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Abstract: This review highlights significant advancements in antibody–drug conjugates (ADCs)
equipped with metal-based and nature-inspired payloads, focusing on synthetic strategies for anti-
body conjugation. Traditional methods such us maleimide and succinimide conjugation and classical
condensation reactions are prevalent for metallodrugs and natural compounds. However, emerging
non-conventional strategies such as photoconjugation are gaining traction due to their milder condi-
tions and, in an aspect which minimizes side reactions, selective formation of ADC. The review also
summarizes the therapeutic and diagnostic properties of these ADCs, highlighting their enhanced
selectivity and reduced side effects in cancer treatment compared to non-conjugated payloads. ADCs
combine the specificity of monoclonal antibodies with the cytotoxicity of chemotherapy drugs, offer-
ing a targeted approach to the elimination of cancer cells while sparing healthy tissues. This targeted
mechanism has demonstrated impressive clinical efficacy in various malignancies. Key future ad-
vancements include improved linker technology for enhanced stability and controlled release of
cytotoxic agents, incorporation of novel, more potent, cytotoxic agents, and the identification of new
cancer-specific antigens through genomic and proteomic technologies. ADCs are also expected to
play a crucial role in combination therapies with immune checkpoint inhibitors, CAR-T cells, and
small molecule inhibitors, leading to more durable and potentially curative outcomes. Ongoing
research and clinical trials are expanding their capabilities, paving the way for more effective, safer,
and personalized treatments, positioning ADCs as a cornerstone of modern medicine and offering
new hope to patients.

Keywords: antibody–drug conjugates; metallodrugs; natural compounds; cancer therapy

1. Introduction

In the dynamic landscape of cancer therapy, antibody–drug conjugates (ADCs) stand
out as a beacon of innovation, offering a multifaceted approach to targeting and treating
malignancies with precision and efficacy [1–3]. These marvels of biotechnology marry the
specificity of monoclonal antibodies (mAbs) with the potent cytotoxicity of chemothera-
peutic agents, presenting a paradigm shift in the fight against cancer.

ADCs are the result of the strategic fusion of three critical components: the monoclonal
antibody, the linker, and the cytotoxic payload. The monoclonal antibody serves as the
guiding hand, homing in on specific antigens overexpressed on the surface of cancer cells
while sparing healthy tissues [4–6]. This selective binding mechanism ensures that the
cytotoxic payload is delivered exclusively to cancer cells, minimizing collateral damage to
surrounding tissue and reducing systemic toxicity [1–3].

The linker, a molecular bridge connecting the antibody and the cytotoxic payload,
plays a pivotal role in the controlled release of the therapeutic cargo [7]. Linkers can be
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engineered to exhibit different properties, such as stability in circulation and selective
cleavage in the tumor microenvironment [8,9]. This flexibility allows for tailored release
kinetics, optimizing the therapeutic window of ADCs and maximizing their efficacy.

Meanwhile, the cytotoxic payload represents the firepower of ADCs, capable of deliv-
ering a lethal blow to cancer cells upon release. These payloads encompass a spectrum of
chemotherapeutic agents, ranging from traditional cytotoxic drugs to novel compounds
with enhanced potency and unique mechanisms of action [10–13]. By leveraging the speci-
ficity of the antibody to target cancer cells, ADCs ensure that the cytotoxic payload reaches
its intended destination, unleashing its anticancer potential with precision.

One of the most compelling aspects of ADCs is their ability to address the challenge of
tumor heterogeneity, a hallmark of cancer that poses significant obstacles to treatment suc-
cess [14–18]. By targeting specific antigens expressed on cancer cells, ADCs can effectively
eradicate heterogeneous tumor populations, including primary tumors and metastatic
lesions with distinct antigen profiles [1–3,19]. This targeted approach not only improves
treatment efficacy but also reduces the likelihood of tumor resistance, a common criticism
in conventional chemotherapy [20–22].

The clinical landscape of ADCs is rapidly evolving, with several agents having re-
ceived regulatory approval for the treatment of various cancer types [23]. Examples
include ado-trastuzumab emtansine (Kadcyla) for HER2-positive breast cancer [24], bren-
tuximab vedotin (Adcetris) for Hodgkin lymphoma and systemic anaplastic large-cell
lymphoma [25], and enfortumab vedotin (Padcev) for metastatic urothelial cancer [26].
These approvals underscore the amazing potential of ADCs in improving patient outcomes
and reshaping the treatment paradigm for cancer.

However, challenges remain on the road to widespread adoption and optimization
of ADCs in clinical practice. These include fine-tuning antibody specificity and affinity,
optimizing linker design for enhanced stability and payload release kinetics, mitigating
off-target toxicity, and overcoming mechanisms of resistance [1–3,19,27]. Addressing
these challenges will require continued investment in research and development, as well as
collaboration across interdisciplinary fields to unlock the full potential of ADCs in oncology.

In this contribution, we provide an overview of recent advancements and future
perspectives in this important area of research, with a special focus on ADCs containing
metal-based or natural-compound-based payloads.

Metal-based chemotherapeutic agents, which include platinum [28–32],
ruthenium [33–36], gold [37–41], iron [42–45], palladium [46–50], and other transition metal
complexes [51–53], have demonstrated remarkable efficacy against various types of cancer
and continue to be a subject of intense research and clinical investigation. Platinum-based
drugs such as cisplatin, carboplatin, and oxaliplatin are particularly important, being the
most widely used metal-based chemotherapeutic agents in clinical practice [28–31]. Despite
their potent cytotoxicity, platinum-based drugs are associated with significant side effects,
including nephrotoxicity, neurotoxicity, and myelosuppression, which limit their clinical
utility [54].

While many compounds containing metals other than platinum have demonstrated
promising antitumor activity in both in vitro and in vivo models, only a very limited
number of derivatives are in the final stages of clinical trials [55,56]. Despite offering a wider
range of potential interactions with biotargets compared to purely organic compounds,
metal complexes often react with other biological substrates besides the selected biotarget,
thereby increasing their systemic toxicity [51].

For this reason, two main strategies are usually employed to improve the stability and
selectivity of potential metallodrugs: (i) the use of ligands firmly anchored to the metal
center (e.g., organometallic fragments and/or chelating ligands) [57–59], and (ii) conjuga-
tion to molecular targeting agents such as monoclonal antibodies [60], estrogen receptor
antagonists [61,62], and immune checkpoint inhibitors [63,64]. The latter strategy will
be examined in one of the upcoming chapters, focusing exclusively on conjugation with
monoclonal antibodies.
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As far as natural compounds are concerned, they have emerged as promising payloads
in antibody–drug conjugates (ADCs), harnessing the therapeutic potential of plant-derived
or naturally occurring substances for targeted cancer therapy [65–67]. The integration of
these compounds into ADCs offers a unique avenue for delivering potent anticancer agents
while minimizing systemic toxicity and off-target effects.

The utilization of natural compounds as payloads in ADCs presents several advan-
tages [65–67]. Firstly, these compounds often exhibit unique mechanisms of action and
lower cross-resistance compared to conventional chemotherapeutic agents, offering new
opportunities to overcome drug resistance. Secondly, natural compounds are generally
well-tolerated and have favorable pharmacokinetic profiles, making them attractive candi-
dates for incorporation into ADCs. Lastly, the diversity of natural compounds provides a
rich source of potential payloads, allowing for the development of ADCs tailored to specific
cancer types or molecular subtypes.

The most relevant examples include flavonoids, polyphenols, alkaloids, maytansi-
noids, auristatins, dolastatins, and molecules derived from microbial sources, such as
bacterial or fungal toxins and microbial metabolites [65]. In this review, ADCs containing
nature-inspired payloads reported in the literature over the past five years will be discussed
in detail, examining the synthetic strategies employed, the types of linkers utilized, and the
therapeutic effects observed by various authors.

2. Photosynthetic Approaches to Metal-Based ADCs

We have decided to begin this chemical journey by examining the most recent non-
conventional synthetic approaches towards ADCs bearing metal-based drugs as payloads.

It should be remembered that traditional protein–small molecule conjugation tech-
niques consist of methods that are highly successful but with some limitations. First, they
are time-consuming and difficult to automate [68–70]. Second, they require multiple step
reactions and, often, the chemical reagents used are incompatible with protein formulation
buffers [71]. For example, conjugation of desferrioxamine B with 89Zr-mAbs requires a
non-trivial pre-purification of the mAb from the formulation components [71,72].

In this context, Holland’s research group, working in Zurich, introduced an interesting
approach for the synthesis of radiolabelled antibodies; called “photoradiosynthesis”, it
exploits the activation of a photoactive substrate to generate electrophiles that react in
situ with nucleophilic amino acid residues [73]. This technology allows the production
of radiolabelled antibodies in a one-pot process starting from formulated antibodies (e.g.,
trastuzumab and onartuzumab), and it is characterized by the following: (i) rapid reaction
kinetics (less than 10 min for both radiolabelling and conjugation), with reaction rates
directly proportional to light intensity; (ii) high chemoselectivity; (iii) use of aerobic condi-
tions and aqueous solutions in mild pH ranges (7–9) which are compatible with formulated
buffers used to stabilize clinical-grade formulations of mAbs; (iv) negligible absorption
by antibodies at the wavelengths used for the photoconjugation; and (v) ease in making
the process fully automated. Moreover, the development of one-pot procedures allows
researchers to obtain formulated products directly from formulated antibodies.

Herein, we summarize the photoactive groups suitable for the conjugation of antibod-
ies according to the classes described by Holland and co-workers [73].

Diazo compounds can be used for bioconjugation reactions, since, as a result of the
irradiation, they can lose molecular nitrogen, leading to reactive carbenes (Scheme 1A).
In order to avoid undesirable rearrangements, diazo compounds require the absence of
β-hydrogen atoms and/or the presence aryl substituents. The reactivity of the interme-
diate carbene species allows the insertion into protein C-H bonds, resulting in a covalent
conjugation. However, the use of diazo compounds does not guarantee the chemo- and
regioselectivity of the process, and in some cases, the decomposition of reactants after
dinitrogen loss was observed. In addition, for an efficient conjugation, a pre-association
with the antibody is usually required.
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Aryl diazirines were used by Smith and Knowles for the first time in 1973 [74].
Compared to diazocompounds, aryl diazirines exhibit increased thermal stability and
can be easily synthesized. Moreover, they present efficient photoactivation properties by
producing highly reactive singlet carbenes (Scheme 1B). Also in this case, the conjugation
process is usually not chemo- and regioselective and requires pre-association with the
antibody for an efficient conjugation. Aryl diazirines promote a 1,3-dipolar cycloaddition,
being able to generate nitrile ylides that can react with an alkyne/alkene functionalized
protein. Unfortunately, the formation of the final pyrroline derivatives requires a pre-
functionalization of the protein, and the energy of the radiation (302 nm) can cause protein
photodegradation.

Diazonium salts can be used since they are able to generate, by irradiation, a
reactive carbenium ion (Scheme 1B). In this case, the bioconjugation reaction can be
classified as a photoactivated nucleophilic aromatic substitution. Unfortunately, this
method is, to the best of our knowledge, scarcely explored in the formation of ADCs
containing metal-based payloads.

Aryl azides can be irradiated to obtain interesting derivatives suitable for bioconjuga-
tion via the formation of an azepine compound (Scheme 1C). The first example of synthesis
of an azepine ring by aryl azide photolysis was reported in 1966 [75]. The activation
reaction affords a singlet nitrene by loss of dinitrogen; this intermediate can rearrange
to a benzazirine bicycle and then to a ketenimine (dihydroazepine). This is the principal
pathway at room temperature [76,77]. This type of derivative also enables the specific
labelling of an antibody with amino acid residues. In this context, the Rousselot research
group demonstrated the specific photolabelling between Tyr-49 residue of a mouse IgG1
mAb and an arylazidoestradiol derivative [78].

Alkyl azides are also suitable for bioconjugation reactions, exploiting, again, the
extrusion of dinitrogen to obtain reactive aliphatic nitrenes [73]. The latter can easily
rearrange to imine derivatives that react with nucleophilic residues of proteins; this method
is chemoselective when sulfhydryl groups are present in the protein used (Scheme 1D).
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Notably, the first example of aliphatic azides used as a photolabelling reagent was reported
in 1978 [79].

Tetrazoles can be used for the photo-formation of nitrile imines, as reported for the
first time by Huisgen and Sustmann [80]. Exploiting an alkene moiety of a functionalized
protein, nitrile imines undergo 1,3-dipolar cycloaddition with the formation of the desired
conjugation product (Scheme 2A) [73]. When unfunctionalized proteins are used, nitrile
imines can react with carboxylate, amino, hydroxyl, and sulfhydryl groups (Scheme 2A).
Unfortunately, the photoactivation of tetrazoles requires irradiation at 302 nm, which can
potentially cause protein damage [73].
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(C) benzophenones, and phenanthrenequinones with proteins/antibodies.

Diels-Alder [4 + 2] cycloadditions can be performed using 2-naphtoquinone-3-methides
with proteins bearing vinyl groups, but the formation of the reactive diene species is
reversible (Scheme 2B). Therefore, the reactive intermediate can be restored and react with
nucleophiles like sulfhydryls in a Michael-type reaction. Alternative substrates include
ortho-quinodimethanes that can undergo Diels–Alder cycloadditions with proteins pre-
functionalized with a suitable dienophile [73].

Benzophenone photoexcitation can generate the activate molecule in a diradical triplet
state (reversible reaction) that is reactive towards C-H insertion (Scheme 2C) [73]. In this
case, the photoconjugation operates at λ > 330 nm (no protein damage), and the reaction
requires the pre-association with the protein.

9,10-Phenanthrenequinones can be used in an interesting bioconjugation approach
in the presence of an alkene-functionalized protein via a biradical [4 + 2] cycloaddition
under visible light (Scheme 2C) [81]. The reaction also can be performed in live cells, and
the presence of water is very well tolerated.

Taking advantage of the methods described above, the synthesis of the conjugates
of several protein/metal complexes, with interesting applications in theranostics, has
recently been developed. Most of these ADCs contain lutetium, zirconium, and gallium
as metal centers.

177Lutetium is a radiometal that decays through β− emission of 176, 384, and 497 keV,
and has a half-life of 6.6 days. Considering that the β− emission of 177Lu has a penetra-
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tion of ~2 mm in vivo, this metal is ideal for the irradiation of small tumors or metas-
tases [82]. Moreover, the long half-life of 177Lu is useful for hospitals that do not have
access to cyclotron facilities [82]. The main disadvantage of 177Lu concerns its inertness
with respect to the formation of complexes with ligands such as DOTA; therefore, well-
established/traditional methodologies cannot be applied. However, this issue can be
overcome using a photosynthetic approach.

In this context, Holland and colleagues reported the synthesis of the first 177Lu-labelled
mAb through a nonadentate bispidine ligand containing a photoactivatable ArN3 group
(Scheme 3A) [83]. Notably, the complexation occurred under extremely mild conditions
(40 ◦C, 10 min) [84–86]. L.E.D. irradiation (15 min, 23 ◦C, 395 nm) of a mixture of the
complex and trastuzumab led to the desired ADC [177Lu-mAb], as confirmed by radio-
instant Thin Layer Chromatography (radio-iTLC). The conjugation efficiency was estimated
by SEC-chromatography to be 16%. After a spin-filtration purification, the [177Lu-mAb] was
obtained with a radiochemical yield (RCY) of 12.5% and radiochemical purity (RCP) > 90%.
Pharmacokinetics and tumor uptake were evaluated in female athymic nude mice bearing
subcutaneous SKOV-3 tumors on the right flank. Two groups of mice were treated with high
doses (8.2 MBq/mg) or low doses (0.406 MBq/mg, blocking group) of mAb-conjugate. The
blocking group experiment consisted of adding a dose of the free antibody trastuzumab to
saturate the available HER2/neu receptors for in vivo evaluation of [177Lu-mAb] specificity.
Despite the different administered chemical doses, no differences were observed in the
excretion rates between the two groups of mice. After 96 h post-injection, the accumulated
radioactivity in SKOV-3 tumors was higher for the normal group than the blocking group
(30 ± 11% ID/g vs. 15 ± 6% ID/g), confirming the specific targeting of HER2/neu by
[177Lu-mAb].

89Zr, a radiometal with t1/2 = 78.4 h (β+), is currently under study for PET application,
and is produced via proton-beam irradiation of commercially available 89Y solid metal
foils [82]. The aqueous phase chemistry of Zr is limited to the oxidation state +4, and
therefore, to avoid the precipitation of the insoluble Zr(OH)4, the use of chelating ligands
like desferrioxamine B (DFO) is required [82]. Regarding PET application, 89Zr radiotracers
remain radioactive for extended periods of time, and a typical dose for imaging HER2/neu
expression in breast cancer patients is about 37 MBq/patient [82].

Deferoxamine B, a natural iron chelator [87] (siderophore) produced by actinomycetes [88],
was photoconjugated (via phenylazide group) with onartuzumab and trastuzumab anti-
bodies by Holland and co-workers after functionalization of the ligand with PEG linkers
to improve the water solubility (Scheme 3B) [89]. It should be remembered that onar-
tuzumab is a monoclonal antibody that binds to the human hepatocyte growth factor
receptor c-MET [90,91]. In vivo tests on mouse models were conducted using 59–72 µg of
89ZrDFO-PEG3-azepin-onartuzumab per animal (normal dose) and 823–834 µg per animal
(blocking group; to saturate human hepatocyte growth-factor receptor c-MET). The normal
group was shown to have a higher accumulation of Zr radioactivity in the tumor than the
control group. It should be noted that 89ZrDFO-PEG3-ArN3 and photolyzed 89ZrDFO-
PEG3-azepin were rapidly removed from circulation, since no radioactivity in heart/blood
was observed.

Other deferoxamine B-derived ligands were synthesized and conjugated to onar-
tuzumab (Scheme 3C). The final products were characterized by radio-iTLC and size-
exclusion chromatography and SEC-HPLC-coupled to a gel-filtration column [91]. The
crude samples were purified by spin-filtration to remove the hydrolyzed by-products
produced after photolysis of the PhN3 moiety. The zirconium bioconjugate complex was
injected via the tail-vein in female athymic nude mice bearing subcutaneous MKN-45
human xenograft on the right shoulder. The blocking group received a 15-fold higher
protein dose to saturate the c-MET receptor. The tumor uptake for the blocking group was
44% smaller than the normal one and biodistribution studies proved that 72 h after the
injection, the accumulation of the Zr tracer in the tumor tissue was higher for the normal
group. Moreover, low bone and background organ accumulation was noticed in both
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groups, proving that complexes with heptadentate ligands can be promising radiotracers
for PET imaging [91].
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A similar radioimmunoconjugate was reported by the same group using two different
synthetic procedures [92]. The two-step procedure consisted in the conjugation between
the ligand and the antibody and, in a second phase, the introduction of the radiometal.
Specifically, the ligand DFO-ArN3 was conjugated to trastuzumab at room temperature
within 25 min and then purified by SEC. The immunoconjugate was radiolabeled with 89Zr,
starting from [89Zr(C2O4)4]2− precursor and incubating the solutions at room temperature
for 1 h (Scheme 3D). Afterwards, the reaction was quenched by adding small aliquots
of EDTA. The authors reported also a one-pot procedure in which [89Zr(C2O4)4]2− (aq.)
(the ligand) and trastuzumab were reacted in water (pH = 8–9) at room temperature.
The irradiation at 365 or 395 nm afforded the product in 15 min, with a 72–73% of Zr
radioactivity being associated with the trastuzumab [92]. The radioimmunoconjugate was
evaluated in athymic nude mice bearing a subcutaneous SKOV-3 tumor, showing a specific
accumulation of radioactivity in the tumor.

The preparation of the 89Zr radiocomplex for molecular imaging (Scheme 3E) is
an interesting example of tetrazole photoconjugation chemistry [93]. By irradiating the
ligand and the antibody (trastuzumab) at 365 or 395 nm for 10 min at room temperature,
the immunoconjugate was obtained, with an average of 1.5 accessible DFO ligands per
mAb. However, the nature of the conjugate bonds formed is uncertain. The complex was
radiolabelled with 89Zr at pH 8.5. The obtained radiotracer is stable for 24 h at 37 ◦C in
serum and 3 days in sterile PBS. As usual, the radiocomplex was tested towards athymic
nude mice bearing SKOV-3 xenografts exhibiting specific tumor uptake [93].

67Gallium is a radioisotope (t1/2 = 3.26 days) that emits intense Auger electrons and
γ-rays (8 to 887 keV) and was the first radiometal developed for radioimmunoscintigraphy
and Immuno-Single Photon Emission Computed Tomography (Immuno-SPECT) [82]. The
oxidation state +3 dominates gallium coordination chemistry, with a preference for hard lig-
ands, especially hexadentate ones. 111Indium is a radioisotope that decays (t1/2 = 2.80 days)
with Auger electron emissions (2.72 keV) that is useful for SPECT imaging and targeted
RIT [82]. In the corresponding antibody conjugates, DTPA chelating ligand (DPA = di-
ethylenetriaminepentaacetic acid) was used for the stabilization of the metal center. Owing
to its higher ionic radius compared to gallium, the indium center can accommodate addi-
tional ligands.

With these valuable pieces of information in hand, Holland’s group reported the
synthesis of gallium and indium complexes exploiting the photoactivable aryl azide group
bound to a diethylenetriaminepentaacetic acid (DTPA) moiety [94]. It is worth noting
that DTPA is well known in medicinal chemistry, especially in Single Photon Emission
Computed Tomography (SPECT) applications. For example, 111In-satumomab pendetide is
studied for the diagnosis of ovarian and colorectal carcinomas [95].

68Ga and 111In complexes were obtained with two different approaches by reacting
the DTPA-based ligand and [68Ga(H2O)6]Cl3 (aq.)/[111InCl3] (aq.) in an acetate buffer
(pH 4.4) at room temperature (Scheme 4A). The one-pot procedure consisted of dissolving
the ligand (DTPA-PEG3-ArN3) in water and adjusting the pH to 4–4.5 using an acetate
buffer, followed by addition of 68GaCl3 and 111InCl3. The pH was then adjusted to
7.7–8.3 using Na2CO3. The reaction mixtures were exposed to UV light and purified
with SEC and centrifugal filtration, with final radiochemical conversion between 3.9
and 5.4% (SEC analysis) and radiochemical purities higher than 80% [94]. The two-step
approach required the spin filtration pre-purification of the antibody (trastuzumab). The
antibody was then photoconjugated to the ligand (pH range 7.9–8.3), followed by PD-10-
SEC purification eluting with PBS, and then radiolabelled with 68Ga3+ (radiochemical
conversion of 10.0–12.8%).



Int. J. Mol. Sci. 2024, 25, 8651 9 of 45

Int. J. Mol. Sci. 2024, 25, x FOR PEER REVIEW 9 of 47 
 

 

formulated HerceptinTM. In vivo tests on athymic nude mice bearing a subcutaneous 
SKOV-3 tumor showed that the complex remained in circulation for more than 6 h post-
injection with a specific tumor uptake (confirmed by competitive binding studies using a 
blocking dose of non-radiolabelled trastuzumab).  

 
Scheme 4. (A): Synthesis of trastuzumab complexes via one-pot and two-step approaches. (B): Si-
multaneous photo-radiolabelling of NODAGA-PEG3-ArN3. (C,D): Gallium radioimmunoconjugates
reported by Holland.



Int. J. Mol. Sci. 2024, 25, 8651 10 of 45

The same group reported the synthesis of a gallium complex, starting from the ligand
and the formulated monoclonal antibody trastuzumab (HerceptinTM, which contains his-
tidine, α,α-trehalose dehydrate, and polysorbate 20); the process is completed in 20 min,
including synthesis, conjugation, and purification (Scheme 4B) [96]. The ligand was pre-
radiolabelled with 68Ga, pre-buffered to pH 8.0, mixed with pre-purified trastuzumab, and
irradiated with UV light, affording [68GaNODAGA-azepin-trastuzumab] in sterile PBS. The
method was also tested without pre-purification of the antibody and using the formulated
HerceptinTM. In vivo tests on athymic nude mice bearing a subcutaneous SKOV-3 tumor
showed that the complex remained in circulation for more than 6 h post-injection with a
specific tumor uptake (confirmed by competitive binding studies using a blocking dose of
non-radiolabelled trastuzumab).

Gallium-pegylated radioimmunocomplexes were reported by the same group [36].
In particular, the pegylated ligands (NOTA, DOTA, and DOTAGA) were prepared and
pre-radiolabeled with [68Ga(H2O)6]3+ (Scheme 4C). Afterwards, the reaction mixtures were
irradiated for 15 min at room temperature in the presence of an aliquot of pre-purified
trastuzumab. The three radioimmunoconjugates were successfully obtained with radio-
chemical yields between 11 and 18% (measured with PD-10-SEC or SEC-UHPLC). Other gal-
lium immunoconjugate complexes were synthesized incubating the antibody onartuzumab
with a 5-fold excess of ligand at room temperature and at pH 8–9 (Scheme 4D) [97]. The
stability of complex [68GaHBED-CC-azepin-onartuzumab] was evaluated by incubation in
human serum albumin at 37 ◦C, showing a loss of small amount of radioactivity (<5%) after
3 h. Finally, MKN-45 or PC-3 xenografted mice were treated with the radioimmunoconju-
gate. In the MKN-45 model, tumors were easily visualized, and the radiotracer remained in
circulation for 6 h. Moreover, [68GaHBED-CC-azepin-onartuzumab] targets very well the
c-MET in vivo only in the MKN-45 model, showing that the PC-3 model has an insufficient
c-MET concentration for optimal visualization in PET imaging.

3. Maleimide, Succinimide, and Other Linkers for Metal-Based ADCs

The conjugation promoted by the use of Michael acceptors such as maleimide (e.g.,
maleimide thiol reaction) is still in use, despite the fact that it usually does not reach full
conversion and is also perturbed by cross reactivity, as, for example, in the case of antibody
Lys-NH2 residues at high pHs (Scheme 5) [98]. In addition, thiosuccinimide adducts can
undergo retro-Michael addition or thiol exchange reactions under physiological conditions.
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Scheme 5. Maleimide and succinimide conjugation methods.

On the other hand, NHS-esters [99] are useful in amide bond formation to prepare
highly functionalized compounds with peptides [100,101], natural products [102], and
other bioactive compounds [103].

In this chapter, examples of metal-based ADCs prepared with maleimide and succin-
imide conjugation methods are discussed in detail.

In 2019, the Lewis and Contel groups reported for the first time the synthesis of anti-
body gold-based conjugates (AGC) using two different approaches [104]. Specifically, the
first synthetic strategy involved a copper-free cycloaddition to link the gold fragment [N3-
Au-PPh3] to the alkyne-derived linker (Scheme 6A). The second synthetic option includes
the formation of an amide bond between a linker with a terminal amine and a gold thiolate
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complex containing a free carboxylate group (Scheme 6B, route A). All complexes were
obtained with moderate yields (30–60%) and exhibited excellent stability (up to 40 days) in
DMSO or DMSO:PBS. Compound 1A was conjugated using the N-hydroxy succinimide
ester fragment, which can react with antibody-available lysine residues (Scheme 6C). It
should be remembered that this method could generate a heterogeneous ADC population
due to the high number of lysines accessible in the antibody. On the contrary, compound
1B can easily react with antibody cysteine residues through the maleimide moiety, after
the reduction of the antibody interchain disulfide bond. The two trastuzumab conjugates
were obtained with 55% (lysine) and 70% (cysteine) yields and were characterized with
MALDI-TOF and size-exclusion HPLC, showing a drug-to-antibody ratio (DAR) of 2.7–3.2
for lysine conjugation and 2.7 for cysteine conjugation, in addition to stability for over a
week in human serum. The conjugated products were tested on different cancer cell lines
(MCF-7, BT-474, and MCF-10A) and displayed enhanced cytotoxicity in HER2-positive
cells (MCF-7 and BT-474), with the cysteine conjugate significantly more cytotoxic than
the starting complex. All of the tested compounds were less cytotoxic on non-cancerous
MCF-10A cells, as compared to the cancerous ones.
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Also, the cysteine method can yield conjugates with heterogeneous DARs; for this
reason, engineered antibodies with added cysteine residues that provide thiols for con-
jugation have been produced (e.g., Thiomab, the engineered trastuzumab) [105]. A few
years later, the Contel group modified the synthetic protocol for the preparation of com-
plex 1B, obtaining different derivatives with reduced reaction times and high yields
(Scheme 6B, route B) [106]. The antibody Thiomab was reduced with the decoupling
agent (2-carboxyethyl)phosphine (TCEP) in order to free the blocked cysteine residues, as
confirmed by the Ellman test. In doing so, the native cysteine residues are reduced and
therefore need be reoxidized by dehydroascorbic acid, which binds the interchain cysteines
while leaving the new cysteine reduced. After that, the complexes were conjugated to
Thiomab through maleimide chemistry. Interestingly, under these conditions, only the phos-
phine complexes were able to conjugate the antibody, whereas the same reaction did not
proceed in the case of Au-NHC (NHC = N-heterocyclic carbene) complexes. The gold-PR3
immunoconjugates were obtained with high purity (>95%), exhibited high binding affinity
to HER2 receptor, and were stable up to 7 days in human serum. These ADCs were tested
against different HER2-positive (MCF-7, BT-474, and SKBR-3) and HER2-negative (MDA-
MB-231, and MCF-10A) cell lines, and demonstrated the targeting efficacy of site-specific
gold-containing ADCs against HER2-positive cancer cells.

In 2020, Gasser and colleagues reported the synthesis of the first ruthenium polypyridyl
nanobody conjugate through maleimide conjugation chemistry (Scheme 7A) [107]. The
complex contains three main building blocks: (i) the [Ru(phen)2(dppbz)]2+ fragment; (ii) the
7C12 nanobody (NB), known for specifically binding EGFR expressing cells; and (iii) a
peptide chain with a poly-glycine unit. The conjugation between the engineered nanobody
and the ruthenium complex by the enzyme sortase A was performed at 30 ◦C for 4 h with a
molar ratio of 1:1:10 (SrtA:NB:complex). MALDI-TOF MS analysis showed a homogeneous
population of a single-conjugated NB with a molecular weight of 17.7 kDa [107]. This
Ru-NB derivative was tested towards A431 human epithelial cancer cells (epidermoid
carcinoma), and confocal imaging showed co-localization of Ru-NB with epidermal growth
factor receptor (EGFR). Receptor specific uptake was evaluated on A431 (EGFR-positive)
and MDA-MB-435S (EGFR-negative) cell lines, showing a high amount of ruthenium in the
EGFR-overexpressing cells. Nevertheless, irradiation of Ru-NB at 480 nm did not cause
any cytotoxic effect on A431 cells or production of reactive oxygen species (ROS).

Similar complexes were conjugated to cetuximab via maleimide and benzoyl acrylate
conjugation methods, as reported in Scheme 7B,C [108]. The antibody was pre-treated with
Traut’s reagent (2-iminothiolane) to thiolate the amino groups of accessible lysines. The
complexes were then conjugated in the presence of PBS or NaPi buffers. Unfortunately,
neither immunoconjugated product induced statistically relevant reduction of cell viability
on SQ20B cancer cells.

To learn more, detailed reviews on ruthenium polypyridyl bioconjugated complexes
were reported by Martínez-Alonso/Gasser [109] and Correira/Morais [110].

In 1988, the Koizumi group reported the synthesis of 67Ga-labeled antibodies exploiting
glutaraldehyde, pyridyl disulfide, and maleimide conjugation methods (Scheme 8A) [111].
With glutaraldehyde, DFO was conjugated with mAb through Schiff’s base formation. On
the contrary, the pyridyl sulfide method consists of using succinimidyl 3-(2-pyridyldithio)
propionate (SPDP) as key reagent. The synthetic procedure involves the following: (i) the
introduction of 2-pyridyl disulfide into both mAb and DFO exploiting SPDP; (ii) reduction
of the 2-pyridyl disulfide residue of mAb by dithiothreitol; and (iii) conjugation of a
thiol group to mAb and 2-pyridyl disulfide of DFO by thiol-disulfide exchange reaction.
Regarding the maleimide method, a thioether bond was formed between the amino groups
of mAb and DFO using SPDP and N-ε-malemidocaproyl-oxysuccinimide ester (EMCS)
(Scheme 8A).
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The conjugated antibodies obtained using these three different approaches were then
radiolabelled by incubating DFO-mAb and 67GaCl3 for 30 min at room temperature, with
high radiochemical yields. Specifically, the radiocomplex obtained with glutaraldehyde
method was detected in human osteogenic sarcoma KT005-xenografted mice at high
concentrations (24 h and 48 h post-injection), with a high accumulation in the liver.

225Ac is a radioactive isotope that decays to 209Bi with a 10-day half-life, producing, in
total, 4 α and 3 β− emissions [82]. In the literature, there are some reported examples of
Ac complexes with DTPA, DOTA, and macropa chelators [112,113] (Scheme 8B) as well as
representations of their in vivo stability [114].

In this context, Abergel and colleagues developed an 225Ac ADC for the treatment of
small-cell lung cancer through maleimide chemistry [115]. Antibodies were pre-incubated
for 5 min at 45 ◦C and the radionuclide (0.05 M HCl solution) was added in large excess
(200-fold) for 2 h at 45 ◦C (Scheme 8C). The conjugated product was subsequently tested
on 293T cancer cells with and without DLL3 (Delta-Like 3 Protein) expression. IC50 values
were found to be dependent only on radioactivity and completely independent of the
antibody concentration. The conjugates were also tested in patient-derived xenografts
(PDX) and, when a solid tumor reached 100 mm3, animals were injected intraperitoneally
with a pre-dose of SS huIgG1 (nonspecific antibody), SS DOTA-MMA-huIgG1 (negative
control), SS DOTA-MMA-N149-225Ac and SS DOTA-MMA-SC16-225Ac (N149 and SC16
are site specific antibodies), SS DOTA-MMA-N149-PDB, and SS DOTA-MMA-SC16-PDB
(positive control, PDB = pyrrolobenzodiazepine). Both actinium-based ADCs exhibited
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similar efficacy, with life expectancy extended from 36 to 64 days. Notably, an analogous
study was also conducted with 117Lutetium [115].
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In 2013, Kurihara et al. prepared a 64Cu-DOTA-Trastuzumab conjugate and then tested
it as probe to determine the presence of primary or metastatic HER2-positive breast cancer
via PET imaging [116]. The radioimmunoconjugate was synthesized by premixing the
prepurified trastuzumab IgG (HerceptinTM) and DOTA mono N-hydroxysuccinimide ester
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in water. Then, after purification with a PD-10 column, DOTA-Trastuzumab in PBS was
exchanged to sodium acetate buffer by filtration. Finally, the conjugate was radiolabelled
by adding 64CuCl2 to an acetate buffer solution for 1 h at 40 ◦C. The radioimmunoconjugate
was tested in six patients: three primary cancers in stage IIA-IIB and three metastatic
cancers with brain and hilar node metastases. The results confirmed successful tumor
uptake and, compared with other radiometals, the detection time was lower (e.g., 89Zr five
days after injection) [116].

Finally, a year later, Scheinberg and colleagues described a labelling method to produce
stable mAb (rituximab and HuM195) conjugates with 225Ac [117]. In particular, the conju-
gation between the ligand three-arm-DOTA (Scheme 8D) and the antibody was conducted
at 4 ◦C for 24 h in a HEPES buffer (pH = 7.5). Similarly, the conjugation with the ligand
four-arm-DOTA (Scheme 8E) was performed at room temperature for 12 h. Afterwards,
the metalation was performed at 37 ◦C for 2 h and the radioconjugates were injected into
healthy BALB/c mice, showing that the four-arm derivative exhibited a higher accumu-
lation than the three-arm one. In addition, the radioimmunoconjugates were evaluated
against mice containing Set2-Luc cells, showing that the 1.11 kBq dose was able to cause
reduction of tumor burden between days 14 and 26.

4. Metal-Based ADCs with Direct Metal–Antibody Conjugation and Stochastic
Conjugations with Radiometals

In the field of metal-based ADCs, some researchers have developed conjugation
methods based on the direct reaction between the metal center and a functional group of
the antibody of interest.

In this context, the Bernardes group reported the synthesis of a gold complex directly
bound to the engineered trastuzumab (Thiomab) via a Gold-S bond (Scheme 9A) [118].
Using five equiv. of NHC-Au-Cl per light chain for 2 h at 37 ◦C, the thio-gold adduct was
synthesized, taking advantage of a single cysteine residue per light chain and the absence
of modification in the heavy chain of the antibody. The antibody retained the capacity
to bind the HER2 receptor of the SKBR3 breast cancer cells, and furthermore promote a
moderate enhancement in the antiproliferative activity, compared to NHC-Au-Cl.

In an interesting work, Merkul and colleagues described the synthesis of a Pt-ADC
using trastuzumab as mAb and auristatin F as cytotoxic payload [119]. The group de-
veloped an heterogeneous “stochastic conjugation” which avails of histidine residues of
native unmodified antibodies for stable drug-linker attachments [120]. Their technology
works in two steps. The first step consists of the coordination of a N-heterocyclic ligand
to platinum(II), which, being charged, improves the solubility of the final complex. The
second step is the stochastic conjugation of the Pt-payload to an unmodified mAb or a
site-specific conjugation to cysteine residues in mAb fragments. The payload was trans-
formed by adding a linker that ends with a piperidine moiety and that acts as complexing
agent by substituting the iodide ligand of the [Pt(en)I2] precursor. The conjugation step
was performed in a multigram scale (16 g) with high purity (Scheme 9B). Trastuzumab was
conjugated by reacting the complex in mQ water at 47 ◦C for 24 h, followed by addition
of thiourea for 30 min at 37 ◦C (quenching step) to ensure stability and reproducibility of
the conjugates. The role of the thiourea is to remove the thermodynamically labile Met-
bound antibody, leaving only the thermodynamically stabile His-bound antibody [121].
The platinum immunocomplex was administered in non-tumor-bearing mice, and showed
no relevant weight loss (4% with 30 mg/kg, 10% with 60 mg/kg), thus indicating that high
dosages of this ADC are tolerated. The work also proved that eight among the nine mice,
in which NCI-N87 and JIMT-1 (Kadcyla resistant line) cells were implanted, survived when
treated with this immunoconjugate [120].

The same group extended this technology to other metal centers such as iron or
radioactive zirconium, obtaining Fe-Pt and Zr-Pt heterobimetallic complexes with 2.5 DAR
with high yield (Scheme 9C).
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The zirconium heterobimetallic complex was obtained by reaction of the Fe-Pt complex
with a 89Zr precursor. The radiozirconium conjugate was tested on HER2-positive NCI-
N87-bearing nude mice, and showed a good stability of the immunoconjugate [120]. Similar
homo- and hetero-bimetallic immunocomplexes were prepared and tested in nude mice
bearing human epidermal growth factor receptor 2-positive gastric cancer xenograft line
NCI-N87 [122]. In particular, compound 1D (Scheme 9D) showed similar levels of 195mPt
and 89Zr in blood, tumors, and most of the healthy tissues. Conversely, in sternum and
femur a higher uptake of 89Zr was detected. No differences were found among complexes,
the only exception being 1F, which was associated with a higher liver uptake. Compound
1G (Scheme 9G) showed fast blood clearance and liver uptake through PET imaging. This
study highlighted that the metallic fragment [Pt(en)]+ remained an inert component of the
ADC after in vivo administration, unlike cisplatin.

The analogues of 1D and 1F with nonradioactive Pt were tested in HER2-overexpress-
ing cell lines SKOV-3, BT-474, NCI-N87, and SK-BR-3, showing IC50 in the range of 20–200
pM also in the trastuzumab and ado-trastuzumab emtansine-resistant JIMT-1 cell line [123].
Notably, the toxicity of 1F was higher than that of the non-immunoconjugate complex.
Biodistribution studies in NCI-N87-bearing mice revealed similar radiozirconium levels
in the tumors and all organs for both conjugates, as well as a good stability in vivo. Other
platinum-derived ADCs have been described by Contel and del Solar in a review of five
years ago [60].

Indium-labelled antibodies have been reported since the late 1980s [124]. For example,
Ryan et al. labelled with 111InCl3 (efficiency: 80–100%) human IgM mAb produced by fus-
ing a mouse myeloma cell line to lymph node lymphocytes of different patients affected by
breast adenocarcinoma. The radioimmunoconjugate was mixed in a sterile saline solution
and administered in different patients while observing, by scintigraphy, its presence in
metastatic breast lesions, as well as in liver and spleen [124]. 111In capromab pendetide
(Scheme 10A) was intensively studied in the early 2000s for the detection of prostate can-
cers [125]. This study includes 7E11-C5.3, a murine monoclonal antibody conjugated to a
chelating linker: glycyl-tyrosyl-(N-diethylenetriaminepentaacetic acid)-lysine hydrochloric
acid. The antibody recognizes an intracellular epitope that reacts with more than 95% of
prostate adenocarcinomas when analyzed in vitro with immunohystochemistry [126]. For
the detection of lymph node metastasis, 111In capromab pendetide demonstrated positive
predictive values of 72%. In more than 80,000 patients who were exposed to the antibody
conjugate, no serious allergic reactions were observed, and in clinical trials, adverse effects
were detected in only 4% of the 529 patients. Unfortunately, low sensitivity for viable tumor
lesions was observed for clinical diagnosis of prostate cancer and the 111In capromab pende-
tide was not useful for the identification of cancer lesions in bones. However, despite these
limitations, it is still available in the market, although other indium-based antibody–drug
conjugates were studied, such as 111In-satumomab pendetide (for colorectal and ovarian
carcinomas) [95].

Radioactive copper is a metal used in medicinal chemistry coupled and conjugated to
monoclonal antibodies. In aqueous conditions, copper chemistry is dominated by the Cu2+

cation, which is, as well known, Jahn–Teller distorted. To exclude in vivo demetallation of
Cu-mAb conjugate and the consequent accumulation of the radioactivity in background
tissues such as liver, spleen, and kidneys, aza-macrocyclic-based chelating ligands like
DOTA, NOTA, and TETA are used (Scheme 10A) [82]. Philpott and co-workers developed
a murine mAb that binds to a lipid antigen enriched in human colon carcinoma cells, and
which presents excellent immunospecificity for colorectal adenocarcinoma [127]. After a
pre-incubation between BAT and the antibody (mAb 1A3) at 37 ◦C for 30 min, followed by
gel-filtration chromatography purification, radiolabelling of the conjugated ligand (benzyl-
TETA-mAb 1A3) with 64Cu was performed at room temperature for 30 min at pH 5.5.
Finally, gel-filtration purification led to the final conjugate. The radiometal-mAb conjugate
exhibited greater specificity in the detection of human colorectal tumors than did [18F]-FDG
(known for the detection of false positives) and no adverse effects were observed [82,127].
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In 1995, De Nardo and colleagues reported the preparation of a 67Cu-TETA-Lym-1a.
Lym-1-IgG2a is a murine anti-lymphoma mAb that reacts with a membrane antigen found
on malignant cells of patients with B-cell lymphoma. The conjugation was obtained by
exploiting the selective formation of a bond between the NH2 terminus of the light chain
of Lym-1 and the ligand coordinated to the metal (Scheme 9B) [128]. The process was
carried out in 0.1 M tetramethyl ammonium phosphate (pH 8.8–9.1) for 30 min at 37 ◦C.
Subsequently, the radiolabelling process was performed by incubating a 0.1 M HCl solution
of radiometal 67Cu and ligand for 30 min at room temperature, followed by EDTA chelation
of the non-specifically bound metals and final purification by centrifuged column filtration.
The radioconjugate was then tested against non-Hodgkin’s lymphoma (NHL) in 12 human
patients, leading to promising results. In fact, the radioconjugate efficiently targeted NHL
in all of the patients, considering that 90% of them presented intermediate or high-grade
stage III or IV chemotherapy-resistant lymphoma [129]. In another study, regression of
the tumor (18% to 75%) was observed in patients after several days of infusion with the
radioconjugate [130].

Other examples of 64Cu-DOTA-trastuzumab confirmed the ability of the radiocomplex
to bind HER2 receptors of both HER2-positive and HER2-negative in metastatic breast
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cancer patients [131]. The observation that some HER2-negative patients showed higher up-
take than some HER2-positive patients aligns with the finding that certain HER2-negative
patients benefit from trastuzumab treatment. Moreover, the radioconjugate was also evalu-
ated towards metastatic brain tumors; the results indicated its ability to pass through the
blood–brain barrier [132].

Chen and co-workers synthesized in a similar way 64Cu-Cetuximab and 90Y-
cetuximab [133]. The copper conjugate was tested in PET in human head and neck
squamous-cell cancer (HNSCC, UM-SCC-22B, and SCC1) mouse models. Only UM-SCC-
22B showed higher tumor accumulation of the tracer, although EGFR expression was lower
than that of SCC1. On the other hand, only the SCC1 tumor responded well to cetuximab
therapy. In fact, the UM-SCC-22B tumor proliferation rate increased after the treatment,
compared to the control group. Using 90Y-cetuximab, UM-SCC-22B tumor growth was
inhibited and four of the seven treated tumors disappeared. The authors hypothesized that
the regression of the tumor was due to radiation accumulation and not to antibody deliv-
ery [133]. In addition, other potentially suitable 64Cu and 67Cu radioimmunoconjugates for
PET imaging were reported by Holland and colleagues [134].

90Yttrium is a radiometal that decays through β− emission and has a half-life of
2.67 days [82]. The energy of its emission is useful for the treatment of poorly vascularized
tumors. Frequently, DOTA and CHX-A′′-DTPA ligands (Scheme 10A) are the chelating
agents used for its stabilization, but in view of the slow complexation kinetics at room
temperature of DOTA and the decreased stability in vitro of DTPA derivatives, other ligands
have been developed (e.g., 3p-C-NETA, Scheme 10A) and used with high radiochemical
yields under mild conditions [82].

In this context, Witzig and colleagues reported in 2002 the first phase III study to
evaluate the efficacy and safety of 90Y ibritumomab tiuxetan (Scheme 10B) [135]. In partic-
ular, ibritumomab is a murine IgG1 anti-CD20 antibody. The study pointed out that the
immunotherapy with 90Y increased the percentage of partial or complete response from
56 to 80% with excellent response rates also found in chemoresistant patients affected by
B-cell NHL [136].

The effect of 90Y-SCN-CHXA′′-DTPA-6D2 mAb (ligand in Scheme 10A) (anti-melanin
recombinant antibody) was evaluated by Thompson and colleagues in A2058 melanoma
tumor-bearing mice [82,137]. After a premixing process between the protein solution and
CHX-A′′ DTPA ligand in conjugation buffer at room temperature for 18 h, the radiometal
(MCl3) was incubated for 1h at 37 ◦C. After that, a solution of EDTA was used to remove
any free radiometal. The same procedure was used also for 166Ho. This holmium conjugate
showed better results than 90Y, reducing tumor growth in A2058 melanoma tumor-bearing
mice, with a measurable therapeutic effect that was comparable to rhenium conjugates
already known in the literature [138].

Other examples of Yttrium mAb conjugates were reported by Lindén and co-workers
using 90Y-DOTA-epratuzumab [139]. The study highlighted that this yttrium mAb conju-
gate can be used and administered in a multiple-week infusion with good results against
non-Hodgkin’s lymphoma. The authors noticed a correlation between the therapeutical
response and the CD22 (a sugar-binding transmembrane protein) expression.

Technetium is known for its wide range of oxidation states, from negatives (−1) to
highly positive (+7) and it was widely used to develop SPECT radiotracers [82]. During
the 1990s, different 99mTc-mAbs received approval, but after few years they were with-
drawn. This was also the case for 99mTc-nofetumomab merpentan, which was used for
imaging in lung, gastrointestinal, breast, ovary, and pancreas cancers. Other examples
include 99mTc-arcitumomab for targeting the carcinoembryonic antigen on colorectal can-
cers, 99mTc-sulesomab for imaging infections and inflammations in patients with suspected
osteomyelitis, and 99mTc-votumumab for the detection of CD15 expression in colorectal
tumors [82].

Radioactive lutetium immunocomplexes have been reported in the literature as 177Lu-
3p-C-NETA-NCS-trastuzumab conjugates [140]. The conjugation was obtained by adding
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an excess of ligand (3p-C-NETA-NCS, Scheme 10A) to a solution containing trastuzumab
and gently stirring the resulting mixture for 16 h at room temperature [141]. Afterwards,
the antibody–ligand solution was mixed with a solution of LuCl3 in HCl 0.05 M and
incubated at room temperature or 37 ◦C. The radiolabelling was extremely rapid, taking the
complexation only one minute. The bioconjugate was stable in human serum for 2 weeks,
and the study on ZR-75-1 bearing nude mice proved that the highest tumor uptake was
obtained after 72 h post-injection, with low radioactivity in liver and kidneys. A similar
ligand, 3p-C-NETA-ePSMA-16, which contains a PSMA targeting vector (Scheme 10C),
was also evaluated (PSMA is a highly restricted prostate epithelial cell integral membrane
glycoprotein expressed in most of prostate carcinomas [142]). Heating the ligand at 90 ◦C
for 5 min with a solution of 177LuCl3, it was possible to obtain high radiochemical yields,
and the resulting conjugate had proved stable in PBS and mouse serum up to 24 h post-
incubation [142].

212Pb can be produced from 232U and is a β emitter with a half-time of 10.6 h.
Martin Brechbiel and colleagues reported in the early 2000s the synthesis of a Pb-

4-NCS-Bz-TCMC/4-NCS-Bz-DOTA-mAb conjugate [143]. The antibody was premixed
with the ligand. After the dialysis of the mAb, an aqueous solution of 4-NCS-Bz-TCMC
or 4-NCS-Bz-DOTA (Scheme 10A) was added to the antibody solution, and the mixture
was kept at room temperature for 18 h. Subsequently, a solution of ligand in ammonium
acetate buffer was added to a solution of 203Pb in 0.1 HCl and incubated for 30 min at 37 ◦C.
The purified conjugates were incubated with 2 mL human serum for 168 h at 4 ◦C. This
product was stable for 138 h at 4 ◦C and 24 h at 37 ◦C [143]. A 212Pb-TCMC-Trastuzumab
conjugate was evaluated in ovarian cancer patients after they had failed multiple prior
therapies (carboplatin in combination with taxane/gemcitabine) [144]. The radioconjugate
was administered in a single intraperitoneal injection of 7.4 MBq/m2. The maximum blood
concentration (6 nCi/mL) occurred after 18 h and there was no evidence of localization of
the radioconjugate in normal organs, despite prolonged retention within the peritoneal
cavity. 212Pb-TCMC-Trastuzumab did not cause late toxicity, after 1 year post-treatment,
up to 27.4 MBq/m2 [145].

213Bismuth is a radioelement that decays by α emission followed by two β− or β−-
α-β− emission to 209Bi. Its lifetime is very short (45.6 min) and in spite of that, in the
literature there are some examples of Bi mAb conjugates. For example, Scheinberg and
colleagues reported the synthesis of 213Bi-SCN-CHXA′′-DTPA-J519 mAb conjugate (ligand
in Scheme 10A) [146]. J519 antibody targets the external domain of PSMA. After an elution
of Bi (HNO3 1.0 M solution) in an anion exchange resin with 0.1 HCl/NaI, the antibody–
ligand solution (7–10 mg/mL) was added, and the reaction proceeded at 22 ◦C at pH
5 for 10–20 min, after which it was quenched by adding a solution of EDTA [146,147].
The conjugate was tested against LNCaP spheroids (LNCaP cells are androgen-sensitive
human prostate adenocarcinoma), demonstrating a 1-week delay in growth with respect to
untreated spheroids. The in vivo model was also investigated with LNCap-xenografted
mice (tumor xenografted in mice of 8 weeks of age), resulting in an increase in the survival
rate (54 days on 213Bi-SCN-CHXA′′-DTPA-J519) compared to the untreated group (31 days).
Another study conducted by Sgouros and colleagues [148] concerned the treatment of
patients with relapsed acute myeloid leukemia with 213Bi-HuM195 by intravenous injection
for 5 min. HuM195 is a humanized version of mouse antibody M195, a monoclonal
antibody that reacts with CD33 antigen on myeloid and monocytic leukemia cells. The
authors found that the concentration of ADC in red marrow, liver, and spleen increased
rapidly. In fact, leukemia is characterized by an irregular proliferation of hematopoietic
cells in bone marrow. Therefore, proliferation of leukemia cells to extramedullary sites such
as liver and spleen is common because of the high vascularization of those organs.

Tsuji’s group evaluated the labelling of OTSA101 antibody to different actinium
chelated complexes [149], showing that between DOTA, DOTAGA, and DO3A (Scheme 10A)
derivatives, the maximum labelling efficiency was obtained with DOTAGA. To obtain the
conjugation between the ligand and the antibody, a solution of OTSAS101 was reacted
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with a solution of DOTA, DOTAGA, or DO3A in a borate buffer for 16 h at 37 ◦C. The
target conjugates were obtained using 225AcNO3 dissolved in HCl, in the presence of
tetramethylammonium acetate and ascorbic acid. The chelate-conjugated OTSAS101s were
added to the actinium solution and the mixture was incubated at 37 ◦C. The stability of
the labelled complexes was evaluated in murine serum at 37 ◦C, with more than 96% of
225Ac that remained bound to the adduct for 7 days at 37 ◦C. The maximum tumor uptake
was obtained with 225Ac-DOTA-OTSA101 (30.7 ± 16.5%), with absorbed doses in lungs,
kidneys and intestine significantly higher than those of the other conjugates. In addition,
255Ac-DOTAGA-OTSA101 showed the highest tumor-to-bone marrow ratio, indicating
that the most promising chelating agent is DOTAGA. This ligand allows 255Ac-labelled
OTSA101 with high binding affinity and radiochemical yields to be produced, the use of
which results in doses being highly absorbed to the tumor and limited amounts of doses
being absorbed to bone marrow. The evaluation of the antitumor effects in tumor-bearing
mice showed that all three mAb conjugates exhibit strong tumor shrinkage, with a mixture
of necrotic and tumor cells identified four days after treatment with a lower number of
proliferating tumor cells than the untreated tumor.

Flavell’s group reported the synthesis of a 225Ac mAb conjugate for prostate cancer
treatment [150]. The antibody, YS5, targets CD46, an antigen that is homogeneously expressed
in prostate cancer [150]. The buffer of antibody YS5 was exchanged from HEPES to NaHCO3
and then was diluted in a carbonate/bicarbonate buffer, and 20 equiv. of p-SCN-Bn-DOTA in
DMSO was added to the solution containing 5 mg of YS5 antibody, and incubated at 37 ◦C
for 1 h. The reaction mixture was purified with a PD10 gel-filtration column. Radiolabelling
was performed by mixing [225Ac(NO3)3] with HCl solution, NH4OAc, L-Ascorbic acid, and
YS5-DOTA at 40 ◦C for 2 h, followed by purification processes. The number of DOTA chelators
on YS5 was determined with the MALDI-TOF technique, which revealed 8.7 ± 0.2 equiv. of
DOTA conjugated to each YS5, with a final yield of 39.4 ± 4.4%. After 14 days, 55% of the
radiolabelled conjugate was intact in human serum. The conjugate was evaluated on two
different prostate cancer cell lines (22Rv1 and DU145), revealing that, for 22Rv1, most of the
225AcDOTA-YS5 was internalized in the first 30 min of incubation, whereas in the case of
DU145 cells, the internalization of the conjugate is slower (from hours to one day). Mice
bearing a 22Rv1 tumor were treated with 0.5 µCi of the conjugate via the tail-vein. Tumor
uptake increased from 24 h (11.64% ± 1.37%) to 96 h (28.58% ± 10.88%) and 408 h (37.78%
± 5.89%). The uptake was higher in the tumor than in nontargeted organs for all timepoints
except 24 h, when kidneys were particularly affected. The γ-H2AX test revealed that after 7
and 14 days, the number of DNA double-strand breaks increased with the dose. Moreover,
xenografted mice were treated with 0.25 or 0.5 µCi (microcuries) of 225AcDOTA-YS5, showing
significant inhibition of tumor growth in an activity-dependent manner, while mice in the
control group showed rapid tumor growth.

Jurcic and coworkers developed 225Ac-DOTA-SCN-Lintuzumab and tested this ADC
against acute myeloid leukemia [151]. This derivative was prepared by the labelling of
225Ac to DOTA-SCN in an acetate buffer at 55–60 ◦C for 30 min. Then, after mixing it
with lintuzumab in a carbonate buffer for 30 min at 37 ◦C, the final product was obtained
with 10% yield after the purification process. Although remission was not observed, bone
marrow blasts were reduced in 67% of the tested patients [151].

In 2020, Geyger, Fonge, and colleagues developed an actinium-SpyTag-SpyCatcher-
Macropa-Nimotuzumab (Scheme 11A) [152]. The SpyTag/SpyCatcher system is used
for irreversible conjugation of recombinant proteins. The SpyTag peptide reacts with the
SpyCatcher protein (12.3 kDa) to form an intermolecular isopeptide bond [153]. The metal
labelling was performed by reacting actinium nitrate in 0.05 M HCl and nimotuzumab-
SpyTag-∆N-SpyCatcher-macropa in ammonium acetate 150 mM at 37 ◦C for 50 min. The
in vivo efficacy was evaluated in MDA-MB-468 xenograft with two doses of 450 nCi
(nanocuries) administered via tail-vein at day 0 and day 14. Notably, the mice did not
show weight loss, and in the treated group, 6/8 mice showed positive responses. All mice
were euthanized when the tumor exceeded 2000 mm3, and the control group reached that
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volume value after 29 days. In the treated group, mice were euthanized after 56 (2 mice), 64
(2 mice), and 75 (1 mice) days, and one mouse survived past 120 days.
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Dawicki and colleagues reported the study of 225Ac-daratumumab conjugate against
multiple-myeloma tumors (Scheme 11B) [154]. The conjugation of DOTA to the antibody
did not compromise the CD38 binding on Daudi cells, and the radiolabelling with 225Ac
permitted the inhibition of the proliferation of these cells in vitro. The conjugate was also
tested in Daudi and KSM28BM-xenografted mice exhibiting antitumor effects, reducing
tumor growth. Furthermore, the drug was considered safe for mice, without affecting
distinctly their weight or blood parameters.

5. ADCs Bearing Natural or Nature-Inspired Organic Payloads

Many natural or nature-inspired organic molecules are known to exhibit interesting
anticancer properties. However, most of them display poor selectivity towards cancer
cells as well as stability or solubility issues. One of the main strategies used to overcome
these problems is the development of ADCs bearing these organic molecules, in order to
deliver the cytotoxic payload directly to the tumor site [67,155–160]. In this section, the
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most important examples reported in the last five years concerning the use of natural or
nature-inspired molecules as payloads in ADCs with anticancer properties are discussed.

In this broad context, one interesting biologically active molecule is dolastatin 10,
which was isolated for the first time in 1980s from Dolabella auricularia (a mollusk) [161].
This organic compound shows a good antiproliferative activity towards different types
of cancer [162]. Its anticancer properties were attributed to its interaction with tubulin,
a key protein involved in the formation of microtubules, and which is essential for cell
division [67].

With the aim of enabling the conjugation of dolastatin 10 with antibodies, two dif-
ferent dolastatin 10 derivatives, namely, MMAF and MMAE, were recently synthesized
(Scheme 12A). More in detail, MMAE is a sequence of four aminoacids (monomethylvaline
(MeVal), valine (Val), dolaisoluine (Dil), and dolaproine (Dap)) ending with a carboxy-
terminal amine norephedrine moiety. Conversely, MMAF presents a phenylalanine instead
of norephedrine [163,164].
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The conjugation between dolastatin 10 derivatives with a chimeric monoclonal
antibody (cAC10) was particularly efficient with MMAE, as demonstrated by the Sen-
ter and Zhu groups [165,166]. It should be remembered that cAC10 is a monoclonal
antibody specifically directed against cluster of differentiation 30 (CD30), a cell mem-
brane protein frequently overexpressed in Hodgkin lymphoma and systemic anaplas-
tic large-cell lymphoma (sALCL) [67]. The conjugation process between MMAE and
cAC10 was performed using the maleimide method. Specifically, protease-cleavable
dipeptide linkers were added to the N-terminal position of MMAE through a self im-
molative p-aminobenzylcarbamate spacer. The final ADC, known as brentuximab (Ad-
cetris), was obtained in high yields (>80%) and contained eight attached drugs per mAb
(Scheme 12B) [67,166]. In Scheme 12B is also reported a possible degradation pattern
leading to free MMAE in the biological environment.

Brentuximab was administered as a single 1.8 mg/kg intravenous infusion over 30 min
on day 1 of a three-week cycle, up to a maximum of 16 cycles [165]. The tumor objective
response rate (ORR) for the modified intention-to-treat population (mITT) was 69%. Overall,
responses were reported for 27 patients, which included 11 patients with complete response
(CR) and 16 patients with partial response (PR). Sixteen patients attained a response within
2 months after the first dose, seven patients had responses throughout the treatment, and
five patients received a subsequent autologous stem cell transplant (ASCT).

Most of the patients showed reductions in the sizes of their target lesions. Regarding
the safety of the treatment, 100% of patients reported one or more treatment-emergent
adverse events (TEAE) of any grade and 97% of patients reported one or more drug-
related TEAE of any grade; the most common were hematologic toxicity, serum chemistry
abnormalities, and neuropathy.

Polatuzumab vedotin-piiq (Polivy) is an ADC that specifically targets CD79b antigen,
which is mainly present in B-cell malignancies. In this ADC, the mAb is conjugated to
MMAE in a way similar to that of brentuximab vedotin [67,167]. Polivy received approval
in 2019 by FDA for its utilization in combination with rituximab and bendamustine [168].

In the same year, a study regarding polatuzumab Vedotin was conducted in patients
with transplantation-ineligible relapsed/refractory (R/R) diffuse large B-cell lymphoma
(DLBCL) [169]. All patients received bendamustine (90 mg/m2) intravenously on days 2
and 3 of cycle 1, and then days 1 and 2 of subsequent cycles, and rituxumab (375 mg/m2

on day 1 of each cycle) or obinutuzumab (1 g on days 1, 8, and 15 of cycle 1, and day 1 of
subsequent cycles). The group also treated with polatuzumab vedotin received 1.8 mg/kg
of this ADC on day 2 of cycle 1 and on day 1 of subsequent cycles. Patients were treated
for up to six 21-day cycles [169]. Treatment with polatuzumab vedotin combined with
bendamustine-rituximab resulted in higher complete response rates and reduced the risk
of death by 58% compared with bendamustine-rituximab [169].

Another MMAE conjugate is enfortumab vedotin (Padcev), which was approved by
FDA in 2019, and in which MMAE is conjugated to an mAb that specifically targets Nectin-
4, releasing MMAE within the cells [67,170]. A phase III study was conducted in patients
with advanced urothelial carcinoma, dividing the 608 patients into two groups: 301 patients
received enfortumab vedotin and 307 classical chemotherapy. The incidence of treatment-
related adverse events was similar in the two groups (93.9% and 91.8%, respectively). This
ADC prolonged survival, as compared to standard chemotherapy, in patients who had
previously received platinum-based treatments and PD-1/PD-L1 inhibitors (checkpoint
inhibitors that block the activity of PD-1/PD-L1 immune checkpoint proteins) [171].

Tisotumab vedotin-tftv (Tivdak) has recently emerged as a promising ADC for the
treatment of solid tumors such as metastatic cervical cancer [67]. This compound was
approved by FDA in 2021 for adult patients and includes an MMAE moiety conjugated
to tisotumab, an mAb that targets the tissue factor (TF). In 2020, a phase I/II study on
cervical cancer patients (55 people) was reported [172]. Specifically, 51% of the patients
had received more than two prior lines of treatment and 67% had prior bevacizumab and
chemotherapy treatment. The most common treatment-emergent events were anemia,
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fatigue, and vomiting. The median duration of response was 4.2 months, and four patients
responded longer than 8 months. The authors reported that the safety profile was consistent
with other MMAE-based ADCs except for epistaxis and conjunctivitis (in fact, TF is highly
expressed in the nasal epithelium).

In another study, 102 patients were enrolled and 101 of them received at least one dose
of tisotumab vedotin, some obtaining a complete (7%) and partial responses (17%). The
related adverse events comprised neutropenia (3%), fatigue (2%), ulcerative keratitis (2%),
and peripheral neuropathies (2%). A serious treatment-related adverse event occurred in
13% of patients withsensorimotor neuropathy and pyrexia. In total, one death due to septic
shock was considered to have been related to the therapy and three deaths were considered
not to have been related to the treatment [173].

Belantamab mafodotin-blmf (Blenrep) is an ADC developed for multiple myeloma
and approved by FDA in 2020. It consists of a monoclonal antibody that targets B-cell
maturation antigen (BCMA), conjugated to MMAF [67]. A study on the efficacy of this
ADC was reported in 2022, comprising patients with more than one line of treatment, and
lenalidomide (LEN) and proteasome inhibitor (PI) exposure, as well as refractoriness to the
last line of treatment. The study considered the combination of the ADC and pomalidomide
(POM) and dexamethasone (DEX). POM was administered at 4 mg/day for 21/28 days,
DEX 40 mg weekly in combination with belantamab mafodotin administered as a single
dose of 1.92 mg/kg, 2.5 mg/kg, or 3.4 mg/kg on days 1 and 8. The most frequently
reported adverse events were keratopathy, decreased best-corrected visual acuity, fatigue,
thrombocytopenia, blurred vision, neutropenia, myeloma progression, lung infection, and
myelodysplastic syndrome. Despite this, belantamab mafodotin has been considered a
possible drug for multiple-myeloma treatment [174].

Another dolastatin 10-derived ADC is disitamab vedotin, which was developed for
the treatment of breast cancer and urothelial carcinoma. The mAb used targets HER2
receptor (epidermal growth factor receptor 2) and is conjugated to MMAE [175]. Different
preclinical and clinical studies were reported on this ADC. In two recent phase II clinical
trials on 107 patients with HER2-positive locally advanced or metastatic urothelial cancer
demonstrated a promising efficacy with a manageable safety profile [176–179].

A second class of interesting ADCs bearing nature-inspired payloads is that of hal-
icondrin B and eribulin derivatives. Halicondrin B, which was isolated for the first time
from the marine sponge Halichondria okadai [180], is a natural product with anticancer
properties, whereas eribulin mesylate (Halaven) is a synthetic analogue used as anticancer
agent (Scheme 13A) [181]. The mechanism of action of halicondrin B and eribulin in-
volves microtubule dynamics, that is crucial for cell division, affecting both the growth and
shortening phases of microtubules [67].

In this context, Albone and colleagues reported in 2018 the preparation of eribulin
ADCs through two different methods [182]. In the first approach, maleimido-linker-eribulin
was conjugated to partially reduced antibody using a 1:6 (mAb:eribulin) molar ratio, 50%
propylene glycol in DPBS for 4 h at room temperature (Scheme 13B).

In the second approach, which is based on the alkyne–azide click chemistry, N-
hydroxysuccinimide-dibenzylcyclooctyne (DBCO) was added to 50% propylene glycol
and mixed thoroughly. Afterwards, an equal volume of Ab was added at a molar ratio of
1:4 (Ab:DBCO) and left for 1 h at room temperature [182]. Finally, azido-linker-eribulin
(Scheme 13C) was added, and the click-conjugation was performed overnight.

From a biological point of view, a similar ADC, namely MORAb-202, was tested on
patients (older than twenty years old) with FRα-positive (Folate Receptor α)-expressing
solid tumors, who had failed to respond to standard therapy (Scheme 13D). The ADC
was administered intravenously at doses of 0.3 to 1.2 mg/kg once every three weeks.
Leukopenia and neutropenia were observed in 45% of patients. The MTD (highest dose of
a drug or treatment that does not cause unacceptable side effects) was not reached, which
therefore suggests promising anticancer properties for MORAb-202 [183].
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Tubulysin is another natural molecule that has anticancer properties due to its abilities
of inhibiting microtubule formation and disrupting microtubule dynamics. This compound
was isolated for the first time from myxobacteria Archangium gephyra and Angiococcus
disciformis [184]. Some tubulysin derivatives have been incorporated in ADCs, targeting
them to the tumor site and limiting their systemic toxicity. Different examples have been
reported [185–187], and the most recent one comes from the Nicolaou group. In particular,
the authors described the synthesis and biological evaluation of tubulysin-derived ADCs
which were obtained in a site-specific manner, taking advantage of free cysteine residues
of trastuzumab (Herceptin, Scheme 14A) [188]. The reduced mAb (thiol concentration
between 1.8 and 2.2 mol per mol of antibody) in tris buffer was conjugated by adding 15%
dimethylacetamide and 5 molar excess of linker drug, and then keeping at room tempera-
ture for 2 h. Three ADCs demonstrated target-specific in vitro cytotoxicity on SKBR3 and
SKOV3 HER2-positive cell lines, and all exhibited excellent stability in cynomolgus primate
plasma at 37 ◦C for over 7 days. In vivo evaluation of these ADCs was performed in an
NCI-N87 mouse tumor model with a 3 mg/kg dose. Only herceptin-LD3 ADC showed a
significant reduction of tumor volume [188].

Similar ADCs were obtained with cryptophycin, a natural molecule isolated for the
first time from cyanobacteria (genus Nostoc) (Scheme 14B) [189]. It belongs to the class of
depsipeptides (peptides in which one or more amide groups are replaced by the correspond-
ing ester) and their primary mechanism of action involves the inhibition of microtubule
assembly, which is essential for cell division [190]. In 2020, Yang and colleagues reported
the synthesis of cryptophycin-55 ADCs in two steps [191]. The first step involved the
reduction of interchain disulfide bonds of the antibody (trastuzumab) with TCEP. In the
second step, maleimide conjugation chemistry was used for the conjugation between the
maleimide-linker-CR55 and the modified antibody (Scheme 14C). The three obtained conju-
gates showed potent antiproliferative activity against HER2-positive SKOV3 and NCI-N87
cells, with IC50 values in the low nanomolar range. For HER2-negative or weakly-positive
MDA-MB-231 cells the activity was significantly reduced. Their activity was also evaluated
in SKOV-3 and NCI-N87 tumor-bearing nude mice; the results indicated that a treatment at
10 mg/kg and 5 mg/kg significantly delayed tumor growth, with compound T-L3-CR55
exhibiting the best activity. During the treatment, no significant changes in the mice’s body
weight were observed.

Enediynes are a class of bicyclic natural compounds that can be isolated from various
strains of actinobacteria (e.g., Micromonospora and Streptomyces) [192]. Their structure is com-
posed of two acetylenic groups conjugated to a double bond, forming a 9- or 10-membered
ring (Scheme 15A). Enediynes, especially Calicheamicin derivatives, can undergo Berman
cyclization [193], generating diradical species that can abstract hydrogens from DNA’s
deoxyribose sugar, leading to DNA strand break and cell death [67]. In the last decade,
systematic meta analyses and in-depth studies on the topic have been reported [194–198].

In 2017, the ADC inotuzumab ozogamicin (Besponsa) was developed by Pfizer for
the treatment of B-cell precursor acute lymphoblastic leukemia [199]. In this ADC, the
monoclonal antibody is conjugated to a Calicheamicin hydrazide moiety. Specifically,
Calicheamicin hydrazide derivatives were prepared by the reaction of calicheamicin γ1 and
3-mercaptopropionyl hydrazide in acetonitrile at 4 ◦C for 24 h (Scheme 15B). Subsequently,
the mAb, at a concentration of 5 mg/mL in 50 mM sodium acetate buffer, was oxidized
with sodium periodate. The oxidized antibody was finally reacted with a 30-fold molar
excess of calicheamicin γ1 hydrazide in DMF [200]. In 2021, inotuzumab ozogamicin was
subjected to the INO-VATE Trial, which was conducted in adults with relapsed/refractory
B-cell precursor CD22-positive acute lymphoblastic leukemia [201]. The response rate was
significantly higher with inotuzumab ozogamicin versus standard-of-care chemotherapy
(SoC chemotherapy), with duration of remission (DoR), progression-free survival, and
overall survival (OS) findings that were better for inotuzumab ozogamicin, compared to
SoC chemotherapy, in patients with CD22 positivity ≥ 90%.
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temperature [202]. The ADCs were tested in two patient-derived small-cell lung cancer 
xenograft models that had high levels of expression of both targets T1 and T2 (CD46). 
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Within the broad class of enediynes, uncialamycin is an antibiotic which was isolated
for the first time from the marine bacterium Streptomyces uncialis [67]. Uncialamycin-
based ADCs were reported by Nicolaou and colleagues in 2021 [202]. The conjugation
between the mAb and the linker-uncialamycin was performed by incubating a solution of
reduced mAb (anti-T1Ab and anti-CD46Ab) in Tris buffer and in the presence of EDTA,
with a 5 molar excess of linker-drug per mol of mAb (Scheme 16A). The mixture was
vortexed and let sit for 90 min at room temperature. Then, 1.2 mol of N-acetylcysteine
per mol of linker-drug was added, and the solution was vortexed and let sit for 20 min
at room temperature [202]. The ADCs were tested in two patient-derived small-cell lung
cancer xenograft models that had high levels of expression of both targets T1 and T2 (CD46).
Notably, ADCs with non-cleavable linker-drugs (LD2 and LD3) were found to be inactive.
Conversely, in the case of cleavable linkers (LD1 and LD6), antitumor activity was observed
in a dose-dependent manner. In particular, T1LD1 and T2LD2 exhibited similar antitumor
effects in LU95 and LU149, leading to complete tumor regression, which was sustained for
more than 40 days.

In 2020, Poudel and colleagues synthesized, with the maleimide–cysteine method, two
similar derivatives bearing two tumor targeting antibodies: anti-CD70 and anti-mesothelin
(Scheme 16B) [203]. H226 human lung carcinoma xenograft mice were treated with the two
ADCs with a single dose at 0.1 µM uncialamicyn payload/kg dosed intraperitoneally. The
study showed complete tumor growth inhibition for 6 weeks after the single dose. Other
studies were conducted in vitro with similar derivatives [204].

Pyrrolobenzodiazepines (PBDs) were discovered in cell cultures of Streptomyces in the
1960s [205]; the first isolated and characterized derivative was anthramycin
(Scheme 17A) [206]. Since then, a number of naturally occurring PBDs have been iso-
lated (e.g., sibiromycin and tomaymycin) [207,208] and investigated for their anticancer
properties [67,209]. They act as alkylating agents, binding to the minor groove of DNA,
as well as generating interstrand DNA crosslinks, interfering with DNA replication and
transcription, leading to an apoptotic cell death [210–215].
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In this context, Zammarchi and co-workers reported in 2022 the synthesis and applica-
tion of an ADC containing a PDB payload (Scheme 17B) [216]. After an enzymatic trimming
of the N-linked glycans in the Fc pocket of the antibody, the terminal GlcNAc was extended
with 6-N3-GalNAc using GalNAc-transferase, allowing metal-free click conjugation of the
payload [216]. The ADC was rapidly internalized by AXL-expressing tumor cells, releasing
a PDB dimer that proved its DNA crosslinking properties. Moreover, in vivo tests on a vari-
ety of cancer xenograft models showed a markedly high antitumor activity. This promising
anticancer activity was observed also in a monomethyl auristatin E-resistant lung-cancer
model and synergized with PARP inhibitor olaparib in a BRCA1-mutated ovarian cancer
model. The ADC showed also a good stability in vivo and was well tolerated [216].

In the same year, Gregson and colleagues reported the synthesis and biological evaluation
of a PDB dimer-based ADC using the maleimide conjugation method (Scheme 17C) [217]. The
obtained trastuzumab-containing ADC was evaluated in HER2-overexpressing NCI-N87
human gastric tumor xenografts, and, at a single dose of 3 mg/kg, a slightly delayed
tumor growth was observed. On a JIMT-1 cell model (lower expression of HER2), the
highest DAR of trastuzumab ADC resulted in delay of tumor growth at a single dose
(10 mg/kg). Importantly, no mortality at doses of 25 to 30 mg/kg was observed in control
ADC administration [217].

Camptothecin is a topoisomerases inhibitor discovered in 1966; it is isolated from bark
and stem of Camptotheca acuminata (Scheme 17D) [218,219]. Some derivatives have been
extremely well-studied as anticancer agents due to their ability of inhibiting topoisomerase
I (TOPO-I), an enzyme important for DNA replication and transcription [67].

In this context, Jeffrey and colleagues described in 2020 a series of camptothecin-based
ADCs using the maleimide thiol coupling (Scheme 17D) [67,220]. In particular, a PBS
solution of fully reduced mAb (chimeric anti-CD30 antibody cAC10) was diluted 2-fold
with propylene glycol and then a DMSO drug-linker solution was added over a 5 min
period, resulting in drug-linker conjugation onto reduced interchain cysteine residues. The
synthesized ADCs were first tested in vitro against CD30-positive cell lines. Specifically, the
target cAC10 ADCs exhibited activity in the low ng/mL range on high CD30-expressing
cell lines (L540cv, Karpas299, DEL and DEL BVR, and CPT-Lb and CPT-Lc). In particular,
the ADC bearing the val-lys drug-linker CPT-LA showed activity only on DEL and DEL
BVR cell lines and was inactive on L540cy and Karpas299. All three ADCs were inactive on
L428 and DEL BVR. These ADCs were also tested in vivo on an L540cy-xenografted model;
the results indicated that cAC10 CPT-Lb and cAC10 CPT-Lc cured the animals with a single
1 mg/kg dose. Unfortunately, a modest activity was performed by cAC10-GT ADC in both
the single doses of 10 mg/kg and 30 mg/kg. Moreover, only cAC10-CPT-Lc was tested
on the CD30 low L428 xenograft model, and both 1 mg/kg and 3 mg/kg doses resulted in
tumor regression.

A particular test using both antigen-negative and antigen-positive tumor cell
xenografted mice (Karpas 299 and Karpas BVR cells implanted subcutaneously into SCID
mice) was performed with a single dose of 3 mg/kg and 10 mg/kg of cAC10-CPT-Lc and
cAC10-DT ADCs. This test proved that CPT-Lc ADC was more than 3-fold more active
than cAC10-DT ADC.

A year earlier, Widdison and colleagues reported the synthesis and in vivo/in vitro
evaluation of camptothecin-derived ADCs, taking advantage of the maleimide approach.
The authors used humanized anti-huEGFR and anti-huFRα antibodies which bind human
epidermal growth factor receptor 1 or human folate receptor-alpha (Scheme 18A,B) [221].

As expected, the synthesized ADCs were highly potent against antigen-positive cells
and less potent towards nontargeted antigen-negative cells or antigen-positive cells in the
presence of unconjugated antibodies that block the binding of the conjugate. Two ADCs
(mAbE-21a and mAbE-21d) were evaluated in nude mice bearing human head and neck
squamous cell carcinoma EGFR- + HSC-2 xenograft, as well as in nude mice bearing non-
small-cell lung cancer (NSCLC) squamous cell H1703 xenograft (lower antigen expression).
The ADCs showed similar dose-dependent antitumor activity in both models. The mAbE-
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21b was tested only in the H1703 model, showing a better activity than the other ADCs.
Notably, all of the conjugates were tolerated in mice models.
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Another ADC that contains a camptothecin-derived payload is trastuzumab deruxte-
can (Scheme 18C) [222]. This drug has been extensively investigated in the recent years
and has received approval by the FDA [223–225]. In 2022, a phase 3 trial involving patients
with HER2-low metastatic breast cancer and who had received one or two previous cycles
of chemotherapy was reported. In the HER2-+ cohort the median progression-free survival
was 10.1 months, compared to the 5.4 months associated with classical chemotherapy
treatments (i.e., eribulin, capecitabine, nab-paclitaxel, gemcitabine, and paclitaxel). Among
all patients, the median progression-free survival was similar. The grade 3 events occurred
in 52.6% of patients with trastuzumab deruxtecan and 67.4% of patients receiving classical
chemotherapy.

Mushrooms frequently contain lethal toxins such as amatoxins, which, in this case,
were extracted from Amanita phalloides [67,226]. Inhibition of RNA polymerase II, the key
enzyme in the synthesis of mRNA in eukaryotic cells, is the principal mode of action of
this type of toxins. The effect is particularly significant in rapidly proliferating cells such as
those of the gastrointestinal tract and liver. The structure of two amatoxins, α-amanitin
and β-amanitin, is reported in Scheme 19A [227].
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In this context, Perrin and colleagues reported in 2021 the synthesis and conjugation
of α-amanitin derivatives to anti-HER2 antibody T-D265C Thiomab (Scheme 19B) [228].
The Thiomab antibody was reduced with TCEP and, after dialysis, interchain disulfides
were re-oxidized with dehydroascorbic acid. Afterwards, the two amanitin-linkers were
site-specifically conjugated.

The ADCs were evaluated in vitro against three HER2-positive cell lines (SK-BR-3,
SKOV-3, and JIMT-1) and HER2 negative ones (e.g., MDA-MB-231). Only in the case of



Int. J. Mol. Sci. 2024, 25, 8651 34 of 45

SK-BR-3 cells, in which HER-2 is highly overexpressed, was the cytotoxicity significantly
higher, demonstrating the therapeutic potential of amanitin derivatives for certain types
of tumors.

On the other hand, Raab and co-workers developed an amanitin ADC for the treatment
of proliferating and resting multiple-myeloma cells [229]. The amanitin derivative was
conjugated to an anti-B-cell maturation antigen (BCMA) mAb (Scheme 19C) and was
cytotoxic against both proliferating and resting myeloma cells in vitro, but not against
BCMA-negative cells. Tumor regression at low doses was observed in subcutaneous and
disseminated NCI-H929 murine xenograft models and was well tolerated in cynomolgus
monkeys [230,231].

The last class of molecules examined is that of carmaphycins, which are naturally
occurring products isolated for the first time from cyanobacterium Symploca sp. and can act
as proteasome inhibitors targeting the 20S proteasome in cancer cells (Scheme 20A). This
pathway is responsible for degrading unwanted or damaged proteins within the cells. By
its inhibition, carmaphycins disrupt cellular protein homeostasis, leading to apoptosis [67].
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Scheme 20. (A): Carmaphycin structures. (B): Carmaphycin-derived linkers, as reported by Gerwick.

In 2019, Gerwick and colleagues reported the synthesis and conjugation of a library
of carmaphycin B analogues with amine handles useful for conjugation on mAbs [232].
Based on the results on the NCI-H640 cell line and the ChT-L site of the proteasome, only
two analogues were chosen for modification with a suitable linker (Scheme 20B). The
conjugation was performed through alkyne–azide cycloaddition (SPAAC), with the alkyne
part of the linker and an azide-containing antibody (trastuzumab). The obtained ADCs
were tested on SKBR3 (HER2+) and MDA-MB-468 and MDA-MB-231 (HER2-) cell lines.
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Unfortunately, the ADCs did not show superior cell-killing against cancer cells, compared
to the free antibody.

6. Conclusions

In this review, we have described the most important and recent examples of antibody–
drug conjugates (ADCs) containing metal-based and nature-inspired payloads. Particular
emphasis has been placed on the different synthetic strategies that can be employed to
conjugate the antibody with the selected payload, highlighting the advantages and dis-
advantages of each method. Conventional methods, such as maleimide and succinimide
conjugation methods, as well as classical condensation reactions, are the ones most com-
monly used for both metallodrugs and bioactive natural compounds payloads. However,
alternative strategies, such as photoconjugation reactions, are rapidly evolving. These
non-conventional methods allow for milder conditions and render the formation of target
ADCs more selective, thereby limiting the side reactions and/or mixtures of ADCs, which
are difficult to separate and identify.

In addition to the different synthetic pathways, we have summarized the therapeu-
tic/diagnostic properties of ADCs bearing metal-based and nature-inspired payloads, as
reported by the various authors. Most of the reviewed contributions highlighted that
ADCs exhibit a more selective therapeutic activity towards cancer cells/tissues compared
to non-conjugated payloads, as well as reduced side effects in animal models.

In summary, antibody–drug conjugates (ADCs) represent a rapidly evolving frontier
in oncology and targeted therapy, with a future that promises significant advancements
in cancer treatment. The innovative design of ADCs, which combines the specificity of
monoclonal antibodies with the potent cytotoxicity of chemotherapy drugs, offers a tar-
geted approach which can be used to destroy cancer cells while sparing healthy tissue.
This precise mechanism of action has already shown impressive clinical efficacy in treating
various malignancies, and ongoing research and development efforts suggest an even
more transformative impact in the coming years. The future of ADCs looks particularly
promising due to several key factors: (i) Advances in linker technology, which connects the
antibody to the drug, are expected to enhance the stability and controlled release of the cy-
totoxic agent. Improved linkers will increase the therapeutic window and reduce off-target
effects, making ADCs safer and more effective. (ii) Future ADCs will likely incorporate
novel cytotoxic agents that are more potent and selective, enabling the treatment of tumors
that are currently resistant to existing therapies. These new payloads could also reduce
the required dosage, minimizing side effects. (iii) The identification of new cancer-specific
antigens through genomic and proteomic technologies will allow for the development of
ADCs targeting a broader range of cancers. This precision-medicine approach will enable
tailored treatments for individual patients based on the unique molecular profile of their
tumors. (iv) ADCs are expected to play a crucial role in combination therapies, working
synergistically with other treatment modalities such as immune checkpoint inhibitors,
CAR-T cells, and small molecule inhibitors, as well as bi- and multispecific antibodies.
These combinations could potentiate the efficacy of each component, leading to more
durable responses and potentially curative outcomes. (v) While the primary focus of ADCs
has, so far, been oncology, there is growing interest in their application for other diseases,
such as autoimmune disorders and infectious diseases. By leveraging the specificity of
antibodies, ADCs could deliver therapeutic agents directly to affected cells, minimizing
systemic toxicity and enhancing treatment efficacy. (vi) The integration of ADCs into
personalized medicine strategies guided by biomarkers and diagnostic tools, will optimize
patient selection and treatment planning. This approach ensures that patients receive the
most appropriate and effective therapy based on their individual disease characteristics.

We strongly believe that the future of antibody–drug conjugates is exceptionally
bright, with the potential to revolutionize the landscape of cancer therapy and beyond.
Ongoing research and clinical trials continue to expand our understanding and capabilities,
paving the way for treatments which are more effective, safer, and personalized. As these
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innovations come to fruition, ADCs are poised to become a cornerstone of modern medicine,
offering new hope to patients worldwide.

Author Contributions: Conceptualization, T.S. and G.T.; writing—original draft preparation, G.T.
and T.S.; writing—review and editing, T.S., F.V., F.R. and G.T.; supervision, T.S., F.R. and F.V. All
authors have read and agreed to the published version of the manuscript.

Funding: FR was financially supported by Fondazione AIRC per la Ricerca sul Cancro (Grant AIRC
IG23566).

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Dumontet, C.; Reichert, J.M.; Senter, P.D.; Lambert, J.M.; Beck, A. Antibody–Drug Conjugates Come of Age in Oncology. Nat. Rev.

Drug Discov. 2023, 22, 641–661. [CrossRef] [PubMed]
2. Khongorzul, P.; Ling, C.J.; Khan, F.U.; Ihsan, A.U.; Zhang, J. Antibody–Drug Conjugates: A Comprehensive Review. Mol. Cancer

Res. 2020, 18, 3–19. [CrossRef] [PubMed]
3. Drago, J.Z.; Modi, S.; Chandarlapaty, S. Unlocking the Potential of Antibody–Drug Conjugates for Cancer Therapy. Nat. Rev. Clin.

Oncol. 2021, 18, 327–344. [CrossRef] [PubMed]
4. Singh, S.; Kumar, N.K.; Dwiwedi, P.; Charan, J.; Kaur, R.; Sidhu, P.; Chugh, V.K. Monoclonal Antibodies: A Review. Curr. Clin.

Pharmacol. 2018, 13, 85–99. [CrossRef] [PubMed]
5. Zahavi, D.; Weiner, L. Monoclonal Antibodies in Cancer Therapy. Antibodies 2020, 9, 34. [CrossRef] [PubMed]
6. Tsao, L.-C.; Force, J.; Hartman, Z.C. Mechanisms of Therapeutic Antitumor Monoclonal Antibodies. Cancer Res. 2021, 81,

4641–4651. [CrossRef] [PubMed]
7. Su, Z.; Xiao, D.; Xie, F.; Liu, L.; Wang, Y.; Fan, S.; Zhou, X.; Li, S. Antibody–Drug Conjugates: Recent Advances in Linker

Chemistry. Acta Pharm. Sin. B 2021, 11, 3889–3907. [CrossRef] [PubMed]
8. Sheyi, R.; De La Torre, B.G.; Albericio, F. Linkers: An Assurance for Controlled Delivery of Antibody-Drug Conjugate. Pharmaceu-

tics 2022, 14, 396. [CrossRef] [PubMed]
9. Baah, S.; Laws, M.; Rahman, K.M. Antibody–Drug Conjugates—A Tutorial Review. Molecules 2021, 26, 2943. [CrossRef] [PubMed]
10. Conilh, L.; Sadilkova, L.; Viricel, W.; Dumontet, C. Payload Diversification: A Key Step in the Development of Antibody–Drug

Conjugates. J. Hematol. Oncol. 2023, 16, 3. [CrossRef] [PubMed]
11. Masters, J.C.; Nickens, D.J.; Xuan, D.; Shazer, R.L.; Amantea, M. Clinical Toxicity of Antibody Drug Conjugates: A Meta-Analysis

of Payloads. Investig. New Drugs 2018, 36, 121–135. [CrossRef] [PubMed]
12. Wang, Z.; Li, H.; Gou, L.; Li, W.; Wang, Y. Antibody–Drug Conjugates: Recent Advances in Payloads. Acta Pharm. Sin. B 2023, 13,

4025–4059. [CrossRef] [PubMed]
13. Boni, V.; Sharma, M.R.; Patnaik, A. The Resurgence of Antibody Drug Conjugates in Cancer Therapeutics: Novel Targets and

Payloads. Am. Soc. Clin. Oncol. Educ. Book 2020, 40, e58–e74. [CrossRef] [PubMed]
14. Marusyk, A.; Polyak, K. Tumor Heterogeneity: Causes and Consequences. Biochim. Biophys. Acta BBA Rev. Cancer 2010, 1805,

105–117. [CrossRef]
15. Alizadeh, A.A.; Aranda, V.; Bardelli, A.; Blanpain, C.; Bock, C.; Borowski, C.; Caldas, C.; Califano, A.; Doherty, M.; Elsner, M.;

et al. Toward Understanding and Exploiting Tumor Heterogeneity. Nat. Med. 2015, 21, 846–853. [CrossRef] [PubMed]
16. Turashvili, G.; Brogi, E. Tumor Heterogeneity in Breast Cancer. Front. Med. 2017, 4, 227. [CrossRef] [PubMed]
17. Brady, L.; Kriner, M.; Coleman, I.; Morrissey, C.; Roudier, M.; True, L.D.; Gulati, R.; Plymate, S.R.; Zhou, Z.; Birditt, B.; et al. Inter-

and Intra-Tumor Heterogeneity of Metastatic Prostate Cancer Determined by Digital Spatial Gene Expression Profiling. Nat.
Commun. 2021, 12, 1426. [CrossRef] [PubMed]

18. Proietto, M.; Crippa, M.; Damiani, C.; Pasquale, V.; Sacco, E.; Vanoni, M.; Gilardi, M. Tumor Heterogeneity: Preclinical Models,
Emerging Technologies, and Future Applications. Front. Oncol. 2023, 13, 1164535. [CrossRef] [PubMed]

19. Tsuchikama, K.; Anami, Y.; Ha, S.Y.Y.; Yamazaki, C.M. Exploring the next Generation of Antibody–Drug Conjugates. Nat. Rev.
Clin. Oncol. 2024, 21, 203–223. [CrossRef] [PubMed]

20. Davodabadi, F.; Sajjadi, S.F.; Sarhadi, M.; Mirghasemi, S.; Nadali Hezaveh, M.; Khosravi, S.; Kamali Andani, M.; Cordani, M.;
Basiri, M.; Ghavami, S. Cancer Chemotherapy Resistance: Mechanisms and Recent Breakthrough in Targeted Drug Delivery. Eur.
J. Pharmacol. 2023, 958, 176013. [CrossRef] [PubMed]

21. Pan, S.; Li, Z.; He, Z.; Qiu, J.; Zhou, S. Molecular Mechanisms for Tumour Resistance to Chemotherapy. Clin. Exp. Pharmacol.
Physiol. 2016, 43, 723–737. [CrossRef] [PubMed]

22. Pokhriyal, R.; Hariprasad, R.; Kumar, L.; Hariprasad, G. Chemotherapy Resistance in Advanced Ovarian Cancer Patients. Biomark.
Cancer 2019, 11, 1179299X1986081. [CrossRef] [PubMed]

23. Chia, C.S.B. A Patent Review on FDA-Approved Antibody-Drug Conjugates, Their Linkers and Drug Payloads. ChemMedChem
2022, 17, e202200032. [CrossRef] [PubMed]

https://doi.org/10.1038/s41573-023-00709-2
https://www.ncbi.nlm.nih.gov/pubmed/37308581
https://doi.org/10.1158/1541-7786.MCR-19-0582
https://www.ncbi.nlm.nih.gov/pubmed/31659006
https://doi.org/10.1038/s41571-021-00470-8
https://www.ncbi.nlm.nih.gov/pubmed/33558752
https://doi.org/10.2174/1574884712666170809124728
https://www.ncbi.nlm.nih.gov/pubmed/28799485
https://doi.org/10.3390/antib9030034
https://www.ncbi.nlm.nih.gov/pubmed/32698317
https://doi.org/10.1158/0008-5472.CAN-21-1109
https://www.ncbi.nlm.nih.gov/pubmed/34145037
https://doi.org/10.1016/j.apsb.2021.03.042
https://www.ncbi.nlm.nih.gov/pubmed/35024314
https://doi.org/10.3390/pharmaceutics14020396
https://www.ncbi.nlm.nih.gov/pubmed/35214128
https://doi.org/10.3390/molecules26102943
https://www.ncbi.nlm.nih.gov/pubmed/34063364
https://doi.org/10.1186/s13045-022-01397-y
https://www.ncbi.nlm.nih.gov/pubmed/36650546
https://doi.org/10.1007/s10637-017-0520-6
https://www.ncbi.nlm.nih.gov/pubmed/29027591
https://doi.org/10.1016/j.apsb.2023.06.015
https://www.ncbi.nlm.nih.gov/pubmed/37799390
https://doi.org/10.1200/EDBK_281107
https://www.ncbi.nlm.nih.gov/pubmed/32315240
https://doi.org/10.1016/j.bbcan.2009.11.002
https://doi.org/10.1038/nm.3915
https://www.ncbi.nlm.nih.gov/pubmed/26248267
https://doi.org/10.3389/fmed.2017.00227
https://www.ncbi.nlm.nih.gov/pubmed/29276709
https://doi.org/10.1038/s41467-021-21615-4
https://www.ncbi.nlm.nih.gov/pubmed/33658518
https://doi.org/10.3389/fonc.2023.1164535
https://www.ncbi.nlm.nih.gov/pubmed/37188201
https://doi.org/10.1038/s41571-023-00850-2
https://www.ncbi.nlm.nih.gov/pubmed/38191923
https://doi.org/10.1016/j.ejphar.2023.176013
https://www.ncbi.nlm.nih.gov/pubmed/37633322
https://doi.org/10.1111/1440-1681.12581
https://www.ncbi.nlm.nih.gov/pubmed/27097837
https://doi.org/10.1177/1179299X19860815
https://www.ncbi.nlm.nih.gov/pubmed/31308780
https://doi.org/10.1002/cmdc.202200032
https://www.ncbi.nlm.nih.gov/pubmed/35384350


Int. J. Mol. Sci. 2024, 25, 8651 37 of 45

24. Wedam, S.; Fashoyin-Aje, L.; Gao, X.; Bloomquist, E.; Tang, S.; Sridhara, R.; Goldberg, K.B.; King-Kallimanis, B.L.; Theoret, M.R.;
Ibrahim, A.; et al. FDA Approval Summary: Ado-Trastuzumab Emtansine for the Adjuvant Treatment of HER2-Positive Early
Breast Cancer. Clin. Cancer Res. 2020, 26, 4180–4185. [CrossRef] [PubMed]

25. Scott, L.J. Brentuximab Vedotin: A Review in CD30-Positive Hodgkin Lymphoma. Drugs 2017, 77, 435–445. [CrossRef] [PubMed]
26. Chang, E.; Weinstock, C.; Zhang, L.; Charlab, R.; Dorff, S.E.; Gong, Y.; Hsu, V.; Li, F.; Ricks, T.K.; Song, P.; et al. FDA Approval

Summary: Enfortumab Vedotin for Locally Advanced or Metastatic Urothelial Carcinoma. Clin. Cancer Res. 2021, 27, 922–927.
[CrossRef] [PubMed]

27. Abdollahpour-Alitappeh, M.; Lotfinia, M.; Gharibi, T.; Mardaneh, J.; Farhadihosseinabadi, B.; Larki, P.; Faghfourian, B.; Sepehr,
K.S.; Abbaszadeh-Goudarzi, K.; Abbaszadeh-Goudarzi, G.; et al. Antibody–Drug Conjugates (ADCs) for Cancer Therapy:
Strategies, Challenges, and Successes. J. Cell. Physiol. 2019, 234, 5628–5642. [CrossRef] [PubMed]

28. Wang, D.; Lippard, S.J. Cellular Processing of Platinum Anticancer Drugs. Nat. Rev. Drug Discov. 2005, 4, 307–320. [CrossRef]
[PubMed]

29. Kelland, L. The Resurgence of Platinum-Based Cancer Chemotherapy. Nat. Rev. Cancer 2007, 7, 573–584. [CrossRef]
30. Alassadi, S.; Pisani, M.J.; Wheate, N.J. A Chemical Perspective on the Clinical Use of Platinum-Based Anticancer Drugs. Dalton

Trans. 2022, 51, 10835–10846. [CrossRef] [PubMed]
31. Zhang, C.; Xu, C.; Gao, X.; Yao, Q. Platinum-Based Drugs for Cancer Therapy and Anti-Tumor Strategies. Theranostics 2022, 12,

2115–2132. [CrossRef] [PubMed]
32. Gibson, D. Platinum(IV) Anticancer Agents; Are We En Route to the Holy Grail or to a Dead End? J. Inorg. Biochem. 2021, 217,

111353. [CrossRef] [PubMed]
33. Lee, S.Y.; Kim, C.Y.; Nam, T.-G. Ruthenium Complexes as Anticancer Agents: A Brief History and Perspectives. Drug Des. Devel.

Ther. 2020, 14, 5375–5392. [CrossRef] [PubMed]
34. Süss-Fink, G. Areneruthenium Complexes as Anticancer Agents. Dalton Trans. 2010, 39, 1673–1688. [CrossRef] [PubMed]
35. Kostova, I. Ruthenium Complexes as Anticancer Agents. Curr. Med. Chem. 2006, 13, 1085–1107. [CrossRef] [PubMed]
36. Eichenberger, L.S.; Patra, M.; Holland, J.P. Photoactive Chelates for Radiolabelling Proteins. Chem. Commun. 2019, 55, 2257–2260.

[CrossRef] [PubMed]
37. Moreno-Alcántar, G.; Picchetti, P.; Casini, A. Gold Complexes in Anticancer Therapy: From New Design Principles to Particle-

Based Delivery Systems. Angew. Chem. 2023, 135, e202218000. [CrossRef]
38. Mora, M.; Gimeno, M.C.; Visbal, R. Recent Advances in Gold–NHC Complexes with Biological Properties. Chem. Soc. Rev. 2019,

48, 447–462. [CrossRef] [PubMed]
39. Collado, A.; Gómez-Suárez, A.; Martin, A.R.; Slawin, A.M.Z.; Nolan, S.P. Straightforward Synthesis of [Au(NHC)X] (NHC =

N-Heterocyclic Carbene, X = Cl, Br, I) Complexes. Chem. Commun. 2013, 49, 5541. [CrossRef] [PubMed]
40. Tzouras, N.V.; Scattolin, T.; Gobbo, A.; Bhandary, S.; Rizzolio, F.; Cavarzerani, E.; Canzonieri, V.; Van Hecke, K.; Vougioukalakis,

G.C.; Cazin, C.S.J.; et al. A Green Synthesis of Carbene-Metal-Amides (CMAs) and Carboline-Derived CMAs with Potent in Vitro
and Ex Vivo Anticancer Activity. ChemMedChem 2022, 17, e202200135. [CrossRef] [PubMed]

41. Scattolin, T.; Tonon, G.; Botter, E.; Guillet, S.G.; Tzouras, N.V.; Nolan, S.P. Gold(I)- N -Heterocyclic Carbene Synthons in
Organometallic Synthesis. Chem. Eur. J. 2023, 29, e202301961. [CrossRef] [PubMed]

42. Patra, M.; Gasser, G. The Medicinal Chemistry of Ferrocene and Its Derivatives. Nat. Rev. Chem. 2017, 1, 0066. [CrossRef]
43. Braga, S.S.; Silva, A.M.S. A New Age for Iron: Antitumoral Ferrocenes. Organometallics 2013, 32, 5626–5639. [CrossRef]
44. Ornelas, C. Application of Ferrocene and Its Derivatives in Cancer Research. New J. Chem. 2011, 35, 1973. [CrossRef]
45. Van Staveren, D.R.; Metzler-Nolte, N. Bioorganometallic Chemistry of Ferrocene. Chem. Rev. 2004, 104, 5931–5986. [CrossRef]

[PubMed]
46. Scattolin, T.; Voloshkin, V.A.; Visentin, F.; Nolan, S.P. A Critical Review of Palladium Organometallic Anticancer Agents. Cell Rep.

Phys. Sci. 2021, 2, 100446. [CrossRef]
47. Scattolin, T.; Bortolamiol, E.; Visentin, F.; Palazzolo, S.; Caligiuri, I.; Perin, T.; Canzonieri, V.; Demitri, N.; Rizzolio, F.; Togni, A.

Palladium(II)-η3-Allyl Complexes Bearing N-Trifluoromethyl N-Heterocyclic Carbenes: A New Generation of Anticancer Agents
That Restrain the Growth of High-Grade Serous Ovarian Cancer Tumoroids. Chem. Eur. J. 2020, 26, 11868–11876. [CrossRef]
[PubMed]

48. Scattolin, T.; Pessotto, I.; Cavarzerani, E.; Canzonieri, V.; Orian, L.; Demitri, N.; Schmidt, C.; Casini, A.; Bortolamiol, E.; Visentin,
F.; et al. Indenyl and Allyl Palladate Complexes Bearing N-Heterocyclic Carbene Ligands: An Easily Accessible Class of New
Anticancer Drug Candidates. Eur. J. Inorg. Chem. 2022, 2022, e202200103. [CrossRef]

49. Scattolin, T.; Bortolamiol, E.; Caligiuri, I.; Rizzolio, F.; Demitri, N.; Visentin, F. Synthesis and Comparative Study of the Anticancer
Activity of H3-Allyl Palladium(II) Complexes Bearing N-Heterocyclic Carbenes as Ancillary Ligands. Polyhedron 2020, 186,
114607. [CrossRef]

50. Bortolamiol, E.; Fama, F.; Zhang, Z.; Demitri, N.; Cavallo, L.; Caligiuri, I.; Rizzolio, F.; Scattolin, T.; Visentin, F. Cationic
Palladium(II)-Indenyl Complexes Bearing Phosphines as Ancillary Ligands: Synthesis, and Study of Indenyl Amination and
Anticancer Activity. Dalton Trans. 2022, 51, 11135–11151. [CrossRef] [PubMed]

51. Anthony, E.J.; Bolitho, E.M.; Bridgewater, H.E.; Carter, O.W.L.; Donnelly, J.M.; Imberti, C.; Lant, E.C.; Lermyte, F.; Needham, R.J.;
Palau, M.; et al. Metallodrugs Are Unique: Opportunities and Challenges of Discovery and Development. Chem. Sci. 2020, 11,
12888–12917. [CrossRef]

https://doi.org/10.1158/1078-0432.CCR-19-3980
https://www.ncbi.nlm.nih.gov/pubmed/32217612
https://doi.org/10.1007/s40265-017-0705-5
https://www.ncbi.nlm.nih.gov/pubmed/28190142
https://doi.org/10.1158/1078-0432.CCR-20-2275
https://www.ncbi.nlm.nih.gov/pubmed/32962979
https://doi.org/10.1002/jcp.27419
https://www.ncbi.nlm.nih.gov/pubmed/30478951
https://doi.org/10.1038/nrd1691
https://www.ncbi.nlm.nih.gov/pubmed/15789122
https://doi.org/10.1038/nrc2167
https://doi.org/10.1039/D2DT01875F
https://www.ncbi.nlm.nih.gov/pubmed/35781551
https://doi.org/10.7150/thno.69424
https://www.ncbi.nlm.nih.gov/pubmed/35265202
https://doi.org/10.1016/j.jinorgbio.2020.111353
https://www.ncbi.nlm.nih.gov/pubmed/33477089
https://doi.org/10.2147/DDDT.S275007
https://www.ncbi.nlm.nih.gov/pubmed/33299303
https://doi.org/10.1039/B916860P
https://www.ncbi.nlm.nih.gov/pubmed/20449402
https://doi.org/10.2174/092986706776360941
https://www.ncbi.nlm.nih.gov/pubmed/16611086
https://doi.org/10.1039/C8CC09660K
https://www.ncbi.nlm.nih.gov/pubmed/30604798
https://doi.org/10.1002/ange.202218000
https://doi.org/10.1039/C8CS00570B
https://www.ncbi.nlm.nih.gov/pubmed/30474097
https://doi.org/10.1039/c3cc43076f
https://www.ncbi.nlm.nih.gov/pubmed/23677147
https://doi.org/10.1002/cmdc.202200135
https://www.ncbi.nlm.nih.gov/pubmed/35312174
https://doi.org/10.1002/chem.202301961
https://www.ncbi.nlm.nih.gov/pubmed/37463071
https://doi.org/10.1038/s41570-017-0066
https://doi.org/10.1021/om400446y
https://doi.org/10.1039/c1nj20172g
https://doi.org/10.1021/cr0101510
https://www.ncbi.nlm.nih.gov/pubmed/15584693
https://doi.org/10.1016/j.xcrp.2021.100446
https://doi.org/10.1002/chem.202002199
https://www.ncbi.nlm.nih.gov/pubmed/32368809
https://doi.org/10.1002/ejic.202200103
https://doi.org/10.1016/j.poly.2020.114607
https://doi.org/10.1039/D2DT01821G
https://www.ncbi.nlm.nih.gov/pubmed/35801510
https://doi.org/10.1039/D0SC04082G


Int. J. Mol. Sci. 2024, 25, 8651 38 of 45

52. Muhammad, N.; Hanif, M.; Yang, P. Beyond Cisplatin: New Frontiers in Metallodrugs for Hard-to-Treat Triple Negative Breast
Cancer. Coord. Chem. Rev. 2024, 499, 215507. [CrossRef]

53. González-Ballesteros, M.M.; Mejía, C.; Ruiz-Azuara, L. Metallodrugs: An Approach against Invasion and Metastasis in Cancer
Treatment. FEBS Open Bio 2022, 12, 880–899. [CrossRef] [PubMed]

54. Oun, R.; Moussa, Y.E.; Wheate, N.J. The Side Effects of Platinum-Based Chemotherapy Drugs: A Review for Chemists. Dalton
Trans. 2018, 47, 6645–6653. [CrossRef] [PubMed]

55. Lucaciu, R.L.; Hangan, A.C.; Sevastre, B.; Oprean, L.S. Metallo-Drugs in Cancer Therapy: Past, Present and Future. Molecules
2022, 27, 6485. [CrossRef] [PubMed]

56. Temesgen, A.; Ananda Murthy, H.C.; Enyew, A.Z.; Revathi, R.; Venkatesha Perumal, R. Emerging Trends in Metal-based
Anticancer Agents: Drug Design to Clinical Trials and Their Mechanism of Action. ChemistrySelect 2023, 8, e202302113. [CrossRef]

57. Zhang, P.; Sadler, P.J. Advances in the Design of Organometallic Anticancer Complexes. J. Organomet. Chem. 2017, 839, 5–14.
[CrossRef]

58. Hartinger, C.G. A Multifaceted Approach towards Organometallic Anticancer Agent Development. J. Organomet. Chem. 2024,
1012, 123144. [CrossRef]

59. Peng, K.; Zheng, Y.; Xia, W.; Mao, Z.-W. Organometallic Anti-Tumor Agents: Targeting from Biomolecules to Dynamic Biopro-
cesses. Chem. Soc. Rev. 2023, 52, 2790–2832. [CrossRef] [PubMed]

60. Del Solar, V.; Contel, M. Metal-Based Antibody Drug Conjugates. Potential and Challenges in Their Application as Targeted
Therapies in Cancer. J. Inorg. Biochem. 2019, 199, 110780. [CrossRef] [PubMed]

61. Gao, L.; Maldonado, W.; Narváez-Pita, X.; Carmona-Negrón, J.; Olivero-Verbel, J.; Meléndez, E. Steroid-Functionalized Ti-
tanocenes: Docking Studies with Estrogen Receptor Alpha. Inorganics 2016, 4, 38. [CrossRef]

62. Zinser, C.M.; Nahra, F.; Brill, M.; Meadows, R.E.; Cordes, D.B.; Slawin, A.M.Z.; Nolan, S.P.; Cazin, C.S.J. A Simple Synthetic
Entryway into Palladium Cross-Coupling Catalysis. Chem. Commun. 2017, 53, 7990–7993. [CrossRef] [PubMed]

63. Bortolamiol, E.; Visentin, F.; Scattolin, T. Recent Advances in Bioconjugated Transition Metal Complexes for Cancer Therapy.
Appl. Sci. 2023, 13, 5561. [CrossRef]

64. Englinger, B.; Pirker, C.; Heffeter, P.; Terenzi, A.; Kowol, C.R.; Keppler, B.K.; Berger, W. Metal Drugs and the Anticancer Immune
Response. Chem. Rev. 2019, 119, 1519–1624. [CrossRef] [PubMed]

65. Adhikari, A.; Shen, B.; Rader, C. Challenges and Opportunities to Develop Enediyne Natural Products as Payloads for Antibody-
Drug Conjugates. Antib. Ther. 2021, 4, 1–15. [CrossRef] [PubMed]

66. Yu, L.; Jin, Y.; Song, M.; Zhao, Y.; Zhang, H. When Natural Compounds Meet Nanotechnology: Nature-Inspired Nanomedicines
for Cancer Immunotherapy. Pharmaceutics 2022, 14, 1589. [CrossRef] [PubMed]

67. Lu, N.; Wu, J.; Tian, M.; Zhang, S.; Li, Z.; Shi, L. Comprehensive Review on the Elaboration of Payloads Derived from Natural
Products for Antibody-Drug Conjugates. Eur. J. Med. Chem. 2024, 268, 116233. [CrossRef] [PubMed]

68. Krall, N.; Da Cruz, F.P.; Boutureira, O.; Bernardes, G.J.L. Site-Selective Protein-Modification Chemistry for Basic Biology and
Drug Development. Nat. Chem. 2016, 8, 103–113. [CrossRef] [PubMed]

69. Baumann, A.L.; Hackenberger, C.P.R. Modern Ligation Methods to Access Natural and Modified Proteins. Chimia 2018, 72, 802.
[CrossRef] [PubMed]

70. Boutureira, O.; Bernardes, G.J.L. Advances in Chemical Protein Modification. Chem. Rev. 2015, 115, 2174–2195. [CrossRef]
[PubMed]

71. Guillou, A.; Earley, D.F.; Patra, M.; Holland, J.P. Light-Induced Synthesis of Protein Conjugates and Its Application in Photora-
diosynthesis of 89Zr-Radiolabeled Monoclonal Antibodies. Nat. Protoc. 2020, 15, 3579–3594. [CrossRef] [PubMed]

72. Perk, L.R.; Vosjan, M.J.W.D.; Visser, G.W.M.; Budde, M.; Jurek, P.; Kiefer, G.E.; Van Dongen, G.A.M.S. P-Isothiocyanatobenzyl-
Desferrioxamine: A New Bifunctional Chelate for Facile Radiolabeling of Monoclonal Antibodies with Zirconium-89 for
Immuno-PET Imaging. Eur. J. Nucl. Med. Mol. Imaging 2010, 37, 250–259. [CrossRef] [PubMed]

73. Holland, J.P.; Gut, M.; Klingler, S.; Fay, R.; Guillou, A. Photochemical Reactions in the Synthesis of Protein–Drug Conjugates.
Chem. Eur. J. 2020, 26, 33–48. [CrossRef] [PubMed]

74. Smith, R.A.G.; Knowles, J.R. Aryldiazirines. Potential Reagents for Photolabeling of Biological Receptor Sites. J. Am. Chem. Soc.
1973, 95, 5072–5073. [CrossRef] [PubMed]

75. Doering, W.v.E.; Odum, R.A. Ring Enlargement in the Photolysis of Phenyl Azide. Tetrahedron 1966, 22, 81–93. [CrossRef]
76. Gritsan, N.P.; Zhu, Z.; Hadad, C.M.; Platz, M.S. Laser Flash Photolysis and Computational Study of Singlet Phenylnitrene. J. Am.

Chem. Soc. 1999, 121, 1202–1207. [CrossRef]
77. Bou-Hamdan, F.R.; Lévesque, F.; O’Brien, A.G.; Seeberger, P.H. Continuous Flow Photolysis of Aryl Azides: Preparation of 3 H

-Azepinones. Beilstein J. Org. Chem. 2011, 7, 1124–1129. [CrossRef] [PubMed]
78. Rousselot, P.; Mappus, E.; Blachère, T.; De Ravel, M.R.; Grenot, C.; Tonnelle, C.; Cuilleron, C.Y. Specific Photoaffinity Labeling of

Tyr-49 on the Light Chain in the Steroid-Combining Site of a Mouse Monoclonal Anti-Estradiol Antibody Using Two Epimeric 6α-
and 6β-(5-Azido-2-Nitrobenzoyl)Amidoestradiol Photoreagents. Biochemistry 1997, 36, 7860–7868. [CrossRef] [PubMed]

79. Stoffel, W.; Schreiber, C.; Scheefers, H. Lipids with Photosensitive Groups as Chemical Probes for the Structural Analysis of
Biological Membranes. On the Localization of the G- and M-Protein of Vesicular Stomatitis Virus. Hoppe-Seyler’s Z. Für Physiol.
Chem. 1978, 359, 923–932. [CrossRef] [PubMed]

https://doi.org/10.1016/j.ccr.2023.215507
https://doi.org/10.1002/2211-5463.13381
https://www.ncbi.nlm.nih.gov/pubmed/35170871
https://doi.org/10.1039/C8DT00838H
https://www.ncbi.nlm.nih.gov/pubmed/29632935
https://doi.org/10.3390/molecules27196485
https://www.ncbi.nlm.nih.gov/pubmed/36235023
https://doi.org/10.1002/slct.202302113
https://doi.org/10.1016/j.jorganchem.2017.03.038
https://doi.org/10.1016/j.jorganchem.2024.123144
https://doi.org/10.1039/D2CS00757F
https://www.ncbi.nlm.nih.gov/pubmed/37014670
https://doi.org/10.1016/j.jinorgbio.2019.110780
https://www.ncbi.nlm.nih.gov/pubmed/31434020
https://doi.org/10.3390/inorganics4040038
https://doi.org/10.1039/C7CC02487H
https://www.ncbi.nlm.nih.gov/pubmed/28613309
https://doi.org/10.3390/app13095561
https://doi.org/10.1021/acs.chemrev.8b00396
https://www.ncbi.nlm.nih.gov/pubmed/30489072
https://doi.org/10.1093/abt/tbab001
https://www.ncbi.nlm.nih.gov/pubmed/33554043
https://doi.org/10.3390/pharmaceutics14081589
https://www.ncbi.nlm.nih.gov/pubmed/36015215
https://doi.org/10.1016/j.ejmech.2024.116233
https://www.ncbi.nlm.nih.gov/pubmed/38408390
https://doi.org/10.1038/nchem.2393
https://www.ncbi.nlm.nih.gov/pubmed/26791892
https://doi.org/10.2533/chimia.2018.802
https://www.ncbi.nlm.nih.gov/pubmed/30514423
https://doi.org/10.1021/cr500399p
https://www.ncbi.nlm.nih.gov/pubmed/25700113
https://doi.org/10.1038/s41596-020-0386-5
https://www.ncbi.nlm.nih.gov/pubmed/33028982
https://doi.org/10.1007/s00259-009-1263-1
https://www.ncbi.nlm.nih.gov/pubmed/19763566
https://doi.org/10.1002/chem.201904059
https://www.ncbi.nlm.nih.gov/pubmed/31599057
https://doi.org/10.1021/ja00796a062
https://www.ncbi.nlm.nih.gov/pubmed/4741289
https://doi.org/10.1016/0040-4020(66)80104-7
https://doi.org/10.1021/ja982661q
https://doi.org/10.3762/bjoc.7.129
https://www.ncbi.nlm.nih.gov/pubmed/21915216
https://doi.org/10.1021/bi962645a
https://www.ncbi.nlm.nih.gov/pubmed/9201930
https://doi.org/10.1515/bchm2.1978.359.2.923
https://www.ncbi.nlm.nih.gov/pubmed/213365


Int. J. Mol. Sci. 2024, 25, 8651 39 of 45

80. Huisgen, R.; Sustmann, R.; Wallbillich, G. 1.3-Dipolare Cycloadditionen, XXIX. Orientierungsphänomene Bei Der Anlagerung
von Nitriliminen an α.B-ungesättigte Carbonester, Vinyläther Und Enamine. Chem. Ber. 1967, 100, 1786–1801. [CrossRef]

81. Li, J.; Kong, H.; Huang, L.; Cheng, B.; Qin, K.; Zheng, M.; Yan, Z.; Zhang, Y. Visible Light-Initiated Bioorthogonal Photoclick
Cycloaddition. J. Am. Chem. Soc. 2018, 140, 14542–14546. [CrossRef] [PubMed]

82. Boros, E.; Holland, J.P. Chemical Aspects of Metal Ion Chelation in the Synthesis and Application Antibody-based Radiotracers. J.
Label. Compd. Radiopharm. 2018, 61, 652–671. [CrossRef] [PubMed]

83. Cieslik, P.A.; Klingler, S.; Nolff, M.; Holland, J.P. Radiolabelled 177 Lu-Bispidine-Trastuzumab for Targeting Human Epidermal
Growth Factor Receptor 2 Positive Cancers. Chem. Eur. J. 2024, 30, e202303805. [CrossRef] [PubMed]

84. Cieslik, P.; Kubeil, M.; Zarschler, K.; Ullrich, M.; Brandt, F.; Anger, K.; Wadepohl, H.; Kopka, K.; Bachmann, M.; Pietzsch, J.; et al.
Toward Personalized Medicine: One Chelator for Imaging and Therapy with Lutetium-177 and Actinium-225. J. Am. Chem. Soc.
2022, 144, 21555–21567. [CrossRef]

85. Cieslik, P.; Comba, P.; Dittmar, B.; Ndiaye, D.; Tóth, É.; Velmurugan, G.; Wadepohl, H. Exceptional Manganese(II) Stability and
Manganese(II)/Zinc(II) Selectivity with Rigid Polydentate Ligands. Angew. Chem. Int. Ed. 2022, 61, e202115580. [CrossRef]
[PubMed]

86. Comba, P.; Jermilova, U.; Orvig, C.; Patrick, B.O.; Ramogida, C.F.; Rück, K.; Schneider, C.; Starke, M. Octadentate Picolinic
Acid-Based Bispidine Ligand for Radiometal Ions. Chem. Eur. J. 2017, 23, 15945–15956. [CrossRef] [PubMed]

87. Bellotti, D.; Remelli, M. Deferoxamine B: A Natural, Excellent and Versatile Metal Chelator. Molecules 2021, 26, 3255. [CrossRef]
[PubMed]

88. Codd, R.; Richardson-Sanchez, T.; Telfer, T.J.; Gotsbacher, M.P. Advances in the Chemical Biology of Desferrioxamine B. ACS
Chem. Biol. 2018, 13, 11–25. [CrossRef]

89. Guillou, A.; Earley, D.F.; Holland, J.P. Light-Activated Protein Conjugation and 89Zr-Radiolabelling with Water-Soluble Desfer-
rioxamine Derivatives. Chem. Eur. J. 2020, 26, 7185–7189. [CrossRef]

90. Merchant, M.; Ma, X.; Maun, H.R.; Zheng, Z.; Peng, J.; Romero, M.; Huang, A.; Yang, N.; Nishimura, M.; Greve, J.; et al.
Monovalent Antibody Design and Mechanism of Action of Onartuzumab, a MET Antagonist with Anti-Tumor Activity as a
Therapeutic Agent. Proc. Natl. Acad. Sci. USA 2013, 110, E2987–E2996. [CrossRef]

91. Guillou, A.; Ouadi, A.; Holland, J.P. Heptadentate Chelates for 89 Zr-Radiolabelling of Monoclonal Antibodies. Inorg. Chem. Front.
2022, 9, 3071–3081. [CrossRef] [PubMed]

92. Patra, M.; Klingler, S.; Eichenberger, L.S.; Holland, J.P. Simultaneous Photoradiochemical Labeling of Antibodies for Immuno-
Positron Emission Tomography. iScience 2019, 13, 416–431. [CrossRef] [PubMed]

93. Fay, R.; Holland, J.P. Tuning Tetrazole Photochemistry for Protein Ligation and Molecular Imaging. Chem. Eur. J. 2021, 27,
4893–4897. [CrossRef] [PubMed]

94. Gut, M.; Holland, J.P. Synthesis and Photochemical Studies on Gallium and Indium Complexes of DTPA-PEG 3-ArN3 for
Radiolabeling Antibodies. Inorg. Chem. 2019, 58, 12302–12310. [CrossRef] [PubMed]

95. Corman, M.L.; Galandiuk, S.; Block, G.E.; Prager, E.D.; Weiner, G.J.; Kahn, D.; Abdel-Nabi, H.; Mitchell, E.P.; Pascucci, V.L.; Maroli,
A.N.; et al. Immunoscintigraphy With111 In-Satumomab Pendetide in Patients with Colorectal Adenocarcinoma: Performance
and Impact on Clinical Management. Dis. Colon Rectum 1994, 37, 129–137. [CrossRef] [PubMed]

96. Patra, M.; Eichenberger, L.S.; Fischer, G.; Holland, J.P. Photochemical Conjugation and One-Pot Radiolabelling of Antibodies for
Immuno-PET. Angew. Chem. Int. Ed. 2019, 58, 1928–1933. [CrossRef] [PubMed]

97. Fay, R.; Gut, M.; Holland, J.P. Photoradiosynthesis of 68Ga-Labeled HBED-CC-Azepin-MetMAb for Immuno-PET of c-MET
Receptors. Bioconjug. Chem. 2019, 30, 1814–1820. [CrossRef] [PubMed]

98. Ravasco, J.M.J.M.; Faustino, H.; Trindade, A.; Gois, P.M.P. Bioconjugation with Maleimides: A Useful Tool for Chemical Biology.
Chem. Eur. J. 2019, 25, 43–59. [CrossRef] [PubMed]
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