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Abstract

Background: Metal-based anticancer drugs, particularly platinum and gold complexes,
play a central role in chemotherapy but are often limited by systemic toxicity, resistance,
and suboptimal selectivity. Peptide conjugation has emerged as a versatile strategy to
modulate the pharmacokinetic and biological properties of metal complexes, enabling tar-
geted delivery, improved uptake, and controlled activation. This review aims to critically
analyze platinum- and gold-peptide bioconjugates in cancer therapy, focusing on directly
reactive metal complexes and redox-activated prodrug systems. Methods: Relevant liter-
ature from the past two decades was surveyed across major scientific databases, focusing
on the design, conjugation strategies, biological activity, and mechanisms of action of Pt-
and Au-peptide bioconjugates. Results: Reviewed studies reveal distinct behavior for
platinum- and gold-based systems. Pt(I)-peptide conjugates primarily retain DNA-reac-
tive interaction, with peptides mainly enhancing cellular uptake, selective targeting and
solubility, although improved cytotoxicity is not consistently achieved. In contrast, Pt(IV)-
peptide conjugates function as prodrugs, where axial peptide functionalization allows
greater structural versatility and sometimes improved selectivity, with therapeutic effi-
cacy strongly depending on intracellular reduction kinetics. Au(l)-peptide conjugates act
as directly reactive species targeting thiol- and selenol-containing proteins, whereas
Au(Ill) bioconjugates often behave as redox-activated prodrugs, with peptide conjugation
influencing stability and cellular fate. Conclusions: Overall, peptide conjugation repre-
sents a powerful but non-trivial approach for optimizing metal-based anticancer agents.
The success of metal-peptide bioconjugates critically depends on balancing peptide-me-
diated delivery with the intrinsic reactivity and activation pathways of the metal center.
A function-guided design of bioconjugates is essential to achieve genuine selectivity and
therapeutic benefit.

Keywords: metal-peptide bioconjugate; platinum complex; gold complex; drug delivery;
cancer therapy
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1. Introduction

Given the prevalence of metals within the periodic table, it is unsurprising that they
participate extensively in fundamental biological processes, whether as free ions, salts
and/or constituents of coordination complexes [1]. Several metals are indispensable for
sustaining life, whereas others exhibit therapeutically and diagnostically relevant proper-
ties. Deviations from the tightly regulated concentrations of essential metals can give rise
to physiological disorders, acute toxicity, or increased susceptibility to infectious diseases
[2]. Compounds incorporating non-essential metal ions may, in some cases, be tolerated
by organisms at unexpectedly high levels, thereby rendering them useful in biomedical
applications, such as chemotherapeutic agents (platinum-based chemotherapeutics) [3],
diagnostic tracers (gadolinium-based MRI contrast agents) [4] and metal-based formula-
tions [5-7]. Conversely, certain metal-based species display pronounced antimicrobial or
antiviral activity even at minimal concentrations, further underscoring their potential clin-
ical relevance. In addition, numerous metals are integral components of radiopharmaceu-
ticals (RPs) useful in nuclear medicine, as radiotherapeutic or contrast agents.

1.1. Platinum and Gold Complexes in Biomedicine

Transition metal complexes find numerous applications in medicine, especially as
antitumor agents. Metal-based drugs became effective anti-cancer drugs between the late
1960s and the early 1970s thanks to Rosenberg, who discovered the anti-cancer activity of
Pt-based compounds in 1969 [8]. The first Pt-based anti-tumor drug used in clinics was
cisplatin (cis-diamminedichloro-Pt(II), CDDP) (Figure 1) [8,9]. Since its first introduction,
CDDP has had a major impact on the outcome of a great number of solid tumors, includ-
ing testicular and ovarian carcinomas, lymphoma, melanoma, and neuroblastoma [10].
However, its use is largely limited by several severe side effects, such as systemic toxicity
[11]. An array of CDDP derivatives was developed to enhance therapeutic efficacy and
balance CDDP’s adverse effects. These compounds are referred to as second- and third-
generation derivatives. Carboplatin (diamminecyclobutane-1,1-dicarboxylate-Pt(Il)) [12]
and oxaliplatin ((R,R)-1,2-cyclohexanediamine(ethanedioate-O,0)-Pt(II)) [13] are the most
used CDDP analogues in clinical practice and are effective for cancers that respond poorly
to CDDP (Figure 1). While carboplatin is primarily used to treat ovarian, lung, bladder,
head and neck cancers [14], oxaliplatin is employed in the treatment of colorectal carci-
noma [15], and is the last platinum-based agent to be approved worldwide.

o]

O——C H, o) P
HaN cl HaN N ~cF
’ \Pt/ >P‘< \Pt/ (|:
7N HoN N\ _¢
Cl s O0—-cC N —
| N, 0 X,
Cisplatin Carboplatin 0 Oxaliplatin

Figure 1. Schematic drawing of cisplatin, carboplatin and oxaliplatin. Cisplatin is a diamminechlo-
roplatinum compound in which the two ammine ligands and the two chloro ligands are oriented in
a cis planar configuration around the central platinum ion. Carboplatin contains a platinum atom
complexed with two ammine ligands and a cyclobutane-dicarboxyl residue. Oxaliplatin is a com-

plex in which the platinum atom is complexed with 1,2-diaminocyclohexane and an oxalate ligand.

The cytotoxicity of CDDP and its second- and third-generation derivatives is due to
the formation of DNA lesions at the double-helix level that interfere with transcription,
resulting in cellular apoptosis (Figure 2A). Although nuclear DNA is considered the pri-
mary pharmacological target of platinum drugs, increasing evidence suggests that mito-
chondria DNA damage may also contribute to their cytotoxic activity and apoptosis
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induction [16]. A crucial role in this process is played by reactive Pt-species that form upon
chloride replacement, obtaining DNA crosslinks [17]. Nevertheless, nucleobases are not
the only target of Pt compounds, and other biomolecules are likely to be involved in their
biological activity. Moreover, also copper transporter (CTR1) was identified as a mediator
of CDDP uptake [18]. In this respect, considerable interest has been devoted to the inter-
action of these complexes with sulfur-containing proteins, leading to nephrotoxicity [11].
Despite their successful applications in clinics, CDDP and other Pt(II) compounds devel-
oped in the last few years are limited in efficacy because of their severe toxicity and in-
trinsic or acquired resistance [19,20].

Following the development of Pt(II) complexes [21], several Pt(IV)-based drugs were
developed [22]. These compounds are considered “prodrugs”, since the intracellular re-
duction of Pt(IV) to Pt(II) leads to the release of the active cytotoxic species [23,24]. Alt-
hough Pt(Il)- and Pt(IV)-based compounds share the same metal center, their pharmaco-
logical behavior is fundamentally different. Pt(Il) complexes are intrinsically active spe-
cies that exert their cytotoxic effects through direct interactions with biological targets,
primarily DNA, whereas Pt(IV) complexes behave as redox-activated prodrugs and re-
quire intracellular reduction to generate the corresponding active Pt(II) species. Conse-
quently, while structural modifications of Pt(II) complexes mainly affect delivery, uptake,
and selectivity, functionalization of Pt(IV) systems can additionally influence prodrug sta-
bility, reduction kinetics, activation pathways, and the release of coordinated ligands.
Pt(IV)-complexes have several potential advantages over their Pt(II) analogues. Specifi-
cally, they are less reactive and thus undergo fewer reactions on the way to the tumor,
resulting in reduced side effects [25]. They also offer greater structural variability than
Pt(Il) analogues, allowing optimization of chemical and physical properties. Furthermore,
while CDDP and its derivatives are generally administered to patients intravenously,
Pt(IV)-based drugs can be taken orally due to greater stability in the gastrointestinal tract
[26,27]. Among these, Sartraplatin (cis,trans,cis-ammine(cyclohexylamine)diacetatodi-
chloroPt(IV)) has reached phase III clinical trials for hormone-refractory prostate cancer
[28].

The success and limitations of Pt-based drugs [29-32] are driving forces for the de-
velopment of new compounds based on different metals for use in the treatment of cancer
[33]. In recent years, the field of medicinal inorganic chemistry research has seen a pro-
gressive development of other anticancer compounds based on other transition metals,
including ruthenium [34], palladium [35], cobalt [36], copper [37], gold [38], and many
others [39].

Gold compounds have a long-standing history in traditional medicine. During the
early stages of modern pharmacology, gold compounds were tested as anti-infective and
anti-tubercular agents [40,41]. Nowadays, Au compounds have limited medical applica-
tion and are used exclusively for the treatment of severe rheumatoid arthritis, although
their activity is associated with numerous cardiac side effects [42,43]. Several attempts to
prepare and evaluate new gold compounds, either Au(I) or Au(Ill), as antitumor agents
have been reported [44-51]. The chemistry of Au features some unique aspects, mostly
owing to Au’s electronic properties. A rich redox chemistry is associated with its three
main oxidation states: Au(0), Au(I), and Au(Ill). In turn, redox changes are strictly linked
to changes in the coordination sphere with a frequent switch from square planar coordi-
nation of Au(IIl) to linear di-coordinated Au(I) complexes [42,52].

Au(]) is a soft cation with a preference for soft ligands. The most important Au(l)
compounds for medicinal purposes are thiolates and phosphines, mainly di-coordinated
[53]. Auranofin is probably the most famous complex of this class [43]. Notwithstanding,
Au(I) complexes do have striking cytotoxicity against haemolymphatic cancers in vitro,
and almost all show severe cardiac threats and hence have been rejected for clinical trials.
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Au(IIl) is a borderline cation, showing a preference not only for soft ligands but also
for nitrogen donors. Au(Ill) compounds may be divided into the four following classes:
(a) classical mononuclear Au(Ill) complexes [54,55]; (b) Au(Ill) porphyrins [56,57]; (c) or-
ganogold(Ill) compounds [58-60]; (d) dinuclear Au(Ill) complexes [61]. Au(Ill) com-
pounds are considered “prodrugs” and undergo rapid metabolism in vivo. A vast array
of Au(IIl) complexes has potential anticancer activity [62]. These compounds, which show
high chemical stability, possess relevant antiproliferative properties in vitro and may be
considered excellent candidates for further pharmacological evaluation.

Gold-based drugs mainly act through the modification of selected enzymes [63],
which consequently lose their function [62,64,65]. The mechanism of action of Au(I) thio-
late and phosphine drugs has been deeply investigated [66]. About Au(lll) complexes,
generally, they behave as strong oxidizing agents; hence, it is commonly believed that
they are quickly reduced to Au(I) compounds or to colloidal Au by low molecular weight
biomolecules and by protein residue side-chains [52]. Anyway, different reports have
identified thioredoxin reductase (TrxR) as a reliable target for anticancer Au compounds
[63]. TrxR is a selenoenzyme critically involved in the regulation of the intracellular redox
state and mitochondrial functions [62]. The key event of the mechanism of gold com-
pounds would be the direct, strong inhibition of TrxR that leads to the opening of the
mitochondrial pore, likely inducing cytochrome c release and apoptosis (Figure 2B).
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Figure 2. Schematic representation of the principal mechanism of action of platinum- (A) and gold-
based (B) anticancer drugs. The dashed circles highlight the primary intracellular targets involved
in their cytotoxic activity. Platinum compounds mainly induce DNA damage through the formation
of DNA (in nucleus and mitochondrial) adducts and crosslinks, ultimately triggering apoptosis;
whereas gold compounds predominantly target mitochondrial and redox-regulating proteins, lead-
ing to oxidative stress, mitochondrial dysfunction, and apoptotic cell death. The illustration is in-

tended as a simplified overview of the major mechanisms and does not exclude the contribution of
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additional intracellular targets. Created in BioRender. Giorgio, A. (2026) https://BioRen-
der.com/04990es.

The molecular mechanism underlying TrxR inhibition has been further explored by
using Au(I) N-heterocyclic carbene (NHC) compounds [67] to clarify the role of direct
gold-selenocysteine coordination in enzyme inactivation. Overall, the chemistry of gold
complexes in their two oxidation states was investigated in depth, as well as their behavior
in solution and interactions with proteins, which play a key role in their biological activity
[42,62,63,68,69].

Besides Au(l) and Au(Ill), the metallic Au(0) state may also play a relevant role in the
biological fate of gold-based drugs. Following intracellular reduction, Au(Ill) complexes
can generate Au(I) intermediates and, under strongly reducing conditions, further evolve
into elemental gold species, including colloidal gold or gold nanoclusters [52]. The for-
mation of Au(0) is generally regarded as a deactivation pathway because metallic gold
lacks the coordination reactivity required for interaction with biological targets. However,
Au(0) species may contribute to prolonged tissue retention, while their biodistribution,
persistence, and excretion remain only partially understood.

1.2. Peptides as Drug Delivery Systems

Natural and synthetic peptides play a variety of biological roles. They act as hor-
mones, inhibitors, biological regulators, and so on. Peptides play essential roles also in
medicinal applications, such as therapeutic agents and diagnostic tracers. Their ad-
vantages include biocompatibility, low cost, chemical diversity, high affinity, low immu-
nogenicity, and simple synthesis. For these properties, peptides outperform small mole-
cules and large biomolecules, such as monoclonal antibodies, in the biomedicine field [70].

Recently, peptide drug development has made great progress thanks to new produc-
tion, modification, and advanced analytical technologies. To date, more than 80 therapeu-
tic peptides have reached the global market, and hundreds of them are undergoing pre-
clinical studies and clinical development [70,71]. These drugs are employed in a large
range of diseases, such as diabetes mellitus, cardiovascular, gastrointestinal and infectious
diseases, cancer, as well as vaccines. Peptides are also considered excellent candidates for
drug delivery into cells [72-74]; some of them can cross the blood-brain barrier (BBB)
[75,76], others can be used to functionalize larger systems, such as nanoparticles [77-83],
liposomes [84,85], and different macroaggregates with applications in cancer therapy and
diagnosis. Depending on their biological function, peptides employed in drug delivery
can be broadly classified into different categories. Receptor-targeting peptides (RTPs) ex-
ploit the overexpression of specific receptors on cancer cells or tumor-associated vascula-
ture to achieve preferential tumor accumulation and internalization [86,87]. Cell-penetrat-
ing peptides (CPPs) facilitate cellular uptake through membrane translocation or endo-
cytic pathways and can enhance intracellular accumulation of the conjugated cargo [88].
Organelle-targeting peptides are designed to direct therapeutic agents toward specific in-
tracellular compartments, such as the nucleus (nuclear localization signal, NLSs) se-
quences or mitochondria (mitochondria-targeting peptides, MTPs), thereby improving
target engagement and biological efficacy [89-91]. These approaches are not mutually ex-
clusive and can be combined within the same construct to simultaneously promote tumor
recognition, cellular uptake, and subcellular localization.

Recently, peptides achieved great success in drug delivery systems of contrast agents
for tumor imaging [92,93] and/or metal-based anticancer drugs [94], reducing the side ef-
fects of non-selective metal that also kill normal cells (Figure 3). Furthermore, bispecific
radioligands (BRLs) containing two distinct peptide sequences have also emerged; they
can exploit a dual targeting capacity and therefore increase the specific uptake of RPs for
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diagnostic and therapeutic applications in nuclear medicine [95]. In metal-peptide anti-
cancer drugs, peptide moieties can be linked to the metal center, obtaining a wide variety
of bioconjugates [96].

Metal-based drugs Metal-peptide bioconjugates
Normal Cell Cancer Cell Normal Cell Cancer Cell
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Figure 3. Schematic representation of the enhanced selectivity achieved by metal-peptide bioconju-

gates compared with unconjugated metal-based drugs. Peptide conjugation may promote several
uptakes in cancer cells through different mechanisms, including receptor-mediated recognition and
internalization, membrane translocation. In RTPs, the corresponding receptors may also be present
in normal cells but are often overexpressed in cancer cells, resulting in preferential accumulation of
the bioconjugates at the tumor site. The intracellular localization shown in the cancer cell represents
the final outcome of peptide-assisted delivery and does not depict a single universal uptake path-
way. The figure is intended as a simplified conceptual overview of the different strategies used to
improve selectivity and intracellular delivery of metal-based drugs. Created in BioRender. Giorgio,
A. (2026) https://BioRender.com/pgrljfu.

In this review, the attention is focused on peptide-based metallo-drugs containing
square-planar Pt(II) and linear Au(I) complexes and their higher-valent counterparts, oc-
tahedral Pt(IV) and square-planar Au(lll) compounds. Directly reactive species, such as
Pt(Il) and Au(l), exert their therapeutic effects through immediate coordination to bio-
molecular targets, including DNA in the case of platinum and thiol- or selenol-containing
proteins in the case of gold. In these systems, the peptide primarily acts by modulating
delivery, selectivity, and subcellular distribution, while preserving the intrinsic reactivity
of the metal center. By contrast, Pt(IV) and Au(IIl) complexes are commonly conceived as
prodrugs, relying on redox activation within the cellular environment to generate the cor-
responding lower-valent and therapeutically active species. In these cases, peptide conju-
gation serves a dual purpose: improving pharmacokinetic properties and contributing to
controlled activation by influencing reduction kinetics and intracellular localization.
However, the success of this strategy critically depends on achieving a delicate balance
between stability and lability of bioconjugates. Premature reduction can undermine tar-
geting and selectivity, whereas excessive kinetic inertness may limit activation and thera-
peutic efficacy. Notably, peptide conjugation does not uniformly favor one function over
the other. While peptides can enhance uptake and selectivity for both directly reactive and
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prodrug systems, they may also decouple delivery from biological action. For directly re-
active complexes, steric and electronic effects introduced by peptide attachment some-
times can attenuate target engagement, whereas for prodrug systems, interactions with
biomolecules may influence metal redox state. Overall, understanding and exploiting the
interplay between metal-centered reactivity and peptide-mediated delivery is essential for
the rational design of metal-peptide bioconjugates.

1.3. Platinum and Gold Complexes: Coordination Chemistry Perspective

Pt(II) complexes remain the cornerstone of metal-based chemotherapy. From a chem-
ical standpoint, Pt(II) has a d? electronic configuration and exhibits a square planar coor-
dination geometry. Pt(I) centers are typically linked to peptides via substitution of labile
ligands or through pendant functional groups on spectator ligands, preserving the square-
planar geometry required for DNA interaction.

Pt(IV) complexes were widely explored as prodrug candidates designed to overcome
the limitations of Pt(II)-based chemotherapy. Pt(IV) has a d¢ electronic configuration, and
its octahedral geometry and kinetic inertness allow for functionalization with axial lig-
ands, making Pt(IV) particularly attractive for peptide conjugation.

Gold(I) is a d'° closed-shell transition metal, with three principal coordination geom-
etries: linear two- (by far the most important), trigonal three- or tetrahedral four-coordi-
nation.

Gold(IIl) has a d? closed-shell configuration. Gold(III) complexes have attracted in-
terest in anticancer research due to their formal analogy to square-planar Pt(II) systems
and their potential to engage in coordination geometries compatible with peptide conju-
gation.

Among the numerous metal-based anticancer agents investigated to date, platinum
and gold were selected as the focus of this review because they provide the opportunity
to compare peptide conjugation strategies in both directly reactive and redox-activated
systems. Platinum remains the most clinically successful class of metal-based anticancer
drugs, whereas gold compounds have emerged as promising alternatives with distinct
mechanisms of action. Moreover, these two metals display an intriguing parallel in their
medicinal chemistry: Pt(I) and Au(I) generally represent the biologically active forms that
directly interact with cellular targets, while Pt(IV) and Au(Ill) are commonly developed
as prodrugs that require intracellular reduction to generate the active species. In addition,
Pt(Il) and Au(III) share a square-planar coordination geometry, making them particularly
suitable for a comparative analysis of how peptide conjugation influences stability, target-
ing, cellular uptake, and activation pathways.

2. Materials and Methods

An extensive literature search was conducted across different databases, including
PubMed, Google Scholar, Scopus, EMBASE, and Web of Science, focusing on the most
recent publications from the past two decades. The search strategy incorporated a struc-

V77

tured combination of keywords such as “ metal peptide conjugates”, “gold peptide con-
jugates”, “platinum peptide conjugates”, and “cancer therapy”. The screening process
was performed independently by two authors. Search terms were adjusted as necessary
for each database, and Boolean operators (AND, OR) were applied to refine results. Ad-
ditionally, the reference lists of the selected studies were examined manually to identify
further relevant literature.

Following the literature screening process, a total of 13 studies on Pt(II)-peptide con-
jugates, 16 studies on Pt(IV)-peptide conjugates, 7 studies on Au(l)-peptide conjugates,
and 2 studies on Au(Ill)-peptide conjugates, were selected for detailed analysis and dis-
cussion. The selected publications were chosen based on their relevance to the scope of
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this review, with particular emphasis on molecular design, conjugation strategies, biolog-
ical activity, mechanism of action, and potential applications in cancer therapy.

3. Platinum-Peptide Conjugates
3.1. Pt(I)-Peptide Conjugates

Among the Pt(II) complexes, CDDP and its analogues exerting their anticancer activ-
ity primarily through DNA binding and crosslink formation. In this context, peptide con-
jugation has been extensively investigated as a strategy to enhance cellular uptake, im-
prove tumor selectivity (by recognizing tumor overexpressed receptors), reduce side-ef-
fects, and modulate pharmacokinetic profiles of Pt(II) drugs. Also, peptides have been
employed to improve the solubility of complexes and DNA selectivity. Pt(II)-peptide con-
jugates exemplify the challenges of combining peptide-mediated targeting while preserv-
ing DNA-reactive metal centers. Although selective uptake can be achieved, maintaining
the fine balance between stability, reactivity, and intracellular accessibility remains a crit-
ical hurdle for the successful development of targeted Pt(Il)-based therapeutics. Various
studies present in the literature are reported below (Table 1 and Figure 4).

Table 1. Pt(I)-peptide bioconjugates. Note: Compound numbering has been retained as reported in
the original publications. This choice was made to facilitate direct comparison with the source arti-
cles and to enable readers interested in specific studies to more easily identify and retrieve the cor-

responding compounds in the original literature.

Pt(II)-Peptide Bio-

Author . Peptide Pt Precursor Cell Lines Ref.
conjugate
ROblg%g%; tal. 1 AEG-Gly-Arg * Pt(en)Cl2 ** Not performed [97]
3 AEG-Gly-Gly *
4 AEG-Gly-Phe *
Robillard et al. 5 AEG-Gly-Lys * DNA specificity in
Pt 1o **
(2003) 6 AEG-Gly-Arg * (en)Cl2 pUCI9, Hela 10
7 AEG-Gly-Ser *
8 AEG-Gly-Glu *
7a Boc-Ala
7b Boc-Leu-Leu
7c Boc-Leu
7d Boc-Orn
7e Boc-Lys
7f Orn
7g Lys
P 1 *%
Kumbhakonam 7h Boc-Orn(Boc)-Orn(Boc) ten)(Ch St 00]
et al. (2018) 7i Orn-Orn ta
. Boc-Orn(Boc)-Orn(Boc)-
J Orn(Boc)
7k Orn-Orn-Orn
21 Boc-Ile-Asp
26 Boc-Asp-Leu-Phe
32a Boc-Asp-Orn(Boc) -
b Asp-Orn [Pt(en)Cl2]2
28
Miigge et al. 29 Pt(II) with an (O,S)
(2023) 30 YGGFL chelating moiety Not performed [100]
32
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D-MCa
Arouietal. (2015)  Pt-1-DMCa  (GDCLPHLKLCKENKDC  [MBL-IIL-7]PtCL SVGpl2, US7  [101]
CSKKCKRRGTNIEKRCR)
Wilodarczyk et al. A2780, CP70, TOV-
Pt-NLS hybrid NLS (PKKKRKYV) Carboplatin 21G, SKOV3, ES-2, [102]
(2018)
OV-90
LHRH (pGlu-His-Trp-Ser-
Calderonetal. - p \p1 1 HRH Tyr-D(prs-Leu-Arg-F;)ro- Carboplatin ~ +1 1 MPAMB231, )
(2016) 3T3
Gly)
U251, MCE-7,
ADR/RES, 786-0,
Teles et al. (2020) 1 HAIYPHRH PtCI(BPG) 1460, DC3 [104]
OVCAR-3, HaCat
Nd“(‘;ggg;)et al. Z Cyclic CNGRC Carboplatin PC-3 [105]
Chatzisideri et al. cyclometalated PC3, SCOV-3, A549,
4 «(RGDyK) [N,C,N-P{(II)] com- MDA-MB-231, MCE- [106]
(2017)
plex 7, U87TM
SK-MEL-28, MDA-
Zam; » etal  p(RGDEK) o(RGDFK) PrCl(dmba)(dmso) -\ 15 731, CAPAN-1, [107]
(2018) HUVEC
Medrano et al. trans- MDA-MB-231,
(017 PH(ID)-cRGD ¢(RGDIK) [PtCL(NH-CH(CHs)2)  MCF7, A2780,  [108]
(4-picolinic acid)] SKOV3, A549
2 LIVAGK-NH:
Re“}(‘; é‘;z)e tal Z LIY\?S g_}?H Oxaliplatin HeLa, SW480, 4T1  [109]
5 IVK-NH>

* AEG = N-2-aminoethyl-glycine; ** en = ethylenediamine; *** BPG = bis(2-pyridylmethyl)glycine;
*** dmba = C,N-dimethylbenzylamine.

Robillard and coworkers reported the potentially active trimeric Arg-containing
Pt(Il) complex 1 [97]. The target molecule includes an Arg-Gly dipeptide tethered to an
ethylenediamine moiety as a Pt-chelating ligand. It involves the use of N-2-aminoethyl-
glycine (AEG). A few years later, same authors published other studies [98,110] aimed to
evaluate whether further peptide-tethered Pt(II) complexes modify the intensity and se-
quence specificity of DNA damage compared to CDDP and the related compound
Pt(en)Cl2 (en = ethylenediamine) [98]. Six bioconjugates (3-8), differing only in their pen-
dant amino acid (Gly, Phe, Lys, Arg, Ser or Glu), were synthesized. DNA damage was
assessed in pUC19 plasmid DNA and in HeLa cells. All bioconjugates exhibited DNA
sequence specificity similar to CDDP and Pt(en)Clz, with preferential damage at sites con-
taining consecutive guanine residues. In pUC19 plasmid DNA, the Gly- and Phe-tethered
complexes produced the most serious damage, followed by Lys, Arg, Ser, and Glu deriv-
atives. In HeLa cells, DNA damage levels were generally lower than those induced by
CDDP, with the Lys- and Arg-tethered complexes showing the highest cellular activity,
while Gly- and Phe- complexes displayed a marked reduction in effectiveness compared
to plasmid DNA. The nature of the appended amino acid affects Pt reactivity and cellular
DNA damage, likely through differences in charge and polarity. These findings indicate
that short peptide conjugation alone is insufficient to enhance DNA targeting, and an ap-
propriate peptide design is still required for improving Pt-based drug delivery and activ-

ity.
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Figure 4. Structure of all discussed Pt(II)-peptide bioconjugates [97-109].

Kumbhakonam et al. developed a modular synthetic strategy for the site-specific in-
corporation of Pt(Il) centers into peptides using Ser- and Thr-derived diamines [99]. A key
advantage of the methodology used offers high versatility, allowing platinum centers to
be introduced at different positions within a peptide sequence, including the N-terminus,
C-terminus, side-chain functionalities, or at multiple sites simultaneously. Authors syn-
thesized a library of Pt-peptide conjugates containing hydrophobic residues and posi-
tively charged Lys- and ornithine-rich sequences (7a-k, 21, 26). In addition, multinuclear
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platinum conjugates bearing two Pt(Il) centers were successfully prepared (32a-b). Con-
jugates containing positively charged Lys side chains exhibited significantly stronger
DNA binding than their neutral analogues, highlighting the contribution of electrostatic
interactions with the DNA phosphate backbone. Cytotoxicity studies against SiHa cervi-
cal cancer cells revealed a dose-dependent antiproliferative effect for all Pt-containing
conjugates. The most active compounds were the Lys-rich derivatives.

Miigge et al. reported the synthetic strategies for the preparation of Pt(Il)-peptide
conjugates containing 3-hydroxydithiocinnamic ester ligands as versatile (O,S)-chelating
frameworks [100]. Using Leu5-enkephalin (YGGFL) as a model peptide, authors com-
pared two major bioconjugation approaches, amide-bond formation and click chemistry,
while evaluating the influence of the synthetic sequence on the final products. The amide-
coupling route proved particularly effective when peptide conjugation preceded metal
coordination, leading to the successful isolation of the peptide-functionalized Pt(II) mon-
ochelate (28) in good yield. The reaction between an azide-functionalized Pt bischelate
and an alkyne-modified peptide afforded conjugate (29) with comparatively high conver-
sion and fewer by-products, demonstrating the synthetic advantages of incorporating the
azide functionality within the metal-containing fragment. In contrast, the complementary
strategy employing an alkyne-bearing Pt complex generated conjugate (30) in lower yield
due to side reactions associated with the alkyne-containing (3-hydroxydithiocinnamic es-
ter framework. To access a mononuclear peptide-Pt(II) conjugate through click chemistry,
the authors first synthesized the metal-free triazole-linked precursor and subsequently
introduced the Pt(Il) center, obtaining complex (32) while retaining the chlorido and
DMSO ligands.

Aroui et al. developed a novel Pt-based anticancer conjugate, Pt-1-DMCa, by linking
a  platinum-chelating  moiety = (MBL-III-7) to  D-maurocalcine (D-MCa,
GDCLPHLKLCKENKDCCSKKCKRRGTNIEKRCR), a protease-resistant CPP derived
from the scorpion toxin maurocalcine [101]. Biological assays demonstrated that Pt-1-
DMCa exhibited, particularly at low concentrations, an ICs approximately two-fold
lower than that of CDDP. Importantly, the conjugate exhibited reduced toxicity toward
normal astrocytes, suggesting improved selectivity for malignant cells. Moreover, Pt-1-
DMCa induced substantial DNA damage and increased phosphorylation of p53 and his-
tone H2A X. Further investigation demonstrated that Pt-1-DMCa activated both intrinsic
and extrinsic apoptotic pathways. In addition, Pt-1-DMCa induced a marked accumula-
tion of reactive oxygen species, which contributed to DNA damage and apoptosis and,
unlike CDDP, it also inhibited AKT and ERK phosphorylation.

In their study, Wlodarczyk and colleagues developed a Pt(II)-hybrid system contain-
ing an NLS peptide that delivers Pt(II) directly to the nucleus and overcomes Pt resistance
in cancer cells [102]. The SV40 large T antigen-derived NLS peptide (PKKKRKYV) was syn-
thesized, and the carboplatin-like Pt(II) complex was coupled to the N-terminus of the
peptide by click chemistry, affording the Pt-NLS hybrid. Cellular and nuclear uptake
were demonstrated in ovarian cancer-derived cell lines with different platinum resistance
(A2780, CP70, TOV-21G, SKOV3, ES-2, OV-90). Viability assay proved high cytotoxicity
of Pt-NLS hybrid, significantly increased with respect to carboplatin, regardless of the cell
line tested. The greatest cytotoxic effect was observed in A2780 cells, where viability was
decreased by 60%, whereas treatment with carboplatin at the same concentration de-
creased viability by 25% only. In the other cell types, Pt-NLS hybrid also had a notably
larger effect on cell viability than carboplatin. Overall results indicate that the Pt-NLS hy-
brid delivers Pt(Il) into the nucleus, markedly enhancing cytotoxicity and overcoming
resistance.

Calderon et al. developed a targeted Pt-based chemotherapeutic agent, Pt-Mal-
LHRH, by conjugating carboplatin to the luteinizing hormone-releasing hormone (LHRH,
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pGlu-His-Trp-Ser-Tyr-DLys-Leu-Arg-Pro-Gly) peptide through a malonate linker [103].
LHRH receptors are overexpressed in several cancers, including breast cancer, while
showing limited expression in normal tissues. Biological evaluation was performed pri-
marily in breast cancer cell lines (murine 4T1 and human MDA-MB-231). The conjugate
exhibited significantly enhanced cytotoxicity and selectivity toward cancer cells, while
showing lower toxicity against normal fibroblasts (3T3). Pt-Mal-LHRH cellular uptake
achieved approximately 20-fold higher cellular platinum uptake than carboplatin in the
4T1 cell line, consistent with receptor-mediated internalization through the LHRH recep-
tor. Furthermore, competition experiments with free LHRH confirmed the involvement
of receptor-specific uptake pathways. The antitumor efficacy of Pt-Mal-LHRH was sub-
sequently evaluated in vivo using an orthotopic 4T1 breast cancer mouse model. Mice
treated with Pt-Mal-LHRH displayed a significant reduction in tumor volume compared
with untreated controls and carboplatin-treated animals. In addition, metastatic coloniza-
tion of the lungs was markedly reduced, indicating that the conjugate effectively sup-
pressed both primary tumor growth and metastatic dissemination.

The study of Teles and colleagues was focused on a Pt(II)-peptide conjugate targeting
the transferrin receptor (TfrR), to improve the selectivity of Pt-based anticancer agents
[104]. A new Pt(II) complex, PtCl-(BPG) (BPG = bis(2-pyridylmethyl)glycine), was suc-
cessfully conjugated to the TfrR binding peptide HAIYPHRH. The conjugate PtCl-(BPG)-
NH-(HAIYPHRH) (1) structural characterization revealed a stable coordination of Pt(Il)
to the tridentate nitrogen ligand, to one of which the peptide is conjugated via a carboxylic
acid. Biological studies showed that the conjugate binds strongly to serum albumin and
covalently interacts with DNA without inducing strand breaks. In vitro antiproliferative
assays demonstrated growth inhibition in renal cancer cells (786-0). However, peptide
conjugation did not enhance cytotoxic activity compared to the precursor Pt(II) complex,
bringing out the limitations and challenges associated with the development of Pt(II)-pep-
tide conjugates targeting TfrR.

The work of Ndinguri and coworkers aimed to improve the selectivity and potency
of Pt(II)-based chemotherapy by covalently attaching a CD13-targeting peptide (Asn-Gly-
Arg, NGR motif) to a platinum carrier, thereby creating a low-molecular-weight, water-
soluble Pt-peptide conjugate that could be preferentially taken up by CD13-positive pros-
tate-cancer cells (PC13) [105]. Authors prepared cyclic mPEG-CNGRC-Pt (7) and cyclic
mPEG-CNGRC-Pten (8) conjugates in which the NGR sequence was conjugated to a
malonoyl-based linker that bound a carboplatin-like platinum center; the mPEG was in-
serted as a linker for non-immunogenicity and to improve solubility. Cellular uptake stud-
ies with PC-3 cells showed that the 7 and 8 conjugates delivered up to 12- and 3-fold more
to the cells than untargeted carboplatin, respectively. Cytotoxicity assays demonstrated
that bioconjugates were markedly more effective than carboplatin alone and induced
apoptosis at concentrations lower than the parent drug. Authors concluded that the NGR-
guided Pt conjugates achieve tumor-cell-specific delivery and significantly enhance anti-
cancer activity while maintaining low toxicity toward normal cells.

Chatzisideri et al. designated Pt(II)-c(RGDyK) by coupling a cyclometalated
[N,C,N]-Pt(II) complex to the cyclic peptide ¢(RGDyK) through a stable amide bond [106].
The cyclometalated platinum complex was selected for its intrinsic luminescent proper-
ties, enabling real-time monitoring of cellular uptake, and its ability to generate reactive
oxygen species upon light irradiation, providing a theranostic platform for targeted pho-
todynamic therapy. The biological evaluation of the conjugate demonstrated efficient and
selective uptake in avf3s-positive U87 glioblastoma cells. Confocal microscopy studies re-
vealed significantly stronger intracellular fluorescence for Pt(II)-c(RGDyK) compared
with the non-targeted platinum precursor, while uptake was markedly reduced in HeLa
cells expressing lower levels of avf3s integrins. In antiproliferative assays, the conjugate
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exhibited moderate cytostatic activity across several integrin-expressing cancer cell lines,
with enhanced growth inhibition observed in SKOV-3 and MDA-MB-231 cancer cells
compared with the unconjugated platinum complex. Photophysical studies demonstrated
efficient singlet oxygen generation upon blue-light irradiation, supporting its application
as a photosensitizer. Consistently, photodynamic therapy experiments in AY27 bladder
cancer cells showed a significant reduction in cell viability following light exposure, with
the conjugate producing greater antitumor effects than the parent platinum complex.

Zamora and coworkers synthesized a novel bioconjugate linking a cyclometalated
Pt(Il) complex (PtCl(dmba)(dmso)) (dmba = C,N-dimethylbenzylamine), which exhibits
antiangiogenic and antitumor activity, to a cyclic RGD peptide (c(RGDfK)) targeting the
avfs integrin receptor, overexpressed in several types of cancer, tumor-associated vascu-
lature, and invasive tumor fronts, and focused on antiangiogenic properties [107]. The
bioconjugate Pt-c(RGDfK) was synthesized and modified via the lysine residue to incor-
porate a PEG spacer, which then reacted with the activated Pt complex. Cytotoxicity was
determined by the MTT assay across several human cancer cell lines, showing different
levels of integrin expression, and antiangiogenic potency was assessed using the HUVEC
tube formation assay. The parent Pt complex showed sub-micromolar cytotoxicity against
ovarian cancer cells (A2780) but was inactive against other tested cell lines (SK-MEL-28,
MDA-MB-231, CAPAN-1, and HUVEC). Conjugation to c-(RGDfK), even if abolished the
antitumor activity, allows for preserving the antiangiogenic potency, inhibiting HUVEC
tube formation without cytotoxicity. Furthermore, the bioconjugate induced a modest re-
duction in the number of adherent cells in both SK-MEL-28 and MDA-MB-231 cell lines,
in accordance with the presence of RGD peptide.

Remaining in the context of RGD peptides, Medrano and coworkers investigated
non-conventional trans-Pt(II) complexes functionalized with the c-(RGDfK) peptide
(cRGD) [108]. The peptide was covalently attached through a 4-picolinic acid spectator
ligand, yielding a Pt(II)-cRGD bioconjugate fully characterized by spectroscopic tech-
niques, including **Pt NMR. Conjugation of the Pt(I) core to the cRGD peptide did not
lead to a significant enhancement of cytotoxicity when compared with the corresponding
non-conjugated Pt(Il) precursor. In most cancer cell lines tested (MDA-MB-231, MCF7,
A2780, SKOV3 and A549) expressing integrin at different levels, peptide functionalization
even resulted in reduced antiproliferative activity. However, in endothelial HUVEC cells,
which overexpress the avfs integrin receptor, the Pt(II)-cRGD conjugate retained meas-
urable cytotoxicity- Importantly, cellular uptake studies revealed that peptide conjugation
substantially increased intracellular platinum accumulation measured by ICP-MS, partic-
ularly in integrin-positive cells. Competitive blocking experiments on HUVEC cells with
an excess of free cRGD partially reduced platinum uptake, supporting the involvement of
avfs-mediated recognition.

The study of Reithofer and coworkers aimed to develop a biocompatible platform by
conjugating oxaliplatin derivatives to self-assembling short aliphatic peptides that were
functionalized at their N-terminus with the oxaliplatin-derived moiety using click chem-
istry (2-5) [109]. While the Pt-peptide conjugates alone generally did not self-assemble,
short peptides were co-assembled with the parent peptide to form hybrid injectable hy-
drogels with high drug loadings (up to 40 wt%). Hybrid hydrogels preserved the charac-
teristic nanostructured morphology of the parent peptide scaffold and enabled sustained
release of the Pt drug. In vitro, bioconjugates displayed micromolar cytotoxicity across
several cancer cell lines (HeLa, SW480, 4T1), induced G2/M cell cycle arrest, activated
caspase-dependent apoptosis, and were capable of DNA platination, albeit to a lower ex-
tent than free oxaliplatin. In vivo, localized administration of the oxaliplatin-peptide hy-
drogel significantly inhibited tumor growth, while exhibiting markedly reduced systemic
toxicity compared to free oxaliplatin. Biodistribution studies revealed enhanced Pt
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accumulation at the tumor site and lower Pt levels in the liver and kidneys, consistent
with a controlled and localized release profile. This work demonstrates that self-assem-
bling short peptides can serve as effective carriers for Pt-based drugs, improving tumor
retention and tolerability without abolishing anticancer activity.

As can be seen from the collected studies, carboplatin and oxaliplatin derivatives are
often used as functional complexes by modifying one of their ligands. The literature on
Pt(II)-peptide conjugates shows that peptide attachment can influence platinum reactiv-
ity, cellular uptake, and biological behavior, although it does not always lead to improved
anticancer efficacy. Advanced design demonstrates that functional peptides, such as RTPs
or CPPs, can enhance intracellular accumulation, subcellular localization, and help to
overcome platinum resistance. The data reported indicated that increased uptake may not
necessarily translate into proportional gains in cytotoxicity, revealing a lack of direct cor-
relation between delivery and pharmacological effect. Overall, Pt(I)-peptide conjugation
emerges as a versatile but challenging strategy whose success critically depends on ra-
tionally designed peptide, linker selection and peptide attachment.

3.2. Pt(IV)-Peptide Conjugates

The anticancer activity of Pt(IV) complexes critically depends on their intracellular
reduction to the corresponding Pt(II) species. This activation process is generally pro-
moted by biological reducing agents, including glutathione, ascorbate, Cys, and other re-
dox-active biomolecules, although the relative contribution of each reductant may vary
depending on the cellular context and the structure of the complex [111,112]. Upon reduc-
tion, the octahedral Pt(IV) center undergoes conversion to a square-planar Pt(II) species,
accompanied by the release of the two axial ligands [111]. Consequently, the reduction
kinetics of Pt(IV) prodrugs play a central role in determining their therapeutic efficacy.
Excessively rapid reduction may lead to premature activation and loss of selectivity,
whereas overly stable Pt(IV) complexes may fail to generate sufficient amounts of the ac-
tive Pt(Il) drug within cancer cells. Therefore, an optimal balance between extracellular
stability and intracellular activation is required [112,113].

Axial functionalization represents one of the most attractive features of Pt(IV) chem-
istry. Unlike Pt(IT) complexes, which offer limited opportunities for derivatization without
affecting their biological activity, Pt(IV) complexes possess two axial coordination sites
that can be exploited to modulate physicochemical and biological properties [111,114].
The introduction of peptides or other targeting moieties in axial positions may improve
water solubility, biodistribution, and reduction kinetics [112-114]. Furthermore, because
axial ligands are typically released during reduction, they may also function as bioactive
payloads, enabling the design of dual-action prodrugs that simultaneously generate a cy-
totoxic Pt(II) species and release a second therapeutic or targeting agent [111,114]. Nota-
bly, in peptide-conjugated Pt(IV) systems, therapeutic performance is not dictated solely
by the reduction potential of the metal center but also by the interplay between reduction
kinetics, peptide-mediated targeting, intracellular trafficking, and the biological fate of the
released axial ligands.

Numerous Pt(IV)-peptide conjugates were developed in which peptides are cova-
lently attached through axial carboxylate or amide linkages. Several studies reported in
the literature are shared below (Table 2 and Figure 5).
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Table 2. Pt(IV)-peptide bioconjugate. Note: Compound numbering has been retained as reported in

the original publications. This choice was made to facilitate direct comparison with the source arti-

cles and to enable readers interested in specific studies to more easily identify and retrieve the cor-

responding compounds in the original literature.

Author  Pt(IV)-Peptide Bioconjugate Peptide Pt Precursor Cell Lines Ref.
Medrano et Trans-
al. (2017) Pt(IV)-cRGD cRGDfK [PtCL(NH2CH(CHs)2)(4- Not performed  [108]
picolinic acid)]
Smitowicz et 4a P1((R)-GAL) . MCE-7, HepG2 and
al. (2018) 4b P2 (R)>- Carboplatin GM5657T [115]
GALGLP(E)s)
2a RGD
2b RGD
3a NGR
3b NGR
Mukho- 4a AGR BCE, HMVEC, HU-
padhyay et 4b AGR Cisplatin VEC, U87, ASPC1, [116]
al. (2008) 5a Gly MES-SA, Hela
5b Gly
6 (CRGDC)c
7a (RGDfK)c
7b (RGDfK)c
Abramkin et 2 TAT (YGRK- Oxaliplatin CH1, A549, SW480, [117]
al. (2011) 3 KRRQRRR) SKOV-3
L(lzg;;)l Pt(IV)-TAT TA&E%;@?{I;K Cisplatin 4T1, A549 [118]
Lietal. s-CisPt(IV)-TAT TAT (CCYRGRK- Cisplatin Ab49, U-87 MG, [119]
(2025) d-CisPt(IV)-TAT KRRQRRR) PC-3
Linares et al. CPP2 (DSLK- . . LoVo, HT29,
(2023) C-POC SYYLQE(FSWR) Oxaliplatin swe20,PDOs 11201
Jimenez- M13 G30-LRP, G34-
Macias et al. Pt(IV)-M13 (AGYLLGKINLKAcy Cisplatin pCDH, GBM-X6, [121]
(2022) clo(CAALAKKC)L) BT286, G9-pCDH
Graf et al. CTX (MCMP- . . HeLa, MCEF-7,
(2012) 1-CTX CFTTDHQMAR) Cisplatin A549 [122]
3a ANXAT (2-12)
Wong et al. 3?;]2 Avagw%i@ Cisplatin U-87MG, MDA )
(2014) 3d FMLFK MB-231, MCF-7
4 WKYMVm
3 LARLLT Cisplatin
Mayr et al. 4a LARLLT A431, RUMH, [124]
(2017) 4b LARLLT Oxaliplatin HCC827, H520
5 RTALLL
Conibear et cis-Pt-Y-1 Cisplatin SW489 ITGB6 low
al. (2017) oxali-Pt-Y-1 P1(RGDLATLRQL) Oxaliplatin and high expres-  [125]
sion level, A431
e aoom e SOMELRDU
5?21 Oelt;)‘l' Pt-cP o(CRWYDENAC) FM190-NHS ** A27801’VI‘AI;5C4: PSS o)
2 pNT (KKPYIL) Cisplatin [128]
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Figure 5. Structure of all discussed Pt(IV)-peptide bioconjugates [108,115-129].
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Medrano and colleagues explored the conjugation of analogous trans-Pt(IV) com-
plexes containing isopropylamine and pyridine ligands to the cRGDfK peptide (Pt(IV)-
cRGD) [108]. The rationale was that intracellular reduction of this bioconjugate could re-
lease an active Pt(II) species while maintaining peptide-driven selectivity. Although the
formation of the Pt(IV)-cRGD was supported by mass spectrometry and chromato-
graphic data, %Pt NMR experiments revealed that the Pt(IV) conjugate underwent rapid
reduction to its Pt(I) counterpart in solution, indicating insufficient redox stability of the
construct under the investigated conditions. Consequently, biological evaluation of the
bioconjugate was not pursued.

Smitowicz and Metzler-Nolte developed a synthetic strategy for the conjugation of
Pt(IV) with the enhanced cellular uptake provided by polyarginine-containing peptides,
CPPs able to efficiently cross cellular membranes [115]. Two peptide vectors were inves-
tigated: a positively charged polyarginine sequence P1 ((R)»-GAL) and a modified ana-
logue containing an additional polyglutamic acid segment intended to neutralize the pos-
itive charge P2 ((R)o-GALGLP(E)9), obtaining 4a and 4b bioconjugates, respectively. The
antiproliferative activity of the Pt(IV) precursors and the resulting bioconjugates was eval-
uated against different cancer cells (HepG2, MCF-7), and normal human fibroblasts
(GM5657T). As expected for Pt(IV) prodrugs exhibited lower cytotoxicity than their Pt(II)
counterparts. However, the polyarginine-containing bioconjugate 4a displayed slightly
enhanced activity against HepG2 cells compared with the corresponding unconjugated
Pt(IV) complex, indicating that the CPP sequence facilitated cellular uptake. In contrast,
bioconjugate 4b, containing both polyarginine and polyglutamic acid residues, showed
virtually no antiproliferative activity toward any of the tested cell lines. The loss of activity
was attributed to charge neutralization, which likely reduced membrane penetration and
intracellular accumulation.

The study of Mukhopadhyay et al. aimed to develop Pt-based anticancer agents with
enhanced selectivity toward tumor-associated vasculature and tumor cells by exploiting
peptide ligands that recognize integrins (av(3s and av(3s) and aminopeptidase N (APN or
CD13) receptors, both highly expressed in tumor-induced angiogenesis [116]. A series of
mono-functionalized (2a, 3a, 6, 7a) and di-functionalized (2b, 3b, 7b) Pt(IV) conjugates
were designed in which RGD- or NGR-containing peptides were covalently attached as
axial ligands by an amide linkage to a CDDP-derived P(IV) scaffold through a succinate
group. Both linear (RGD, NGR) and cyclic peptides (RGDfK)c, (CRGDC)c) were em-
ployed to evaluate the impact of the peptide on targeting efficiency. Non-targeting pep-
tide (AGR, 4a and 4b) or amino acid (Gly, 5a and 5b) conjugates were synthesized as neg-
ative controls. The antiproliferative activity of the conjugates was assessed in vitro using
primary endothelial cells (BCE, HMVEC, HUVEC) and several tumor cell lines (U87,
ASPC1, MES-SA and HelLa) expressing APN and/or avfs/avps integrins. Bioconjugates
bearing RGD motifs (2a, 2b, 6, 7a, 7b) exhibited significantly enhanced antiproliferative
activity compared to non-targeted Pt(IV) analogues and a potency similar to CDDP in
endothelial cells. NGR-containing bioconjugates (3a, 3b) displayed intermediate activity,
consistent with their lower affinity for integrin receptors. Nontargeting bioconjugates (4a,
4b, 5a, 5b) were an order of magnitude less active. Free peptides did not inhibit cell
growth. Competition experiments using free peptides were performed to elucidate the
role of integrin-mediated recognition. No major differences were observed between
mono- and di-functionalized conjugates, suggesting that a single targeting ligand is suffi-
cient for effective receptor recognition.

In their work, Abramkin and coworkers reported a bioconjugate resulting from the
covalent conjugation of the CPP HIV-1 TAT (YGRKKRRQRRR) to a Pt(IV)-derived oxali-
platin prodrug, to achieve an enhanced antiproliferative effect [117]. Both mono-function-
alized (2) and a di-functionalized (3) conjugates displayed low-micromolar ICso values in

https://doi.org/10.3390/pharmaceutics18070794



Pharmaceutics 2026, 18, 794

18 of 39

four human cancer cell lines (CH1, SKOV-3, SW480, A549), markedly superior to the non-
targeted carboxylate and amide analogues. Bioconjugate 2 was up to 39-fold more potent
than the carboxylate and 8-fold more potent than the amide derivative in CH1 cell lines.
In general, all ICso values of bioconjugate 2 were slightly lower in all cell lines compared
to those of bioconjugate 3. TAT-mediated delivery dramatically enhances oxaliplatin’s an-
tiproliferative activity, with the carboxylate derivative 2 showing the greatest potency.

Li et al. developed a novel Pt(IV) prodrug, Pt(IV)-TAT, by covalently conjugating a
CDDP-derived P(IV) precursor to the TAT peptide (CCYRGRKKRRQRRR) containing a
NLS [118]. Pt(IV)-TAT was evaluated in several tumor cells (4T1 and A549). In 4T1 cells,
Pt(IV)-TAT displayed cytotoxicity comparable to or greater than that of CDDP. Im-
portantly, the conjugate exhibited substantially lower toxicity toward normal epithelial
and hepatic cells, suggesting improved selectivity for malignant cells. Pt(IV)-TAT inhib-
ited proliferation, induced apoptosis, and promoted G2-phase cell-cycle arrest. Platinum
levels in isolated nuclei were approximately four-fold higher following Pt(IV)-TAT treat-
ment, while DNA-associated platinum content was also markedly increased. In vivo stud-
ies using a 4T1 tumor-bearing mouse model further demonstrated that Pt(IV)-TAT sig-
nificantly suppressed tumor growth after intravenous administration while producing
minimal systemic toxicity. Tumor tissues showed increased platinum accumulation and
enhanced apoptosis compared with controls and conventional platinum treatment.

Subsequently, same authors investigated how the degree of peptide functionalization
influences its biological performance, synthesizing d-CisPt(IV)-TAT containing two TAT
peptides attached to the same Pt(IV) scaffold [119]. Results showed that the previous bio-
conjugate accumulated more effectively in whole cells, nuclei, and genomic DNA than d-
CisPt(IV)-TAT, indicating that simply increasing the number of targeting peptides does
not necessarily improve therapeutic performance.

Linares et al. designed the C-POC bioconjugate composed of a CPP (CPP2, DSLK-
SYWYLQKFSWR) and a Pt(IV) prodrug oxaliplatin-derivative [120]. The cytotoxicity of
C-POC was assessed in colorectal cancer (CRC) cells (LoVo, HT29, SW620) and organoids
(PDOs). The conjugate induced an improved cytotoxic activity against PDOs with respect
to oxaliplatin. The biological activity was also evaluated in an in vivo model of CRC ob-
tained by subcutaneous xenotransplantation of PDOs in mice, and the results indicated
that oxaliplatin and C-POC reduce the cancer progression similarly. Notably, biodistribu-
tion studies showed that in tumor microenvironment (TME), the Pt-uptake, compared to
that of oxaliplatin, was markedly lowered, and the downregulation of versican, a marker
of poor prognosis in CRC, was observed. This latter result was relevant as Pt-based drugs
generally promote cancer progression and chemoresistance in noncancerous cells within
the TME [130-132].

Jimenez-Macias et al. developed a novel Pt(IV)-peptide conjugate, Pt(IV)-M13, con-
sisting of a CDDP-derived Pt(IV) prodrug covalently linked to M13
(AGYLLGKINLKACAALAKKCL), a brain-penetrant macrocyclic CPP derived from
Transportan 10 [121]. Authors first demonstrated that Pt(IV)-M13 undergoes intracellular
reduction, releasing active CDDP. The conjugate was then evaluated in a panel of glio-
blastoma cell lines (GBM cell lines G30-LRP, G34-pCDH, GBM-X6, G9-pCDH cell line,
and patient-derived cell line BT286), where it exhibited significantly greater cytotoxicity
than the unconjugated Pt(IV) prodrug and, in some models, activity approaching that of
CDDP. Enhanced biological activity correlated with increased intracellular platinum ac-
cumulation, indicating that the peptide improved cellular uptake of the platinum pay-
load. To investigate BBB penetration, the conjugate was tested in a three-dimensional BBB
spheroid model. ICP-MS analysis revealed markedly higher platinum uptake for Pt(IV)-
M13 compared with CDDP or Pt(IV) precursor, without compromising barrier integrity.
In orthotopic glioblastoma mouse models, intravenous administration of PHIV)-M13
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resulted in approximately seven- to eight-fold higher platinum levels in both normal brain
tissue and tumors relative to CDDP. Importantly, Pt(IV)-M13 was well tolerated at doses
up to three times higher than the maximum tolerated dose of CDDP. At these elevated
doses, the conjugate significantly prolonged survival in tumor-bearing mice and induced
enhanced DNA damage within tumors.

Graf et al. developed a Pt(IV)-peptide bioconjugate, Pt-CTX, by coupling a CDDP-
derived Pt(IV) prodrug to chlorotoxin (CTX, MCMPCFITTDHQMAR), a peptide known
for its selective binding to several cancer-associated cell surface receptors, including ma-
trix metalloproteinase-2, chloride ion channels, and annexin A2 [122]. The biological ac-
tivity of the conjugate was evaluated in different cancer cell lines (HeLa, MCF7 and A549).
The Pt-CTX conjugate exhibited greater antiproliferative activity than both free CTX and
the Pt(IV) precursor complex in all cell lines tested, although it remained less potent than
CDDP, as expected for a Pt(IV) prodrug. Notably, the most pronounced targeting effect
was observed in HeLa cells, where conjugation to CTX enhanced cytotoxicity by approx-
imately 50-fold relative to the unconjugated Pt(IV) precursor.

Wong and colleagues developed a rationally designed Pt(IV)-based bifunctional pro-
drug that combines conventional chemotherapy with immunotherapy [123]. The biocon-
jugate was formed by a peptide that simultaneously targets the formyl-peptide receptors
FPR1/2 (highly expressed on immune cells and many metastatic cancers) and acts as an
immune adjuvant, and by cytotoxic platinum complex. A Pt(IV)-derived CDDP was syn-
thesized and functionalized with four different FPR1/2-binding peptides (ANXA1 2-12,
ANXA1 2-26, WKYMVm, and fMLFK) through chemoselective oxime ligation. In vitro
cytotoxicity of bioconjugates 3a—d and 4 was evaluated on three cancer cell lines (U-87MG,
MCF-7, MDA-MB-231) and compared with CDDP. Among bioconjugates, the WKYMVm-
derived prodrugs 3c and 4 displayed ICso values comparable to or slightly better than
CDDP across all three cell lines. In contrast, the fMLFK conjugate 3d was essentially non-
cytotoxic. The tumoricidal activity of drug-activated peripheral blood mononuclear cells
(PBMCs) demonstrated that FPR-targeted bioconjugates 3¢ and 4 exhibited greater po-
tency than the positive control CDDP. The precise reason for the slightly enhanced po-
tency of 4 over 3c is not fully understood. This could be due to a shielding effect against
Pt(IV) reduction in the used culture medium containing reducing glutathione. To note,
free WKYMVm peptide when administered alone did not demonstrate significant cell-
mediated cytotoxicity. Immune-mediated effects were examined by co-culturing treated
tumor cells with PBMCs and by measuring pro-inflammatory cytokines release (TNF-a,
IFN-y) Importantly, pretreatment of PBMCs with the bioconjugate 4 markedly increased
secretion of both TNF-a and IFN-vy, confirming potent innate immune activation. The pre-
sent study demonstrates that FPR1/2-targeted Pt(IV) prodrugs can simultaneously deliver
CDDP to tumor cells and act as strong immunostimulants, providing a feasible multi-
modal platform for future immuno-chemotherapeutic agents.

The study of Mayr and coworkers aimed to develop bioconjugates selective for epi-
dermal growth factor receptor (EGFR) [124]. EGFR-binding peptide (LARLLT) was con-
jugated to Pt(IV) complex to enhance tumor selectivity and cellular uptake in EGFR-over-
expressing cancer cells. Maleimide-functionalized Pt(IV) complex, derived from CDDP
and oxaliplatin, were synthesized and covalently linked to Cys-containing LARLLT pep-
tides via a miniPEG spacer (3 and 4a). A shuffled peptide-based (RTALLL) bioconjugate
5 was employed as a non-targeted control. A side byproduct of 4a was obtained from an
unexpected intramolecular trans-cyclization at the maleimide-Cys linkage (4b). The bio-
logical activity, such as long-term clonogenic effects, Pt uptake, and EGFR dependency,
was assessed across a panel of cancer cell lines with varying EGFR expression levels and
diverse sensitivity to EGFR-inhibitory treatment (A431, RUMH, HCC827, and H520). Alt-
hough the Pt(IV)-peptide conjugates retained their ability to undergo reductive activation
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towards Pt(Il) derivatives, neither cytotoxicity nor cellular platinum accumulation corre-
lated with EGFR expression levels, even if all drug accumulation was markedly increased.
The LARLLT-conjugated complexes did not outperform the shuffled peptide control in
short-term viability assays, long-term clonogenic experiments, or uptake studies.

Conibear’s group focused on the development of multifunctional peptide-drug con-
jugates targeting the avPs integrin, frequently overexpressed in cancer cells [125].
Branched Y-shaped scaffold comprising a short peptide linker and two monodisperse
PEG27 chains, which provide spatial separation between the targeting ligands, was de-
signed and synthesized. Terminal alkyne groups on the PEG chains provide chemoselec-
tive conjugation to two copies of avfs integrin-targeting peptide P1 (RGDLATRLQL) via
click chemistry. Additionally, a Cys residue within the Y-scaffold enables site-specific at-
tachment of CDDP- and oxaliplatin-derived Pt(IV) complexes cis-Pt-Y-1 and oxali-Pt-Y-1
through thiol-maleimide ligation. The binding specificity and cellular uptake of the result-
ing constructs were assessed using cell lines (SW480 ITGB6) engineered to express low
and high levels of 3¢ integrin. Uptake studies demonstrate that oxali-Pt-Y-1 preferentially
binds to and is internalized by Bs-expressing cells, indicating successful targeting. Anti-
proliferative effect of oxali-Pt-Y-1 was detected when cell viability studies were carried
out over 14 days. This bioconjugate approach can be adapted by incorporating alternative
tumor-targeting peptides, cytotoxic agents, and labels to enhance therapeutic specificity.
Higher drug loading or modified attachment sites may further optimize targeting and cy-
totoxicity.

Gandioso and colleagues reported a bioconjugate (3) composed of a photoactivatable
Pt(IV) FM190 pro-drug (trans,trans,trans-[Pt(Ns)2(OH)2(py)2]) in complex with the integ-
rin-targeting c(RGDfK) peptide [126]. 3 is able to release cytotoxic Pt(II) species upon vis-
ible light irradiation. As demonstrated by photoactivation studies, upon visible light irra-
diation, the conjugate undergoes efficient reduction and forms Pt(Il) adducts with a model
nucleobase, supporting retention of desirable photochemical behavior after peptide at-
tachment. Comparing melanoma (SK-MEL-28, high av[3:; expression) and prostate carci-
noma (DU-145, low avf3s expression) cell lines, the bioconjugate exhibited enhanced cel-
lular uptake and preferential photocytotoxicity in highly expressing integrin cells relative
to controls, consistent with integrin-mediated internalization. These outcomes indicate
that the combination of an RGD peptide with a photoactivatable Pt(IV) scaffold confers a
dual mode of selectivity (receptor targeting and light-controlled activation), which may
achieve more localized and effective anticancer action while mitigating off-target toxicity.

The aim of Shi and colleagues” work was the development of another targeted pho-
toactivatable Pt(IV) prodrug by conjugating a visible-light-responsive diazido Pt(IV) com-
plex to a cyclic peptide selective for as integrin [127]. The photoactive FM190-NHS Pt(IV)
complex (trans,trans,trans-[Pt(Ns)2(py)2(OH)(succinate-NHS)]) was covalently linked via
an axial ligand to the disulphide cyclic nonapeptide c((CRWYDENAC), yielding the con-
jugate Pt-cP. Photocytotoxicity was evaluated in several human cancer cell lines (A2780,
Ab549 and PC3), alongside healthy cells (MRC5), and Pt cellular accumulation was quan-
tified before and after irradiation. Pt-cP was stable in the dark but underwent photore-
duction upon blue-light irradiation, releasing Pt(Il) species capable of binding guanine.
The conjugate showed low dark toxicity but significantly enhanced photocytotoxicity
compared to the parent complex FM190, with ICs values in the low uM range and the
highest potency observed in lung cancer cells (A549). Pt-cP exhibited lower cellular accu-
mulation than FM190 in the dark, whereas light irradiation caused a dramatic increase in
intracellular Pt levels, likely ascribable to a lower propensity of Pt(Il) photoproducts to
efflux from the cells than the Pt(IV) prodrug. These findings highlight the potential of
photoactivable bioconjugates as an alternative strategy for achieving spatially controlled
and selective anticancer activity.
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Gaviglio and coworkers investigated whether conjugation of somatostatin or neuro-
tensin analogs to a Pt(IV) prodrug enhances the antiproliferative activity in cancer cells
[128]. Two peptides were employed: a pseudo-neurotensin fragment (pNT) and the so-
matostatin analogue octreotate (tate). Four Pt(IV)-peptide bioconjugates were synthesized
by coupling one (2, 4) or two peptide units (3, 5) of pNT (KKPYIL) and tate (fcy-
clo(CFwKTC)T), respectively, in the axial positions. Antiproliferative activity was evalu-
ated in several human cancer cell lines (MCF-7, Pancl, HepG2, PT45) expressing the cor-
responding receptors. The Pt(IV) precursor exhibited very low cytotoxicity across all
tested cell lines. In contrast, all bioconjugates showed significantly enhanced antiprolifer-
ative activity, with potency gains of up to one order of magnitude. For neurotensin con-
jugates, the presence of one versus two peptides slightly influenced cytotoxicity, whereas
octreotate conjugates showed comparable activity regardless of peptide number.

In their study, Massaguer and colleagues described the development of bioconju-
gates containing a picoplatin derivative and an RGD peptide [129]. Monomeric ¢(RGDfK)
and tetrameric RAFT-{c(RGD{K)}s peptides were synthesized and covalently linked to a
Pt(IV) complex, resulting in 5 and 6 bioconjugates, respectively. Melanoma cells (SK-MEL-
28), as an integrin-overexpressing model, and pancreatic cancer cells (CAPAN-1) and fi-
broblasts (1BR3G), as negative controls, were selected. Cellular uptake and internalization
were investigated. Cytotoxic experiments showed that antitumor activity of picoplatin in
melanoma cells increased by 2.6-fold in 5 and by 20-fold when in 6. The results demon-
strated that 6 markedly enhanced Pt accumulation and antiproliferative efficacy in SK-
MEL-28, whereas minimal activity was observed in control cells. Overall, this work high-
lights the advantages of multivalent RGD-based targeting strategies.

When appropriately engineered, Pt(IV)-peptide conjugates can enhance cellular up-
take and confer functional selectivity (RTPs and CPPs), inducing immune activation,
while retaining the prodrug character of the Pt(IV) scaffold. Crucial consideration must
be given to redox stability of the Pt(IV) center, choice of the peptide ligand, nature of the
linker and axial functionalization, all critical parameters that determine biological out-
come. Insufficient control over the reduction kinetics of bioconjugates can lead to prema-
ture Pt(IV) activation, undermining targeting strategies, and consequently improving
nonspecific effects. Collectively, reported results demonstrate that conjugation of peptides
to Pt(IV) pro-drugs represents a highly design-dependent strategy to improve the thera-
peutic index of Pt-based chemotherapy.

4. Gold-Peptide Conjugates
4.1. Au(I)-Peptide Conjugates

Gold(I) complexes emerged as a distinctive class of metal-based anticancer agents
whose mechanism of action differs substantially from that of classical platinum drugs.
Rather than targeting DNA, most Au(l) compounds exert their cytotoxic effects through
high-affinity interactions with soft biological nucleophiles, in particular thiol- and selenol-
containing proteins [68,69]. Among the biological targets identified so far, thioredoxin re-
ductase (TrxR) is considered one of the most relevant [133]. This selenoenzyme plays a
central role in maintaining intracellular redox homeostasis by regulating the thioredoxin
system and protecting cells from oxidative damage. Coordination of Au(l) species to the
highly nucleophilic selenocysteine residue located in the active site of TrxR results in en-
zyme inhibition, disruption of redox balance, and accumulation of reactive oxygen species
(ROS) [63]. In cancer cells, elevated ROS levels can induce oxidative damage to proteins,
lipids, and nucleic acids, ultimately triggering mitochondrial dysfunction and apoptotic
cell death [134]. In addition to TrxR, Au(I) complexes may interact with other thiol-rich
proteins involved in antioxidant defense, protein folding, and mitochondrial metabolism,
further contributing to oxidative stress and cellular dysfunction. Among the sulfur-rich
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proteins with which gold complexes can interact, serum albumin has also been identified
[68]. Consequently, inhibition of thiol- and selenol-dependent pathways represents a dis-
tinctive and promising strategy for selective anticancer intervention.

Within this framework, amino acid/peptide conjugation was explored as a strategy
to improve the delivery, stability, and selectivity of Au(I) complexes, while preserving
their unique biological targets. Studies present in the literature are reported below (Table
3 and Figure 6).

Table 3. Au(l)-peptide bioconjugates. Note: Compound numbering has been retained as reported
in the original publications. This choice was made to facilitate direct comparison with the source
articles and to enable readers interested in specific studies to more easily identify and retrieve the

corresponding compounds in the original literature.

Au(I)-Peptide

Author . . Peptide Au Precursor Cell Lines Ref.
Bioconjugate
1 Gly-OMe
2 Ala-OMe
3 Val-OMe
4 Phe-OMe
5 Met-OMe
6 Pro-OMe
7 Gly
Gutiérrez g éi
etal. [Au(SpyCOOH)(PPhs)] Not performed [135]
(2013) 10 Phe
11 Met
12 Pro
13 Gly-X *
14 Ala-X*
15 Val-X *
16 Phe-X *
17 Met-X *
18 Pro-X *
1 Gly-OMe
2 Ala-OMe
3 Val-OMe
4 Phe-OMe
5 Met-OMe
6 Pro-OMe
7 Gly
8 Ala
Gutiérrez 0 Val [Au(SpyCOOH)(PPhs)]
ot al. 10 Phe Ab49, MiaPaca2, Jukart, [136]
(2014) 11 Met 293T, R69
12 Pro
13 Gly-X *
14 Ala-X*
15 Val-X *
16 Phe-X *
17 Met-X *
18 Pro-X *
20 Ala-OMe [Au(SpyCOOH)(PPh2Py)]
22 Lys(Boc)-OMe [Au(SpyCOOH)(PPhs)]
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23 Lys-OMe
24 Gly-Pro-OMe
25 Gly-N(CH2CHs)2
26 DAla-OMe
27 DPhe-OMe
28 DAla
29 Pro-OMe [Auz(SpyCOOH)(PPhs):]
1 Boc-Cys-Gly-OMe
2 Boc-Cys-Ala-OMe
3 Boc-Cys-Val-OMe
4 Boc-Cys-Phe-OMe AuCl(PPhs)
Gutiérrez 5 Boc-Cys-Met-OMe
etal. 6 Boc-Cys-Pro-OMe A549, MiaPaCa2, Jurkat [137]
(2015) 7 Boc-Cys-Gly-OMe AuCl(PPh:Py)
8 Z-Cys-Gly-OMe **
9 Boc-}éys-)ZOMe e AuCl(PPhs)
10 Boc-Cys-Gly-OMe [AuCl(PPhs)]2
11 Boc-Cys-Gly-OMe [AuCl(PPhs)]s
6a
6b Phe-Leu
DTERC propomgsaoise NI
8b Phe-D-Arg-Phe-Lys
8c
4a Phe-OMe
Lemke et . .
8 Boc-Cys-OMe NHC gold (imidazole-derived) HeLa, HepG2, HT-29 [139]
al. (2009)
9 Boc-Leu-Cys-OMe
10 Gly-Boc
11 Gly-Boc
Dichl et al. 12 Ala-Boc NHC gold (imidazole-derivative)
(2017) 13 Val-Boc Not performed [140]
14 Gly-Gly-Boc
15 Gly-Boc NHC gold (benzimidazol-deriva-
16 Ala-Boc tive)
Gupta et Boc-Z-Phe-Phe-OMe MCF-7, MDA-MB-231,
al. (13019) 1A [AuCI(tht)] = WiDr, Colo320HSR, 22Rv1 141

* X = isopropylamine; ** Z = benzyloxycarbonyl; *** X = octahydro-indole derivative; *** Z = thia-

zolylalanine; **** tht = tetrahydrothiophene.

Gutiérrez et al. reported the synthesis of a new family of gold(I) thiolate complexes
containing amino acid moieties obtained by functionalization of the nicotinic acid thiolate
precursor [Au(SpyCOOH)(PPhs)] [135]. Coupling reactions with amino acid methyl esters
afforded the amino acid ester derivatives 1-6 (Gly, Ala, Val, Phe, Met, and Pro analogues),
formulated as [Au{SpyCONHCH(R)COOMe}(PPhs)]. Subsequent hydrolysis generated
the corresponding water-soluble amino acid derivatives 7-12, while further coupling with
isopropylamine yielded the amide analogues 13-18. Structural characterization confirmed
the integrity of the Au-S and Au-P bonds and demonstrated retention of the stereochem-
ical configuration of the amino acids during the synthetic procedures. Crystallographic
studies on complexes 1 and 3 revealed the expected linear coordination geometry around
Au(I).
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Figure 6. Structure of all discussed Au(I)-peptide bioconjugates [135-141].

In a follow-up study, Gutierrez et al. evaluated the antiproliferative activity of previ-

ously reported complexes (1-18) and expanded the library with new derivatives [136].
Previous compounds were complemented with phosphine-modified analogues (20), a di-
nuclear gold(I) complex (21), Lys-containing derivatives (22-23), the Gly-Pro dipeptide

conjugate (24), a tertiary amide derivative (25), D-amino acid analogues (26-28), and the
dinuclear Pro-containing hybrid complex (29). Cytotoxicity studies against different tu-
mor cell lines (A549, Jurkat, and MiaPaca2) showed that most compounds exhibited low
micromolar ICso values, generally lower than CDDP. Structure-activity relationship anal-

yses revealed that ester derivatives were consistently more active than the corresponding

acids or amides, while incorporation of Pro markedly enhanced cytotoxicity. The dinu-

clear complexes (29) displayed some of the most promising activity, suggesting a benefi-

cial effect of increasing the gold content per molecule.

Gutiérrez and coworkers also reported a series of Au(I)-peptide bioconjugates (1-11)

in which the gold center is directly coordinated to Cys-containing dipeptides [137]. Start-

ing from Cys, authors protected the amino group with Boc or Z, coupled various protein-

ogenic and non-proteinogenic amino acid esters (Gly, Ala, Val, Phe, Met, Pro, and a con-

formationally restricted octahydro-indole derivative) and introduced orthogonal modifi-

cations, such as different phosphine ligands, and variations in the number of Au atoms

per molecule. All bioconjugates displayed in vitro cytotoxicity against three human tumor

cell lines (A549, MiaPaCa2 and Jurkat) with ICso values in low- and sub-micromolar range,
and highest values for 1-6. Compared with CDDP, the gold-peptide conjugates were
markedly more active, especially in platinum-resistant cell lines (A549). Structure-activity
relationship (SAR) analysis showed that complexes bearing Gly (1, 7, 8, 10, 11) or Pro (6)
gave the best potency, and the addition of the octahydro-indole ester (9) further enhanced
activity in MiaPaCa2.
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Another approach was used by Koster and coworkers, who for the first time reported
organometallic (phosphine)Au(I) compounds conjugated to MTPs by a spontaneous click
chemistry approach [138]. Authors attached di- and tetra-peptides to a (phos-
phine)gold(I)azide ligand which exhibits antimitochondrial activity, obtaining the final
di- (ba—c) and tetra-bioconjugates (8a—c). Their effects on cell growth and viability of MCF-
7 and HT-29 cell lines, as well as on normal human skin fibroblasts (GM5756), were inves-
tigated, yielding values comparable to those of established clinical drugs CDDP and
auranofin, with the best results obtained for bioconjugate 6c. Cellular uptake assays in
HT-29 cells demonstrated that 6c exhibited the highest uptake compared to the other bio-
conjugates, which is reflected in its more potent cytotoxic effects. Furthermore, all com-
pounds showed strong inhibitory effects on TrxR. The evaluation of their biological activ-
ity in cancer cells p53-mutant MDA-MB231 indicated a concentration-dependent decrease
in mitochondrial respiration for compounds 8b, 8¢, 6b, 6¢, and, to a lesser extent, for 6a
and 8a in a CDDP-resistant p53-mutant cancer cell line, highlighting their ability to over-
come CDDP resistance.

An alternative synthetic strategy was subsequently proposed by Lemke and col-
leagues, who described the synthesis and characterization of a series of bioconjugates
bearing one amino acid attached through its N-terminus to an NHC-ligand (4a, 4c, 5a, 5¢)
and one amino acid or a dipeptide conjugated to an Au center via a Cys residue (8, 9)
[139]. Bioconjugate activity was evaluated in cancer cell lines (HeLa, HepG2, HT-29), in-
dicating that for the amino acid and peptide conjugates 8 and 9, only slight differences in
activity could be detected compared to NHC gold(I) chloride 6a. These compounds
showed activity comparable to the CDDP. It is worth noting that amino acid transporters
are over-expressed on some tumor cell lines, thus the aminoacidic moiety of 8 and 9 could
improve the selectivity towards tumor cells over healthy cells.

The study of Diehl et al. reported the synthesis and characterization of new biocon-
jugates involving direct conjugation of amino acids/peptides to different NHC ligands
[140]. These bioconjugates (10-16) represent the first bifunctional Au(I)-based compounds
encompassing two amino acids/peptides.

Furthermore, the investigation of Gupta and colleagues aimed to develop a potential
anticancer metallodrug by incorporating two scaffolds containing non-proteinogenic
amino acid thiazolylalanine into a Phe-Phe dipeptide to enable carbene formation on the
thiazolium ring [141]. The tripeptide ligand was conjugated to Au(l) center to obtain a
biscarbene complex (1A). Biological studies elucidated that 1A readily internalized into
cells, selectively reducing the viability of breast cancer cell line (MCF-7), and no cytotoxic
effect was observed for other cells (MDA-MB-231, WiDr, Colo320HSR, 22RV1). Biological
assays to detect and quantify apoptosis confirm programmed cell death as bioconjugates
mode of action.

In conclusion, in the reported bioconjugates, the peptide can be conjugated to Au(l)
center by directly sulfur-containing amino acids or attached to an NHC-ligand. NHC lig-
ands confer increased kinetic stability, reducing premature ligand exchange in biological
media. More, sulfur-containing ligands prevent the interaction of gold with sulfur-rich
proteins, exploiting the trans-effect.

4.2. Au(1Il)-Peptide Conjugates

Au(III) complexes are commonly regarded as redox-activated systems, and their an-
ticancer activity depends on intracellular reduction processes that generate Au(lI) species
or other reactive intermediates capable of interacting with biological targets [133].

The biological application of Au(IIl) complexes is intrinsically challenged by their
high redox lability under physiological conditions, which often leads to reduction by en-
dogenous reducing agents such as glutathione, Cys, ascorbate, and other sulfur-
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containing biomolecules [142]. Consequently, stabilization of the Au(Ill) oxidation state
remains one of the major challenges in the development of gold-based therapeutics. To
address this issue, considerable efforts have been devoted to the design of ligand frame-
works capable of increasing kinetic and thermodynamic stability while preserving the
possibility of intracellular activation [142]. Cyclometalated ligands, multidentate chela-
tors, and peptide-based coordination environments have all been explored as effective
strategies to modulate the redox behavior of Au(Ill) complexes. Regarding peptide conju-
gation, the nature of the peptide and the coordination mode adopted, may contribute to
stabilization of the Au(IlI) oxidation state, improve water solubility, enhance tumor selec-
tivity, and promote cellular uptake. Nevertheless, the design of effective Au(Ill)-peptide
bioconjugates requires careful control of both redox activation and targeting properties.
Despite the relatively limited number of examples reported (Table 4 and Figure 7)
compared to Au(l)-based systems, Au(Ill)-peptide conjugates represent a promising, al-
beit challenging, area of research in the development of gold-based anticancer agents.

Table 4. Au(Ill)-peptide bioconjugates. Note: Compound numbering has been retained as reported
in the original publications. This choice was made to facilitate direct comparison with the source
articles and to enable readers interested in specific studies to more easily identify and retrieve the

corresponding compounds in the original literature.

Author Au(IIl)-Peptide Bioconjugate Peptide Au Precursor Cell Lines Ref.
Lemke et al. NHC gold (imidazole- HeLa, HepG2,
4 Phe- 1
(2009) ¢ e-OMe derived) HT-29 [139]
4. . 6 LTVSPWY MCEF-7, MDA-
Smitowicz et 7 ¢(DIKRG) A Cl * MB-231and  [143]
al. (2019) 8 ¢(KTTHWGEFTLG) u(ppy)Cl: CME 65;}‘
10 DfKRG

* ppy = 2-phenyl-pyridine.
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Figure 7. Structure of all discussed Au(III)-peptide bioconjugates [139,143].

In their study, Lemke and colleagues describe Au(l) (above reported) and Au(lIl)
complexes, in which gold coordinates NHC-amino acid conjugates [139]. The Au(III) bio-
conjugate 4c tested in different cancer cell lines (HeLa, HepG2, and HT-29) showed re-
duced activity with respect to the Au(l) counterpart and CDDP.

Smitowicz’s group reported a slightly different approach for the synthesis of its
gold(III) conjugates [143]. Using a combination of solution and solid phase strategy, the
authors attached a cyclometalated Au(Ill) complex (Au(ppy)Clz, ppy = 2-phenyl-pyridine)
via lipoic acid to linear (LTVSPWY and DfKRG) and cyclic peptides (KTTHWGFTLG and
DfKRG). All bioconjugates (6-8, 10) were tested against two human breast cancer cell lines
(MCF-7 and MDA-MB-231) and a normal fibroblast line (GM5657T), displaying greater
cytotoxicity than gold precursor and CDDP. Bioconjugate 7 was the most active, showing
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approximately 10-fold higher potency than the linear analogue 10. This enhanced activity
is attributed to peptide cyclization, which stabilizes the RGD motif and promotes integrin-
mediated cell targeting, thereby increasing cellular uptake and tumor-cell selectivity. The
work demonstrates that conjugating Au(IlI) complexes to cell-targeting peptides can sub-
stantially improve anticancer efficacy.

Overall, the limited literature indicates that the biological performance of Au(IlI)-
peptide conjugates strongly depends on complex stability and conjugation strategy. While
Au(Ill) complexes may be prone to redox instability, as highlighted by Lemke et al., the
manuscript from Smitowicz’s group demonstrates that cyclometalation and peptide tar-
geting can effectively stabilize Au(Ill) and enhance anticancer activity and selectivity.
These findings suggest that, despite their underexplored nature, Au(Ill)-peptide biocon-
jugates remain promising candidates for targeted cancer therapy when supported by ap-
propriate ligand and peptide design.

5. Discussion

A critical evaluation of bioconjugates discussed in this review reveals that peptide
conjugation generally exerts a beneficial effect on the biological properties of metal com-
plexes. Nevertheless, the nature of the peptide strongly influences the outcome. CPPs fre-
quently enhance cellular internalization and intracellular metal accumulation, particu-
larly in platinum systems. However, this increased uptake is often accompanied by lim-
ited tumor selectivity because CPP-mediated transport is not restricted to cancer cells. In
contrast, RTPs may provide greater selectivity by exploiting the overexpression of specific
receptors on tumor cells, although their effect on total cellular uptake may be less pro-
nounced. These observations indicate that cellular internalization and biological selectiv-
ity should not be regarded as equivalent parameters and that optimization of one does
not necessarily improve the other.

The impact of peptide conjugation on the cellular uptake mechanisms of metal com-
plexes should be taken into account. Classical Pt(II) drugs, such as CDDP and carboplatin,
are relatively small molecules and may exploit both passive diffusion and carrier-medi-
ated transport pathways, including copper transport systems [18]. The introduction of
bulky and often highly polar peptide moieties can alter these transport properties, poten-
tially reducing access to uptake mechanisms available to the parent complexes. Conse-
quently, peptide conjugation is expected to be most beneficial when the peptide actively
promotes receptor-mediated recognition and internalization.

An additional aspect that deserves consideration is the potential role of peptide con-
jugation in overcoming resistance to metal-based chemotherapy. Resistance to platinum
drugs may arise through multiple mechanisms [144,145]. In principle, peptide conjugation
could help circumvent some of these mechanisms by promoting alternative uptake routes,
increasing intracellular accumulation, or redirecting the metal complex toward different
subcellular compartments [146,147]. Indeed, some amino acid-, CPP- and RTP-containing
conjugates have shown promising activity in resistant cancer models [102,137,138]. How-
ever, the currently available evidence remains relatively limited, and only a small number
of studies directly investigated resistance mechanisms in detail, even if peptide-mediated
delivery represents a promising strategy for mitigating multidrug resistance.

It should also be recognized that the remarkable clinical success of CDDP is not only
related to its anticancer efficacy but also to its relatively simple synthesis, straightforward
manufacturing, and low production cost. In this context, the development of more com-
plex metal-peptide bioconjugates should not necessarily be viewed as an attempt to re-
place CDDP solely on the basis of potency. Rather, these systems aim to address major
limitations of conventional platinum chemotherapy, including systemic toxicity, poor se-
lectivity, and drug resistance. Consequently, the added synthetic complexity and
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production costs of peptide-conjugated systems may be justified if they provide meaning-
ful improvements in therapeutic index and patient outcome.

This review reveals that the biological evidence supporting metal-peptide bioconju-
gates is highly heterogeneous. Not all investigations employ the same level of biological
validation. While DNA interaction studies remain useful for understanding the chemical
behavior of platinum complexes, DNA damage alone cannot be considered a reliable pre-
dictor of antitumor efficacy. Therefore, the most informative studies are those that pro-
gress beyond mechanistic investigations and evaluate biological activity in increasingly
complex models. In this respect, the relatively small number of platinum bioconjugate
studies that include in vivo validation deserve particular attention [103,109,118-121]. By
contrast, none of the reviewed Au(l)- or Au(lIll)-peptide conjugates have yet progressed
to animal studies. This observation suggests that pharmacokinetic factors, biodistribution,
and systemic toxicity remain largely unexplored for gold-peptide bioconjugates.

From authors’ perspective, some studies stand out not only because of their biologi-
cal results, but also because of their conceptual novelty. Particularly intriguing examples
include the self-assembling short aliphatic peptide systems [109], the branched Y-shaped
peptide scaffold [125] and the photoactivatable Pt(IV) systems [126,127].

The more represented RTP sequences in both platinum and gold bioconjugates dis-
play RGD peptide motifs useful for increasing cellular uptake and activity in specific mod-
els, although relevant evidence for receptor-mediated selectivity is still to be improved
[105-108,116,126,129,143].

One more question emerging from the reviewed literature is whether peptide conju-
gation improves the biological activity of the precursor metal complex. The answer ap-
pears to be positive in several cases, although far from universal. Among Pt-based sys-
tems, improved activity relative to the corresponding precursor was reported in several
studies (Table 5) [101-103,105,106,108,109,115,117-122,129]. Au-based systems display a
more complex behavior. In two cases [136,143], their biological activity exceeded that of
CDDP, but not necessarily that of the corresponding gold precursor. Collectively, these
findings indicate that peptide conjugation does not systematically enhance cytotoxic po-
tency and that the biological contribution of the peptide must be evaluated on a case-by-
case basis.

Finally, a consideration that clearly emerges from Pt(IV)-based systems concerns the
extent of peptide functionalization. Axial functionalization represents one of the major
advantages of Pt(IV) prodrugs and provides a versatile platform for the introduction of
targeting moieties. However, studies directly comparing mono-functionalized and bis-
functionalized Pt(IV) conjugates suggest that increasing the number of peptide units does
not necessarily improve biological performance. In three works [116-119], conjugates
bearing two peptide sequences generally displayed reduced cytotoxicity compared with
their mono-functionalized counterparts, whereas, in one [128], no substantial differences
between the two approaches have been reported. Interestingly, in another work [129] the
functionalization at only one axial position involves a marked improvement when mov-
ing from a peptide monomer to a tetrameric construct. Thus, functionalization of both
axial positions may negatively affect cellular uptake, intracellular trafficking, or drug ac-
tivation, ultimately reducing antitumor efficacy.

Table 5. Summarizing table.

Bioconjugate vs. Precursor:

Metal Author Peptide Refs.
Improvement
Robillard et al. Di-peptide X [97,98]
Pt(II i i i-/Tri-
S Kumbhakonam et al. Amino acid or Di-/Tri e [99]

peptide
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Miigge et al. RTP NP [100]
Aroui et al. CPP v [101]
Wilodarczyk et al. CPP v [102]
Calderon et al. RTP v [103]
Teles et al. RTP X [104]
Ndinguri et al. RTP v [105]
Chatzisideri et al. RTP v [106]
Zamora et al. RTP X [107]
Medrano et al. RTP v [108]
Reithofer et al. Self-assembli.ng aliphatic . [109]
peptides

Medrano et al. RTP NP [108]
Smitowicz et al. CPP v [115]
Mukhopadhyay et al. RTP X [116]
Abramkin et al. CPP v [117]

Li et al. CPP v [118,119]
Linares et al. CPP = [120]
Jimenez-Macias et al. CcpPP v [121]
Pt(IV) Graf et al. RTP v [122]
Wong et al. RTP X [123]
Mayr et al. RTP X [124]
Conibear et al. RTP X [125]
Gandioso et al. RTP X [126]
Shi et al. RTP X [127]
Gaviglio et al. RTP e [128]
Massaguer et al. RTP v [129]

Gutiérrez et al. Amino acid v [135,136]
Gutiérrez et al. Di-peptide v [137]
Au(l) Koster et al. Di-/Tetra-peptide = [138]
Lemke et al. Di-peptide = [139]
Diehl et al. Di-peptide = [140]
Gupta et al. Di-peptide X [141]
Au(lIl) _ Lf-emk.e etal. Amino acid X [139]
Smitowicz et al. RTP v [143]

In this table: RTP = receptor-targeting peptide; CPP = cell-penetrating peptide; v represents an im-
provement in the cytotoxicity of the bioconjugate compared to the precursor complex; X represents
a worsening in the cytotoxicity of the bioconjugate compared to the precursor complex; = represents
an almost comparable cytotoxicity of the bioconjugate compared to the precursor complex; NP =not

performed.

6. Conclusions and Future Perspectives

Studies discussed in this review collectively demonstrate that peptide conjugation
represents a powerful, yet non-trivial, strategy for modulating the biological behavior of
platinum- and gold-based anticancer agents. The literature examined highlights that pep-
tides have been successfully employed to preserve the metal center features and improve
the selective targeting and cellular/subcellular uptake.

However, peptide conjugation does not universally translate into enhanced anti-
cancer activity, and its biological impact strongly depends on the specific metal complex,
peptide sequence, and overall conjugate design. While several platinum-peptide conju-
gates have shown promising results, including in vivo efficacy, the development of gold-
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peptide systems remains largely limited to in vitro studies, leaving important pharmaco-
logical aspects unexplored.

From a forward-looking perspective, future research in metal-peptide conjugates
should shift toward a design based on the metal mechanism of action. The rational inte-
gration of peptide structure, linker and metal center will be essential to improve delivery
effects and pharmacological activity. Ultimately, the most promising advances are likely
to arise from multifunctional systems that combine controlled activation, validated tar-
geting, and well-defined mechanisms of action, rather than from peptide conjugation as
an isolated design strategy. Furthermore, the approach of using bispecific systems that
exploit the selectivity of two different peptides for receptors overexpressed in the same
type of tumor cells also appears very promising for a future perspective [95]. Furthermore,
the introduction of varied chemical modifications in peptide sequences [148], the use of
peptidomimetics and peptoids in these systems could also represent a step forward
[149,150], considering their high protease-resistance. Based on the current state of the art,
several studies have reported the development of bioconjugates involving gold(IlI) com-
plexes and peptidomimetics [151-159]; conversely no published results are available for
platinum bioconjugate counterparts. Peptoids may be considered an intriguing class of
peptidomimetics, and, to the best of current knowledge, the only studies reported in lit-
erature on peptoid-metal bioconjugates are limited to diagnostic purposes [160-164].

Continuing to improve metal-peptide conjugates is essential to finding therapies tar-
geted to specific types of cancer, exploiting highly selective peptides for receptors overex-
pressed on these cells, and contextually reducing side effects [165,166].
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The following abbreviations are used in this manuscript:

AEG N-2-aminoethyl-glycine
APN Aminopeptidase N

BBB Blood-brain barrier

Boc Tert-butyloxycarbonyl

BPG Bis(2-pyridylmethyl)glycine
BRLs Bispecific Radioligands
CDDP Cisplatin

CpP Cell-Penetrating Peptide

dmba C,N-dimethylbenzylamine
EGFR Epidermal Growth Factor Receptor
en Ethylenediamine
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FT-IR Fourier Transform Infrared Spectroscopy
ICP-MS  Inductively Coupled Plasma Mass Spectrometry
LHRH Luteinizing Hormone-Releasing Hormone
MRI Magnetic Resonance Imaging

MTP Mitochondria-Targeting Peptide

NHC N-Heterocyclic Carbene

NLS Nuclear Localization Signal

NMR Nuclear Magnetic Resonance

PBMC Peripheral Blood Mononuclear Cell

PDO Patients-Derived Organoid

PEG Polyethylene glycol

pNT Pseudo-Neurotensin

ppy 2-phenyl-pyridine

RP Radiopharmaceutical

RTP Receptor-Targeting Peptide

SAR Structure—-Activity Relationship

SPPS Solid-Phase Peptide Synthesis

TfrR Transferrin Receptor

TrxR Thioredoxin Reductase

TME Tumor Microenvironment
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