity for the silyl-
protected monomers (13a-T, 13b-D) and the methyl-protected
monomers (13c¢-T, 13d-D) at low concentrations. Above
25 pug mL™ ', an increased growth of S. aureus occurred for
all four monomers 13a-T, 13b-D, 13¢-T and 13d-D (Fig. S14).
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This might be explained by metabolization of the monomers
by the bacterium. However, this interpretation has to be
approached with great care, because experimental edge effects
might also be involved. The polymers 10 and 12¢-T had only
little effect on the growth of S. aureus (Fig. S15), whereas 11¢-T
showed a slight increase in growth at 100 pg mL™".

Tests with K. pneumoniae revealed increased bacterial
growth with increasing concentration for the silyl-protected
monomers (13a-T, 13b-D) and for the methyl-protected mono-
mer 13c¢-T, while the methyl-protected monomer 13d-D did not
show any activity (Fig. $16). In comparison, the polymers 10,
11c-T and 12¢-T (Fig. 5b) slightly decreased growth (Fig. S17).

For P. aeruginosa no significant activity for the silyl-protected
monomers (13a-T, 13b-D) and the methyl-protected monomers
(13¢-T, 13d-D) could be observed. The bacterial growth rate
changed little irrespective of the concentrations (Fig. S18).
Although the silyl-protected monomers (13a-T, 13b-D) and the
methyl-protected monomers (13c¢-T, 13d-D) have a similar
structure as the ferribactin pre-chromophore 4-chr, no inter-
ference with bacterial biosynthesis seemed to occur. Presum-
ably, the methoxy or silyloxy protecting groups are not cleaved
by these bacteria. Neither polymer 12¢-T nor 11¢-T changed the
growth of P. aeruginosa significantly, while DIBI 10 led to a
slight decrease.

3. Conclusion

In conclusion, several protected ferribactin pre-chromophores
were synthesized that, under the right conditions, can successfully
be incorporated into polymers. Less polar monomers have lower
solubility in water resulting in poor conversion during RAFT
polymerization. UV-vis experiments showed that protected mono-
mers cannot bind to iron. The unprotected catechol unit clearly
shows iron binding behavior. We thus speculate that in naturally
occurring iron-binding compounds, peptide polymer bonding and
stabilization of the Fe(m) center is of little to no effect.

Biological tests showed no cytotoxicity at low concentrations
but weak cytotoxicity at high concentrations, while the poly-
mers showed no cytotoxic behavior. Non-cytotoxic properties
are of interest for potential future antibacterial drug develop-
ments to selectively affect Fe(ur) availability to pathogens and
the human host.

Our results provided new ferribactin derivatives in mono-
meric form, which were embedded in a polymer. Future work is
required to tackle the synthesis of polymers with deprotected
ferribactin pre-chromophores and pyoverdin chromophore
subunits, possibly through incorporation of protected precur-
sors in the polymer in order to study their antibiotic potential
and obtain detailed structure-activity relationships of these
polymers.
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