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ABSTRACT

Inefficient transportation of polar metabolic inhibitors through cell membranes of eukaryotic and prokaryotic cells precludes their direct use as drug
candidates in chemotherapy. One of the possible solutions to this problem is application of the ‘Trojan horse’ strategy, i.e. conjugation of an active
substance with a molecular carrier of organic or inorganic nature, facilitating membrane penetration. In this work, the synthetic strategies used in ra-tional
design and preparation of conjugates of bioactive agents with three types of organic low molecular-weight carriers have been reviewed. These include iron-
chelating agents, siderophores and cell-penetrating peptides. Moreover, a less known but very promising “molecular umbrella” conjugation strategy has
been presented. Spe-cial attention has been paid on appropriate linking strategies, especially these allowing intracellular drug release after internalisation of a

conjugate.

1. Introduction

Many organic compounds, known as effective inhibitors of enzymes
of crucial importance for human pathogenic microorganisms or cancer
cells, do not exhibit any chemotherapeutic activity. This is often due
to the poor diffusion of an active substance through biological mem-
branes. The ‘Trojan horse’ strategy is based on the idea of the con-
jugation of membrane-impermeable substance with any molecular car-
rier. As a result of this conjugation, unfavourable properties of drug
molecules become masked in a way that makes them able to cross the
cell membrane. In an ideal case, once internalized, the active compo-
nent is released from the conjugate and reaches the intracellular tar-
get. Several types of drug carriers are known. One of them is inor-
ganic nanoparticles, like quantum dots, silver and gold or iron oxide
nanoparticles [1-5]. Another group comprises macromolecular organic
carriers, carbon nanotubes [6-10] and dendrimers [11-14]. Both are
supramolecular structures, able to penetrate biological membranes in a
rather cell-unspecific manner (direct translocation or endocytosis), due

to the overall shape and physico-chemical character of the macromolec-
ular carrier.

In this review, attention is focused on another group of organic mol-
ecular carriers, low molecular-weight compounds, which due to the spe-
cific interactions of their particular functional groups with components
of biological membranes (lipids or proteins), can effectively act as cell
membrane penetrating agents. The most popular members of this group
are cell-penetrating peptides (CPPs), composed of 5 — 30 amino acid
residues of often cationic character [15-19]. Another members of this
group, siderophores, are definitely cell-specific since they can effectively
act as molecular carriers delivering cargo exclusively to cells contain-
ing membrane-located siderophore uptake systems [20,21]. Less exten-
sively studied than aforementioned systems but conceptually interest-
ing “molecular umbrellas” are rationally designed membrane translo-
cators of potentially universal application [22,23]. Carrier-drug conju-
gates can be formed either through non-covalent interactions or cova-
lent bonds. In the case of the covalent approach, functionalisation of-
ten requires the incorporation of an additional moiety (linker) to the
molecule. In some cases, non-specific linkers are used - for example, di-

Abbreviations: Boc, tert-butoxycarbonyl group; Cbz, benzyloxycarbonyl group; DIC, N,N -diisopropylcarbodiimide; DIPEA, diisopropylethylamine; DMAP, 4-(N-dimethylamino)pyri-
dine; DPPA, diphenylphosphoryl azide; Fmoc, fluorenylmethyloxycarbonyl group; HATU, N-[(dimethylamino)-1H-1,2,3-triazolo-[4,5-b]pyridin-1-ylmethylene]-N-methylmethanaminium
hexafluorophosphate N-oxide; HBTU, 2-(1H-Benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate; IBCF, isobutyl chloroformate; m-CPBA, 4-chloroperoxybenzoic acid;
NaAsc, sodium ascorbate; NHS, N-hydroxysuccinimide; PEG, poly(ethylene glycol); PMB, para-methoxybenzyl group; SAR, structure-activity relationship; SPPS, solid-phase synthesis;
TBTU, 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethylaminium tetrafluoroborate; TBDMS, tert-butyldimethylsilyl group; TDBTU, N,N,N’,N -tetramethyl-O-(benzotriazol-1-yl)-uronium tetra-
fluoroborate; TBTA, tris[1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine; TFA, trifluoroacetic acid; THF, tetrahydrofuran.

* Corresponding author.
E-mail address: andrzej.skwareckil @pg.edu.pl (A.S. Skwarecki)

https://doi.org/10.1016/j.bioorg.2020.104311

Received 17 July 2020; Received in revised form 31 August 2020; Accepted 20 September 2020

Available online xxx
0045-2068/© 2020.


https://doi.org/10.1016/j.bioorg.2020.104311
http://creativecommons.org/licenses/by-nc-nd/4.0/

Downloaded from mostwiedzy.pl

A\ MOST

carboxylic acid esters and amides, w-amino acids or diamines, alky-
lated ureas, click chemistry derived triazoles or squaric acid diamides
(Fig. 1A). The more popular approach takes advantages of stimuli-re-
sponsive linkers, like glutathione-sensitive activated disulfides, pH-la-
bile linkers (3-thiosuccinimide, (acyloxy) alkyl esters, hydrazones), es-
terase-labile ‘trimethyl-lock’ linkers or cathepsin-sensitive Val-Cit dipep-
tide (Fig. 1B).

2. Siderophores - cell-specific carriers of natural origin

Siderophores are low molecular-weight organic molecules, produced
by micro-organisms, especially bacteria, able to chelate metal ions, par-
ticularly Fe(III). In nature, Fe(Ill)-chelating siderophores are produced
by microbial cells under conditions of low iron content (below 10718 M)
[24,25], in order to ensure iron acquisition at the level necessary for
optimal growth and metabolism. Until now, more than 500 siderophores
of natural origin have been identified. Most of them belong to one
of the four groups, depending on the structure of the iron-chelating
fragment of a siderophore molecule: (i) catecholates, (ii) hydroxamic
acids, (iii) a-hydroxycarboxylic acids, mainly citric acid derivatives and
(iv) mixed-type. Less abundant are siderophores containing @-aminocar-
boxylate, hydroxyphenyloxazolone or @-hydroxyimidazole functionali-
ties (Fig. 2) [26-29]. The readers interested in siderophores’ biological
functions and mechanisms of siderophore-mediated iron acquisition by
micro-organisms may refer to several review articles [30-34,20].
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Fig. 1. Examples of linkers used in carrier-drug conjugates: (A) non-specific linkers, from
top to bottom: amidoester of a dicarboxylic acid, @-amino acid ester, diamine, disubsti-
tuted urea, triazole, squaric acid diamide; (B) stimuli-responsive linkers, from top to bot-
tom: thiol-maleimide linker, activated disulfide linker, (acyloxy) alkyl ester, hydrazone
linker, esterase-labile ‘trimethyl lock’ linker, valine-citrulline linker.
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Fig. 2. Iron-chelating motifs present in siderophores of natural origin.

2.1. Siderophore-antimicrobial agents conjugates — sideromycins

Siderophores are molecules of an exceptional potential for very ef-
ficient and specific translocation through the microbial cell membrane,
due to the presence of siderophore-specific transport proteins. An idea of
using siderophores as carriers for antimicrobials in a ‘Trojan horse-like’
fashion arose from the discovery of several groups of antibiotics called
sideromycins. These are composed of structural analogs of bacterial
siderophores linked to low molecular weight antimicrobials. Known
sideromycins include hydroxamate-containing albomycin [35-37], fer-
rimycins, and salmycin [38], as well as catecholate-type microcins
[39,40]. Following an inspiration coming from the mechanism of action
of sideromycins, a number of conjugates composed of an iron-chelat-
ing part and an antimicrobial substance have been designed and syn-
thesized. The conjugates are composed of three main components: (i)
siderophore-like fragment, effectively chelating Fe(III) ions (a derivative
of siderophore of natural origin or its synthetic analogue), (ii) a meta-
bolic inhibitor, and (iii) a linker part, joining (i) with (ii), usually con-
taining a fragment that can be cleaved in microbial cytosol to release
and active inhibitor [29]. Following this general scheme, a number
of sideromycin-like conjugates containing f-lactam antibiotics, sulfon-
amides, fluoroquinolones or other antimicrobials have been constructed
(Table 1).

Table 1
Siderophore-antimicrobial agent conjugates.

Antimicrobial
Type of siderophore agent Type of linker Ref.
Citrate-based fluoroquinolone no linker [41,42]
5-aminopentanoyl [43]
2-aminoethanoyl [43]
2-succinoyl [43]
diamide
Hydroxamate f-lactam no linker [44,45]
succinoyl diamide [44-46]
thiol-maleimide [47]
ester
fluoroquinolone succinate [46,48]
(amidoester)
succinoyl diamide [45,46,48]
thiol-maleimide [47]
ester
trimethyl lock [48,49]
5-fluorouracil amino acid ester [50]
aminoglycoside succinate [46]
antibiotic (amidoester)
macrolide succinoyl diamide [50]
antibiotic
triclosan succinate [45]
(amidoester)
sulfonamide nicotinamide [51]
Catecholate f-lactam succinoyl diamide [44,52]
no linker [53]
[54]
oxazolidinone (acyloxy) alkyl [55]
amide
fluoroquinolone  (acyloxy) alkyl [56]
ester
disulfide [571
Mixed hydroxamate- vancomycin succinoyl diamide [58]
catecholate
f-lactam succinoyl diamide [59]
fluoroquinolone trimethyl lock [49]

succinoyl diamide [59]
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2.2. Synthesis of siderophores and their analogs

Although siderophores are compounds of natural origin, the
iron-chelating components of siderophore-drug conjugates are always
products of chemical syntheses. These molecular carriers are either
identical with original microbial siderophores, or more often are their
analogs, containing the iron-chelating functionalities in a more simpli-
fied structural scaffold. Therefore, in this paragraph, the major synthetic
methods of siderophore-like molecules preparation are presented, since
these are important components of the overall strategy of siderophore
carrier-drug congeners synthesis. In the synthesis of siderophore mol-
ecules, the main challenge is formation of iron-chelating functionali-
ties. In the case of hydroxamic siderophores, the hydroxamic group usu-
ally derive from amines or amino acids, prepared upon N-acylation of
1-amino-w-(N-hydroxyamino)-alkanes or w-(N-hydroxyamino)-a-amino
acids, respectively (Fig. 3A) [60]. The hydroxamic acids can be ob-
tained by direct oxidation of an aliphatic amino group to N-hydrox-
ylamine and subsequent selective acylation of a nucleophilic nitrogen
atom. In general, hydroxylamines can be prepared by several differ-
ent methods, both by amine oxidation or by reduction of nitro or ni-
troso functionalities [61]. However, in siderophore chemistry, it is im-
portant that generation of the hydroxamic group should be performed
upon mild conditions because of other labile functionalities present in
the siderophore structure. One of the promising oxidative agents for
this purpose is dimethyldioxirane (DMD), which oxidises the appropri-
ate amine to the corresponding hydroxylamine in a one-step reaction
(Fig. 3B) [60,62,63].

Another amine oxidizing agent used for the formation of N-hy-
droxylamines from amines is benzoyl peroxide, originally applied by
Milewska and co-workes for preparation of w-N-hydroxy-L-lysine and r
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-N-hydroxy-L-ornithine from respective amino acids, as components of
citric acid siderophores [64,65]. Some other siderophores have also
been synthesized using this approach. Bergeron et al. [66] obtained a
mixed-type siderophore nannochelin, based on the structure of citric
acid and cinnamoyl hydroxamic acid. The starting material was Boc-pro-
tected L-lysine which was selectively oxidized with benzoyl peroxide.
Subsequent N-acylation and condensation with a citric acid derivative
led to the target structure (Fig. 4A) [66]. The usage of benzoyl perox-
ide as an oxidation agent was also accomplished by Wang et al. [67]
who synthesized another naturally occurring siderophore, acinetoferrin
which was previously discovered by Okujo et al. [68]. This is the mixed
type siderophore, consisting of citric acid and hydroxamate functional-
ities. Authors have used the Boc-protected diamine as a starting mate-
rial that was oxidised by benzoyl peroxide. Subsequent acylation with
(E)-oct-2-enoic acid and condensation with a citric acid derivative re-
sulted in the ultimate formation of acinetoferrin (Fig. 4B) [67].

It seems, that preparation of @-N-hydroxy-diaminoalkanes by reac-
tion of a Boc-protected diamine with benzoyl peroxide is not optimal,
since such compounds can be much more efficiently obtained using an
appropriate dibromoalkane as a starting substrate and the procedure of
Kolasa and Chimiak [69,70]. On the other hand, in the case of ®-N-hy-
droxy-@-amino acids, their preparation by oxidation of easily obtainable
a-N-protected esters of lysine or ornithine is a method of choice, prefer-
ably by the DMD methodology. In the alternative oxidation with benzoyl
peroxide, formation of N-benzoyl derivatives results in lower yields of
desirable O-benzoyl products.

In the synthesis of catecholate-type siderophores, a 2,3-dihydroxy-
benzoic acid derivative is used for N-acylation of an amino component
(Fig. 6A). In the total synthesis of enterobactin, a starting substrate was
N-trityl-L-serine, converted into f-lactone. Three molecules of
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Fig. 3. (A) The common hydroxamate motifs of naturally occurring siderophores; (B) synthesis of hydroxamate functionality by direct oxidation of amine with dimethyldioxirane (DMD).
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Fig. 4. Simplified schemes of hydroxamate siderophore synthesis with the use of benzoyl peroxide as an oxidising agent: (A) nanochelin A; (B) acinetoferrin.

N-trityl-L-serine f-lactone were condensed in the presence of stannoxane
to give the enterobactin skeleton. After removal of the trityl protection,
the amino groups were N-acylated with 2,3-dihydroxybenzoic acid ac-
tive ester to the final enterobactin (Fig. 5) [71].

This strategy of preparation of enterobactin and enterobactin-like
systems is undoubtedly elegant, straightforward and thus superior to
other approaches described in literature [72].

Studies on the enterobactin-mediated Fe(III) ions transport to bacte-
ria revealed that the trilactone skeleton is not necessary and can be sub-
stituted by other molecular scaffolds [25]. In an artificial triscatecholate
enterobactin analogue [52], the trilactone ring was substituted with
three aminotrimethylene groups (Fig. 6B). The tris[3-(N-tert-butoxy-
carbonylamino-propyl]methylamine intermediate, well known in den-
drimer chemistry [73], was prepared from nitrotrinitrile by nitrile hy-
droboration, protection of amines formed and the final reduction of ni-
tro functionality (Fig. 6C) [74]. Simplification of a siderophore struc-
ture, not affecting its carrier efficiency, is of primary importance for
the construction of carrier-drug conjugates. Such approach has been

enterobactin (Ent)

in the recent years successfully taken in the construction of drug-artifi-
cial siderophore conjugates.

2.3. Preparation of siderophore — drug conjugates

Synthesis of siderophore-drug conjugates can be accomplished fol-
lowing one of the general strategies: (i) synthesis of the siderophore
part, followed by addition of a metabolic inhibitor - either directly or
through a linker, (ii) total synthesis. Siderophores of natural or synthetic
origin can be directly linked with drugs by carboxyl or amino function-
alities. In this way, conjugates of vancomycin and a siderophore ana-
log containing spermidine-based catechol ligands [58], and mixed cat-
echol and hydroxamate ligands [58], were obtained. Analogously, con-
jugates of carbacephalosporin with albomycin and agrobactin [44], ce-
fiderocol (catechol-cephalosporin conjugate) [75], and ampicillin and
amoxicillin congener with a mixed type siderophore [53] were syn-
thesised (Fig. 7). In the BAL 30072 compound, the sul-

[BuzSn{OCH;CH:O)z

Fig. 5. A schematic representation of the total synthesis of enterobactin using an organotin reagent.
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Fig. 7. Examples of direct connection of siderophore and antibacterial agents: (A) catecholate siderophore-ampicilin conjugate; (B) catecholate siderophore-amoxicilin conjugate; (C) cat-
echolate siderophore-cephalosporin conjugate (cefiderocol); (D) staphyloferrin-ciprofloxacin conjugate; (E) hydroxamate siderophore-carbacephalosporin conjugate.

factam molecule is linked with N-hydroxy-dihydropyridone iron-chelat-
ing group through the = N-O-linkage (Fig. 12A) [76].

The more advanced approach in siderophore-drug conjugation is
the application of linkers being independent molecules incorporated be-
tween cargo and siderophore structures. The linkers can be of a cleav-
able or non-cleavable type. In the latter, the most often used precur-
sors are bifunctional molecules, such as diamines, dicarboxylic acids or
w-amino acids. Cleavable linkers usually contain the reducible disulfide
bond, (acyloxy) alkyl group or esterase-triggered ‘trimethyl lock’ com-
ponent. In Fig. 8, examples of hydroxamate siderophore-antibacterial
agent drug conjugates containing different kinds of ‘trimethyl lock’ link-
ers are shown [48,49].

An entirely novel approach was presented by Liu et al. [77] who syn-
thesized a dual drug conjugate of siderophore linked to a cephalosporin,
with oxazolidinone attached. Cephalosporin component of the conjugate
was prepared in four steps from readily available 7-aminocephalospo-
ranic acid. Treatment of cephalosporin carbonate with aminooxazolidi-
none, followed by reaction with TFA to remove the Boc group and
tert-butyl ester, afforded cephalosporin-oxazolidinone conjugate. This
was subsequently subjected to reaction with bis-catechol active ester
(NHS), to give the dual drug-artificial siderophore conjugate (Fig. 9)
[771.

A novel, promising approach in construction of entero/-bactin-/-con-
taining siderophore-/-drug conjugates is based on the use of glucosy-
lated enterobactin derivatives as a siderophore carrier. C-glucosylated
derivatives of enterobactin, known as salmochelins (Fig. 10) are pro-
duced by virulent strains of gram negative bacteria, like E. coli and S. en-
terica. The biosynthesis and utilisation of salmochelins are important for
virulence because these siderophores allow these bacteria to evade the
enterobactin-scavenging host-defense protein lipocalin-2 [78]. There-
fore, conjugates of salmochelins with antibiotics may demonstrate en-
hanced selectivity towards pathogenic bacterial strains. Unfortunately,
chemical synthesis of such derivatives is multistep and difficult [79].

An access to salmochelin-containing siderophore-drug is facilitated
by the use of bacterial enzymes catalyzing enterobactin glucosylation.
One of them, IroB, transfers glucosyl groups from uridine-5’-diphospho-
glucose (UDP-Glc) to C5 of one, two, or three of the 2,3-dihydroxyben-
zoyl units of enterobactin to yield monoglucosyl-C-Ent (MGE), digluco-
syl-C-Ent (DGE) and triglucosyl-C-Ent. On the other hand, another en-
zyme, MceC, catalyses only formation of MGE and DGE. Both enzymes
were used by Chairatana et al. in their chemoenzymatic synthesis of
MGE and DGE (known also as salmochelin S4, Fig. 10) conjugates with
p-lactam antibiotics [80]. In this synthesis, Ent was functionalized with
PEG3-Nj prior to the enzymatic transglycosylation, to enable conjuga-
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Fig. 9. Scheme of synthesis of conjugate consisting of catecholate siderophore, cephalosporin linker and oxazolidinone antibiotic.

tion of glucosylated Ent with ampicillin or amoxicillin by click chemistry
in the last step. (Fig. 11, path A and B) [80]. On the other hand, Lee
and co-workers [81] proposed enzymatic transglycosylation of enter-
obactin with functionalised glucose derivatives derived from UDP-sugar.
Presence of bromine, azide or thiol functionality in such derivatives of-
fers a broad range of possibilities of further attachment of a drug mole-
cule. Recently, the chemoenzymatic approach was applied in construc-
tion of salmochelin S4-inspired ciprofloxacin conjugate, where not the
entire salmochelin S4 moiety but only two C-glucosylated catechol units
are present (Fig. 12B) [82].

Construction of glycosylated siderophore-drug conjugates involving
chemoenzymatic approach seems a very promising way to novel an-
tibacterials selectively targeting virulent versus non-virulent strains,
provided this chemoenzymatic methodology could be effectively scaled
up. It is worth mentioning, that Neumann et al. proposed an alter-
native approach to selective targeting of virulent bacteria by the
siderophore-drug conjugate. They prepared the Ent-ciprofloxacin con-
jugate (Fig. 12A) which is effectively internalized by the virulent and
non-virulent E. coli cells, however only in the former, the conjugate is
activated due to the action of the IroB cytoplasmic esterase [83].
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2.4. Synthesis of drug-artificial siderophore conjugate

A novel, especially promising approach in construction of drug con-
jugates with iron-chelating compounds is application of synthetic
siderophore mimics (artificial siderophores) as carriers. It was found
that an appropriately modified catechol moiety or heterocycles con-
taining N-hydroxy functionalities can successfully substitute the entire
siderophore molecule as a carrier components in conjugates. Linking of
unnatural siderophores with antimicrobials through linkers usually calls
for the total synthesis. Starting from the simple precursors, like acry-
lonitrile, acetaldehyde and cyclohexylamine, derivatives of tri(3-amino-
propyDmethylamine [52] or tri(3-aminopropyl)methanol [84] can be
obtained. Tris[3-(N-tert-butoxycarbonylamino)propyl]methylamine is
treated with methyl succinyl chloride and subsequently, after prior re-
moval of protecting group, with 2,3-diacyloxybenzoyl chloride. Ob-
tained artificial siderophore was coupled via mixed anhydride (isobutyl
chloroformate) with ampicillin and amoxicillin. After the final depro-
tection, artificial siderophore-#-lactam antibiotic conjugates were gen-
erated (Fig. 10, path A) [85]. In another approach, appropriately
protected triaminomethanol was acylated with 2,3-dibenzyloxybenzoyl
fluoride and then, after removal of the sillyl protection, O-acylated
with chloroacyl chloride. The resulting chloroester was treated with
ciprofloxacin, thus leading to the ultimate formation of the artificial
siderophore-ciprofloxacin conjugate (Fig. 10, path B) [84]. The syn-
thesis of aminochelin- and vanchrobactin-norfloxacin conjugates [86]

started with the coupling of 2,3-diisopropyloxybenzoic acid with
tert-butyl(4-aminobutyl)carbamate or tert-butyl N°-Cbz-D-ornithine, us-
ing TBTU as the coupling agent. After deprotection, the free amines
were condensed with chloroacetyl chloride and then treated with nor-
floxacin, giving aminochelin-norfloxacin and vanchrobactin-norfloxacin
conjugates (Fig. 10, path C) [86].

Cefiderocol is a conjugate of a synthetic cephalosporin with arti-
ficial siderophore, namely 2-chloro-3,4-dihydroxybenzoate. This com-
pound was approved for clinical use as an antibacterial drug in the
United States in November 2019, and in the European Union in April
2020. It is sold under the trade name of Fetroja. Synthesis of such
congener can be accomplished in two ways. The appropriately pro-
tected cephalosporin chloride is either first conjugated with (2-aminoth-
iazolyl)iminoacetic acid derivative and this intermediate is subsequently
treated with a tertiary amine catechol derivative (Fig. 11) or forma-
tion of cephalosporin-catechol conjugate is followed by reaction with
(2-aminothiazolyl)iminoacetic acid derivative. Substrates for conjuga-
tion are prepared as follows: 2-chloro-3,4-dihydroxybenzaldehyde is ox-
idized under Pinnick conditions to the respective acid and subsequently
conjugated with diamine, while (2-aminothiazolyl) iminoacetic acid is
prepared from respective 2-oxoacetic acid and O-alkylhydroxylamine.
In sequence presented in Fig. 11, product of cephalosporin chloride
conjugation with 2-aminothiazolyl) iminoacetic acid derivative is oxi-
dized with m-CPBA to give the intermediate sulfoxide and then chlo-
ride is exchanged for iodide. Reaction between the resulting iodide and
the tertiary amine catechol derivative affords the intermediate conjugate
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Fig. 12. Chemical structures of the enterobactin-ciprofloxacin conjugate (A) and
salmochelin S4-inspired Trojan Horse antimicrobial agent (B).

containing the quaternary amine. Reduction of the 1-sulfoxide gives the
quaternary ammonium salt, which is treated with Lewis acid such as
aluminium trichloride in the presence of anisole to produce the final
cephalosporin-siderophore conjugate (Fig. 11) [87,88].

The conjugate known as BAL 30072, containing N-hydroxydihy-
dropyridone (Fig. 12A), developed by Basilea Pharmaceutica, has ever
been investigated in phase I clinical studies, however was abandoned
for severe hepatotoxicity [89]. Nevertheless, its perfect activity
againstPseudomonas aeruginosa and Acinetobacter baumanni is worth
mentioning [90,91]. A series of SAR modifications of BAL 30072 were
proposed, especially at C4 in f-lactam ring (Fig. 12B), introducing
spiro-, heterocyclic or alkoxy substituents [76].

The starting substrates were amino acids of natural or synthetic ori-
gin, appropriately protected at amino or carboxyl functionalities. In
the A synthetic path, the amino acid methyl ester was oxidized with
SeO,/tBuOOH and subsequently converted into N-acetylated hydrox-
amic acid. The Mitsunobu reaction was performed to transform this in-
termediate into corresponding @-amino-f-lactam (Fig. 13, path A). On
the other hand, starting from benzyl N-tert-butoxycarbonyl glycinate, 8
-lactams with a spiro substituent at C3 were obtained. The aldol reac-
tion was carried out between various cyclic ketones and a glycine de-
rivative to get a substituted serine derivative. The hydrogenolytic re-
moval of the benzyl group yielded intermediate acids, which were cou-
pled with BnONHj; to give O-benzyl hydroxamic acids. The Mitsunobu
reaction was carried out to transform these derivatives of hydroxamic
acids to the corresponding rac-¢-amino-f-lactams (Fig. 13, path B).

An optically active a-amino-f-lactam containing the cyclopentyl sub-
stituent was prepared from the N-Boc-L-serine methyl ester, to which
two allyl moieties were attached. Ring-closure metathesis reaction of
the diallyl derivative was performed using the 2nd generation Grubbs
catalyst to afford cyclopentenylserine. Reduction of the double bond
in the five-membered ring compounds with Wilkinson’s catalyst gave
a saturated product. This intermediate was converted into O-ben-
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zyl hydroxamic acid, and subsequently under Mitsunobu conditions in
a-amino-A-lactam (Fig. 13, path C). Sulfonation of @-amino-f-lactams
with an excess of SO3 x DMF or pyridine complex gave tetra-tert-buty-
lammonium salts, followed by deprotection of the Boc group under acid
conditions, to give the corresponding @-amino-f-lactam. A condensation
reaction was carried out between @-iminocarboxylic acid and @-amino-f
-lactam to afford intermediate compound, which was converted into fi-
nal compounds by removal of the protecting groups (Fig. 14) [90].
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3. Cell-penetrating peptides — universal carriers

Structurally the most known CPPs are short (up to 30 amino acid
residues), linear peptides made up of L-amino acids [15]. In terms of
origin about half of existing CPPs are of the natural origin and the
other half can be described either as chimeric (combining both nat-
ural and artificial features) or de novo designed structures [15]. Known
CPPs can be classified by amino acid composition and physicochemi-
cal properties into three major groups: (i) cationic, (ii) amphipathic and

T =
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Fig. 14. Synthesis of cefiderocol.


http://mostwiedzy.pl

Downloaded from mostwiedzy.pl

A\ MOST

(iii) hydrophobic. Cationic peptides are in most cases derived or inspired
from Tat-peptide. Those CPPs are mostly composed of arginine, lysine,
and histidine. Due to this composition, they exhibit salt-like behaviour
which is crucial in biological delivery system development. Amphipathic
peptides (often chimeric or synthetic in origin) have lipophilic and hy-
drophilic tails that are responsible for their cell-penetrating properties.
This ‘two-in-one’ property unlocks many ways in drug delivery synthetic
strategies [16]. Moreover, KLA (lysine, leucine, alanine) sequence is of-
ten present [92]. Class of hydrophobic CPPs has the fewest number of
representatives. They contain either only nonpolar amino acids or in-
corporate only a few charged amino acids [16]. Notable examples of
known cell-penetrating peptides are summarized in Table 2.

It is worth to mention that CPPs affect the plasma membrane at very
low concentrations, without causing any significant damage to it [101].
When compared to other cytoplasmic delivery systems CPPs display low
toxicity [102]. Mechanism of CPPs translocation through a membrane is
still debated. Although, it is generally accepted that it can be described
as either direct membrane translocation without energy input and endo-
cytosis [103].

3.1. Functionalization of CPPs — designing CPP and cargo conjugation

Generally, cell-penetrating peptides are synthesized using
solid-phase peptide synthesis. The whole peptide sequence can be
achieved in this step-wise manner and is usually performed fromC- to N-
terminus utilizing Fmoc or Boc strategy. After obtaining the desired pep-
tide sequence, the product can be either cleaved and used in further syn-
theses or modified o n-resin. C ell-penetrating p eptide-cargo attachment
can be performed by utilizing non-covalent (usually electrostatic) inter-
actions or by direct covalent bonding often utilizing some kind of linker
moiety.

3.2. Non-covalent approach

In many cases, non-covalent complex formation is the simplest and
most straightforward way of utilizing CPPs as nanocarrier systems. This
approach is commonly applied for macromolecular cargos with charged
moieties like oligopeptides or oligonucleotides. The simple salt complex
of fosmidomycin and octaarginine (Fig. 15A) prepared by Sparr and
co-workers [104] is one of the simplest examples of the non-covalent
approach. This seemingly trivial approach has dramatically increased

Table 2
Examples of known CPPs classified by their chemical structure.

Class Name of CPP Amino acid sequence Ref.
Cationic oligoarginines ~ Ry, n = 8-12 [93]
penetratin RQIKIWFQNRRMKWKK [94]
HIV Tat RKKRRQRRR [95]
FHV coat RRRRNRTRRNRRRVR [93]
Amphipathic MAP KLALKLALKALKAALKLA [92]
CADY Ac- [96]
GLWRALWRLLRSLWRLLWRAC-
NH,
Pep-1 KETWWETWWTEWSQPKKKRKV [97]
transportan AGYLLGKINLKALAALAKKIL [98]
Hydrophobic integrin #3 VTVLAGALAGVGVG [99]
fragment
Kaposis AAVALLPAVLLALLAP [100]
sarcoma FGF
fusion GALFLGFLGAAGSTMGA [97]
sequence
HIV-1 gp41
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Fig. 15. Structure of BAL 30072 and its modifications.

cargo’s permeability through several pathogens’ membranes leading to
increased inhibitory activity of fosmidomycin against those cells. In re-
cent literature, there have been several cases of non-covalent CPP-based
insulin delivery systems. Kamei and co-workers [105] presented their
study with simple mixed solutions of known CPPs and insulin. The re-
sulting complex provided increased insulin uptake by brain cell-lines,
suggesting that this strategy might be an efficient solution to overcome
issues with the blood-brain barrier in drug delivery. Fukuoka et al.
[106] presented pH-dependent insulin controlled release system based
on hydrogels loaded with insulin and hexaarginine. Studies with those
complexes and rat ileal fragments showed that such complexes could
be further developed into promising strategy for the oral delivery of
insulin. Non-covalent complexation using hydrophobic interactions has
also been used. Niu et al. [107] prepared a nanocomplex between in-
sulin and hydrophobically-modified octaarginine enveloped by protect-
ing PEG-PGA polymer (Fig. 15B). In their work, octaarginine has been
covalently coupled with stearic acid to enable hydrophobic interactions
in the system. In such complex, insulin molecules were efficiently pro-
tected from degradation in simulated intestinal fluids and proved to be
able to diffuse through intestinal mucus. Hayashi et al. [108] developed
polyhistidine-modified liposomes that turned out to be able to deliver
fluorescent cargo into human fibrosarcoma cells via endocytosis (Fig.
150).

CPP-based liposomes in which there is a covalent bonding between
peptide and nanoparticle-forming elements have been reported
[109-111]. Deshpande et al. [110] prepared doxorubicin-loaded lipo-
somes covalently surface-modified with octaarginine. Authors have re-
ported good tumor-cell penetrating level of the complex and high dox-
orubicin concentration in target cells.

Veiman et al. [111] have formulated PEG-CPP based nanoparticles
for delivery of plasmid DNA. Strategy of selective pDNA delivery to tu-
mor cells have been proven to be effective.

3.3. Covalent approach

In many reported studies CPPs are covalently bonded directly to
cargo or connected covalently through some kind of linker. Fig. 16 pre-
sents schematically the most common ways of covalent CPP-cargo con-
jugations.
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Fig. 16. General route of synthesis @-amino-f-lactams, intermediates in obtaining of
drug-artificial siderophore conjugates.

Cargo molecules of peptidic nature can be attached directly to a CPP
through a peptide or amide bond [112-121]. This often enables to syn-
thesize the whole molecule using solid-phase peptide synthesis (SPPS) if
the cargo molecule has a free carboxylic function available. Soudah et
al. [112] synthesized peptide nucleic acid (PNA)-CPP conjugate using
that advantage. This conjugate managed to target and modulate Mnk2
gene - a therapeutic target in cancer. Astriab-Fisher et al. [115] syn-
thesized conjugates of antisense nucleotides with several CPPs. Those
compounds effectively entered targeted cells and thus internalized nu-
cleotides were detected in nuclei. Samuel et al. [114] presented a se-
ries of polyarginine-triclosan conjugates accompanying various linkers
to achieve amide-type conjugation to a cell-penetrating peptide. Tri-
closan moiety was bound to conjugates through labile phenolic ester
bond. Conjugates were proved to be able to enter Toxoplasmosa Gondi
tachyzoites and inhibit specific enzymes (Fig. 17). Purkayashta et al.
[119] used this strategy to synthesize simple A-polyarginine-fluoro-
quinolone conjugates (Fig. 17). Limited anti-bacterial activity of con-
jugates was attributed to lack of cleavage that would lead to “free”
enzymatic inhibitor. Natamycin-tat proteins using simple amide bonds
have been prepared by Jain et al. leading to significantly more potent
antifungal agent than the pure natamycin (Fig. 17) [116]. Sparr and
co-workers prepared covalent octaarginine-fosmidomycin conjugate us-
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BocHN, R 2. TFA HsN
1 —_—
N'\
o OH o]

ing butanoic acid-based linker (Fig. 17), but received worse results
when comparing to noncovalent analogue discussed in previous subsec-
tion [104].

Another widely used strategy in CPP-cargo conjugations is disulfide
bridge formation. However, this approach requires the presence of a
thiol group in a CPP molecule. This complication is easily avoided by
the addition of cysteine linker in the structure of CPP [122-127]. Jones
et al. [123] synthesized octaarginine-luciferin cleavable conjugate, us-
ing carbonate-modified luciferin derivative and introduced thiol group
to it using 2,2’-dithiopyridin allowing easy disulfide bridge-type conju-
gation with cysteine-modified octaarginine (Fig. 18A). This conjugate
proved to be able to both penetrate prostate cancer cells and be cleaved
under intracellular conditions. A thiol group was similarly introduced
to gemcitabine by Vale and co-workers in their penetratin-based con-
jugate (Fig. 18B) [124]. In this case, an additional w-thioacyl linker
was used to introduce the -SH functionality. This conjugate presented
remarkable increase of anti-proliferative activity against human can-
cer-cell lines [128,125,127,129,109,130,56,131]. Kim et al. [129]
synthesized conjugates of resveratrol (RSV) with leucine lysine-rich (LK)
and Tat CPPs. In their approach, they modified RSV molecule by acy-
lation of phenolic oxygen with 4-maleimidobutyric acid which allowed
them to conjugate it to a peptide through a cysteine residual chain. (Fig.
18C). The obtained conjugate turned out to be able to penetrate into the
nasal epihelium in the mouse model and efficiently inhibited develop-
ment of specific nasal diseases in low doses.

An interesting case of pH labile CPP-drug conjugate has been shown
by Rothbard et al. [132]. Heptaarginine-cyclosporin A obtained by
them undergoes intramolecular amide (lactam) formation which re-
leases neat cyclosporin molecules (Fig. 19A). This conjugate was effi-
ciently transported into mice and human skin cells while simultanously
inhibiting cutaneous inflammation. Cleavable thiazolidine and imine
linkages in CPP-drug conjugates have been reported by Maity et al.
[133]. Vale and co-workers [134] have synthesized amphipathic
CPP-rasagiline conjugate utilizing copper(I) catalyzed 1,3-dipolar cy-
cloaddition of azide and alkyne. Azide functionality was introduced
to a peptide by SPPS by conjugating N-terminus with FmocLys(N3)
(Fig. 19B). This example presents an alternative way of designing
CPP-cargo conjugates. For the “cost” of synthesizing (usually less de-
sired) non-cleavable connections it enables the use of “click chemistry”,
which is often very convenient for synthesis.

N
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Fig. 17. Synthesis of BAL30072 derivatives on C4 carbon atom.
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Fig. 19. Most common ways of achieving covalent CPP-cargo conjugations: (A) amide
linkage; (B) disulfide linkage; (C) maleimide linkage.
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4. Molecular umbrellas — promising novel carriers?

In 1996, Janout et al. [135] proposed a new class of potential mol-
ecular carriers, so-called molecular umbrellas. Most commonly, men-
C
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tioned structures consist of steroids residues, particularly cholic and
deoxycholic acids, connected together via the polyamine (spermidine)
chain (Fig. 20A). Due to the presence of amphiphilic bile acid moieties,
the whole structure of molecular umbrella is also amphiphilic and ca-
pable of specific conformational changes related to the polarity of the
surrounding environment. Moreover, the conformational changes lead
to shielding of polar functionalities of bile acid moieties. This property
was applied in the construction of molecular umbrella-polar drug conju-
gates. Molecular umbrellas are able to mask the polar character of cargo
molecules and allow for its translocation across lipid bilayers (Fig. 20B)
[135-137,22].

In contrast to the most widely described low molecular-weight carri-
ers i.e. siderophores and cell-penetrating peptides, as well as macromol-
ecular structures of carbon nanotubes, fullerenes, dendrimers, quantum
dots, silver, gold and iron oxide nanoparticles. The relatively “young”
molecular umbrellas are rarely mentioned in the literature. This could
be a result from a low number of research groups undertaking this
subject. Nevertheless, the recent paper of Palermo’s research group
[138] takes up the subject of cationic molecular umbrellas. Simpli-
fied synthesis of those compounds are presented on Fig. 24. In con-
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octaarginine-fosmidomycin conjugate

tat protein-natamycin conjugate

Fig. 20. Examples of octaarginine and Tat conjugates with antimicrobial agents.
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trast to structures proposed by Regen and co-workers [135], Palermo’s
dendron-like constructs do not consist of steroids residues but are based
on 2,2-bis(hydroxymethyl) propinic acid residues.

4.1. Synthesis of molecular umbrellas-cargo conjugates

The synthetic pathway leading to particular molecular umbrella con-
jugates is highly related with the overall structure of molecular umbrella
itself and type of the linker mediated between cargo and nanocarrier.
To date, several types of connection have been reported. These include
mainly linkers based on disulfide bondsa m-aminoacyl structure.

4.1.1. Disulfide-based linkers
The very first application of molecular umbrellas in the transporta-

tion of cargo molecule across the lipid bilayer was accomplished with
nanocarriers loaded with glutathione. Janout et al. [139] attached glu-
tathione molecule to the diwalled molecular umbrella via a cleavable
5-disulfanyl-2-nitrobenzoyl linker, undergoing reduction reaction with
release of cargo molecule as a free thiol [139]. In this case, the syn-
thetic strategy depended on the formation of molecular umbrella struc-
ture, the subsequent generation of the linker and eventually conjuga-
tion with cargo molecule. Nanocarrier was formed on the way of amide
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bond formation between two molecules of cholic acid and one molecule
of spermidine. The reaction was accomplished using NHS-DCC method
of amide bond generation. Subsequent condensation of molecular um-
brella via secondary amine group with active ester of 5,5’-dithiobis(2-ni-
trobenzoic acid), containing disulfide bond, led to the symmetric disul-
fide of the molecular umbrella. The final thiol exchange reaction be-
tween obtained disulfide and thiol functionality of cargo (glutathione)
molecule resulted in final conjugate (Fig. 21) [139,140].

The disulfide linker based on 5-disulfanyl-2-nitrobenzoyl structure
was also used by Janout et al. [141] for the formation of labile connec-
tion of molecular umbrellas with nucleotides and oligonucleotides. Us-
ing the same methodology as described for glutathione derivatives, ATP
and oligonucleotide conjugates have been obtained. Noteworthy is the
fact that oligonucleotide and ATP molecules were enriched with thiol
functionalities before conjugation process (Fig. 22) [141].

Another disulfide-based labile linker used in molecular umbrella con-
jugation, described by Janout et al. [142,143] is based on 3-disul-
fanylpropionic acid structure. Acylation of the secondary amine group
of the molecular umbrella with TDBTU-derived active ester of 3-(pyri-
dine-2-yldisulfanyl) propanoic acid results in asymmetric disulfide,
which undergoes subsequent reaction of thiol exchange with cargo mol-
ecule. This synthetic approach was successfully applied in the genera-
tion of octawalled molecular umbrella conjugates with thiolated siRNA

a
Hil,_ e

Fig. 21. Simplified representation of syntheses of CPPs conjugates with bioactive molecules attached via disulfide bond: (A) synthesis of octaarginine-luciferin conjugate; (B) synthesis of

penetratin-gemcitabine conjugate; (C) synthesis of tat-resveratrol conjugate.
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Fig. 22. Simplified representation of the synthesis of: (A) octaarginine-cyclosporin A conjugate; (B) amphipathic CPP-rasagiline conjugate.


http://mostwiedzy.pl

cargo (Fig. 23) [142] and amphotericin B (Fig. 24) [143]. The
octawalled structure of nanocarrier was obtained from cholic acid, sper-
midine and lysine. The lysine ramifies the umbrella scaffold allowing to
attach eight steroids moieties (Fig. 23) [142-144].

Formation of disulfide 5 -disulfanyl-2-nitrobezoyl a nd 3-disulfanyl-
propanoyl linkers described so far calls for the presence of the thiol
group in cargo molecule. That is usually related to extra modifications
of cargo molecules that do not possess that kind of functionality.

That problem solves another disulfide-based l inker, w hich w as ap-
plied in molecular umbrella chemistry — o-dithiobenzoyl carbamate. De-
composition of this linker depends on thiol exchange reaction with re-
duced glutathione molecule what leads to degradation of the whole
linker structure with the release of gaseous carbon dioxide and cargo
molecule. A cargo molecule is attached to linker structure by ure-
thane bond, which means that cargo bearing amine functionalities can
be easily incorporated into the conjugate structure. The synthesis of
o-dithiobenzoyl carbamate linker is based on commercially available
2-mercaptobenzyl alcohol. The hydroxyl group serves as a nucleophile
for the generation of urethane bond whereas the thiol functionality
is transformed into unsymmetrical activated disulfidet hats erves as
an electrophile for conjugation with molecular umbrella structure.
o-Dithiobenzoyl carbamate linker was successfully applied in the synthe-
sis of molecular umbrella-oligopeptide H-Tyr-D-Ala-Gly-D-Phe-D-Leu-OH
conjugate, where the cargo molecule was attached to the

nanocarrier via urethane bond formed from primary N-terminal amine
group (Fig. 25). [145,146]

The synthetic approach leading to molecular umbrella-pentapeptide
conjugate is related to the incorporation of thiol functionality to molec-
ular umbrella structure. This was accomplished by condensation of two
molecules of nanocarrier with an active ester of 3,3’-dithiopropanoic
acid, which results in symmetrical disulfide dimer. Reduction of dimer
structure to thiol derivative and subsequent thiol exchange reaction with
activated disulfide lead to molecular umbrella bearing benzyl alcohol
residue. This alcohol serves a nucleophile for condensation reaction with
carbonic acid derivatives (e.g. carbonic acid di-N-hydroxysuccinimidyl
ester) and the resulting structure is ready for condensation with nucle-
ophilic primary N-terminal amine functionality of pentapeptide (Fig.
25) [145].

4.1.2. w-Aminoacyl linkers

Research work of Regen and co-workers focused on increasing of se-
lective toxicity of amphotericin B, resulted in the formation of diwalled
molecular umbrellas with macrolide structure connected via a chemi-
cally sTable 8-aminooctanoyl linker. The synthesis of mentioned con-
jugates was accomplished with the usage of properly protected sper-
midine molecule that was acylated with TDBTU-derived active ester
of Boc-protected 8-aminooctanoic acid. Subsequent condensation with
cholic acid gave molecular umbrella carrying 8-carbon nucleophilic

o
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Fig. 23. (A) Chemical components of molecular umbrellas; (B) schematic representation of molecular umbrella and proposed mechanism of translocation of polar cargo across lipid bilayer

in assistance of molecular umbrella.
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Fig. 25. Applications of 5-thiol(2-nitrobenzoyl) linker in molecular umbrella conjugates; glutathione conjugate.

linker. Coupling with TDBTU activated amphotericin B resulted in
needed conjugate (Fig. 26, path A) [147].

In our previous research work, aimed at the selective toxicity of mol-
ecular umbrella-amphotericin B and nystatin conjugates, we presented
an alternative synthetic procedure, based on direct acylation of diwalled
molecular umbrella structure with NHS active ester of appropriate @
-amino acid (Fig. 26, path B) [23].

4.1.3. Maleimide linker

Cline et al [148] elaborated synthetic methods for obtaining of mol-
ecular umbrella containing octaarginine electrostatic anchors for nu-
cleotide and nucleic acids conjugation. In their work, diwalled and
tetrawalled molecular umbrellas were provided with N-(2-car-
boxyethyl)maleimide linker, which precursor was N-(2-car-
boxyethyl)maleimide TDBTU-derived active ester. The maleimide linker
possesses a, f-unsaturated functionality, which serves an electrophile for
Michael addition of thiolated octaarginine (Fig. 27) [148].

4.1.4. Molecular umbrellas are still unexploited as molecular carriers

The original concept of molecular umbrellas was focused on their
possible application as carriers facilitating drug transport through bi-
ological membranes. Indeed, it was shown that conjugates of molecu-
lar umbrellas with ATP, glutathione derivatives and nucleotides were
effectively internalized to liposomes [139-141] and those with siRNA
to HeLa cells [148]. Nevertheless, no examples of molecular um-
brella-drug conjugates demonstrating antimicrobial activity due to their
Tro-
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jan horse-like action have been presented so far. On the other hand, con-
jugation of molecular umbrellas with an antifungal antibiotic Ampho-
tericin B resulted in congeners showing much better selective toxicity
than the mother antibiotic. This effect was achieved not due to the car-
rier-like action but thanks to the “taming” of antibiotic molecules in the
outer layer of a cytoplasmic membrane [147]. An analogous effect was
found for the conjugates of amphotericin B with “semi-umbrellas” (only
one cholic acid residue) [149]. However, in the case of molecular um-
brella-nystatin conjugates, their selective toxicity appeared much worse
than that of the intact nystatin [23], thus showing that the taming effect
of conjugation with molecular umbrella is not universal for all antifun-
gal polyene macrolide antibiotics. (see Figs. 28-31).

5. Conclusions and perspectives

In this review, we presented the current state of knowledge about
strategies of syntheses of low molecular weight organic carrier-drug
conjugates as novel potential drugs, especially antimicrobials. In our
opinion, three types of such carriers presented in this work, namely
siderophores, cell penetrating peptides and molecular umbrellas are
most promising and their further development should lead to elabora-
tion of successful drug candidates, as it already has happened in the case
of the artificial siderophore-synthetic cephalosporin conjugate cefidero-
col. Obviously, conjugates containing siderophores, siderophore deriv-
atives or artificial siderophores as carriers cannot be broad spectrum
antimicrobials. Microbial systems of iron acquisition use species-spe-
cific siderophores and rarely accept other iron-complexing com-
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Fig. 26. Applications of 5-thiol(2-nitrobenzoyl) linker in molecular umbrella-gluthathione conjugate. Conjugation with ATP and oligonucleotide.
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Fig. 29. Synthesis of molecular umbrella-pentapeptide conjugate bearing o-dithiobenzoyl carbamate linker.

pounds. Paradoxically, this feature is a chance. Several siderophore-drug
conjugates with enhanced selectivity towards pathogenic vs. non-patho-
genic bacterial strains have been reported (for example, uropathogenic
E. coli vs. strains of this bacterium constituting human microflora). It
is worth mentioning therefore, that development of narrow-spectrum
antibiotics is a strategy recommended by WHO. Examples of success-
ful application of this approach are presented in this review. These in-
clude conjugates contaning enterobactin C-glycosylated analogues, ob-
tained by chemoenzymatic synthesis. Undoubtedly, it is worth pursu-
ing further, possibly also with artificial catecholate siderophores, in-
stead of enterobactin itself. This suggestion is in line

with another direction of siderophore-drug conjugate design and syn-
thesis observed in the recent years, i.e. simplification of structures of
the siderophore component. Examples of cefiderocol and BAL 30072
indicate that it is possible and can be successful. Another advantage
of this approach is facilitation of synthesis and possible reduction of
a number of synthetic steps. While catecholate siderophores and their
analogs have been extensively studied as drug carriers, much less at-
tention has been paid to their hydroxamate counterparts. By analogy
with artificial catecholate siderophores used as carriers for antibacterial
agents targeting specific bacteria, simplified hydroxamate siderophores
could be possibly used for construction of novel antifungals, active
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Fig. 31. Simplified synthetic pathway for tetrawalled molecular umbrella carrying octaarginine residues attached via maleimide linker.

against selected human pathogenic fungi. Chemistry of these systems
has been well elaborated, so it seems that not too many further ef-
forts are needed to develop it in a required direction. Application of
CPPs as drug carriers offers a chance for a broad spectrum of activ-
ity of CPP-containing conjugates. On the other hand, a huge number
of CPPs of natural or synthetic origin reported in literature is a chal-
lenge in terms of selection of the optimal carrier. Although, there are
examples of CPPs that target specific types of cells, in most cases these
carriers are not cell-specific. Most of the CPPs of natural origin are
somewhat large (20-30 aa) and their amino acid sequence is compli-
cated. For that reason, the most popular CPP applied for construction
of carrier-drug conjugates is relatively simple and small synthetic oc-
taarginine, used as a carrier for construction of many antimicrobial and
anticancer conjugates. The undoubted advantage of CPP-based conju-
gates is relative simplicity of their preparation involving manual or au-
tomated solid-phase peptide synthesis. A chemical variety of functional
groups provided by side chains of amino acids leads to virtually un-
restricted possibilities of conjugation to cargo molecules and the de-
sign of cleavable linkers. If conjugate’s cleavability is not a necessity,
synthetically convenient “click chemistry” reaction can be used, utiliz-
ing amino groups in side chains of lysine or ornithine, converted into
azide functionalities. On the other hand, some CPPs, due to their can
be used in construction of noncovalent complexes like liposomes or
PEG-based nanoparticles. Molecular umbrellas constitute the “youngest”
group of low molecular weight carriers. So far, their use for facilitated
transport of bioactive substances has not been very extensive. Molecu-
lar umbrellas give rise to their coupling with active molecules via var-
ious cleavable or non-cleavable linkers. Moreover, the ability to trans-
port large molecules as siRNA deserves a special attention. The chem-
istry of obtaining molecular umbrella-cargo conjugates described so far
is based primarily on the formation of non-cleavable C-N bonds, both
amide and amine type or glutathione-cleavable S-S bonds, however,
the application of trimethyl lock or other easily cleavable linkers is
possible. The recently reported cationic molecular umbrellas have not
been recognized as drug carriers, but exhibit antibacterial activity them-
selves. Nevertheless, the proved ability to permeabilization of prokary-
otic membranes with simultaneous low hemotoxicity give a chance for
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those construct to be used as drug carriers in the future. One feature
which is common for all three types of low molecular weight carri-
ers presented in this review is presence or absence of cleavable linkers
between a carrier and a drug. The cleavable linker is required if the
drug component of a conjugate has its intracellular target and can in-
teract with it only after release from a conjugate). This is not the case
of conjugates containing f-lactams (the target is extracellular) or fluo-
roquionolones (the target is intracellular but interaction with it is pos-
sible also for a drug molecule not released from a conjugate. For con-
jugates containing drugs that must be released intracellularly, several
types of cleavable linkers have been proposed, including the sulfur-base
ones, active esters, hydrazones and trimethyl lock. Sulfur-based link-
ers, especially the disulfide bonds, afford a possibility of creation of
conjugates undergoing non-enzymatic cleavage, based on the reductive
activity of intracellular glutathione. That is particularly important be-
cause it overcomes the problem of narrow substrate specificity of intra-
cellular enzymes. From the synthetic point of view, creation of disul-
fide bonds by thiol exchange reaction with activated disulfides is fa-
vorable because of mild conditions and high yields, what is an impor-
tant factor in the synthesis of such complex compounds. Moreover, the
syntheses of conjugates are based on readily available sulfur-contain-
ing reagents, such as the Ellman’s reagent, 3-(pyridine-2-yldisulfanyl)
propionic acid and 3,3-dithiopropionic acid. It must be mentioned how-
ever, that there have been reports indicating that intracellular reduction
of disulfide bonds in microbial cells is species- and even strain-specific,
so that this linker is not of general applicability. Other stimuli-respon-
sive linkers, like acidic pH-triggered hydrazone or active asters have not
been used extensively. In our opinion, esterase- or phosphatase-triggered
trimethyl locks, originally introduced in siderophore-drug conjugates,
deserve broader application but efforts could be continued towards de-
signing linkers cleavable exclusively in microbial, not mammalian cells.
Majority of reviewed conjugates were only studied under in vitro con-
ditions, thus there is still need for further studies in order to gain data
on in vivo activity and mammalian toxicity. As there are hundreds of
siderophore- and CPP-based conjugates being investigated for the deliv-
ery of therapeutic small molecules, a successful transition to the clinical
applications is very likely. ‘Molecular umbrellas’ are relatively “young”
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carriers and there are not many reported conjugates that could be used
in the medicinal applications, nevertheless, the rational design behind
the idea of this transporter is very promising. We believe that gathering
synthetic strategies from seemingly distinct fields of study in a concise
review may cause researchers from different fields to d raw inspiration
from each other for the future design of novel conjugates as drug candi-
dates.

Declaration of Competing Interest

The authors declare that they have no known competing financial in-
terests or personal relationships that could have appeared to influence
the work reported in this paper.

References

[1]

[2]

[3]

[4]

[5]

[6

—

[71

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

H. Santos, L. Bimbo, L. Peltonen, J. Hirvonen, Inorganic nanoparticles in targeted
drug delivery and imaging, Advances in Delivery Science and Technology,
Springer International Publishing AG, Switzerland, 2014. doi:10.1007/
978-3-319-11355-5_18.

K. Saravanakumar, X. Hu, D.M. Ali, M.-H. Wang, Emerging strategies in
stimuli-responsive nanocarriers as the drug delivery system for enhanced cancer
therapy, Curr. Pharm. Des. 25 (24) (2019) 2609-2625.

J. Majumder, O. Taratula, T. Minko, Nanocarrier-based systems for targeted and
site specific therapeutic delivery, Adv. Drug Deliv. Rev. 144 (2019) 57-77 http://
www.sciencedirect.com/science/article/pii/S0169409X19301218, doi:10.1016/
j.addr.2019.07.010.

S. Chen, X. Hao, X. Liang, Q. Zhang, C. Zhang, G. Zhou, S. Shen, G. Jia, J. Zhang,
Inorganic nanomaterials as carriers for drug delivery, J. Biomed. Nanotechnol. 12
(1) (2016) 1-27, doi:10.1166/jbn.2016.2122.

W. Paul, C.P. Sharma, 13 — Inorganic nanoparticles for targeted drug delivery, in:
C.P.B.T.B. 0. M.LM.S.E. Sharma (Ed.), Woodhead Publ. Ser. Biomater., Woodhead
Publishing, 2020, pp. 333-373. doi: 10.1016/B978-0-08-102680-9.00013-5. http:
//www.sciencedirect.com/science/article/pii/B9780081026809000135.

S. Mallakpour, S. Soltanian, Surface functionalization of carbon nanotubes:
fabrication and applications, RSC Adv. 6 (111) (2016) 109916-109935,
doi:10.1039/c6ra24522f.

R. Jha, A. Singh, P. Sharma, N.K. Fuloria, Smart carbon nanotubes for drug
delivery system: a comprehensive study, J. Drug Delivery Sci. Technol. 58 (2020)
101811, doi:10.1016/j.jddst.2020.101811.

S.K. Prajapati, A. Malaiya, P. Kesharwani, D. Soni, A. Jain, Biomedical
applications and toxicities of carbon nanotubes, Drug Chem. Toxicol. 234 (2019)
298-319, doi:10.1080/01480545.2019.1709492.

N. Anzar, R. Hasan, M. Tyagi, N. Yadav, J. Narang, Carbon nanotube — a review
on synthesis, properties and plethora of applications in the field of biomedical
science, Sensors Int. 1 (2020) 100003 http://www.sciencedirect.com/science/
article/pii/$2666351120300036, doi:10.1016/j.sintl.2020.100003.

B.V. Basheer, J.J. George, S. Siengchin, J. Parameswaranpillai, Polymer grafted
carbon nanotubes—synthesis, properties, and applications: a review, Nano-Struct.
Nano-Objects 22 (2020) 100429, doi:10.1016/j.nan0so.2020.100429.

M. Chirag, D.V. Gowda, S. Babu, N.K. Famna Roohi, A comprehensive review on
dendrimers in current advanced drug delivery, Int. J. Res. Pharm. Sci. 11 (1)
(2020) 1055-1066, doi:10.26452/ijrps.v11i1.1936.

C. Sandoval-Yaiez, C.C. Rodriguez, Dendrimers: amazing platforms for bioactive
molecule delivery systems, Materials (Basel) 13 (3) (2020) 1-20, doi:10.3390/
mal3030570.

L. Luxminarayan, S. Neha, V. Amit, M. Khinchi, Synthesis, properties and
application as a possible drug delivery systems dendrimers — a review, Asian J.
Pharm. Res. Develop. 8 (2) (2020) 107-113.

A. Santos, F. Veiga, A. Figueiras, Dendrimers as pharmaceutical excipients:
synthesis, properties, toxicity and biomedical applications, Materials (Basel) 13
(1) (2020) 65, doi:10.3390/ma13010065.

M. Gallo, S. Defaus, D. Andreu, 1988-2018: Thirty years of drug smuggling at the
nano scale. Challenges and opportunities of cell-penetrating peptides in
biomedical research, Arch. Biochem. Biophys. 661 (2019) 74-86 http://
www.ncbi.nlm.nih.gov/pubmed/30447207, doi:10.1016/j.abb.2018.11.010.

M. Pooga, U. Langel, Classes of cell-penetrating peptides., 2nd ed., vol. 1324,
Springer, New York, New York, 2015. doi:10.1007/978-1-4939-2806-4_1. http://
www.ncbi.nlm.nih.gov/pubmed/26202259.

K. Kurrikoff, Ulo Langel, Recent cpp-based applications in medicine, Expert Opin.
Drug Deliv. 16 (11) (2019) 1183-1191 pMID: 31526146, doi:10.1080/
17425247.2019.1665021.

Y. Wang, A.G. Cheetham, G. Angacian, H. Su, L. Xie, H. Cui, Peptide-drug conju-
gates as effective prodrug strategies for targeted delivery, Adv. Drug Deliv. Rev.
110-111 (2017) 112-126, peptides and Peptide Conjugates in Medicine. doi:
10.1016/j.addr.2016.06.015. http://www.sciencedirect.com/science/article/pii/
50169409X16302083.

M. Kristensen, D. Birch, H.M. Nielsen, Applications and challenges for use of
cell-penetrating peptides as delivery vectors for peptide and protein cargos, Int. J.
Molecular Sci. 17 (2). doi:10.3390/ijms17020185.

18

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

K.H. Negash, J.K. Norris, J.T. Hodgkinson, Siderophore-antibiotic conjugate
design: new drugs for bad bugs?, Molecules 24 (18) (2019) 3314 http://
www.ncbi.nlm.nih.gov/pubmed/31514464 http://www.pubmedcentral.nih.gov/
articlerender.fcgi?artid = PMC6767078, doi:10.3390/molecules24183314.

P.K. Prabhakar, Bacterial siderophores and its potential applications: a review,
Curr. Molecular Pharmacol. doi:10.2174/1874467213666200518094445.

V. Janout, S.L. Regen, Bioconjugate-based molecular umbrellas, Bioconjug. Chem.
20 (2) (2009) 183-192 https://pubs.acs.org/doi/10.1021/bc800296g,
doi:10.1021/bc800296g.

A.S. Skwarecki, K. Skarbek, D. Martynow, M. Serocki, I. Bylinska, M.J. Milewska,
S. Milewski, Molecular umbrellas modulate the selective toxicity of polyene
macrolide antifungals, Bioconjug. Chem. 29 (4) (2018) 1454-1465 https://
pubs.acs.org/doi/10.1021/acs.bioconjchem.8b00136, doi:10.1021/
acs.bioconjchem.8b00136.

J.B. Neilands, Siderophores: Structure and function of microbial iron transport
compounds, J. Biol. Chem. 270 (45) (1995) 26723-26726, doi:10.1074/
jbc.270.45.26723.

K.N. Raymond, E.A. Dertz, S.S. Kim, Enterobactin: An archetype for microbial iron
transport, Proc. Natl. Acad. Sci. USA 100 (7) (2003) 3584-3588, doi:10.1073/
pnas.0630018100.

A.S. Skwarecki, S. Milewski, M. Schielmann, M.J. Milewska, Antimicrobial
molecular nanocarrier-drug conjugates, Nanomed.: Nanotechnol. Biol. Med. 12
(8) (2016) 2215-2240, doi:10.1016/j.nano.2016.06.002.

M. Miethke, M.A. Marahiel, Siderophore-based iron acquisition and pathogen con-
trol, Microbiol. Molecular Biol. Rev. 71 (3) (2007) 413-451. doi:10.1128/
MMBR.00012-07. http://www.ncbi.nlm.nih.gov/pubmed/17804665 http://www.
pubmedcentral.nih.gov/articlerender.fcgi?artid = PMC2168645.

C. Wandersman, P. Delepelaire, Bacterial Iron Sources: from siderophores to
hemophores, Annu. Rev. Microbiol. 58 (1) (2004) 611-647 http://
www.ncbi.nlm.nih.gov/pubmed,/15487950, doi:10.1146/
annurev.micro.58.030603.123811.

R.C. Hider, X. Kong, Chemistry and biology of siderophores, Natural Prod. Rep. 27
(5) (2010) 637-657 http://www.ncbi.nlm.nih.gov/pubmed/20376388,
doi:10.1039/b906679a.

P. Klahn, M. Bronstrup, Bifunctional antimicrobial conjugates and hybrid
antimicrobials, Natural Prod. Rep. 34 (7) (2017) 832-885 http://
www.ncbi.nlm.nih.gov/pubmed/28530279, doi:10.1039/c7np00006e.

H. Kong, W. Cheng, H. Wei, Y. Yuan, Z. Yang, X. Zhang, An overview of recent
progress in siderophore-antibiotic conjugates, Eur. J. Med. Chem. 182 (2019)
111615-111630 http://www.ncbi.nlm.nih.gov/pubmed/31434038, doi:10.1016/
j-ejmech.2019.111615.

M. Saha, S. Sarkar, B. Sarkar, B.K. Sharma, S. Bhattacharjee, P. Tribedi, Microbial
siderophores and their potential applications: a review, Environ. Sci. Pollut. Res.
23 (5) (2016) 3984-3999 http://www.ncbi.nlm.nih.gov/pubmed,/25758420,
doi:10.1007/511356-015-4294-0.

R. Saha, N. Saha, R.S. Donofrio, L.L. Bestervelt, Microbial siderophores: a mini
review, J. Basic Microbiol. 53 (4) (2013) 303-317 http://doi.wiley.com/10.1002/
jobm.201100552, doi:10.1002/jobm.201100552.

K. Patel, S. Butala, T. Khan, V. Suvarna, A. Sherje, B. Dravyakar, Mycobacterial
siderophore: a review on chemistry and biology of siderophore and its potential as
a target for tuberculosis, Eur. J. Med. Chem. 157 (2018) 783-790 http://
www.ncbi.nlm.nih.gov/pubmed/30142615, doi:10.1016/j.ejmech.2018.08.030.
V. Braun, K. Gunthner, K. Hantke, L. Zimmermann, Intracellular activation of
albomycin in Escherichia coli and Salmonella typhimurium, J. Bacteriol. 156 (1)
(1983) 308-315, doi:10.1128/jb.156.1.308-315.1983.

V. Braun, A. Pramanik, T. Gwinner, M. Koberle, E. Bohn, Sideromycins: tools and
antibiotics, Biometals 22 (1) (2009) 3-13 http://www.ncbi.nlm.nih.gov/pubmed/
19130258 http://www.pubmedcentral.nih.gov/

articlerender.fegi?artid = PMC2757582, doi:10.1007/510534-008-9199-7.

A. Hartmann, H.P. Fiedler, V. Braun, Uptake and conversion of the antibiotic
albomycin by Escherichia coli K-12, Eur. J. Biochem. 99 (3) (1979) 517-524
http://www.ncbi.nlm.nih.gov/pubmed/387415, doi:10.1111/
j-1432-1033.1979.tb13283.x.

L. Vértesy, W. Aretz, H.-W. Fehlhaber, H. Kogler, Salmycin A-D, Antibiotika aus
Streptomyces violaceus, DSM 8286, mit Siderophor-Aminoglycosid-Struktur, Helv.
Chim. Acta 78 (1) (1995) 4660 http://doi.wiley.com/10.1002/
hlca.19950780105, doi:10.1002/hlca.19950780105.

S. Duquesne, D. Destoumieux-Garzon, J. Peduzzi, S. Rebuffat, Microcins,
gene-encoded antibacterial peptides from enterobacteria, Natural Prod. Rep. 24
(4) (2007) 708-734, doi:10.1039/b516237h.

E.M. Nolan, M.A. Fischbach, A. Koglin, C.T. Walsh, Biosynthetic tailoring of
microcin E492m: post-translational modification affords an antibacterial
siderophore-peptide conjugate, J. Am. Chem. Soc. 129 (46) (2007) 14336-14347
http://www.ncbi.nlm.nih.gov/pubmed/17973380 http://
www.pubmedcentral.nih.gov/articlerender.fcgi?artid = PMC2522288,
doi:10.1021/ja074650f.

S.J. Milner, A. Seve, A.M. Snelling, G.H. Thomas, K.G. Kerr, A. Routledge, A.K.
Duhme-Klair, Staphyloferrin A as siderophore-component in
fluoroquinolone-based Trojan horse antibiotics, Org. Biomol. Chem. 11 (21)
(2013) 3461-3468 http://www.ncbi.nlm.nih.gov/pubmed/23575952,
doi:10.1039/c30b40162f.

S.R. Md-Saleh, E.C. Chilvers, K.G. Kerr, S.J. Milner, A.M. Snelling, J.P. Weber,
G.H. Thomas, A.K. Duhme-Klair, A. Routledge, Synthesis of citrate-ciprofloxacin
conjugates, Bioorg. Med. Chem. Lett. 19 (5) (2009) 1496-1498 http://
www.ncbi.nlm.nih.gov/pubmed/19179071, doi:10.1016/j.bmcl.2009.01.007.


http://www.sciencedirect.com/science/article/pii/B9780081026809000135
http://www.sciencedirect.com/science/article/pii/B9780081026809000135
http://www.ncbi.nlm.nih.gov/pubmed/26202259
http://www.ncbi.nlm.nih.gov/pubmed/26202259
http://www.sciencedirect.com/science/article/pii/S0169409X16302083
http://www.sciencedirect.com/science/article/pii/S0169409X16302083
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC2168645
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC2168645
http://mostwiedzy.pl

Downloaded from mostwiedzy.pl

A\ MOST

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

S.J. Milner, A.M. Snelling, K.G. Kerr, A. Abd-El-Aziz, G.H. Thomas, R.E. Hubbard,
A. Routledge, A.K. Duhme-Klair, Probing linker design in citric acid-ciprofloxacin
conjugates, Bioorg. Med. Chem. 22 (16) (2014) 4499-4505 http://
www.ncbi.nlm.nih.gov/pubmed/24794750, doi:10.1016/j.bmc.2014.04.009.
J.A. McKee, S.K. Sharma, M.J. Miller, Iron transport mediated drug delivery
systems: synthesis and antibacterial activity of spermidine- and lysine-based
siderophore-p-lactam conjugates, Bioconjug. Chem. 2 (4) (1991) 281-291,
doi:10.1021/bc00010a013.

T.A. Wencewicz, U. Mollmann, T.E. Long, M.J. Miller, Is drug release necessary
for antimicrobial activity of siderophore-drug conjugates? Syntheses and
biological studies of the naturally occurring salmycin Trojan horse antibiotics and
synthetic desferridanoxamine- antibiotic conjugates, BioMetals 22 (4) (2009)
633-648 http://www.ncbi.nlm.nih.gov/pubmed/19221879 http://
www.pubmedcentral.nih.gov/articlerender.fcgi?artid = PMC2766516,
doi:10.1007/510534-009-9218-3.

T.A. Wencewicz, T.E. Long, U. Méllmann, M.J. Miller, Trihydroxamate
siderophore-fluoroquinolone conjugates are selective sideromycin antibiotics that
target staphylococcus aureus, Bioconjug. Chem. 24 (3) (2013) 473-486,
doi:10.1021/bc300610f.

R.E. Judrez-Hernandez, P.A. Miller, M.J. Miller, Syntheses of siderophore-drug
conjugates using a convergent thiol-maleimide system, ACS Med. Chem. Lett. 3
(10) (2012) 799-803 http://www.ncbi.nlm.nih.gov/pubmed/23264853 http://
www.pubmedcentral.nih.gov/articlerender.fcgi?artid = PMC3524980,
doi:10.1021,/m1300150y.

C. Ji, M.J. Miller, Chemical syntheses and in vitro antibacterial activity of two
desferrioxamine B-ciprofloxacin conjugates with potential esterase and
phosphatase triggered drug release linkers, Bioorg. Med. Chem. 20 (12) (2012)
3828-3836, d0i:10.1016/j.bmc.2012.04.034.

C. Ji, M.J. Miller, Siderophore-fluoroquinolone conjugates containing potential
reduction-triggered linkers for drug release: Synthesis and antibacterial activity,
Biometals 28 (3) (2015) 541-551, doi:10.1007/510534-015-9830-3.

M. Ghosh, M.J. Miller, Design, synthesis, and biological evaluation of
isocyanurate-based antifungal and macrolide antibiotic conjugates: iron
transport-mediated drug delivery, Bioorg. Med. Chem. 3 (11) (1995) 1519-1525
http://www.ncbi.nlm.nih.gov/pubmed,/8634832, doi:10.1016/
0968-0896(95)00134-3.

H. Zéhner, H. Diddens, W. Keller-Schierlein, H.U. Négeli, Some experiments with
semisynthetic sideromycins, Jpn. J. Antibiotics 30 Suppl (1977) 201-206. http://
www.ncbi.nlm.nih.gov/pubmed/612705.

C. Ji, P.A. Miller, M.J. Miller, Iron transport-mediated drug delivery: practical
syntheses and in vitro antibacterial studies of tris-catecholate
siderophore-aminopenicillin conjugates reveals selectively potent
antipseudomonal activity, J. Am. Chem. Soc. 134 (24) (2012) 9898-9901 http://
www.ncbi.nlm.nih.gov/pubmed/22656303 http://www.pubmedcentral.nih.gov/
articlerender.fcgi?artid = PMC3380153, doi:10.1021/ja303446w.

U. Mollmann, L. Heinisch, A. Bauernfeind, T. Kéhler, D. Ankel-Fuchs,
Siderophores as drug delivery agents: application of the Trojan horse strategy,
Biometals 22 (4) (2009) 615-624, doi:10.1007/510534-009-9219-2.

T. Zheng, E.M. Nolan, Enterobactin-mediated delivery of 8-lactam antibiotics
enhances antibacterial activity against pathogenic Escherichia coli, J. Am. Chem.
Soc. 136 (27) (2014) 9677-9691 https://pubs.acs.org/doi/10.1021/ja503911p,
doi:10.1021/ja503911p.

A. Paulen, V. Gasser, F. Hoegy, Q. Perraud, B. Pesset, I.J. Schalk, G.L. Mislin,
Synthesis and antibiotic activity of oxazolidinone-catechol conjugates against
Pseudomonas aeruginosa, Org. Biomol. Chem. 13 (47) (2015) 11567-11579,
doi:10.1039/c50b0185%.

T. Zheng, E.M. Nolan, Evaluation of (acyloxy)alkyl ester linkers for antibiotic
release from siderophore-antibiotic conjugates, Bioorg. Med. Chem. Lett. 25 (21)
(2015) 4987-4991, doi:10.1016/j.bmcl.2015.02.034.

W. Neumann, E.M. Nolan, Evaluation of a reducible disulfide linker for
siderophore-mediated delivery of antibiotics, J. Biol. Inorg. Chem. 23 (7) (2018)
1025-1036, doi:10.1007/s00775-018-1588-y.

M. Ghosh, M.J. Miller, Synthesis and in vitro antibacterial activity of
spermidine-based mixed catechol- and hydroxamate-containing
siderophore-vancomycin conjugates, Bioorg. Med. Chem. 4 (1) (1996) 43-48
http://www.ncbi.nlm.nih.gov/pubmed/8689237, doi:10.1016/
0968-0896(95)00161-1.

T.A. Wencewicz, M.J. Miller, Biscatecholate-monohydroxamate mixed ligand
siderophore-carbacephalosporin conjugates are selective sideromycin antibiotics
that target Acinetobacter baumannii, J. Med. Chem. 56 (10) (2013) 4044-4052,
doi:10.1021/jm400265k.

J. Roosenberg II, Y.-M. Lin, Y. Lu, M. Miller, Studies and syntheses of
siderophores, microbial iron chelators, and analogs as potential drug delivery
agents, Curr. Med. Chem. 7 (2) (2012) 159-197, doi:10.2174/
0929867003375353.

A. Melman, Synthesis of hydroxylamines. The chemistry of hydroxylamines,
oximes, and hydroxamic acids, John Wiley and Sons Ltd, Chichester, UK, 2010,
doi:10.1002/9780470682531.pat0457.

M.D. Wittman, R.L. Halcomb, S.J. Danishefsky, On the conversion of biologically
interesting amines to hydroxylamines, J. Org. Chem. 55 (7) (1990) 1981-1983
https://pubs.acs.org/doi/abs/10.1021/jo00294a005, doi:10.1021/jo00294a005.
J. Hu, M.J. Miller, A new method for the synthesis of
Nepsilon-acetyl-Nepsilon-hydroxy-L-lysine, the iron-binding constituent of several
important siderophores, J. Org. Chem. 59 (17) (1994) 4858-4861 https://
pubs.acs.org/doi/abs/10.1021/jo00096a030, doi:10.1021/j000096a030.

19

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[791]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

M.J. Milewska, A. Chimiak, Oxidation of amino acid. Part V. A novel synthesis of
N6-Acetyl-N6-hydroxylysine from lysine, Tetrahedron Lett. 28 (16) (1987)
1817-1819, doi:10.1016/50040-4039(00)95430-3.

M.J. Milewska, A. Chimiak, An alternative synthesis of N5-acetyl- N
-hydroxy-L-ornithine from L-ornithine, Synthesis 3 (1990) 233-234.

R.J. Bergeron, O. Phanstiel, The total synthesis of nannochelin: a novel cinnamoyl
hydroxamate-containing siderophore, J. Org. Chem. 57 (26) (1992) 7140-7143
https://pubs.acs.org/doi/abs/10.1021/jo00052a030, doi:10.1021/jo00052a030.
Q.X. Wang, O. Phanstiel, Total synthesis of Acinetoferrin, J. Org. Chem. 63 (5)
(1998) 1491-1495, doi:10.1021/j09717144.

N. Okujo, Y. Sakakibara, T. Yoshida, S. Yamamoto, Structure of acinetoferrin, a
new citrate-based dihydroxamate siderophore from Acinetobacter haemolyticus,
Biometals 7 (2) (1994) 170-176, doi:10.1007/BF00140488.

T. Kolasa, A. Chimiak, Syntheses of N-monosubstituted hydroxylamines through
o-benzyl and o-(p-methoxy) benzyl derivatives, Pol. J. Chem. 55 (1981) 1163.
M.J. Milewska, A. Chimiak, Z. Gtowacki, Synthesis of Schizokinen,
Homoschizokinen, its Imide and the detection of imide with
13C-NMR-spectroscopy, Journal fiir praktische Chemie 329 (1987) 447-456.

A. Shanzer, J. Libman, Total synthesis of enterobactin via an organotin template,
J. Chem. Soc., Chem. Commun. 15 (1983) 846-847, doi:10.1039/¢39830000846.
W.H. Rastetter, T.J. Erickson, M.C. Venuti, Synthesis of iron chelators.
Enterobactin, enantioenterobactin, and a chiral analog, J. Org. Chem. 46 (18)
(1981) 3579-3590, doi:10.1021/j000331a001.

S. Lebreton, N. Newcombe, M. Bradley, Rapid synthesis of high-loading resins
using triple branched protected monomer for dendrimer synthesis, Tetrahedron
Lett. 43 (13) (2002) 2475-2478, doi:10.1016/50040-4039(02)00294-0.

A. Unciti-Broceta, E. Holder, L.J. Jones, B. Stevenson, A.R. Turner, D.J. Porteous,
A.C. Boyd, M. Bradley, Tripod-like cationic lipids as novel gene carriers, J. Med.
Chem. 51 (14) (2008) 4076-4084 http://www.ncbi.nlm.nih.gov/pubmed/
18578515, doi:10.1021/jm701493f.

A. Ito, T. Nishikawa, S. Matsumoto, H. Yoshizawa, T. Sato, R. Nakamura, M. Tsuji,
Y. Yamano, Siderophore cephalosporin cefiderocol utilizes ferric iron transporter
systems for antibacterial activity against Pseudomonas aeruginosa, Antimicrob.
Agents Chemother. 60 (12) (2016) 7396-7401 http://www.ncbi.nlm.nih.gov/
pubmed/27736756 http://www.pubmedcentral.nih.gov/

articlerender.fcgi?artid =PMC5119021, doi:10.1128/AAC.01405-16.

Q. Kou, T. Wang, F. Zou, S. Zhang, Q. Chen, Y. Yang, Design, synthesis and
biological evaluation of C(4) substituted monobactams as antibacterial agents
against multidrug-resistant Gram-negative bacteria, Eur. J. Med. Chem. 151
(2018) 98-109, doi:10.1016/j.ejmech.2018.03.058.

R. Liu, P.A. Miller, S.B. Vakulenko, N.K. Stewart, W.C. Boggess, M.J. Miller, A
synthetic dual drug sideromycin induces Gram-negative bacteria to commit
suicide with a Gram-positive antibiotic, J. Med. Chem. 61 (9) (2018) 3845-3854,
doi:10.1021/acs.jmedchem.8b00218.

B. Bister, D. Bischoff, G.J. Nicholson, M. Valdebenito, K. Schneider, G.
Winkelmann, K. Hantke, R.D. Siissmuth, The structure of salmochelins:
C-glucosylated enterobactins of Salmonella enterica, Biometals 17 (4) (2004)
471-481, doi:10.1023/B:BIOM.0000029432.69418.6a.

X. Yu, Y. Dai, T. Yang, M.R. Gagné, H. Gong, Facile synthesis of salmochelin S1,
S2, MGE, DGE, and TGE, Tetrahedron 67 (1) (2011) 144-151 http://
www.sciencedirect.com/science/article/pii/S0040402010016406, doi:10.1016/
j.tet.2010.11.007.

P. Chairatana, T. Zheng, E.M. Nolan, Targeting virulence: salmochelin
modification tunes the antibacterial activity spectrum of beta-lactams for
pathogen-selective killing of escherichia coli, Chem. Sci. 6 (2015) 4458-4471,
doi:10.1039/C5SCO0962F.

A.A. Lee, Y.-C.S. Chen, E. Ekalestari, S.-Y. Ho, N.-S. Hsu, T.-F. Kuo, T.-S.A. Wang,
Facile and versatile chemoenzymatic synthesis of enterobactin analogues and
applications in bacterial detection, Angew. Chem. Int. Ed. 55 (40) (2016)
12338-12342, doi:10.1002/anie.201603921.

T. Sanderson, C. Black, J. Southwell, E. Wilde, A. Pandey, R. Herman, G.H.
Thomas, E. Boros, A.K. Duhme-Klair, A. Routledge, A Salmochelin S4-inspired
Ciprofloxacin Trojan Horse Conjugate, ACS Infect. Diseases Just Accep.
doi:10.1021/acsinfecdis.0c00568.

W. Neumann, M. Sassone-Corsi, M. Raffatellu, E.M. Nolan, Esterase-catalyzed
siderophore hydrolysis activates an Enterobactin-ciprofloxacin conjugate and
confers targeted antibacterial activity, J. Am. Chem. Soc. 140 (15) (2018)
5193-5201, doi:10.1021/jacs.8b01042.

S. Fardeau, A. Dassonville-Klimpt, N. Audic, A. Sasaki, M. Pillon, E. Baudrin, C.
Mullié, P. Sonnet, Synthesis and antibacterial activity of catecholate—ciprofloxacin
conjugates, Bioorg. Med. Chem. 22 (15) (2014) 4049-4060 https://
linkinghub.elsevier.com/retrieve/pii/S096808961400426X, doi:10.1016/
j-bmc.2014.05.067.

C. Ji, P.A. Miller, M.J. Miller, Iron transport-mediated drug delivery: Practical
syntheses and in vitro antibacterial studies of tris-catecholate
siderophore-aminopenicillin conjugates reveals selectively potent
antipseudomonal activity, J. Am. Chem. Soc. 134 (24) (2012) 9898-9901,
doi:10.1021/ja303446w.

A. Souto, M.A. Montaos, M. Balado, C.R. Osorio, J. Rodriguez, M.L. Lemos, C.
Jiménez, Synthesis and antibacterial activity of conjugates between norfloxacin
and analogues of the siderophore vanchrobactin, Bioorg. Med. Chem. 21 (1)
(2013) 295-302 http://www.ncbi.nlm.nih.gov/pubmed/23182214, doi:10.1016/
j-bmc.2012.10.028.

T. Aoki, H. Yoshizawa, K. Yamawaki, K. Yokoo, J. Sato, S. Hisakawa, Y.
Hasegawa, H. Kusano, M. Sano, H. Sugimoto, Y. Nishitani, T. Sato, M. Tsuji, R.
Nakamura, T. Nishikawa, Y. Yamano, Cefiderocol (S-649266), A new siderophore


http://www.ncbi.nlm.nih.gov/pubmed/612705
http://www.ncbi.nlm.nih.gov/pubmed/612705
http://mostwiedzy.pl

Downloaded from mostwiedzy.pl

A\ MOST

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

cephalosporin exhibiting potent activities against Pseudomonas aeruginosa and
other gram-negative pathogens including multi-drug resistant bacteria: structure
activity relationship, Eur. J. Med. Chem. 155 (2018) 847-868, doi:10.1016/
j.ejmech.2018.06.014.

P. Kocienski, Synthesis of Cefiderocol, Synfacts 15 (1) (2019) 0011 http://
www.thieme-connect.de/DOI/D0I?10.1055/s-0037-1611438, doi:10.1055/
s-0037-1611438.

F. Paech, S. Messner, J. Spickermann, M. Wind, A.H. Schmitt-Hoffmann, A.T.
Witschi, B.A. Howell, R.J. Church, J. Woodhead, M. Engelhardt, S. Krahenbiihl,
M. Maurer, Mechanisms of hepatotoxicity associated with the monocyclic
p-lactam antibiotic BAL30072, Arch. Toxicol. 91 (11) (2017) 3647-3662,
doi:10.1007/500204-017-1994-x.

T.A. Russo, M.G. Page, J.M. Beanan, R. Olson, A.M. Hujer, K.M. Hujer, M. Jacobs,
S. Bajaksouzian, A. Endimiani, R.A. Bonomo, In vivo and in vitro activity of the
siderophore monosulfactam BAL30072 against Acinetobacter baumannii, J.
Antimicrob. Chemother. 66 (4) (2011) 867-873, doi:10.1093/jac/dkr013.

M.G. Page, C. Dantier, E. Desarbre, In vitro properties of BAL30072, a novel
siderophore sulfactam with activity against multiresistant gram-negative bacilli,
Antimicrob. Agents Chemother. 54 (6) (2010) 2291-2302, doi:10.1128/
AAC.01525-09.

J. Oehlke, A. Scheller, B. Wiesner, E. Krause, M. Beyermann, E. Klauschenz, M.
Melzig, M. Bienert, Cellular uptake of an a-helical amphipathic model peptide
with the potential to deliver polar compounds into the cell interior
non-endocytically, Biochimica et Biophysica Acta — Biomembranes 1414 (1-2)
(1998) 127-139, doi:10.1016/50005-2736(98)00161-8.

1. Nakase, T. Takeuchi, G. Tanaka, S. Futaki, Methodological and cellular aspects
that govern the internalization mechanisms of arginine-rich cell-penetrating
peptides, Adv. Drug Deliv. Rev. 60 (4-5) (2008) 598-607 http://
www.ncbi.nlm.nih.gov/pubmed/18045727, doi:10.1016/j.addr.2007.10.006.

E. Dupont, A. Prochiantz, A. Joliot, Penetratin story: an overview, Meth.
Molecular Biol. (Clifton, N.J.) 683 (2011) 21-29, doi:10.1007/
978-1-60761-919-2 2.

M. Rizzuti, M. Nizzardo, C. Zanetta, A. Ramirez, S. Corti, Therapeutic applications
of the cell-penetrating HIV-1 Tat peptide, Drug Discovery Today 20 (1) (2015)
76-85 http://www.ncbi.nlm.nih.gov/pubmed/25277319, doi:10.1016/
j-drudis.2014.09.017.

L. Crombez, G. Aldrian-Herrada, K. Konate, Q.N. Nguyen, G.K. McMaster, R.
Brasseur, F. Heitz, G. Divita, A new potent secondary amphipathic cell-penetrating
peptide for siRNA delivery into mammalian cells, Mol. Ther. 17 (1) (2009)
95-103, doi:10.1038/mt.2008.215.

M.C. Morris, J. Depollier, J. Mery, F. Heitz, G. Divita, A peptide carrier for the
delivery of biologically active proteins into mammalian cells, Nat. Biotechnol. 19
(12) (2001) 1173-1176, doi:10.1038/nbt1201-1173.

M. Pooga, M. Héllbrink, M. Zorko, U. Langel, Cell penetration by transportan,
FASEB J. 12 (1) (1998) 67-77, doi:10.1096/fasebj.12.1.67.

S. Reissmann, Cell penetration: scope and limitations by the application of
cell-penetrating peptides, J. Pept. Sci. 20 (10) (2014) 760-784 http://
doi.wiley.com/10.1002/psc.2672, doi:10.1002/psc.2672.

L. Zhang, J.P. Tam, T.R. Torgerson, X.Y. Liu, S. Timmons, a. D. Colosia, J. Haw-
iger, J.P. Tam, Preparation of functionally active cell-permeable peptides by sin-
gle-step ligation of two peptide modules, Proc. Natl. Acad. Sci. USA 95 (16)
(1998) 9184-9189. http://www.pubmedcentral.nih.gov/articlerender.

fegi?artid = 21313tool = pmcentrezrendertype = abstract.

P. Jarver, U. Langel, Cell-penetrating peptides-a brief introduction, Biochimica et
Biophysica Acta — Biomembranes 1758 (3) (2006) 260-263 http://
www.ncbi.nlm.nih.gov/pubmed/16574060, doi:10.1016/j.bbamem.2006.02.012.
T. Lehto, K. Kurrikoff, 1. Langel, Cell-penetrating peptides for the delivery of
nucleic acids, Expert Opin. Drug Deliv. 9 (7) (2012) 823-836 http://
www.ncbi.nlm.nih.gov/pubmed/22594635, doi:10.1517/17425247.2012.689285.
M. Di Pisa, G. Chassaing, J.M. Swiecicki, Translocation mechanism(s) of
cell-penetrating peptides: biophysical studies using artificial membrane bilayers,
Biochemistry 54 (2) (2015) 194-207 http://www.ncbi.nlm.nih.gov/pubmed/
25490050, doi:10.1021/bi501392n.

C. Sparr, N. Purkayastha, B. Kolesinska, M. Gengenbacher, B. Amulic, K.
Matuschewski, D. Seebach, F. Kamena, Improved efficacy of fosmidomycin against
plasmodium and mycobacterium species by combination with the cell-penetrating
peptide octaarginine, Antimicrob. Agents Chemother. 57 (10) (2013) 4689-4698,
doi:10.1128/AAC.00427-13.

N. Kamei, A. Yamaoka, Y. Fukuyama, R. Itokazu, M. Takeda-Morishita,
Noncovalent strategy with cell-penetrating peptides to facilitate the brain delivery
of insulin through the blood-brain barrier, Biol. Pharm. Bull. 41 (4) (2018)
546-554 http://www.ncbi.nlm.nih.gov/pubmed/29607927, doi:10.1248/
bpb.b17-00848.

Y. Fukuoka, E.S. Khafagy, T. Goto, N. Kamei, K. Takayama, N.A. Peppas, M.
Takeda-Morishita, Combination strategy with complexation hydrogels and
cell-penetrating peptides for oral delivery of insulin, Biol. Pharm. Bull. 41 (5)
(2018) 811-814 http://www.ncbi.nlm.nih.gov/pubmed/29709919, doi:10.1248/
bpb.b17-00951.

Z. Niu, E. Samaridou, E. Jaumain, J. Coéne, G. Ullio, N. Shrestha, J. Garcia, M.
Duréan-Lobato, S. Tovar, M.J. Santander-Ortega, M.V. Lozano, M.M. Ar-
royo-Jimenez, R. Ramos-Membrive, 1. Pefiuelas, A. Mabondzo, V. Préat, M. Teix-
idé, E. Giralt, M.J. Alonso, PEG-PGA enveloped octaarginine-peptide nanocom-
plexes: an oral peptide delivery strategy, J. Controll. Release 276 (2018) 125-139.
doi:10.1016/j.jconrel.2018.03.004.

20

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

T. Hayashi, M. Shinagawa, T. Kawano, T. Iwasaki, Drug delivery using
polyhistidine peptide-modified liposomes that target endogenous lysosome,
Biochem. Biophys. Res. Commun. 501 (3) (2018) 648-653 http://
www.ncbi.nlm.nih.gov/pubmed/29746864, doi:10.1016/j.bbrc.2018.05.037.
H.Y. Yoon, S.S. Kwak, M.H. Jang, M.H. Kang, S.W. Sung, C.H. Kim, S.R. Kim, D.W.
Yeom, M.J. Kang, Y.W. Choi, Docetaxel-loaded RIPL peptide
(IPLVVPLRRRRRRRRC)-conjugated liposomes: drug release, cytotoxicity, and
antitumor efficacy, Int. J. Pharm. 523 (1) (2017) 229-237 http://
www.ncbi.nlm.nih.gov/pubmed/28341149, doi:10.1016/j.ijpharm.2017.03.045.
P. Deshpande, A. Jhaveri, B. Pattni, S. Biswas, V.P. Torchilin, Transferrin and
octaarginine modified dual-functional liposomes with improved cancer cell
targeting and enhanced intracellular delivery for the treatment of ovarian cancer,
Drug Deliv. 25 (1) (2018) 517-532 http://www.ncbi.nlm.nih.gov/pubmed/
29433357 http://www.pubmedcentral.nih.gov/

articlerender.fcgi?artid = PMC6058534, doi:10.1080/10717544.2018.1435747.
K.L. Veiman, K. Kiinnapuu, T. Lehto, K. Kiisholts, K. Péarn, 1. Langel, K. Kurrikoff,
PEG shielded MMP sensitive CPPs for efficient and tumor specific gene delivery in
vivo, J. Controll. Release 209 (2015) 238-247, d0i:10.1016/
j-jconrel.2015.04.038.

T. Soudah, M. Mogilevsky, R. Karni, E. Yavin, CLIP6-PNA-peptide conjugates:
non-endosomal delivery of splice switching oligonucleotides, Bioconjug. Chem. 28
(12) (2017) 3036-3042, doi:10.1021/acs.bioconjchem.7b00638.

P. Zhang, L.L. Lock, A.G. Cheetham, H. Cui, Enhanced cellular entry and efficacy
of tat conjugates by rational design of the auxiliary segment, Mol. Pharm. 11 (3)
(2014) 964-973 http://www.ncbi.nlm.nih.gov/pubmed/24437690 http://
www.pubmedcentral.nih.gov/articlerender.fcgi?artid = PMC3993903,
doi:10.1021/mp400619v.

B.U. Samuel, B. Hearn, D. Mack, P. Wender, J. Rothbard, M.J. Kirisits, E. Mui, S.
Wernimont, C.W. Roberts, S.P. Muench, D.W. Rice, S.T. Prigge, A.B. Law, R.
McLeod, Delivery of antimicrobials into parasites, Proc. Natl. Acad. Sci. USA 100
(SUPPL. 2) (2003) 14281-14286, doi:10.1073/pnas.2436169100.

A. Astriab-Fisher, D. Sergueev, M. Fisher, B. Ramsay Shaw, R.L. Juliano,
Conjugates of antisense oligonucleotides with the Tat and Antennapedia
cell-penetrating peptides: effects on cellular uptake, binding to target sequences,
and biologic actions, Pharm. Res. 19 (6) (2002) 744-754, doi:10.1023/
A:1016136328329.

A. Jain, S.G. Shah, A. Chugh, Cell penetrating peptides as efficient nanocarriers
for delivery of antifungal compound, natamycin for the treatment of fungal
keratitis, Pharm. Res. 32 (6) (2015) 1920-1930 http://www.ncbi.nlm.nih.gov/
pubmed/25467959, doi:10.1007/s11095-014-1586-x.

P. Zhang, A.G. Cheetham, L.L. Lock, H. Cui, Cellular uptake and cytotoxicity of
drug-peptide conjugates regulated by conjugation site, Bioconjug. Chem. 24 (4)
(2013) 604-613 http://www.ncbi.nlm.nih.gov/pubmed/23514455 http://
www.pubmedcentral.nih.gov/articlerender.fcgi?artid = PMC3651882,
doi:10.1021/bc300585h.

S.V.K. Rompicharla, P. Kumari, B. Ghosh, S. Biswas, Octa-arginine modified
poly(amidoamine) dendrimers for improved delivery and cytotoxic effect of
paclitaxel in cancer, Artif. Cells Nanomed. Biotechnol. 46 (sup2) (2018) 847-859
http://www.ncbi.nlm.nih.gov/pubmed/29790795, doi:10.1080/
21691401.2018.1470527.

N. Purkayastha, S. Capone, A.K. Beck, D. Seebach, J. Leeds, K. Thompson, H.E.
Moser, Antibacterial activity of enrofloxacin and ciprofloxacin derivatives of
p-octaarginine, Chem. Biodiversity 12 (2) (2015) 179-193 http://
www.ncbi.nlm.nih.gov/pubmed/25676502, doi:10.1002/cbdv.201400456.

L. Feni, S. Parente, C. Robert, S. Gazzola, D. Arosio, U. Piarulli, I. Neundorf, Kiss
and run: promoting effective and targeted cellular uptake of a drug delivery
vehicle composed of an integrin-targeting diketopiperazine peptidomimetic and a
cell-penetrating peptide, Bioconjug. Chem. 30 (7) (2019) 2011-2022 http://
www.ncbi.nlm.nih.gov/pubmed/31243977, doi:10.1021/
acs.bioconjchem.9b00292.

A. Nasrolahi Shirazi, R. Tiwari, B.S. Chhikara, D. Mandal, K. Parang, Design and
biological evaluation of cell-penetrating peptide-doxorubicin conjugates as
prodrugs, Mol. Pharm. 10 (2) (2013) 488-499, doi:10.1021/mp3004034.

J.R. Vargas, E.G. Stanzl, N.N. Teng, P.A. Wender, Cell-penetrating,
guanidinium-rich molecular transporters for overcoming efflux-mediated
multidrug resistance, Mol. Pharm. 11 (8) (2014) 2553-2565 http://
www.ncbi.nlm.nih.gov/pubmed/24798708 http://www.pubmedcentral.nih.gov/
articlerender.fcgi?artid = PMC4123947, doi:10.1021/mp500161z.

L.R. Jones, E.A. Goun, R. Shinde, J.B. Rothbard, C.H. Contag, P.A. Wender,
Releasable luciferin-transporter conjugates: tools for the real-time analysis of
cellular uptake and release, J. Am. Chem. Soc. 128 (20) (2006) 6526-6527,
doi:10.1021/ja0586283.

N. Vale, A. Ferreira, I. Fernandes, C. Alves, M.J. Aratijo, N. Mateus, P. Gomes,
Gemcitabine anti-proliferative activity significantly enhanced upon conjugation
with cell-penetrating peptides, Bioorg. Med. Chem. Lett. 27 (13) (2017)
2898-2901 http://www.ncbi.nlm.nih.gov/pubmed/28495087, doi:10.1016/
j-bmcl.2017.04.086.

Z.Yu, J. Ye, X. Pei, L. Sun, E. Liu, J. Wang, Y. Huang, S.J. Lee, H. He, Improved
method for synthesis of low molecular weight protamine-siRNA conjugate, Acta
Pharmaceutica Sinica B 8 (1) (2018) 116-126, doi:10.1016/j.apsb.2017.11.011.
A. Brezden, M.F. Mohamed, M. Nepal, J.S. Harwood, J. Kuriakose, M.N. Seleem,
J. Chmielewski, Dual targeting of intracellular pathogenic bacteria with a
cleavable conjugate of kanamycin and an antibacterial cell-penetrating peptide, J.
Am. Chem. Soc. 138 (34) (2016) 10945-10949 http://www.ncbi.nlm.nih.gov/


http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=21313tool=pmcentrezrendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=21313tool=pmcentrezrendertype=abstract
http://mostwiedzy.pl

Downloaded from mostwiedzy.pl

A\ MOST

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

pubmed/27494027 http://www.pubmedcentral.nih.gov/

articlerender.fcgi?artid = PMC5482217, doi:10.1021/jacs.6b04831.

A'F. Schneider, A.L. Wallabregue, L. Franz, C.P. Hackenberger, Targeted
subcellular protein delivery using cleavable cyclic cell-penetrating peptides,
Bioconjug. Chem. 30 (2) (2019) 400-404 http://www.ncbi.nlm.nih.gov/pubmed/
30616339, doi:10.1021/acs.bioconjchem.8b00855.

H. Cheng, J.Y. Zhu, X.D. Xu, W.X. Qiu, Q. Lei, K. Han, Y.J. Cheng, X.Z. Zhang,
Activable cell-penetrating peptide conjugated prodrug for tumor targeted drug
delivery, ACS Appl. Mater. Interfaces 7 (29) (2015) 16061-16069, doi:10.1021/
acsami.5b04517.

Y. Kim, S. Hwang, R. Khalmuratova, S. Kang, M. Lee, Y. Song, J.W. Park, J. Yu,
H.W. Shin, Y. Lee, a-Helical cell-penetrating peptide-mediated nasal delivery of
resveratrol for inhibition of epithelial-to-mesenchymal transition, J. Controll.
Release 317 (2020) 181-194 http://www.ncbi.nlm.nih.gov/pubmed/31785303,
doi:10.1016/j.jconrel.2019.11.034.

J.F. Liang, V.C. Yang, Insulin-cell penetrating peptide hybrids with improved
intestinal absorption efficiency, Biochem. Biophys. Res. Commun. 335 (3) (2005)
734-738 http://www.ncbi.nlm.nih.gov/pubmed/16115469, doi:10.1016/
j.bbrc.2005.07.142.

Z. Duan, C. Chen, J. Qin, Q. Liu, Q. Wang, X. Xu, J. Wang, Cell-penetrating
peptide conjugates to enhance the antitumor effect of paclitaxel on drug-resistant
lung cancer, Drug Deliv. 24 (1) (2017) 752-764 https://www.tandfonline.com/
doi/full/10.1080/10717544.2017.1321060, doi:10.1080/
10717544.2017.1321060.

J.B. Rothbard, S. Garlington, Q. Lin, T. Kirschberg, E. Kreider, P.L. McGrane, P.A.
Wender, P.A. Khavari, Conjugation of arginine oligomers to cyclosporin A
facilitates topical delivery and inhibition of inflammation, Nat. Med. 6 (11)
(2000) 1253-1257 http://www.ncbi.nlm.nih.gov/pubmed/11062537,
doi:10.1038/81359.

S.K. Maity, P. Stahl, A. Hensel, S. Knauer, C. Hirschhéuser, C. Schmuck,
Cancer-cell-specific drug delivery by a tumor-homing CPP-gossypol conjugate
employing a tracelessly cleavable linker, Chem. — A Eur. J. 26 (14) (2019)
3010-3015 https://onlinelibrary.wiley.com/doi/abs/10.1002/chem.201905159,
doi:10.1002/chem.201905159.

N. Vale, C. Alves, V. Sharma, D.F. Lazaro, S. Silva, P. Gomes, T.F. Outeiro, A new
MAP-Rasagiline conjugate reduces a-synuclein inclusion formation in a cell
model, Pharmacol. Rep. 72 (2020) 456-464 http://www.ncbi.nlm.nih.gov/
pubmed/32048262, doi:10.1007/543440-019-00032-x.

V. Janout, M. Lanier, S.L. Regen, Molecular umbrellas, J. Am. Chem. Soc. 118 (6)
(1996) 1573-1574 https://pubs.acs.org/doi/10.1021/ja953261v, doi:10.1021/
ja953261v.

M. Mebhiri, W.-H. Chen, V. Janout, S.L. Regen, Molecular umbrella transport:
exceptions to the classic size/lipophilicity rule, J. Am. Chem. Soc. 131 (4) (2009)
1338-1339 https://pubs.acs.org/doi/10.1021/ja806476t, doi:10.1021/ja806476t.
D. Ge, D. Wu, Z. Wang, W. Shi, T. Wu, A. Zhang, S. Hong, J. Wang, Y. Zhang, L.
Ren, Cellular uptake mechanism of molecular umbrella, Bioconjug. Chem. 20 (12)

21

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

(2009) 2311-2316 https://pubs.acs.org/doi/10.1021/bc9003074, doi:10.1021/
bc9003074.

A. Chen, A. Karanastasis, K.R. Casey, M. Necelis, B.R. Carone, G.A. Caputo, E.F.
Palermo, Cationic molecular umbrellas as antibacterial agents with remarkable
cell-type selectivity, ACS Appl. Mater. Interfaces 12 (19) (2020) 21270-21282,
doi:10.1021/acsami.9b19076.

V. Janout, C.D. Giorgio, S.L. Regen, Molecular umbrella-assisted transport of a
hydrophilic peptide across a phospholipid membrane, J. Am. Chem. Soc. 122 (11)
(2000) 2671-2672 https://pubs.acs.org/doi/10.1021/ja000007g, doi:10.1021/
ja000007g.

V. Janout, L.-H. Zhang, 1.V. Staina, C. Di Giorgio, S.L. Regen, Molecular
umbrella-assisted transport of glutathione across a phospholipid membrane, J.
Am. Chem. Soc. 123 (23) (2001) 5401-5406 https://pubs.acs.org/doi/10.1021/
ja010124r, doi:10.1021/ja010124r.

V. Janout, B. Jing, S.L. Regen, Molecular umbrella-assisted transport of thiolated
AMP and ATP across phospholipid bilayers, Bioconjug. Chem. 13 (2) (2002)
351-356 https://pubs.acs.org/doi/10.1021/bc015564m, doi:10.1021/
bc015564m.

V. Janout, L.L. Cline, B.P. Feuston, L. Klein, A. O’Brien, T. Tucker, Y. Yuan, L.A.
O’Neill-Davis, R.L. Peiffer, S.S. Nerurkar, V. Jadhav, D.M. Tellers, S.L. Regen,
Molecular umbrella conjugate for the ocular delivery of siRNA, Bioconjug. Chem.
25 (2) (2014) 197-201 https://pubs.acs.org/doi/10.1021/bc400506m,
doi:10.1021/bc400506m.

V. Janout, C. Bienvenu, W. Schell, J.R. Perfect, S.L. Regen, Molecular umbrella —
amphotericin B conjugates 25 (C) (2015) 1408-1411.

V. Janout, C. Bienvenu, W. Schell, J.R. Perfect, S.L. Regen, Correction to
Molecular Umbrella-Amphotericin B Conjugates, Bioconjug. Chem. 26 (10) (2015)
2168, doi:10.1021/acs.bioconjchem.5b00517.

B. Jing, V. Janout, S.L. Regen, Fully detachable molecular umbrellas as peptide
delivery agents, Bioconjug. Chem. 14 (6) (2003) 1191-1196 https://pubs.acs.org/
doi/10.1021/bc034074m, doi:10.1021/bc034074m.

P.D. Senter, W.E. Pearce, R.S. Greenfield, Development of a drug-release strategy
based on the reductive fragmentation of benzyl carbamate disulfides, J. Org.
Chem. 55 (9) (1990) 2975-2978 https://pubs.acs.org/doi/abs/10.1021/
j0002962a082, doi:10.1021/j000296a082.

V. Janout, W.A. Schell, D. Thévenin, Y. Yu, J.R. Perfect, S.L. Regen, Taming
amphotericin B, Bioconjug. Chem. 26 (10) (2015) 2021-2024 https://
pubs.acs.org/doi/10.1021/acs.bioconjchem.5b00463, doi:10.1021/
acs.bioconjchem.5b00463.

L.L. Cline, V. Janout, M. Fisher, R.L. Juliano, S.L. Regen, A molecular umbrella
approach to the intracellular delivery of small interfering RNA, Bioconjug. Chem.
22 (11) (2011) 2210-2216 https://pubs.acs.org/doi/10.1021/bc200347x,
doi:10.1021/bc200347x.

Y. Yu, M.J. Sabulski, W.A. Schell, M.M. Pires, J.R. Perfect, S.L. Regen, Simple
strategy for taming membrane-disrupting antibiotics, Bioconjug. Chem. 27 (12)
(2016) 2850-2853, doi:10.1021/acs.bioconjchem.6b00629.


http://mostwiedzy.pl

	Synthetic strategies in construction of organic low molecular-weight carrier-drug conjugates
	Keywords
	Abstract
	Introduction
	Abbreviations
	Siderophores – cell-specific carriers of natural origin
	Siderophore-antimicrobial agents conjugates – sideromycins
	Synthesis of siderophores and their analogs
	Preparation of siderophore – drug conjugates
	Synthesis of drug-artificial siderophore conjugate

	Cell-penetrating peptides – universal carriers
	Functionalization of CPPs – designing CPP and cargo conjugation
	Non-covalent approach
	Covalent approach

	Molecular umbrellas – promising novel carriers?
	Synthesis of molecular umbrellas-cargo conjugates
	Disulfide-based linkers
	ω-Aminoacyl linkers
	Maleimide linker
	Molecular umbrellas are still unexploited as molecular carriers


	Conclusions and perspectives
	Declaration of Competing Interest
	References




