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ABSTRACT 

This thesis focused on evaluating novel theranostic agents combining Gold-based cytotoxic com-

plexes with imaging tags attached to targeting biomolecules, such as antibodies or miniproteins, for a 

theranostic approach. A miniprotein and antibody targeting PD-L1 were conjugated with a maleimide 

reagent containing a DBCO group. The “alkyne-proteins” reacted with a symmetric Au(I) complex func-

tionalized with two azides. This resulted in the formation of bioconjugates featuring a Gold complex with 

a terminal N3, which was explored to conjugate additional vectors such as a radiochelator or fluorophore. 

Protein conjugation with excess of reagents (5-20 eq.) for 1-2 h at 25 ºC was confirmed by ESI-MS 

analysis or fluorescence SDS-PAGE. 

Cytotoxicity assays with the miniprotein bearing the “clicked-Gold-N3” complex showed an IC50 of 

0.35 µM in A20 cells and 0.33 µM in MC38 cells, which is comparable to the activity of the original 

complex (0.78 µM in A20 and 0.35 µM in MC38). 

The “clicked-Gold-N3” miniprotein was further reacted with BCN-NODAGA, and the resulting bio-

conjugate radiolabeled with Gallium-67, with high radiochemical purity (95%) using relatively low protein 

concentration and mild conditions (30 M, 30 min reaction at 37 °C). Cell studies demonstrated a sig-

nificant uptake in PD-L1-expressing cells (~10% uptake/mg of protein), with higher uptake observed at 

37 °C compared to 25 °C, suggesting an active binding. Blocking experiments with the unmodified pro-

tein (10 µM) resulted in a minimal decrease in uptake, which does not strongly support receptor-medi-

ated binding. Biodistribution revealed selective accumulation of the 67Ga-miniprotein in “A20 PD-L1-

tumors” (2.71 ± 0.64 Injected Activity/g of tissue, 4h p.i.), with some off-target uptake in organs like liver 

(29.79 I.A./g), blood (7.49 I.A./g), lungs (4.17 I.A./g), and spleen (5.12 I.A./g). 

A similar strategy was employed to conjugate a fluorophore to Atezolizumab. In-gel fluorescence 

confirmed successful labeling of the antibody. In vivo fluorescent imaging showed an increasing tumor 

accumulation from 1h to 24h post-injection in mice bearing A20 tumors. 

 

Keywords: ADCs, SPDCs, Gold complex, target drug delivery, theranostic
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RESUMO 
  

Esta tese centra-se na avaliação de novos agentes teranósticos que combinam complexos cito-

tóxicos à base de ouro com sondas para imagem ligados a biomoléculas alvo, tais como anticorpos ou 

miniproteínas, para uma abordagem teranóstica.Uma miniproteína e anticorpo específicos para o PD-

L1 foram conjugados com um reagente de maleimida que contém um grupo DBCO rígido. As proteínas 

contendo alcinos reagiram com um complexo de Au(I) simétrico contendo dois grupos azida. Isto resul-

tou na formação de bioconjugados com um complexo de ouro com um grupo N3 terminal para incorporar 

vetores adicionais nas proteínas, tais como um agente quelante ou um fluoróforo. A modificação das 

proteínas após reação com excesso de reagentes (5-20 eq.) durante 1-2h a 25 °C foi confirmada por 

análise ESI-MS ou SDS-PAGE de fluorescência.  

Os ensaios de citotoxicidade com a miniproteína que contém o complexo Gold-N3 para “click 

chemistry” mostraram que a proteína apresentava um IC50 de 0.35 µM em células A20 e 0.33 µM em 

células MC38, o que é comparável à atividade do complexo original não conjugado (0.78 µM em A20 e 

0.35 µM em MC38).  

A miniproteína Gold-N3 para “click chemistry” reagiu com o agente quelante BCN-NODAGA, e o 

bioconjugado resultante foi radiomarcado com Gálio-67 com elevada pureza radioquímica (95%) utili-

zando-se concentrações relativamente baixas da proteína em condições suaves (30 µM, 30 min de 

reação a 37 °C). Os estudos em células demonstraram uma acumulação significativa nas células que 

expressam PD-L1 (~10% de absorção/mg de proteína), com valores mais elevados a 37 °C em com-

paração com 25 °C, sugerindo um mecanismo ativo de ligação. Experiências de bloqueio com proteína 

não modificada (10 µM) resultaram apenas numa diminuição mínima da captação, o que não apoia o 

mecanismo de ligação mediado pelo recetor. Os estudos de biodistribuição revelaram uma acumulação 

seletiva da 67Ga-miniproteína em tumores que expressam PD-L1 (2.71 ± 0.64 Atividade injetada/g de 

tecido, 4h p.i.), com alguma captação fora do alvo em órgãos como o fígado (29.79 A.I./g), sangue (7.49 

A.I./g), pulmões (4.17 A.I./g) e baço (5.12 A.I./g) às 4h p.i.. 

 Foi utilizada uma estratégia semelhante para conjugar um fluoróforo com o Atezolizumab. A 

SDS-PAGE confirmou a marcação bem-sucedida do anticorpo. A imagiologia de fluorescência in vivo 

mostrou uma acumulação tumoral crescente entre a 1h e as 24h após a injeção em ratinhos inoculados 

com tumores A20. 

 

Palavas chave: ADCs, PDCs, Complexo de ouro, Entrega direcionada de drogas, Teranóstica 
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INTRODUCTION 

1.1 Background – from traditional cancer drugs to targeted therapies 

Cancer continues to be one of the biggest threats to human health, taking millions of lives every 

year. The rising cancer prevalence, the shortcomings of existing treatments, and the issue of drug re-

sistance reinforces the need for innovative medicines [1], [2].  

Due to the systemic toxicity and non-specific targeting of traditional treatments with chemothera-

peutic agents/drugs [3], it is necessary to develop medicines that can target cancer cells specifically 

while sparing healthy organs [4], [5]. 

Current developments in targeted therapies focus on the molecular causes of cancer to increase 

specificity and decrease side effects [6], [7]. 

Combining cytotoxic agents with biological carriers, such as target-specific proteins, is one appeal-

ing strategy for taking advantage of specific receptors overexpressed on cancer cells. Among these 

strategies, antibody-drug conjugates (ADCs) and peptide-drug conjugates (PDCs) emerge as effective 

solutions for delivering therapeutic agents directly to tumors [8]. Other promising strategies for targeted 

therapy are summarized in recent reviews (e.g. Chimeric Antigen Receptor T-Cell Therapy (CAR-T) and 

gene therapy, among others) [9], [10]. Even with these developments, there is still a critical need for 

more effective and selective therapies, particularly for hard-to-treat tumors [7]. 

 

1.2 Chemical methods for modification of proteins: a brief introduc-

tion to bioconjugation  

Protein modification is a crucial step in the development of these targeted therapies creating com-

plex bioconjugates [11]. Targeting specific protein sites without changing the protein´s structure, func-

tion, or activity is necessary for precise modifications. To prevent destabilization of the protein, this 

procedure carefully considers the chemo-selectivity of reagents and reactions under mild conditions.  
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These conditions encompass several factors, including the type of bioconjugation reagent and stoi-

chiometric ratios to prevent protein denaturation and aggregation, temperature, pH, amount of organic 

solvent used, reaction time, etc.  

Optimization of such parameters aims at the preservation of  the protein's native structure and func-

tion while allowing for the selective modification of specific sites to create complex bioconjugates [12]. 

Over the years, advancements in protein modification have resulted in the development of a vast 

array of bioconjugation technologies, providing a comprehensive toolkit for creating almost unlimited 

protein constructs with either naturally or synthetically modified residues. The chemical incorporation of 

artificial functionalities, such as radioisotopes, fluorophores, drugs, PEG units, and other active mole-

cules, into peptides and proteins has proven valuable for a wide range of applications. These include in 

vivo and in vitro imaging studies, biophysical and biochemical research, as well as therapeutic and 

diagnostic purposes [12]. For example, PEGylation of proteins significantly enhance their stability by 

preventing interactions with degrading enzymes, making them promising candidates for drug develop-

ment [13]. On the other hand, ADCs, designed through the covalent attachment of cytotoxic payloads 

to antibodies, have demonstrated success in the treatment of various cancers [14]. Additionally, incor-

poration of biophysical tags on biomolecules for near-infrared imaging, single-photon emission com-

puted tomography (SPECT) and positron emission tomography (PET), have tremendous potential to 

improve the diagnosis and management of cancer in oncology [15]. Indeed, bioconjugation chemistry 

has made significant progress by developing effective synthetic methods to introduce post-translational 

modifications (PTMs) in peptides and proteins at lysine (Lys), cysteine (Cys) and other less commonly 

targeted amino acid residues (AA). The effectiveness of these modifications relies on the amino acids’ 

natural abundance and reactivity profile, as well as the microenvironment in which they are incorporated.  

 

1.2.1 Approaches for protein modification 

In the past decade, numerous protein modification strategies have been developed (Figure 1). 

Some of these approaches explore novel reactions designed to target natural amino acid residues on 

proteins with high specificity [16]. Others involve the introduction of non-canonical amino acids through 

genetic engineering to enable chemical modifications [17]. Additionally, synthetic chemistry methods, 

as for example metal-catalysed reactions, have also been applied to modify biomolecules [18]. 
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Figure 1 – Representative examples of methods for protein modification 

 

To achieve homogeneous products (i.e. conjugates that are uniform in structure and composi-

tion), genetic engineering might be the most reliable approach. However, there is a preference to bypass 

genetic manipulation due to associated challenges [19] and focus on direct modification of native pro-

teins.  

  

1.2.1.1 Natural amino acid modification 

Chemical modification methods have been reported for several of the 20 natural amino acids, 

including lysine (Lys), cysteine (Cys), tyrosine (Tyr), glutamic acid (Glu), aspartic acid (Asp), tryptophan 

(Trp), histidine (His), and methionine (Met) [11], [12]. However, Lys and Cys, being the most nucleophilic 

residues at neutral pH, are the most extensively studied and serve as key targets for protein modifica-

tion. 

Traditionally, hydroxysuccinimide based esters (NHS) were used to modify Lys residues at pH 8 – 

9 (Figure 2a). However, this AA tends to appear in abundance on proteins which can lead to heteroge-

neous products when performing uncontrolled bioconjugation. Similarly, Lys residues react quantita-

tively with isothiocyanates (NCS) forming thioureas (Figure 2b). However, the optimal pH for this reac-

tion is between 9 - 9.5, restricting this reagent to non-alkaline sensitive proteins. These reactions have 

inspired the development and commercialization of many NHS and NCS derivatives for the preparation 

of fluorescent/radioactive probes and affinity reagents, among others. Aldehyde reagents have been 

also explored for protein modification via reductive alkylation (Figure 2c). While aldehyde-based modi-

fications allow for attachment of various functional molecules on proteins they have a limitation as they 

also result in heterogeneous products [11]. Recently, Bernardes and colleagues used computational 

analysis to develop sulfonyl acrylate reagents that can selectively target the most reactive Lys residue 

in the presence of other nucleophilic amino acids at pH 8.0 (Figure 2d). Although this approach results 
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in the formation of homogeneous constructs it has the limitation that a second reaction is needed for 

functionalization of the biomolecule of interest [20]. 

 

 

Figure 2 – Classical methods focused on the modification of Cys and Lys side chains. The reactions most commonly used include 

N-hydroxysuccinimide (NHS)-ester amidation (a), isothiocyanate or isocyanate addition (b), and reductive amination (c) for lysine. 

Recent methods using sulfonyl acrylates allow the modification of most reactive lysine (d). Methods for cysteine modification 

include thiol exchange (e), alkylation of α-halocarbonyl electrophiles (f), and maleimide Michael addition (g). 

 

The low natural abundance of free Cys paired with its distinctive nucleophilicity, make this residue 

very attractive for site-selective protein modification. Under physiological conditions, Cys readily forms 

a nucleophilic thiolate ion (Cys-S-) with a general pKa of 8.2. Several strategies for the functionalization 

of cysteines have been developed and these include disulfide bond formation (Figure 2e), alkylating 

reagents (e.g. α-halocarbonyls; Figure 2f) or Michael acceptors (Figure 2g) [21].  

One factor to consider in bioconjugation reactions with Cys is the use of reducing agents, as Cys 

can convert between multiple oxidation states and are often naturally present in the oxidized form as 

disulfide bridges. Some of the most common reducing reagents used are dithiothreitol, β-mercaptoeth-

anol and tris(2-carboxyethyl)phosphine (TCEP). However, caution is required when using TCEP, as 
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some studies indicate that it may react with certain electrophiles, such as α-halocarbonyls or malei-

mides, which could interfere with the bioconjugation process [21]. 

 

1.2.1.1.1 Cys bioconjugation with Michael acceptors 

A reliable method for the selective functionalization of Cys residues is through conjugation with 

Michael acceptors at neutral pH [21]. Maleimides remain one of the most common 𝛼,𝛽-unsaturated 

carbonyls used to label Cys residues. This reagent reacts quickly and specifically with thiol groups, 

forming stable thioether bonds with fast kinetics (k2 = 103 − 104 M−1 s−1) under biocompatible conditions. 

Maleimide reactions do not generate by-products and are typically carried out without the need for cat-

alysts or heating. Moreover, maleimides can be modified via the nitrogen atom to attach a variety of 

conjugation partners, including chelators, fluorophores, polymer groups, drugs, etc. 

Protein conjugation via Cysteine residues has been improved even further by genetic engineering, 

which makes it possible to build proteins with a single cysteine residue for precise bioconjugation [22].  

Despite these developments, one problem associated with maleimide-thiol conjugates is instability 

due to the reversible bond formation caused by the retro-Michael reaction (Figure 3). In thiol-free envi-

ronments, thiosuccinimide ethers are stable, however in physiological conditions it can occur thiol ex-

change with GSH or albumin, present in blood plasma. 

 

 

Figure 3 – Michael addition and retro-Michael reactions 

 

To address these challenges, researchers developed the next-generation of maleimides featuring 

various maleimide-based scaffolds. These strategies focused either on reducing thiol exchange and 

stabilizing the bioconjugate by promoting thiosuccinimide hydrolysis or on creating alternative chemo-

types to achieve more stable bioconjugates. 

The stabilization of the thiosuccinimide linkage to avoid bond cleavage and improve stability of the 

conjugates can be done for example with the modification of the maleimide structure. On this regard, 

Dimasi and co-workers anticipated that replacing a N-alkyl maleimide substituent with an aromatic ring 

would increase the imide electrophilicity and, consequently, accelerate thiosuccinimide hydrolysis (Fig-

ure 3) [23].  

Alternatively, a study performed by Genentech reported the influence of protein microenvironment 

in thiosuccinimide hydrolysis and bioconjugate plasma stability. The study shows that neutrally charged, 
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buried binding site is prone to retro-Michael thiol exchange from the antibody to thiol-containing nucle-

ophiles. In contrast, a conjugation site with a positive charge can promote rapid thiosuccinimide ring 

opening, which helps stabilize the conjugate and prevent drug release [24]. Other strategies rely on the 

intramolecular basic or acid catalysis to promote thiosuccinimide hydrolysis [25]. Nevertheless, anti-

body-containing therapeutics based on conjugates formed by maleimide-thiol coupling are already com-

mercialized, exemplifying the applicability of this concept. For instance, Brentuximab vedotin and Saci-

tuzumab govitecan, are examples of Food and Drug Administration (FDA) and European Medicines 

Agency (EMA) approved ADCs whose construction rely on maleimide chemistry [26]. 

From a pharmacological viewpoint retro-Michael hydrolysis can lead to potential off-target toxicity, 

decreased therapeutic index and reduced efficacy of the therapies with ADCs. As mentioned, to en-

hance stability of Cys conjugation, alternative chemotypes to maleimide have been investigated [21], 

[27]. For example, in 2016, Bernardes and co-workers reported α,β-unsaturated carbonylacrylamide 

reagents for selective and irreversible cysteine bioconjugation occurring under biocompatible conditions 

(10 mM, Tris HCl 20 mM, pH 8.0, room temperature, open air) [28]. Recently, Góis and colleagues 

developed NHS-activated acrylamides for site-selective N-terminal Cysteine functionalization but also 

for amino-sulfhydryl stapling in peptides and proteins [29], [30]. An additional class of thiol-Michael ac-

ceptors are vinylsulfonamides [31].  

This introduction is not meant to provide a comprehensive literature review but rather a concise 

overview of the methodologies currently available for Cys functionalization. Other class of reagents with 

high chemoselectivity towards in-chain or N-terminal Cys on peptides and proteins have been reported 

and summarized in literature reviews [21], [27]. These include cyclopropenylketones, chloromethyl acry-

lates, cyclooctynes, heteroaromatic sulfones, ethynylphosphonamidates, quaternized vinyl- and alkynyl-

pyridine reagents, cyclopropenones, cyanobenzothiazoles, among others. Similarly, recent methods de-

veloped for functionalization of other endogenous AAs have been summarized [11], [12]. 

 

1.2.1.1.1 Protein modification using bioorthogonal partners 

As the area of protein modification evolves, the requirement for highly selective and biocompatible 

procedures in complex biological environments has prompted the creation of bioorthogonal chemistry 

[32], [33]. Introduced by Bertozzi and co-workers, the concept of a bioorthogonal reaction referred to 

reactions that do not interfere with biological processes. These reactions exhibit such high selectivity 

that they can be performed even in complex biological environments [34], [35]. The principles of 

bioorthogonal chemistry are closely aligned with those of click chemistry. Click chemistry encompasses 

a group of highly specific bioorthogonal reactions that "click" two organic compounds together rapidly 

and with high yield, are easy to perform and purify, and can be carried out in aqueous solvents [36].  

Bioorthogonal reactions must meet several strict criteria to ensure high modification efficiency: they 

must be (1) selective over other potential reactive functional groups present on biomolecules, (2) pro-

ceed in aqueous media at (3) near physiological pH, and (4) have fast reaction rates at room tempera-

ture (or up to 37°C) using low reactant concentrations. These conditions are crucial to ensuring that the 
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reactions may efficiently modify proteins while not damaging the complex environment of living systems 

[32], [37].  

In 2002, Sharpless and Meldal independently introduced the copper(I)-catalysed [3+2] azide-alkyne 

cycloaddition (CuAAC) between an azide and an alkyne (Figure 4) [38], [39]. However, the use of cop-

per as a catalyst posed a limitation for protein labelling in living systems, as the concentration required 

for rapid CuAAC reactions was found to induce cytotoxicity both in vitro and in vivo [35]. To address 

this, Bertozzi and colleagues later developed a "copper-free" click reaction, known as strain-promoted 

[3+2] azide-alkyne cycloaddition (SPAAC) (Figure 4) [40]. This copper-free method has lower toxicity 

risks and operates under physiological circumstances, making it useful for biological applications. In-

deed, incorporating SPAAC into protein modification strategies allows researchers to make precise and 

targeted changes that preserve protein functions while minimizing off-target effects. For example, 

SPAAC enables the exact labelling or modification of biomolecules found in living organisms, which is 

essential for developing complex bioconjugates with applications in targeted drug delivery and en-

hanced imaging, among others [41]. Although SPAAC reactions proceed approximately 100-fold slower 

compared to CuAAC reactions their reactivity is still suitable for applications in protein modification. For 

“in vivo reactions” the SPAAC handles, in particular the alkyne partner, may have reactivity with biolog-

ical thiols [42].  

In response, Fox and co-workers introduced a new click reaction as an alternative to SPAAC: the 

inverse electron-demand [4+2] Diels-Alder (IEDDA) cycloaddition between a 1,2,4,5-tetrazine and a 

strained alkene dienophile [37], [43]. 
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Figure 4 – Examples of bioorthogonal reactions useful for bioconjugation and general comments about their utility and chal-

lenges. Adapted from Ref. [37] 

 

1.3 Targeted drug delivery systems  

Targeted therapy intends, through the targeting of specific molecules, to block cancer growth and 

spread [8]. Inspired by the “magic bullet” concept introduced by Paul Ehrlich [44], this approach targets 

unique genetic mutations and modified proteins that drive cancer cell survival and proliferation. Targeted 

therapy aims at reducing side effects and enhancing treatment efficacy by selectively attacking cancer 

cells while sparing normal cells (Figure 5). 
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Drug delivery systems (DDSs) is one of the most successful ways to achieve this selective targeting 

[45]. These systems are crucial for advancing cancer treatment by ensuring the precise release, timing, 

and distribution of therapeutic agents within the body. The treatment effectiveness is enhanced by DDSs 

through the delivery of drugs directly to target cells (Figure 5 B). Improvements in drug stability, bioa-

vailability, and concentration at the target site maximize therapeutic outcomes and reduce side effects. 

Additionally, DDSs extend a drug´s half-life, ensuring prolonged effectiveness while minimizing toxic 

effects on healthy cells and preventing degradation.  

 

 

Figure 5 – The difference between conventional (A) and targeted therapy (B). For example, antibody drug conjugate strategy 

significantly improves antitumoral efficacy. An ADCs exhibit superior tumor targeting in the circulation (B) compared with cocktail 

therapy (A). Three main components of an ADC include antibody, linker and payload (C). Reprinted from Ref. [46] 

 

However, DDSs face challenges, such as complex drug targets, difficulty in penetrating biological 

membranes, drug hydrolysis by enzymes, and the acidic tumor environment. Ongoing research is nec-

essary to overcome these challenges and further refine the precision and safety of these systems [47].  

ADCs and PDCs have emerged as promising DDSs that address some of these challenges. ADCs 

consist of a monoclonal antibody linked to a potent cytotoxic drug via a chemical linker (Figure 5 C), 

enabling precise delivery of the drug to cancer cells expressing specific antigens [46]. Similarly, PDCs 

B A 

C 
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use peptides instead of antibodies to deliver drugs directly to cancer cells [48]. Both ADCs and PDCs 

leverage their targeting components to enhance therapeutic efficacy by ensuring that cytotoxic drugs 

are delivered specifically to tumors, reducing damage to healthy tissues. 

ADCs and PDCs, as well as Small Protein-Drugs Conjugates (SPDC) like Nanobodies-Drug Con-

jugates, are currently undergoing extensive clinical trials to evaluate their effectiveness and safety 

across various cancers. ADCs are being evaluated for their good targeting capabilities, especially for 

blood tumors, while PDCs or SPDCs are being explored for their ability to deliver drugs with greater 

precision, especially in cases where monoclonal antibodies may face limitations due to their larger size 

[46], [48]. The smaller molecular size of PDCs/SPDCs may also offer better tumor penetration, making 

them potentially advantageous for treating solid tumors (Figure 6) [46]. Despite their promise, both 

ADCs and PDCs/SPDCs must overcome challenges to DDSs, such as ensuring stability, preventing 

premature degradation, and achieving efficient drug release within the tumor environment. 

 

 

Figure 6 – Strategies for cancer treatment using conventional drugs or targeted therapies. Peptide- or small protein-drug conju-

gates (PDCs/SPDCs) may also offer better tumor penetration in solid tumors and ADCs excellent targeting properties for blood 

tumors.   

 

A critical component of ADCs is the chemical linker used to attach the cytotoxic drug to the antibody. 

Linkers can be classified as either cleavable or non-cleavable, each affecting the mode of action of the 

ADC. Cleavable linkers release the drug at the tumor site in response to specific physiological triggers, 

such as high glutathione levels, low pH, or specific proteases (e.g. Cathepsin B) [49], [50]. In contrast, 
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non-cleavable linkers rely on the degradation of the antibody after internalization within lysosomes or 

endosomes to release the active drug [49], [50]. 

The selection of an appropriate linker is crucial, as it must be compatible with the biological envi-

ronment to ensure efficient drug delivery while minimizing off-target effects. The choice of linker influ-

ences the stability, specificity, and potency of the ADC, making it a key factor in therapeutic design.  

To date, the FDA has approved 12 ADCs. Seven of these utilize microtubule inhibitor payloads, 

three use DNA damaging payloads, and two carry payloads that inhibit topoisomerase I, as shown in 

Table 1, along with their respective linkers [51].  

 

Table 1 – Attributes of FDA approved ADCs. From Ref [51] 

 

ALCL, anaplastic large-cell lymphoma; AML, acute myeloid lymphoma; B-ALL, B cell acute lymphoblastic leukaemia; DAR, drug 

to antibody ratio; HR, hormone receptor; FRα, folate receptor-α; MMAE, monomethyl auristatin E; MMAF, monomethyl auristatin 

F; PAB, p-aminobenzyl; PBD, pyrrolobenzodiazepine; TF, tissue factor; TNBC, triple-negative breast cancer. 

 

1.4 The payload for Targeted therapy 

For many years, microtubule-targeting and DNA-intercalating agents dominated ADC develop-

ment. However, the recent approval and clinical success of trastuzumab deruxtecan (Enhertu®) and 
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sacituzumab govitecan (Trodelvy®), both of which utilize topoisomerase 1 inhibitors as payloads, have 

demonstrated the potential of conjugating novel payloads with distinct mechanisms of action [52].  

Medicinal chemistry has traditionally focused on organic compounds, but recently, inorganic chem-

istry has gained prominence due to the unique therapeutic potential of metal-based compounds (Figure 

7) [53].  

Metal ions are essential to cellular processes due to their unique chemical properties. They are 

commonly found in enzyme catalytic sites, where they facilitate crucial biological functions like electron 

transfer, substrate binding and catalysis. Disruptions in metal ion homeostasis can lead to various health 

issues, including cancer [54].  

Beyond their biological roles, metal ions have become attractive candidates for developing novel 

therapeutic agents. Although metal-based therapies have historical roots, recent advancements have 

significantly enhanced our understanding of these compounds and their mechanisms [55].  

Metal complexes consist of a metal ion bound to various ligands, forming structures with diverse 

geometries not easily achieved by organic compounds [56]. Their unique ability to undergo ligand ex-

change, redox, and catalytic reactions allow for precise targeting of biomolecules. Notably, metal com-

plexes can form stable covalent bonds with biological macromolecules, such as DNA. This targeted 

action induces apoptosis in cancer cells, making them potent cytotoxic agents [55].  

 

Figure 7 – Representation of cancer cells death by metal complexes. Created with BioRender.com. 

 

1.4.1 Metal complexes in clinical use 

Platinum complexes, particularly cisplatin, have significantly advanced the treatment of various can-

cers, including testicular, ovarian, cervical, head and neck, esophageal, and small-cell lung [57]. 

However, cisplatin´s non-specificity causes systemic toxicity, leading to serious side effects like ne-

phrotoxicity and neurotoxicity [58]. Long-term use can also damage normal tissues.  Additionally, some 

tumors, like colorectal and non-small lung cancers, are inherently resistant to cisplatin, while others, 

such as ovarian and small cell lung cancers, can quickly develop resistance [57].  

To address these issues, analogues like carboplatin and oxaliplatin have been developed, but they 

often share similar mechanisms and resistance profiles, limiting their effectiveness [59].  

The narrow spectrum of action and resistance in some cancers have driven the design of new metal 

complexes, including those based on platinum and other transition metals, to improve selectivity and 
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reduce side effects [60]. Bioinorganic and medicinal chemists are exploring strategies to overcome the 

limitations of platinum-based therapies. These include targeted drug delivery and designing novel plat-

inum and non-platinum complexes with unique structures and mechanisms to bypass resistance [61].  

 

1.4.2 Metal complexes in development: Gold complexes 

The search for more selective, effective, and less toxic metal-based therapies has led researchers 

to explore various metallic complexes beyond platinum, focusing on their unique structures and mech-

anisms of action. Recently, ruthenium and gold-based compounds have gained attention due to their 

promising cytotoxic and potential anticancer properties [62], [63].  

Gold, a transition metal, has played a significant role in human history, with medicinal uses dating 

back to ancient times. For example, China historically used gold as a therapeutic agent. Gold complexes 

were later found to have antibacterial and antitubercular properties [64].  

The discovery of auranofin, a gold complex approved by the FDA for treating rheumatoid arthritis, 

marked a significant milestone. Recent studies have shown that auranofin also exhibits anticancer ac-

tivity, inspiring the development of new gold complexes for cancer treatment [63].  

A key difference between the antiproliferative activities of platinum and gold complexes lies in their 

mechanisms of action. While cisplatin interacts directly with DNA to induce apoptosis, gold complexes 

often inhibit thiol- or seleno-containing enzymes like thioredoxin reductase, which can reduce the side 

effects and drug resistance commonly associated with platinum-based drugs [65].  

However, traditional gold complexes face challenges related to stability, as their ligands can be 

easily replaced under biological conditions, potentially limiting their effectiveness and specificity. Con-

trolling metal speciation, processes like ligand exchange, hydrolysis, and redox reactions, is crucial to 

ensure that gold complexes reach their pharmacological targets intact [66]. 

Gold complexes are not particularly selective against cancer cells and can exhibit significant toxicity 

in healthy cells. To address these challenges, organometallic complexes, particularly those with N-het-

erocyclic carbene (NHC) ligands, have been proposed. NHC ligands offer high stability, consistent bio-

activity, and ease of modification, making them promising candidates for new anticancer drugs [67], 

[68], [69]. 

Published studies have highlighted the significant antiproliferative activity of cationic mono- and bi-

nuclear Au(I) bis-NHC complexes, due to the overexpression of organic cation transporters (COTs) in 

the cell membrane. This selective accumulation in cancer cells underscores the importance of fine-

tuning the steric and electronic properties of Au(I)-NHCs [70].  

Recent efforts include exploring functional groups such as hydroxyl [71], activated ester [72], azide 

[73], and carboxylic acid to facilitate bioconjugation [65], thus enhancing the potential of these com-

pounds as targeted anticancer agents [74]. 

For instance, a highly active azide-functionalized Au(I) bis-1,2,3-triazole-5-ylidene complex was 

synthesized in collaboration between the Radiopharmaceutical Sciences group of the Centro de Ciên-

cias e Tecnologias Nucleares at Instituto Superior Técnico of University of Lisbon and the department 

of chemistry and catalysis research center at Technical University of Munich (Figure 8) [75]. The azide 
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moiety in the complex was chosen for its bioorthogonality and stability, while a C6 hydrocarbon spacer 

was included to minimize steric hindrance during bioconjugation with large targeting moieties like pep-

tides or antibodies. 

 

Figure 8 – Structure of Au(I) bis-1,2,3-triazole-5-ylidene complex. Created by ChemDraw.  

 

The study investigates the cytotoxic effects of the Au(I) bis-1,2,3-triazole-5-ylidene complex (Figure 

8) on human ovarian cancer (A2780) and breast cancer (MCF-7) cell lines, revealing that it surpasses 

the efficacy of cisplatin and auranofin by several orders of magnitude, as shown in Table 2. The IC50 

values demonstrate significant potency, with 26.6 ± 1.3 nM in A2780 cells and 261 ± 75 nM in MCF-7 

cells. When compared to the previously reported non-functionalized Au(I) bis-NHCtrz complex, the anti-

proliferative activity of the complex is higher for A2780 cells, though less active in the MCF-7 cell line. 

Notably, the high cytotoxic activity is preserved even after modification, which is crucial for enabling 

subsequent conjugation reactions. The backbone modification of the 1,2,3-triazolium ligand precursor 

featuring a terminal azide moiety provides a novel framework for further post-functionalization. This fa-

cilitates the use of common conjugation protocols, such as CuAAC and SPAAC reactions, allowing the 

incorporation of various targeting vectors (e.g., peptides, modified antibodies) and clickable radiochela-

tors (e.g., NODAGA or DOTA derivatives) paving the way for the development of highly selective 

theranostic Au(I) complexes, with the potential for improved cancer treatment outcomes [75]. 

 

Table 2 – IC50 values ± SD (nM) for the tested compound at 48 h incubation in ovarian cancer (A2780) and breast cancer (MCF-

7) cell lines. The values are given in nanomolar concentrations. Adapted from Ref. [75] 

 A2780 MCF-7 

Cisplatin 3600 ± 1300 21000 ± 6300 

Auranofin 430 ± 230 280 ± 140 

Au(I) bis NHCtrz 360 ± 90 84 ± 16 

Au(I) bis-1,2,3-triazole-5-ylidene 26.6 ± 1.3 261 ± 75 
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Researchers are also exploring innovative delivery systems to enhance the targeting and bioavail-

ability of these gold complexes. By using targeting vehicles such as antibodies, the goal is to create 

more selective chemotherapeutic treatments that minimize damage to healthy tissues.  

 

1.5 Conjugation strategies for the preparation of protein-based gold 

complexes 

Binding the chemical linker to the protein is an essential step in creating ADCs or PDCs. As previ-

ously discussed, thiol groups (-SH), due to their reactivity, are frequently used for conjugation. Since at 

biological conditions cysteine residues in proteins are often present in the form disulfide bridges, the 

use of agents like TCEP or DL-dithiothreitol (DTT) is key to reduce the disulfide bridge under controlled 

conditions to generate free thiol groups (Figure 9). In this way, the disulphide bridges on antibodies, 

linking the heavy and light chains, are explored as binding sites for conjugation with sulfhydryl-reactive 

linkers creating a strong, stable bond, that connects the antibody to the linker (Figure 9) [76].  

 
Figure 9 – Mechanism for the formation of the sulfyhydryl attachment site. From Ref. [76] 

 

While the bioconjugation of organic drugs to protein-based carriers is emerging as a promising 

strategy to enhance the pharmacological properties of anticancer drugs, the use of ADCs with metal-

based cytotoxic payloads is still relatively rare. A notable example involves the conjugation of gold(I) 

compounds to antibodies for targeted delivery. Gold has a strong affinity for cysteine residues in serum 

proteins like human serum albumin (HSA), which can sometimes lead to drug deactivation. However, 

by conjugating gold compounds to antibodies that specifically target cancer cells, it is possible to en-

hance efficacy and minimize side effects. A pioneering example is an ADC involving a N-heterocyclic 

carbene gold fragment conjugated to an engineered Trastuzumab antibody, Thiomab, recently reported 

by Bernardes et al (Figure 10) [77]. 
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Figure 10 – Au(I) complexes conjugated to an antibody for enhanced selectivity towards cancer cells. From Ref. [77] 

 

Ahad and Contel et al. conjugated an Au(I) phosphine complex to Trastuzumab with an additional 

linker at the lysine or cysteine side chains (Figure 11). These conjugates showed high efficacy against 

HER2-positive breast cancer mouse model [78].  

 

 

Figure 11 – Gold-containing ADCs studied by Ahad and Contel et al. From Ref. [78] 

 

Although proteins incorporating gold complexes have not yet advanced to clinical trials, they hold 

promise due to the potential benefits of combining the unique properties of gold complexes with the 

enhanced tumor delivery of proteins. Additionally, gold nanoparticles have been shown to stabilize pep-

tide-drug-conjugates, facilitating sustained targeted drug delivery to cancer cells [79]. Therefore, peptide 

and protein conjugates could represent a promising new avenue for the specific delivery of the cytotoxic 

gold complexes to cancer cells.  
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1.6 Nuclear Medicine in therapy and diagnosis 

Nuclear medicine is a specialized area of medicine that uses radioactive substances, called radio-

pharmaceuticals, to diagnose and treat diseases. Generally, each radiopharmaceutical contains two key 

components, a radioactive part (radionuclide) and a carrier substance (pharmaceutical). The pharma-

ceutical component directs the isotope to specific organs or areas in the body, where it either targets a 

disease or participates in natural physiological processes. The radionuclide emits radiation that can be 

detected by imaging devices [80].  

Traditional imaging techniques, such as Computed Tomography (CT) and Magnetic Resonance 

Imaging (MRI), primarily focus on providing detailed images of the body's structure and anatomy. These 

methods are excellent for detecting physical abnormalities but offer limited insight into the biological or 

molecular characteristics of the tissue [81]. 

In contrast, nuclear imaging techniques, such as SPECT, and PET, provide a deeper understanding 

by visualizing the molecular processes within the body. These techniques focus on the biological activity 

of tissues, such as tumor metabolic processes. For example, the elevated glucose metabolism in most 

types of malignancy is responsible for 18F-fluorodeoxyglucose (FDG) accumulation into cancer cells 

[82]. Indeed, a FDG PET scan is one of the most powerful tools currently available to detect and monitor 

disease. This molecular imaging approach offers significant advantages for diagnosing and treating dis-

eases, particularly cancers, by revealing detailed information about disease behaviour and helping to 

tailor more effective treatments [15].  

 

1.7 Radioisotopes used in nuclear medicine 

Nuclear medicine creates diagnostic images using various forms of radiation emitted by radioactive 

decay of radionuclides. Diagnostic radiotracers emit or indirectly create photons that are detected, al-

lowing them to view drug distribution throughout the body. PET imaging uses positron-emitting radionu-

clides (β+), while gamma-emitters are for SPECT imaging (Figure 12) [83].  

When positrons interact with neighbouring electrons (β-), they undergo "annihilation", leading in the 

generation of two gamma rays that travel in opposite directions. A PET scanner detects these gamma 

rays and creates an image from them. In SPECT, each decay produces a photon with enough energy 

to be detected outside the body with a gamma camera or SPECT scanner (Figure 12) [83].  
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Figure 12 – Radiometal decay types and their corresponding application in nuclear medicine. From Ref. [84]  

 

The radionuclides used to make a radiotracer are chosen based on availability, the energy of the 

emitted particles or radiation, physical half-life, intended application, and cost. PET provides greater 

resolution and sensitivity, whereas SPECT benefits from longer-lived radioisotopes that are more readily 

available and less expensive. Most radionuclides utilized in SPECT are metallic isotopes like 99mTc, 67Ga 

and 111In (Table 3).  

 

Table 3 – Isotopes with clinical use or potential for application in image. Adapted from Ref.[85] 

PET Imaging SPECT Imaging 

Nuclide Half-

life/min 

Type of 

emission 

Max. En-

ergy/MeV 

Nuclide Half-

life/h 

Type of 

emission 

Principal photon 

emission ener-

gies/MeV 

11C 20.3 β+ 0.97 123I 13.2 Electron 

capture 

0.16 

13N 10 β+ 1.20 99mTc 6 Isomeric 

transition 

0.14 

15O 2 β+ 1.74 111In 67.9 Electron 

capture 

0.17/0.25 

18F 110 β+ 0.64 67Ga 78.3 Electron 

capture 

0.09/0.19/0.30 

64Cu 762 β+/electron 

capture 

0.66 20Tl 73.1 Electron 

capture 

0.17 

68Ga 68.1 β+/electron 

capture 

1.90  

76Br 972 β+/electron 

capture 

4.00 

124I 60192 β+/electron 

capture 

2.14 
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For therapeutic applications, ionizing radiation is employed to destroy tumor tissue through the emis-

sion of subatomic particles (Figure 12). Different particles, including alpha particles (α), beta particles 

(β-), and Auger electrons (e-), have varying ranges within cells based on their charge, mass, and energy. 

β- have a longer range within cells, making them suitable for treating larger tumor masses. α and e- are 

effective for targeting small clusters of tumor cells. α particles have a short range but high energy, while 

e- are advantageous due to their high cytotoxicity and short-range biological efficacy. When the radio-

pharmaceutical is designed to position the radionuclide close to its therapeutic target, such as the nu-

cleus of pathological cells, specifically the DNA strands, e- can provide highly localized and effective 

treatment [83], [86]. 

 

1.8 General considerations about radiopharmaceuticals 

As previously mentioned, nuclear medicine utilizes radiopharmaceuticals for both therapy and diag-

nosis. Radiopharmaceuticals are compounds that contain a radionuclide and are designed to deliver 

radioactivity to specific organs or tissues within the patient. Diagnostic radiopharmaceuticals can be 

categorized into two main types: perfusion and specific [84].  

Perfusion radiopharmaceuticals are carried by the bloodstream to the target organ in proportion to 

the blood flow. They do not bind to specific sites and are distributed based on their size and charge [84].  

[99mTc]Tc-Tetrofosmin is a commonly used perfusion radiopharmaceutical for myocardial perfusion 

imaging. It accumulates in healthy myocardial tissue in direct relation to blood flow, allowing clinicians 

to evaluate areas of reduced perfusion and aiding in the diagnosis of coronary artery disease. [99mTc]Tc-

Tetrofosmin is favored for its rapid blood clearance, stable imaging properties, and optimal characteris-

tics such as a short half-life, which help minimize patient radiation exposure while delivering high-quality 

diagnostic results. [99mTc]Tc-Tetrofosmin are passively distributed based on blood flow, making them 

particularly useful for evaluating overall myocardial perfusion [87]. 

In contrast, specific radiopharmaceuticals are guided by biologically active molecules, such as an-

tibodies or peptides, which recognize and bind to a particular molecular target, such as receptors or 

enzymes (targeting vector) (Figure 13). The ability of these biomolecules to recognize and bind to their 

target determines the radiopharmaceutical's localization in the desired tissue, and this targeting capa-

bility must remain intact after the radionuclide is incorporated [84].  

An example of such a specific radiopharmaceutical is Lutathera® ([177Lu]Lu-DOTA-TATE), which is 

approved for peptide receptor radionuclide therapy (PRRT). Lutathera® targets somatostatin receptors, 

which are overexpressed in certain types of neuroendocrine tumors. By binding to these receptors, 

Lutathera® delivers targeted radiation directly to the tumor cells, minimizing damage to surrounding 

healthy tissue. Its approval by both the FDA and European Medicines Agency (EMA) represents a sig-

nificant advancement in targeted cancer therapy, particularly for patients with inoperable or metastatic 

neuroendocrine tumors [88]. 

While most radiopharmaceuticals currently used in clinical practice are perfusion-based, the focus 

of ongoing research in radiopharmaceutical chemistry is increasingly on the development of specific 

radiopharmaceuticals [89].  
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Figure 13 – Representation of the composition of a specific radiopharmaceutical. Created with BioRender.com 

 

1.8.1 Bifunctional ligands to conjugation of radioisotopes to biomolecules 

To produce specific radiopharmaceuticals using metal complexes, it is essential to link the biological 

and radioactive components with bifunctional chelators (BFCs) (Figure 13). The BFC has both a metal-

binding moiety (i.e. the chelator) to strongly coordinate a radioactive metal ion and a chemically reactive 

functional group suitable for the covalent attachment of a targeting vector (Figure 13) [89], [90]. The 

primary goal of radiometal complexation is to create stable coordination complexes, which prevent the 

release of free metals in vivo. Achieving this stability requires selecting a chelator that is well-matched 

to the specific metal [89], [90]. Linkers are often used to separate the chelator from the bioconjugate, 

ensuring that the biological properties of the biomolecule remain intact. The properties of these linkers 

are crucial, as adding side groups can be a powerful strategy to optimize radiotracer´s pharmacokinetics 

and biodistribution [89], [90].  

 

1.8.2 Chelator agent in a bifunctional ligand 

Due to the diversity of metallic radionuclides, no single BFC can effectively chelate all radiometals. 

Therefore, various BFCs are employed based on the specific radionuclide chosen. The size, charge, 

oxidation state and electron configuration of the radiometals dictate the coordination number required 

of a BFC. A widespread practice in labeling biomolecules with metals involves the use of appropriate 

chelating agents that enable the formation of stable complexes. This is crucial because the undesired 

release of the radioisotope can lead to its binding with serum proteins, such as transferrin, or its accu-

mulation in non-target, radiosensitive organs like bones, bone marrow, or kidneys [91].  

Early chelating agents in nuclear medicine, such as diethylentriamine pentaacetic acid (DTPA) and 

ethylenediaminetetraacetic acid (EDTA), were open-chain agents that proved instable, often leading to 

radionuclide dissociation, and diminishing their clinical potential. Preventing this dissociation is vital to 

reduce the accumulation of radioactive material in the bloodstream and enhanced uptake at the tumor 

site [91].  



 21 

To overcome these issues, more stable chelating agents have been developed, particularly macro-

cyclic chelators such as 1,4,7-triazacyclononanetriacetic acid (NOTA), 1,4,7,10-tetraazacyclododecane-

1,4,7,10-tetraacetic acid (DOTA) and 1,4,8,11-tetraazacyclotetradecane-1,4,8,11-tetraacetate (TETA) 

(Figure 14). These macrocyclic structures provide high thermodynamic stability to metal complexes, 

improving their performance in clinical applications [84], [91]. NOTA, for instance, has three carboxylic 

acid groups that can be used for conjugation to the targeting moiety. However, sacrificing a carboxylate 

donor may reduce complex stability and modify the overall charge, which is not ideal. To address this, 

glutaric acid can be used as a pendant arm on the 1,4,7-triazacyclononane (TACN) instead of acetic 

acid, forming the 1,4,7-triazacyclononane-1-glutaric acid-4,7-acetic acid (NODAGA) chelator. NODAGA 

can be conjugated to a biomolecule without sacrificing the preferred donor atom set, thanks to the ad-

ditional functional group on the pendant arm, which also increases the flexibility of the linker. 1,4,7,10-

Tetraazacyclododececane,1-(glutaric acid)-4,7,10-triacetic acid (DOTAGA) is an analogous of 

NODAGA (Figure 14) [84], [91]. 
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Figure 14 – Representation of some chelators explored in the literature for the stabilization of radiometals and conjugation to 

biomolecules.  

 

1.9 Basic aspects of gallium radiochemistry 

In nuclear medicine, the most commonly used isotopes for SPECT and PET differ based on their 

decay properties, imaging techniques, availability and specific applications. For example, technetium-

99m (⁹⁹ᵐTc) is widely used in the clinic (> 70% of nuclear exams) for cardiac imaging, bone scans, and 

renal studies due to its ideal gamma energy (gamma emission of 140 keV) and short half-life (~ 6 h), 

making it safe and effective for routine clinical and research use. Additionally, this radionuclide is readily 

available from molybdenum-99/technetium-99m generators, eliminating the need for a cyclotron or a 

nuclear reactor, which makes it highly convenient and cost-effective for widespread use in nuclear med-

icine. Similarly, gallium-68 (68Ga) is produced from the radioactive decay of germanium-68 (68Ge) and 

can be also obtained using a 68Ge/68Ga generator, which has recently generated significant interest for 

applications in nuclear medicine (Figure 15) [92].  

 

 

 

 

 

 

 

 

 

Figure 15 – 68Ge/68Ga generator based and its decay characteristics. From Ref. [92] 

 

The long half-life of 68Ge (271 days) enables the creation of cost-effective and durable generator 

systems, offering a major advantage over PET radionuclides typically produced by cyclotron irradiation. 

68Ga decays to zinc-68 (68Zn) primarily through positron emission (89%) and partially by electron capture 

(11%), with a maximum energy of 1077 keV (Figure 15). Its half-life of 68 minutes makes it well-suited 

for labelling molecules with high clearance rates, such as low molecular weight compounds, antibody 

fragments and peptides, due to their rapid elimination from the body. However, for biomolecules with 

slower pharmacokinetics, like antibodies, 68Ga is less ideal. In such cases, gallium-67 (67Ga) may be a 

better option. Although 67Ga emits gamma radiation, its longer half-life (78.3 h) allows for extended 

imaging studies [92].  

Both 67Ga and 68Ga can form stable complexes with a variety of ligands containing donor atoms like 

nitrogen and oxygen, enabling the use of a wide range of chelating agents for complexation. Due to 

these advantageous properties, interest in the use of this pair of isotopes continues to grow. 

67Ga is well-suited for chelation with agents like DOTA, NOTA, DOTAGA, and NODAGA due to its 

+3 oxidation state and small ionic radius (Figure 16) [93]. These chelators form highly stable complexes 
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with 67Ga, which is crucial for preventing the radiometal from dissociating in vivo. This stability minimizes 

the risk of non-specific binding and unwanted radiation exposure to non-target tissues. The strong bind-

ing affinity of these chelators ensures that 67Ga remains securely attached to the targeting biomolecule, 

thereby enhancing the precision and efficacy of 67Ga-radiopharmaceuticals used in both imaging and 

therapeutic applications [90].  

 

Figure 16 – Schematic structures of gallium complexes with NODAGA, DOTA and DOTAGA chelators. From Ref [93] 

 

1.9.1 Radiolabelling of proteins 

Radiolabelling peptides and antibodies is crucial in nuclear medicine for both diagnostic imaging 

and targeted therapy. Biomolecules can be labelled with radioisotopes either directly or indirectly. In 

general, the direct method involves the attachment of a chelator to a biomolecule using “cysteine or 

lysine chemistry”, as previously described, followed by radiolabelling (Figure 17). For this approach, 

Lysine-specific chelator such as N-hydroxysuccinimide esters or Cysteine-specific chelators such as 

maleimide derivatives are commercially available. 
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Figure 17 – Schematic Representation of the two strategies for Radiolabelling proteins for theranostic applications, emphasiz-

ing the importance of precise targeting for efficient tumor localization and minimized off-target effects. Created by BioRen-

der.com 

 

Indirect radiolabelling uses small molecules, or prosthetic groups, to attach the radionuclide to the 

biomolecule. This method is versatile and preserves the biomolecule's function. Click chemistry is often 

employed here, allowing for highly specific and efficient labelling under mild conditions [94]. In this con-

text, the prosthetic group dibenzocyclooctyne (DBCO) is commonly used in SPAAC due to its ability to 

react with azide-functionalized biomolecules. For example, SPAAC was used to attach Fluorine-18 to 

peptides [95]. In this work, a [18F]-labelled azide was reacted with a peptide containing a DBCO group 

conjugated via amide bond formation.  

 

1.10 Theranostic compounds 

While targeted therapies such as ADCs and PDCs/SPDCs have revolutionized cancer treatment by 

selectively delivering cytotoxic agents to tumor cells, there remains a significant need for advancements 

that can further optimize patient outcomes. A critical challenge lies not only in delivering the therapeutic 

agent precisely but also in monitoring its distribution and effectiveness in real-time. This challenge has 
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catalyzed the development of theranostic compounds, which represent a groundbreaking evolution in 

targeted therapy. 

Theranostic compounds integrate therapeutic and diagnostic capabilities into a single agent, offer-

ing a dual-functionality approach. These compounds are designed to both treat the disease and simul-

taneously monitor the therapeutic process, enabling personalized treatment strategies. The ability to 

adjust treatment based on real-time data optimizes efficacy and minimizes toxicity, representing a sig-

nificant advancement in bridging the gap between treatment and diagnostics in more effective and per-

sonalized cancer therapies. 

Nuclear medicine, particularly with regard to applications in oncology, is currently one of the greatest 

components of the theranostic concept in clinical and research scenarios. Theranostics in nuclear med-

icine, refers to the use of radioactive compounds to image biologic phenomena, and then to use specif-

ically designed agents to deliver ionizing radiation to the tissues that express these targets (Figure 18). 

The nuclear theranostic approach has sparked increasing interest and gained importance in parallel to 

the growth in molecular imaging and personalized medicine, helping to provide customized manage-

ment for various diseases [96], [97].  

A key aspect of this advancement is the use of paired isotopes, which enhance the efficacy of 

theranostic applications. Paired isotopes are chemically identical and exhibit similar half-lives, allowing 

the diagnostic agent to closely mirror the behavior of the therapeutic agent in vivo, thereby ensuring 

accurate dosimetry. For instance, isotopes such as lutetium-177 (¹⁷⁷Lu) and indium-111 (¹¹¹In) exemplify 

this concept. Lutetium-177 is valued for its therapeutic capabilities, emitting beta particles that effectively 

target and destroy cancer cells, while indium-111 is primarily employed for imaging due to its gamma 

emission, which allows visualization of the biodistribution of radiolabeled compounds [98]. 

 

 

Figure 18 – Overview of the concept of radiotheranostics: radiopharmaceuticals are paired with targeted ligands to ‘see with 

precision’ and then ‘treat with targeting’. From Ref. [97]  
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The integration of these isotopes allows researchers to develop robust theranostic agents that fa-

cilitate both targeted therapy and real-time imaging of treatment efficacy. By employing a PSMA-tar-

geted peptide, Li et al. demonstrate how the combined use of lutetium and indium can optimize treat-

ment planning and monitoring, ultimately improving patient outcomes in personalized cancer therapy. 

In contrast, non-chemically identical isotopes can lead to discrepancies in treatment assessments, un-

derscoring the importance of utilizing paired isotopes for more effective therapies [99]. 

 

1.11 Emerging targets for cancer therapy: the role of immune check-

point inhibitors 

Over the past two decades, immunotherapies have increasingly emerged as first-line treatments for 

many cancers. One prominent approach is immune checkpoint blockade, which has shown encouraging 

results in clinical trials across various solid tumors [100]. The mechanism of action of immunotherapy is 

through the inhibition of the immune checkpoint ligand–receptor interactions, withdrawing the immune 

suppression exerted by tumor cells and enabling the immune system to recognize and destroy these 

cells (Figure 19). A key focus is the Programmed Cell Death Protein 1 (PD-1), which plays a vital role 

in inhibiting immune responses and promoting self-tolerance through T cells modulation. Programmed 

Cell Death Ligand 1 (PD-L1), a transmembrane protein, binds to PD-1, reducing the proliferation of PD-

1 positive cells and inducing apoptosis.  

The interaction between PD-1 on T cells and PD-L1 on tumor cells is blocked by a class of immu-

notherapies called PD-L1 inhibitors that prevent tumors from evading immune detection [100].   

 

Figure 19 – Mechanism of action of immune checkpoint Inhibitor against tumor cells. Created with Biorender.com 

 

Modifying PD-L1-targeting biomolecules could lead to innovative approaches for cancer imaging 

and therapy. Attaching additional functionalities, such as drugs or imaging tags, to these targeting mol-

ecules presents promising opportunities to improve these therapies by facilitating precise delivery of 

imaging agents or therapeutic compounds directly to the tumor microenvironment. This targeted ap-

proach holds great potential for advancing cancer diagnosis and enhancing treatment outcomes [101], 

[102].  
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1.12 Proteins targeting the PD-1/PD-L1 pathway  

Recent advances in immunotherapy have significantly impacted cancer treatment, especially 

through checkpoint inhibitors targeting the PD-1/PD-L1 pathway. 

Monoclonal antibodies (mAbs) are highly specific proteins that bind to antigens. Three targeting PD-

L1 antibodies that have been investigated by FDA include Atezolizumab (Tecentriq) [103], Avelumab 

(Bavencio) [104], and Durvalumab (Imfinzi) [105]. These antibodies block the PD-L1 interaction with PD-

1 on T cells, enhancing immune system activity against cancer cells [102]. However, Atezolizumab and 

Durvalumab prevent immune evasion by tumors, while Avelumab additionally induces antibody-depend-

ent cellular cytotoxicity (ADCC) by engaging natural killer cells. Avelumab therefore has the potential to 

utilize both adaptative and innate immune mechanisms to destroy cancer cells. Each is approved for 

the treatment of specific cancers, such as non-small cell lung cancer (NSCLC), urothelial carcinoma, 

and Merkel cell cancer [106]. 

 

1.12.1 Miniproteins targeting the PD-L1  

We envisaged that small proteins, similar to nanobodies, may preserve the potency and specificity 

benefits of antibodies while eliminating some of their drawbacks. Their smaller size enables better tissue 

penetration and faster clearance, potentially boosting efficacy and lowering side effects. Nanobodies, 

for example, have been successfully applied in cancer diagnostics and therapeutics, such as PD-L1-

targeting nanobodies used for imaging in cancer treatment [107]. Miniproteins, owing to their versatile 

roles in cellular processes, are increasing their significance in cancer research. These small proteins 

are being explored for their potential in developing new cancer diagnostics and therapies [108]. For 

example, Knottins and Kalata B1 are cystine-reinforced miniproteins with notable potential in cancer 

therapies. Knottins are designed to specifically target cancer-related proteins, offering a precision ap-

proach to tumor treatment and potentially reducing off-target effects. Kalata B1, with its ability to en-

hance drug delivery, can improve the targeting of therapeutic agents directly to cancer cells, thus in-

creasing treatment efficacy and minimizing systemic side effects. DARPins (designed ankyrin repeat 

proteins) are another class of binding molecules with the potential to overcome limitations of monoclonal 

antibodies, hence allowing novel therapeutic approaches [109]. These types of miniproteins utilize their 

stable structures to address various therapeutic needs effectively, making them valuable candidates for 

advancing cancer treatment and improving patient outcomes [110]. 

De novo miniproteins are a class of small proteins being developed using computational methods. 

Indeed, in recent decades, computational de novo protein design has enabled the creation of entirely 

novel protein sequences and structures from scratch without any pre-existing template or natural protein 

as a starting point. This research pioneered by David Baker has resulted in the discovery of many novel 

miniproteins targeting several receptors relevant for application in cancer [111], [112]. Based on recent 

progress in this field, the Bernardes group at iMM and the group of David Baker at IPD (Institute of 

Protein Design, Washington University), are exploring the use of miniproteins to delivery potent organic 

cytotoxic drugs to cancer cells in mouse models for chemotherapy [111], [112]. 
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1.13 Objective of the study 

The main goal of this study is to develop and evaluate a new class of theranostic metallodrugs that 

combine the benefits of ADCs and SPDCs for cancer imaging and therapy for a cancer theranostic 

approach. In detail, this work aims to deliver highly effective cytotoxic gold complexes selectively to 

tumor cells, exploring the targeting characteristics of these bioconjugates, aiming to decrease off-target 

effects and boost antitumor efficacy.  

The Radiopharmaceutical Sciences group of C2TN, IST, has recently reported a symmetric Au(I) 

bis-1,2,3-triazole-5-ylidene complex with two azide functional groups that showed high cytotoxicity on 

human ovarian cancer (A2780) and breast cancer (MCF-7) cell lines, surpassing the efficacy of cisplatin 

and auranofin by several orders of magnitude (IC50:26.6 ± 1.3 nM in A2780 cells and 261 ± 75 nM in 

MCF-7 cells). The azide groups in the complex were chosen to introduce biorthogonality to the gold 

complex. Notably, the high cytotoxic activity is preserved even after modification of the azide group with 

a cyclooctyne partner. Having previously discussed the advantages of SPAAC, we sought to use this 

click chemistry reaction to attach the gold complex to proteins targeting the PD-L1 receptor. In this 

context, a maleimide linker equipped with a strained alkyne group was first conjugated to the antibody 

atezolizumab or to a miniprotein under optimized conditions (Figure 20). The alkyne-bearing proteins 

were then reacted with the azide-functionalized Au(I) complex. When these two groups interact, they 

undergo a SPAAC reaction, resulting in the formation of a stable bioconjugates featuring now an addi-

tional terminal azide moiety that provides a novel framework for further post-functionalization. This fa-

cilitates the incorporation of new vectors such as clickable radiochelators (e.g., NODAGA or DOTA 

derivatives with BCN alkyne handles) or fluorophores (fluorescent-DBCO reagents) (Figure 20), paving 

the way for the development of highly selective theranostic Au(I) complexes. 
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Figure 20 – Multifunctional approach to develop protein-based metallodrugs combining imaging and cytotoxic vectors for 

theragnosis. 

 

The cytotoxicity of the metal-based miniprotein will be evaluated in cells using specific cancer cell 

lines overexpressing PD-L1. Additionally, the conjugated N3-pendant group on the proteins will be fur-

ther explored for click chemistry with NODAGA- and fluorescent-alkyne reagents. Specifically, the 

NODAGA-BCN will be used to radiolabel the metal-based miniprotein with a radionuclide (e.g. 67Ga) to 

study its behavior in cells (e.g. cell uptake in PD-L1 expressing cells) and its biodistribution in mice 

inoculated with “PD-L1 tumors”. Similarly, the fluorescent antibody will be used for imaging of the gold 

therapeutic agents in mice bearing “PD-L1 tumors” by IVIS®. This approach aims to demonstrate the 

potential of these metal-based protein drugs as novel theranostic agents for cancer imaging and ther-

apy.
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2  

 

MATERIALS AND METHODS 

All chemical reagents and solvents acquired commercially were of reagent grade and utilized with-

out further purification unless specifically noted. 

The water (H2O) used for the experiments was ultrapure Milli-Q water obtained from a Water Puri-

fication System. 

 

2.1 Proteins 

A mini protein, PDL1_JHR_8_7C_HIS having an internal cysteine at position 7 and a histidine tail, 

produced in Escherichia coli (E. coli) showing high affinity for PD-L1 (in the range of nM), was generously 

provided by Professor Gonçalo Bernardes´ laboratory at Instituto de Medicina Molecular (iMM) João 

Lobo Antunes. This protein, consisting of 115 amino acids (exact sequence undisclosed), was designed 

using computational methods (Rosetta Software) developed in Professor David Baker´s laboratory at 

Washington University, USA.  

This mini protein has a molecular weight of 13164 Da and is supplied at a concentration of 5.2 

mg/mL in phosphate-buffered saline (PBS) at pH 7.4, containing 1 mM of TCEP, a reducing agent used 

to prevent protein dimerization.  

 

2.2 Antibody 

Atezolizumab (Tecentriq®, F. Hoffmann-La Roche Ltd), a high-affinity human IgG1 mAb was gener-

ously provided by Rita Fior´s laboratory from Champalimaud Foundation. 

Atezolizumab targets PD-L1, enhancing immune response against cancer cells by blocking PD-L1 

interactions with its receptors. Each vial contains 60 mg/mL of atezolizumab and is formulated in glacial 

acetic acid (16.5 mg), L-histidine (62 mg), polysorbate 20 (8 mg) and sucrose (821.6 mg) at pH 5.8. 

Atezolizumab has a molecular weight of 145000 g/mol [113]. 

The antibody was produced using recombinant DNA technology in a Chinese hamster ovary (CHO) 

mammalian cell expression system [114], [115]. 
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2.3 Purification of the miniprotein and the marketed monoclonal an-

tibody 

Prior to modification, the miniprotein suffered desalting using Zeba™ Spin Desalting Columns (7K 

MWCO, 0.5 mL, Thermo Fisher Scientific, Massachusetts, USA) to remove residual TCEP that could 

potentially interfere with subsequent reactions. The manufacturer's protocol, involving specific washing 

and centrifugation cycles, was meticulously followed. Following purification, the protein was prepared 

for further modification, detailed in the subsequent section.  

Notably, contrary to some approaches reported in the literature for mAb like Atezolizumab, which 

typically involve dialysis to remove excipients, this step was omitted in our protocol [116], [117]. Despite 

this deviation, subsequent modification reactions proceeded successfully with high yields. 

 

2.4 Protein and antibody modification, radiolabelling, purification 

and characterization 

2.4.1 Protein modification 

The synthesis of the PDC began with the coupling of the miniprotein PDL1_ JHR_8_7C_HIS to a 

maleimide bearing a DBCO group, facilitating subsequent conjugation reactions. Following this, the min-

iprotein was further reacted with the gold complex Autr(az/az), which was previously synthesized as 

described in the protocol [75] and features two azide groups per side. This enables additional conjuga-

tion with BCN-NODAGA to form a theranostic protein drug conjugate and allows subsequent labelling 

with gallium-67. 

The initial step involved purifying the miniprotein as described in section 2.3 to remove TCEP from 

the storage solution. After purification, the miniprotein solution was reacted at 25 ºC with 300 rpm agi-

tation for 1 – 2 h with 5 equivalents of the maleimide-DBCO and Autr(az/az) gold complex, both dis-

solved in DMF (final concentration of DMF in the reaction = 5%), and 5 eqs of BCN-NODAGA dissolved 

in water. Following the conjugation reactions, the PDC was purified using an Amicon column (Amicon® 

Ultra, 0.5 mL, 3K MWCO, Millipore) according to the manufacturer´s protocol. Protein modification was 

confirmed by Liquid Chromatography - Mass Spectrometry (LC-MS), ensuring the successful conjuga-

tion of the miniprotein with the desired reagents. Table 4 shows a list of compounds used in the synthe-

sis and their respective molecular weights.  

 

Table 4 – Compounds used in the synthesis of the PDC  

Compounds Molecular weight (g/mol) 

Maleimide DBCO (C25H21N3O4) Thermo Scientific 427.45 

Gold complex (Autrz(az/az)) 1059.07 

BCN-NODAGA (C28H43N5O9), CheMatech 593.67 
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2.4.2 Antibody modification 

ADC was synthesized using the same molecules as those conjugated to the miniprotein, utilizing 

an antibody as biological carrier. A key modification involved substituting the Maleimide DBCO linker 

with a Maleimide PEG DBCO linker to enhance hydrophilicity and optimize reaction yields. Additionally, 

for theranostic compound, the antibody was also conjugated with DBCO Cy5, a fluorophore. Detailed 

descriptions of new reagents are provided in Table 5. 

Initially, the antibody suffered reduction with 20 equivalents of TCEP reagent at 37 ºC for 30 minutes 

to separate the light chain (LC) from the heavy chain (HC). Following reduction, the solution was allowed 

to react at 25 ºC with 300 rpm agitation for 1 – 2 h. ADC was formed using 20 equivalents of the same 

reagents as those used for miniproteins, except DBCO Cy5, which was used at 5 eqs. Conjugation 

reactions were purified using Dialysis Units (Slide-A-Lyzer® MINI Dialysis Unit, 1L, 7K or 20K MWCO, 

Thermo Scientific) and Dialysis Cassettes (Slide-A-Lyzer® MINI Dialysis Cassettes, 0.1 mL – 0.5 mL, 

3.5K MWCO, Thermo Scientific) to remove unreacted reagents and by-products. Protein modification 

was verified by LC-MS analysis. Prior to analysis, antibodies were treated with 20 eqs of TCEP at 37 ºC 

for 30 minutes to reduce disulfide bonds, ensuring free thiol groups for accurate structural analysis. 

Table 5 shows a list of compounds used in the synthesis, including their respective molecular weights. 

 

Table 5 – The new compounds used for the conjugation of the antibody  

Compounds Molecular weight (g/mol) 

EZ-LinkTM Maleimide-PEG4-DBCO (C36H42N4O9) Thermo 

Scientific 

674.74 

DBCO Cy5 (C64H86N6O11S3) Sigma-Aldrich 1211.59 

 

2.4.3 Characterization of the conjugates 

2.4.3.1. LC-MS analysis of Native Proteins, Antibodies, and Their Conju-

gates 

The native proteins and native antibody, as well as their conjugates, were analysed using LC-MS. 

This analysis was conducted on a Waters Acquity UPLC system equipped with a single quadrupole 

mass detector (QDa). The separation was achieved using a Xbridge BEH C4 column (Waters, 3.5 µm, 

300 Å pore size, 2.1 x 100 mm) maintained at 40 ºC. The mobile phase consists in 0.1 % v/v formic acid 

in distilled water (solvent A) and 0.01 % v/v formic acid in acetonitrile (solvent B). The gradients of 

solvents A and B were applied according to the following method: 10 % B for 5 min, followed by a slow 

gradient to 100 % B in 15 min. At 20.1 min, B returned to 10 %, remaining at this % for a further 7.9 min 

to re-equilibrate the column. The total run time was 28 min at a flow rate of 0.2 mL/min. The injection 

volume was 10 µL. The electrospray source was operated at a capillary voltage of 1.5 kV and a cone 

voltage of 20 V. Nitrogen was used as the desolvation gas at a total flow rate of 800 L/h with a cone 

volume of 1 L/h and the temperature was set at 400 ºC. To obtain the ion series, protein peaks from the 

total ion chromatogram were selected for integration. The mass spectra were then reconstructed using 

the MaxEnt algorithm pre-Installed in the MassLynx software (Waters version 4.1) using a maximum 
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entropy deconvolution range between 2.000 – 30.000 Daltons for mini proteins and 10.000 – 70.000 

Daltons for antibodies.  

 

2.4.3.2. Quantification of the conjugates using QuibitTM 4 Fluorometer 

After modification and purification, the protein and antibodies were quantified using a Qubit™ 4 

Fluorometer (Thermo Scientific, Invitrogen Qubit Assays). This assay utilizes target-selective dyes that 

emit fluorescence only when bound to their specific protein targets. First, the Qubit™ working solution 

was prepared by diluting the Qubit™ reagent 1:200 in Qubit™ buffer. For each standard and sample, 

200 µL of the working solution was prepared. In each tube, 190 µL of the working solution was combined 

with 10 µL of the standard or sample. The tubes were then vortexed for 2 – 3 seconds to ensure proper 

mixing. Following mixing, the samples were incubated for 15 minutes at room temperature to allow the 

dye to bind to the protein targets. After incubation, the tubes were placed in the Qubit™ fluorometer, 

and the fluorescence was measured according to the manufacturer's instructions. This method ensured 

accurate quantification of the protein, and antibody present in the samples. 

 

2.4.4 Purification of the conjugates 

As mentioned in the section 2.4.1 and 2.4.2, the purification of the miniprotein and the antibody was 

conducted using amicon columns and dialysis, respectively. It´s crucial to select the appropriate molec-

ular weight cutoff for both the amicon column and dialysis membrane. 

For miniproteins, the buffer solution used was PBS at pH 7.4 and for atezolizumab, it was 5 mM L-

histidine at pH 5.8.3 

To initiate the purification of the miniprotein, the Amicon Ultra-0.5 centrifugal filter unit was prepared 

by adding 500 µL of PBS and centrifuging at 14000 x g for 5 – 10 minutes to remove the PBS. This 

equilibration step was repeated once for thorough preparation. The miniprotein sample was then loaded 

into the prepared filter device and centrifuged at 14000 x g for 10 minutes. Throughout centrifugation, 

the filter unit was monitored every 5 minutes to prevent sample over-concentration. After the initial spin, 

500 µL of fresh PBS was added to the concentrated protein sample in the filter device, followed by 

centrifugation at 14000 x g for 10 minutes. This buffer exchange step was repeated 2 – 3 times to 

effectively remove unwanted salts or small molecules. Upon completing the final centrifugation, the pu-

rified miniprotein was collected by inverting the filter device into a new collection tube. The device was 

then centrifuged at 1000 x g for 2 minutes to recover the purified and concentrated miniprotein sample. 

Subsequently, the volume of the recovered sample was measured using a pipette, and the miniprotein 

concentration was determined with an appropriate protein assay method, such as the Qubit Fluorometer 

assay. Finally, the purified miniprotein was stored under recommended conditions until further use. 

To the purification of the antibody, the dialysis devices were hydrated according to the manufactur-

er's instructions, and the antibody solution was transferred into the devices, leaving space for expansion. 

The units were securely sealed and immersed in a beaker filled with a large volume of buffer solution. 

The beaker was placed on a stirring device to ensure continuous movement and prevent concentration 
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gradients. Dialysis was conducted at 4 °C for 4 to 24 h, with buffer changes every 2 to 4 h, typically 

three times. After dialysis, the units were removed, and the purified antibody solution was transferred to 

a clean container. The concentration and purity of the antibody were assessed using appropriate as-

says. 

 

2.4.5 Manipulation of radioactive compounds 

The handling of radioactive compounds strictly adhered to safety and radiological protection stand-

ards in laboratories equipped with appropriate facilities, including negative pressure ventilation systems. 

Radioactive solutions were stored in thick lead containers and managed with utmost care. Before and 

after each use, the background radiation levels were measured using a portable digital radiation meter. 

All manipulations of radioactive solutions were performed inside a laminar flow chamber, protected by 

a lead-shielded screen. Additionally, the absorbed radiation dose during experimental procedures was 

periodically monitored by reading individual chest dosimeters. 

 

2.4.6 Radiolabelling with Gallium (67Ga) 

2.4.6.1 67Gallium citrate transformation 

5.5 mL of 67Ga-citrate (205 MBq in 5.5 mL, Curium, Netherlands) were converted to 67Ga-chloride 

(67GaCl3) using a specified procedure [118]. Initially, a Silica Light SEP-PAK column (Waters, USA) was 

washed with 10 mL of H2O at 1 mL/min to equilibrate the column and remove any residual impurities. 

The 67Ga-citrate solution was then applied to the column. To effectively remove the citrate, the column 

was gently eluted with 5 mL of H2O, and the retention of 67Ga in the SEP-PAK was monitored using a 

gamma counter (CRC®-55tW Curiemeter, Capintec) to ensure efficient separation from the citrate ions. 

Next, 0.5 mL of 0.1 M hydrochloric acid (HCl) solution was added to the column, and the first fraction 

(F1) was collected. This fraction typically contains minimal or negligible radioactivity. The acid wash step 

(0.1 M HCl) was repeated four times to obtain subsequent fractions: F2, F3, F4 and F5, which were 

collected sequentially. Finally, to dry the column and recover any remaining activity, 0.5 mL of air was 

through the SEP-PAK, and the residual activity was collected in fraction F5. The activity of all collected 

fractions (F1 to F5) was measured using the gamma counter to determine the distribution and purity of 

67Ga-chloride. Upon completion of the protocol, the total recovered activity and efficiency of the conver-

sion process were assessed based on the gamma counter measurements of each fraction. 

 

2.4.6.2 Radiolabelling of protein/antibody NODAGA-conjugates with gal-

lium-67 

After obtaining 67GaCl3, the solution was mixed with 0.1 M sodium acetate (C2H3NaO2) solution 

adjusted to pH 5 in a 1:3 ratio. Following pH adjustment, protein/antibody-maleimide-gold complex-

NODAGA conjugates were reacted with GaCl3 in a 1:1 ratio (final concentrations varied in each radio-

labelling experiment). The reactions were conducted at 37 °C for varying durations of 20 minutes, 1h, 

and 2h with agitation. Reaction progress was monitored using instant thin layer chromatography with a 
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silica gel (iTLC-SG) and Reversed-Phase High-Performance Liquid Chromatography (RP-HPLC) anal-

ysis. The final radioactivity of the solutions containing 67Ga-labeled compounds was quantified using a 

gamma counter. 

For cell and in vivo assays involving the miniprotein, the radiolabeled protein was purified using an 

Amicon Ultra-0.5 mL 3 kDa filter to separate it from free gallium precursor. The purity of the purified 

samples was confirmed by iTLC-SG and HPLC analysis.  

 

2.4.7 Characterization of the radiolabeled compounds 

2.4.7.1 iTLC 

To determine labelling yields, iTLC was employed, which measures the distribution of radioactivity 

between the radiolabeled compound and free gallium-67. Strips of silica gel-impregnated glass microfi-

ber chromatography paper (Agilent Technologies, Santa Clara, CA, USA) were used as the substrate. 

A volume of 3 µL of the radiolabeled sample was carefully applied to the iTLC strip near one end. A 

mixture of ethanol and hydrochloric acid (HCl, 0.6 M) was prepared in a 99:1 (v/v) ratio and used as the 

elution solvent. As the solvent migrated, free gallium-67, being less bound to the silica gel, moved to-

ward the front (lower retention factor (Rf) value). Conversely, the radiolabeled protein, bound more 

strongly to the silica gel, remained near the application point (higher Rf value).  

 

2.4.7.2 RP-HPLC 

RP-HPLC is a technique continuously growing in purification and analysis of peptides and uses the 

concept of polarity, therefore the most apolar compound takes longer to be eluted since it has stronger 

interactions with column's nonpolar packing. In addition, RP-HPLC is versatile since mobile phases can 

be polar such as H2O and Acetonitrile (ACN) with Trifluoroacetic Acid (TFA) which are best for peptides 

[119], [120]. RP-HPLC analytical control of the radiolabeled compounds was conducted in a Perkin 

Elmer LC Pump 200 with a Berthold-LB 509 Radioflow detector and a Shimadzu SPD 10 AV UV/Vis 

detector. Degassing the solvents through Uniflow Degasys DG-3210 in a flow of 1.0 mL/min detected 

at 220 nm (wavelength absorbed by most compounds) in a Macherey Nagel Analytical, EC250/3 Nucle-

osil 100-5 C18 column with Method A (Table 6). 

 

Table 6 – Method (A) for HPLC analysis of radiolabeled conjugates Eluent A: TFA 0.1% in H2O; Eluent B: TFA 0.1% in ACN. 

Step Time (minutes) %A %B 

0 5.0 95.0 5.0 

1 20.0 0.0 100.0 

2 5.0 0.0 100.0 

3 1.0 95.0 5.0 

4 4.0 95.0 5.0 
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2.5 Biochemical characterization of the fluorescent antibody 

SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE) was conducted to separate the light chain, 

heavy chain, and heterogeneous IgG antibodies based on their electrophoretic mobility. The concentra-

tion of the resolving gel, ranging between 10% and 20%, was selected according to the size of the 

antibodies. The resolving gel consisted of 1.5 M Tris buffer (pH 8.8), 30% acrylamide/bisacrylamide 

solution (Invitrogen, Karlsruhe), 10% SDS (w/v), deionized distilled water (ddH2O), 10% ammonium 

persulfate (APS, Merck, Dresden), and 5 μL N',N',N'-Tetramethylethylenediamine (TEMED, Sigma-Al-

drich, Deisenhofen). The exact volumes were adjusted based on the desired gel concentration (e.g., 

10% for smaller proteins, 20% for larger proteins). The mixture was poured into the gel casting appa-

ratus and allowed to polymerize for 30 – 45 minutes. The stacking gel (4% acrylamide) was prepared 

with 30% acrylamide/bisacrylamide solution, 0.5 M Tris buffer (pH 6.8), 10% SDS (w/v), ddH2O, 10% 

APS, and 5 μL TEMED. The stacking gel mixture was poured on top of the polymerized resolving gel, 

and a silicon comb was inserted to create wells. The gel was left to polymerize completely for 20 – 30 

minutes. For sample preparation, 16 μL of each antibody sample was mixed with an equal volume of 

4X Laemmli buffer (containing SDS and a reducing agent such as DTT or β-mercaptoethanol) and 

heated at 95 °C for 5 minutes to denature the proteins. After cooling, the samples were loaded into 

individual wells, and 5 μL of PageRuler Prestained Protein Ladder (Thermo Scientific) was loaded into 

a separate well for molecular weight estimation. The gel was placed in an electrophoresis chamber filled 

with SDS running buffer (25 mM Tris, 192 mM glycine, and 0.1% SDS). Electrophoresis was conducted 

at a constant current of 100 mA for 30 – 60 minutes or until the dye front reached the bottom of the gel. 

Electrophoresis was performed at room temperature. After electrophoresis, the gel was carefully re-

moved from the apparatus and imaged using an Amersham Imager to capture the protein bands before 

staining. Following imaging, the gel was stained with Coomassie Brilliant Blue R-250 solution for 15 

minutes to visualize the protein bands. The gel was then destained with a destaining solution (methanol, 

acetic acid, and water) until clear protein bands were visible. 

 

2.6 Assays In murine cancer cell lines 

2.6.1 Cell Lines and culture conditions  

The A20 and MC38 cell lines were selected for this study due to their significant relevance in im-

mune-oncology research, particularly for examining responses to PD-1/PD-L1 inhibitors. The MC38 cell 

line was provided by Professor Gonçalo Bernardes from iMM. Whenever cell lines are acquired from an 

external source, it is essential to evaluate them for mycoplasma contamination. Mycoplasma contami-

nation can compromise the integrity and validity of experimental results by significantly affecting cell 

physiology and experimental outcomes. To address this concern, a small volume of cell culture super-

natant was collected from the MC38 cell line for mycoplasma testing. The mycoplasma testing was 

performed following the manufaturer's protocol to ensure accurate and reliable results [121]. 

Murine B-cell lymphoma cell line (A20) and Murine Colorectal Carcinoma cell line (MC38) were 

expanded and maintained in T75 culture flasks. A20 cells were cultured in Roswell Park Memorial 



 38 

Institute (RPMI) 1640 Medium with GlutaMAX supplement (Gibco™ by Thermo Fisher Scientific, Pais-

ley, UK), while MC38 cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) with GlutaMAX 

supplement (Gibco™ by Thermo Fisher Scientific, Paisley, UK). Both media were supplemented with 

10% (v/v) fetal bovine serum (FBS) (Gibco™ by Thermo Fisher Scientific, Grand Island, New York, 

USA). Cultures were maintained in a humidified atmosphere containing 5% CO2 at 37 °C. 

Cells were subculture upon reaching 70% - 80% confluence to prevent contact inhibition and lack 

of nutrients. Daily, cultures were examined under an inverted optical microscope (Zeiss, Primovert, New 

York, USA) for contamination, cell growth, and morphological assessment. 

For the MC38 cell line, the original medium was aspirated, and cells were washed with 1x PBS to 

remove any residual culture medium. The MC38 cells were then detached from the culture flask using 

TrypLE™ Express (Gibco™ by Life Technologies, Invitrogen, Carlsbad, California, USA) for 3 – 5 

minutes in a 5% CO2 humidified incubator at 37 °C. Trypsin works by cleaving peptide bonds on the C-

terminal sides of lysine and arginine, thereby dissociating adherent cells. To inhibit the enzymatic activity 

of Trypsin, cell culture medium was added at a 2:1 Trypsin volume ratio. If cell counting was required, 

the cells were then centrifuged at 1500 g for 5 minutes at 20 °C. After centrifugation, the supernatant 

was aspirated, and the cell pellet was resuspended in fresh culture medium.  

For the A20 cell line, which grows in suspension, the entire culture volume was transferred to a 15 

mL Falcon tube and centrifuged at 1000 g for 5 minutes at 20 °C. The supernatant was discarded, and 

the cell pellet was resuspended in the appropriate medium. 

 

2.6.2 Cell counting 

For cell counting, 10 μL of the resuspended cell pellet was diluted in 0.4% (v/v) trypan blue solution 

(Sigma-Aldrich, UK). The dilution ratios were 1:3 for A20 cells and 1:2 for MC38 cells. From this diluted 

sample, 10 μL was pipetted onto a hemocytometer. 

Trypan blue is a vital stain that permeates only cells with compromised membranes, thus enabling 

the differentiation between viable (translucent) and non-viable (blue-stained) cells. The viable cells were 

counted using an inverted optical microscope. 

The cell concentration (cells/mL) was calculated using the Equation 1, adjusting for the dilution 

factor and hemocytometer volume (104 is the volume conversion factor for the hemocytometer (mL-1)). 

The total number of cells was calculated by multiplying the cell concentration by the total volume of the 

resuspended pellet and represented by Equation 2. To obtain a specific cell concentration, the neces-

sary volume of medium was calculated and used to resuspend the cell pellet. The percentage of cell 

death or the viability was determined by comparing the number of dead cells to the total number of cells 

counted (Equation 3). 

 

Equation 1 – Cell concentration (cells/mL) 

𝑪𝒆𝒍𝒍 𝑪𝒐𝒏𝒄𝒆𝒏𝒕𝒓𝒂𝒕𝒊𝒐𝒏 = (
𝑵𝒖𝒎𝒃𝒆𝒓 𝒐𝒇 𝒗𝒊𝒂𝒃𝒍𝒆 𝒄𝒆𝒍𝒍𝒔 𝒄𝒐𝒖𝒏𝒕𝒆𝒅

𝑵𝒖𝒎𝒃𝒆𝒓 𝒐𝒇 𝒒𝒖𝒂𝒅𝒓𝒂𝒏𝒕𝒔 𝒄𝒐𝒖𝒏𝒕𝒆𝒅
) × 𝑫𝒊𝒍𝒖𝒕𝒊𝒐𝒏 𝑭𝒂𝒄𝒕𝒐𝒓 × 𝟏𝟎𝟒 
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Equation 2 – Total Number of Cells 

𝑻𝒐𝒕𝒂𝒍 𝑵𝒖𝒎𝒃𝒆𝒓 𝒐𝒇 𝑪𝒆𝒍𝒍𝒔

= 𝑪𝒆𝒍𝒍 𝑪𝒐𝒏𝒄𝒆𝒏𝒕𝒓𝒂𝒕𝒊𝒐𝒏 × 𝑻𝒐𝒕𝒂𝒍 𝑽𝒐𝒍𝒖𝒎𝒆 𝒐𝒇 𝒕𝒉𝒆 𝑷𝒆𝒍𝒍𝒆𝒕 𝑹𝒆𝒔𝒖𝒔𝒑𝒆𝒏𝒅𝒆𝒅 𝒊𝒏 𝑴𝒆𝒅𝒊𝒖𝒎 

 

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑀𝑒𝑑𝑖𝑢𝑚

=
𝐷𝑒𝑠𝑖𝑟𝑒𝑑 𝐶𝑒𝑙𝑙 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛

𝐶𝑒𝑙𝑙 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛
× 𝑇𝑜𝑡𝑎𝑙 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑃𝑒𝑙𝑙𝑒𝑡 𝑅𝑒𝑠𝑢𝑠𝑝𝑒𝑛𝑑𝑒𝑑 𝑖𝑛 𝑀𝑒𝑑𝑖𝑢𝑚 

 

Equation 3 – Cell´s Viability 

% 𝐶𝑒𝑙𝑙 𝑑𝑒𝑎𝑡ℎ =  (
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐷𝑒𝑎𝑡ℎ 𝐶𝑒𝑙𝑙𝑠

𝑇𝑜𝑡𝑎𝑙 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐶𝑒𝑙𝑙𝑠 𝐶𝑜𝑢𝑛𝑡𝑒𝑑
) × 100 

 

Optimal range falls between 20 – 100 cells per cm2. Desired dilutions can be done after this step in 

a new flask. The cells were maintained in the incubator at 37 °C, 5% CO2 for continued culture. Any 

remaining volume of the cell suspension was used as needed for further experimental procedures.  

 

2.7 Biological Evaluation Studies  

2.7.1 In vitro studies in murine cancer cell lines 

2.7.1.1 Cell Viability Assay 

To evaluate the cytotoxic effects of the gold complex on both cell lines (A20 and MC38), we con-

ducted a cell viability assay [122]. In brief, dispense 190 μL of cell suspension (5 × 10³ cells) into each 

well of a 96-well clear, flat-bottom plate. Incubate the plate overnight in a humidified incubator at 37 °C 

with 5% CO₂. After the overnight incubation, add 10 μL of various concentrations of miniproteins dis-

solved in PBS or PBS alone to the culture media in each well. Ensure proper mixing by gently swirling 

the plate. Incubate the plate for 72 h in the same humidified incubator. After the 72 h incubation, add 10 

μL of Cell Titer-Blue® reagent to each well. Incubate the plate for an additional 3 h at 37 °C in a 5% 

CO₂ incubator. Measure the fluorescence using a Thermo Scientific™ Varioskan™ LUX plate reader, 

controlled by Thermo Scientific SkanIt® Software, at an excitation wavelength of 560 nm (20 nm band-

width) and an emission wavelength of 590 nm (10 nm bandwidth). Determine the percentage of cell 

viability using the following equation: 

 

Equation 4 – Percentage of cell viability 

𝑐𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%) =  (
𝑚𝑒𝑎𝑛 𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑛𝑐𝑒𝑛𝑐𝑒 𝑖𝑛 𝑡𝑒𝑠𝑡 𝑤𝑒𝑙𝑙𝑠

𝑚𝑒𝑎𝑛 𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑖𝑛 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑤𝑒𝑙𝑙𝑠
) × 100 

 

Recommended Controls 

1) No-Cell Control: Set up triplicate wells without cells to serve as the negative control to determine 

background fluorescence that may be present in the assay. 
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2) Untreated Cells Control: Set up triplicate wells with untreated cells to serve as a vehicle control. 

Add the same solvent used to deliver the test compounds to these control wells.  

 

3) Positive Control for Cytotoxicity: Set up triplicate wells containing cells treated with a known 

cytotoxic compound to serve as a positive control, validating the assay´s ability to detect cell 

death.  

 

2.7.1.2 Cellular uptake Assay 

Cellular uptake assays with 67Ga-protein were performed in the A20 cell line, seeded at a density 

of 200000 cells per well in 24-well plates with 250 µL RPMI containing 10% FBS and 1% penicillin/strep-

tomycin antibiotic solution. Cells were allowed to multiply overnight under standard culture conditions. 

On the following day, the cells were exposed to 67Ga-BCN-NODAGA-gold complex-maleimide-DBCO-

miniprotein (approximately 200000 cpm in 250 µL or 2 µCi/mL of assay medium: RPMI with 50 mM 4-

(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) and 0.4% (w/v) BSA) for a period ranging 

from 5 minutes to 3 h. The assay was conducted under four different conditions: at 37 °C and 5% CO2, 

at RT and at 37 °C, 5% CO2 but with the receptors blocked with the antibody atezolizumab and with the 

native miniprotein without any conjugation reaction. The receptor blockers were added 30 minutes be-

fore the cells were exposed to 67Ga-protein. Incubation was terminated by removing the cells and wash-

ing the wells with 500 µL of PBS containing 0.2% BSA into a 2 mL Eppendorf tube. The solution was 

centrifuged for 5 minutes at 180 g (1000 rpm), and the medium was removed. To wash away excess 

medium, the cells were resuspended in 500 µL of PBS with 0.2% BSA and centrifuged again. The cell 

pellet was then measured using a Hidex AMG Automatic Gamma Counter. The percentage of cell-

associated radioactivity was calculated and represented as a function of incubation time. Uptake studies 

were conducted with at least three replicates for each time point. 

 

2.7.2 In vivo studies in animal models  

2.7.2.1 Establishment of the animal model 

Biological studies of the antibodies with a fluorophore were conducted on mice with subcutaneous 

tumours resulting from the inoculation of A20 cells. A total of 8 mice (BALB/c), each weighing approxi-

mately 25 g, were included in the study. This part of the work was performed by Ana Raquel from 

Bernardes Lab but followed by the author of this thesis.  

Biological studies of the miniprotein with 67Ga were conducted on mice with subcutaneous tumors 

resulting from the inoculation of A20 cells. A total of 9 mice (BALB/c), each weighing between 21 g, 

were included in the study. Each mouse (8 weeks old) was subcutaneously injected with 100 µL of a 

Matrigel:PBS 50:50 (v:v) mixture containing ~5 × 106 of A20 cells. Tumor growth was determined by 

measuring the tumors using a digital caliper twice a week. Tumors with 100 mm3 developed after 10 to 

12 days after inoculation. The volume of A20 spheroid tumors was calculated using Equation 5. Mice 
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were maintained in a temperature and humidity-controlled room with 12h light/12h dark schedule and 

access to food and water with a normal diet ad libitium until the completion of the study.  

 

Equation 5 – Determination of the volume of A20 spheroid tumor 

𝑉 =
4

3
× 𝜋 × 𝑟3, where r represents the radius of the sphere. 

 

2.7.2.2 In vivo Fluorescence Imaging 

The animals were intravenously injected in the tail with 100 µL (-18 nM/kg) of the Bevacizumab 

Maleimide DBCO Gold complex DBCO Cy5 or Atezolizumab Maleimide DBCO Gold complex DBCO 

Cy5, the synthesized ADC with a fluorophore to check whether the antibody accumulates in the tumour. 

After 1, 6, 24 and 48 h of administration of the imaging agent, the mice were anesthetized, according to 

approved protocols to minimize movement during imaging, and positioned on the imaging stage of the 

IVIS Lumina system to track the drug distribution. Before, the IVIS Lumina system was allowed to warm 

up according to manufacturer specifications to ensure optimal performance and the appropriate camera 

settings were set up. A mouse injected with PBS, was used as negative control, which shows the ab-

sence of autofluorescence in the tumors and record the background fluorescence from the animal and 

surroundings. To selectively visualize the fluorescence of the imaging agent a 646 nm excitation wave-

length and a 662 nm emission filter were chosen.  

These studies were conducted by Ana Raquel from iMM and followed by the author of this thesis.  

 

2.7.2.3 Biodistribution 

The animals were intravenously injected in the tail vein with 100 µL (around 5 MBq) of the radioac-

tive preparation of the protein conjugated with 67Ga. After 1 and 4 h of administration of the radiolabeled 

compound, the mice were sacrificed by cervical dislocation to study the biodistribution of the radio-

labeled compound. The total administered radioactivity and the remaining radioactivity in the sacrificed 

animal were measured in an ionization chamber (Aloka, Curiemeter IGC-3). It was assumed that the 

difference in activity in the animal after injection and sacrifice was due to excretion. 

Blood samples were collected when the animal was dissected and the main organs were removed, 

weighed, and counted in a gamma counter (Hidex AMG Automatic Gamma Counter, Hidex). The accu-

mulation of activity in the tissues was calculated and expressed as a percentage of the injected dose 

per organ (% ID/organ) and/or as a percentage of the injected dose per gram of tissue (% ID/g of organ). 

The experimental conditions for conducting the biological assays complied with the technical guidelines 

for the housing and care of small rodents, as approved by DL 129/92 of July 6 and No. 197/96 of October 

16, which transpose into domestic legal order Directive No. 86/609/EEC, establishing minimum stand-

ards for the protection of animals used for experimental and other scientific purposes. These studies 

were conducted by Dr. Lurdes Gano and Elisabete Correia (C2TN) and accompanied by the student.
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3  

 

RESULTS AND DISCUSSION 

3.1 Introduction to the chapter “Results and Discussion” 

The main objective of this work was to explore the potential of miniproteins targeting the PD-L1 

receptor as carriers for targeted delivery of metalloconjugates to tumors for cancer imaging and therapy. 

The “PD-L1 miniprotein”, produced in E. coli with high affinity for PD-L1 (nM range), was kindly provided 

by Professor Gonçalo Bernardes from iMM. This protein, consisting of 115 amino acids (undisclosed 

sequence, 13164 Da), was designed using computational methods (Rosetta software) by the laboratory 

of Professor David Baker at Washington University, and include one cysteine at position 7 of the amino 

acid sequence that was explored for protein conjugation with maleimide chemistry (Figure 21). In this 

approach, a maleimide linker containing a strained alkyne group was first conjugated to the miniprotein 

under optimized conditions. The alkyne-functionalized protein was then reacted with a symmetric Au(I) 

complex having two azide groups, via a SPAAC reaction. This resulted in the formation of a bioconjugate 

with an additional terminal azide moiety, providing a versatile platform for further functionalization with 

a clickable chelator (e.g., NODAGA BCN), facilitating the development of selective theranostic Au(I) 

complexes after radiolabelling with 67Ga. The potential for diagnostic and therapeutic applications of the 

modified miniprotein was evaluated through a series of in vitro and in vivo tests, which are discussed in 

the following sections. 
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Figure 21 – Schematic representation of the PD-L1 miniprotein used in this study having one free cysteine for protein conjugation 

and a histidine tail. 

 

3.1.1 Conjugation of miniprotein with the Maleimide-DBCO 

The miniprotein was desalted to PBS (as described in section 2.3) before being conjugated to Ma-

leimide DBCO (Mal DBCO), a linker known for its high reactivity toward cysteine residues. This linker 

facilitated the attachment of the DBCO handle to the PD-L1 miniprotein for further reaction by click 

chemistry (Figure 22).  

 

 

Figure 22 – Optimized conditions for conjugation of the PD-L1 miniprotein to the Maleimide DBCO linker. 

 

Using 5 equivalents of Mal DBCO the reaction proceeded to completeness after 1 to 2 h at 25 ºC, 

as confirmed by the consumption of the starting protein observed by ESI LC-MS analysis. Figure 23 

and 24 shows a typical analysis of a conjugation reaction by LC-MS, where the ESI-MS spectrum of the 

native miniprotein (Figure 23) is compared with the spectrum of the conjugated miniprotein (Figure 24).  
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Figure 23 – Native protein. A – Total ion ESI LC-MS chromatogram of the native protein; B – Deconvoluted mass spectrum of 

the peak shown in A. The mass of the principal peak (13164 Da) corresponds to the molecular weight of the native protein. Peak 
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with 13208 Da (mass shift of 44 Da) suggests the formation of an adduct of the miniprotein, possibly generated under the condi-

tions used during the LC-MS analysis.   

 

Figure 24 – ESI-MS analysis after protein conjugation with the Mal DBCO linker. A – Total ion ESI LC-MS chromatogram of the 

protein conjugated to Mal DBCO; B – Deconvoluted mass spectrum of the peak shown in A. The peak with 13591 mass units 

corresponds to the molecular weight of the miniprotein conjugated to Mal DBCO (13164 Da from native protein + 427.5 Da from 
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Mal DBCO). The main peak at 13635 mass units (+44 Da) was attributed to the formation of an unidentified adduct, likely resulting 

from the conditions used during the LC-MS analysis. Minor species (less than ~15% of the total signal) were also observed. 

 

Comparing the mass spectra of the native (Figure 23 – B) and conjugated miniprotein (Figure 24 

– B) it is observed that the expected and observed masses are in accordance, confirming the conjuga-

tion of the Mal DBCO linker to the miniprotein (+427.5 mass units). Additionally, absence of the peak 

corresponding to the native miniprotein (molecular weight 13164 Da) further supports the modification 

with the DBCO handle, as indicated by the formation of a peak with the expected mass of 13591 Da. 

However, the appearance of a main peak with 13635 Da, reflecting a mass shift of 44 Da, may suggest 

the formation of an unknown adduct. In fact, sequential analyses of both the native and conjugated 

miniproteins consistently revealed peaks with mass increases of +44 Da, with varying intensities across 

the analyses. Thiosuccinimide hydrolysis leading to the formation of an opened maleimide (expected 

mass: 13609 Da) combined with oxidation of the two methionines residues present in the structure (ad-

dition of +16, +32, or +48 Da) is also a possible explanation for the differences between the expected 

and observed masses [123]. Further detailed characterization of the adducts formed, using high-reso-

lution ESI-Q-TOF and MS/MS analysis of tryptic digests, is still required. The modified miniprotein was 

subsequently purified through Amicon filtration, and its concentration was determined using the Qubit 

method, as described in section 2.4. Starting from a concentration of 4.5 mg/mL of native miniprotein 

(200 uLs), the conjugated protein with the DBCO handle was obtained with a concentration of 3.5 mg/mL 

(210 uLs) after purification. 

 

3.1.2 Conjugation of miniprotein with the gold complex 

After successful modification with Mal DBCO, the miniprotein was conjugated with a gold complex 

containing two azide groups via a copper-free DBCO-azide click reaction (Figure 25).  

 

 

Figure 25 – Conjugation of the N3-Gold complex to the DBCO miniprotein. 

 

The reaction was conducted with 5 equivalents of the gold complex at 25 ºC for 1.5 h.  

ESI LC-MS analysis confirmed the conjugation with full consumption of the starting miniprotein, as 

shown in Figure 26.   
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Figure 26 – ESI-MS analysis of the conjugate PD-L1 DBCO Gold. Deconvoluted mass spectrum showing conjugation of the N3-

Gold complex to the “PD-L1 DBCO miniprotein” (13591 Da from PD-L1 DBCO + 1059 Da from N3-Gold complex).  

 

The mass spectrum (Figure 26) shows a peak corresponding to the protein conjugated to the N3-

Gold complex, confirming the formation of metalloprotein (Expected mass = 14650; Observed mass = 

14645; within estimated error for single quadrupole mass detection). The formation of a peak with a 

mass shift of approximately 44 Da (14693 Da) from the expected mass of 14650 Da can be attributed 

to the presence of the previously mentioned adduct. Additionally, the absence of peaks for the “DBCO 

protein” (13591 Da) indicates full conversion to the product. The miniprotein was further purified, and 

the concentration determined following the same protocol as before (starting reaction concentration = 

3.5 mg/mL, volume = 150 Ls; final concentration = 1.4 mg/mL, volume = 170 Ls). 

 

3.2 Radiolabelling of the PD-L1 miniprotein   

3.2.1 Conjugation with BCN-NODAGA Chelator  

To prepare the miniprotein for radiolabelling, a NODAGA chelator containing a strained alkyne 

(BCN-NODAGA) was conjugated to the miniprotein, for subsequent stabilization of the radioactive 

metal, gallium-67 (67Ga) (Figure 27). Indeed, the NODAGA chelator provides an optimal conformation 

for coordinating 67Ga, facilitating effective radiolabelling with high yield at low temperatures (37 ºC). This 

bioorthogonal and modular strategy enables the creation of miniprotein conjugates for both therapeutic 

and diagnostic applications.  
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Figure 27 – Conjugation reaction of BCN-NODAGA to the miniprotein PD-L1 DBCO Gold. 

 

The reaction was carried out using 5 equivalents of the chelator dissolved in water and reaction 

times of 1 to 2 h at 25 ºC. LC-MS analysis confirmed the conjugation, showing the complete consumption 

of the PD-L1 miniprotein bearing the N3-Gold complex (PD-L1 DBCO Gold) (Figure 28). 
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Figure 28 – ESI-MS analysis of the conjugate PD-L1 DBCO Gold NODAGA. Deconvoluted mass spectrum showing the for-

mation of the “metallominiprotein” conjugated to the NODAGA chelator (14650 Da from PD-L1 DBCO Gold + 593 Da from BCN-

NODAGA chelator). 

The mass spectrum showed peaks corresponding to the conjugated miniprotein bearing the BCN-

NODAGA chelator. In specific, the peak at 15243 Da corresponds to the expected mass, while a second 

peak at 15286 Da indicates the presence of a +44 Da adduct on the miniprotein. Additionally, the for-

mation of two unidentified peaks with 13136 Da and 32168 Da was also observed. Given that the ioni-

zation efficiency for the metallominiprotein could be significantly reduced, the intensity of these peaks 

(31% and 33% relative to the PD-L1 DBCO Gold NODAGA conjugate) may not accurately represent 

the actual proportion of these species in terms of mass yield [124], [125]. This being said, the final 

conjugate was thoroughly purified by Amicon (8 washes) and its concentration quantified by Qubit (start-

ing reaction concentration = 1.4 mg/mL, volume = 100 Ls; final concentration = 1.8 mg/mL, volume = 

60 Ls, ~118 M). The “NODAGA PD-L1 conjugate” proceeded for next studies to test the radiolabelling 

conditions with the radionuclide Gallium-67. 

 

3.2.2 Labelling with Gallium-67  

The NODAGA macrocyclic chelator is suitable for radiolabelling the protein with the isotope 67Ga, 

facilitating subsequent studies on cell uptake and in vivo biodistribution in both cellular and tumor-bear-

ing mouse models. The preparation of 67Ga and the subsequent radiolabelling of the protein are detailed 

in section 2.4.6. The process involved first the transformation of 67Gallium citrate to 67Gallium chloride 

([67Ga]GaCl3) using the specified procedure described in the Methods [118]. After obtaining the 

[67Ga]GaCl3 complex, the solution was mixed with 0.1 M sodium acetate solution to adjust the pH to 5 

(1 part of 67Ga and 3 parts of buffer). For radiolabelling the miniprotein, the PD-L1 DBCO Gold NODAGA 

conjugate (20 and 60 M in PBS) was added to [67Ga]GaCl3 (1:1 mixture, 30 – 80 Ci) and let to react 

for 20 minutes to 1 hour at 37 ºC. The progress of the radiolabelling reaction was monitored using iTLC-

SG. The iTLC analysis of the [67Ga]GaCl3 complex, using a solvent system of 99% methanol (MeOH) 

and 1% 6M hydrochloric acid (HCl), confirmed the radiochemical purity of the precursor, indicating that 

it was obtained without colloidal impurities (Figure 29). In this system, the separation of [67Ga]GaCl3 

from colloidal species is achieved due to the differing affinities of the compound for the stationary and 

mobile phases. In the Figure 29, the gallium chloride precursor migrates with a Rf of 0.73, and no 

colloids are present at the origin (Rf=0). 
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Figure 29 – iTLC-SG radiochromatogram after conversion of gallium citrate in gallium chloride (III) ([67Ga]GaCl3), using as mobile 

phase 99% of MeOH and 1% HCl 6M. 

 

After reacting the protein with [67Ga]GaCl3 for 30 minutes at 37 ºC with agitation, the reaction yield 

was assessed using iTLC. The mobile phase used for this analysis was the same as previously de-

scribed.  

During the iTLC analysis, it was observed that the labeled protein appeared near the origin, while 

the free [67Ga]GaCl3 migrated as expected, with a Rf of 0.75 – 0.80. The reaction yield was 90% using 

a concentration of 30 M of the protein conjugated to NODAGA. The use of lower concentrations of 

protein using the same radiolabelling conditions, namely 10 M of “PD-L1 NODAGA”, 30 min, 37 ºC and 

0.1 M sodium acetate pH 5, resulted in poor radiochemical yields (~60% conversion). Figure 30 illus-

trates the iTLC of the radiolabeled protein after purification via centrifugation using an Amicon filter with 

a 3000 Da cut-off. In this case, the labeled protein appears near the origin with a Rf value of 0.25 and a 

radiochemical purity of 95%. The free gallium chloride complex, which was not entirely removed during 

purification, is presented at 5% at the solvent front.  
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Figure 30 – iTLC-SG radiochromatogram of the reaction of the protein with [67Ga]GaCl3 during 30 min, 37 ºC at a final concen-

tration of the miniprotein of 30 M in 0.1 M sodium acetate. Chromatogram shown is after purification with Amicon. Mobile phase 

used was 99% of MeOH and 1% HCl 6M. 

 

Compared to literature results, the PD-L1 miniprotein bearing the NODAGA chelator was labeled at 

concentrations considered acceptable for radiolabelling. For instance, in a study by the group of Nick 

Devoogdt, a PD-L1 nanobody modified with a maleimide NODAGA linker was successfully radiolabeled 

with gallium at a final concentration of 3.6 µM, after incubation for 15 minutes at 50 °C [107]. 

Occasionally, when the protein remains in solution for extended periods, there is a risk that the metal 

may decoordinate. However, the protein was labeled with a 95% conversion efficiency, and after 12 h 

at 37 ºC, the conversion remained > 88%, as shown in Figure 31. This confirms that the metal remains 

specifically coordinated to the protein via the conjugated chelator, demonstrating the successful synthe-

sis of the “PD-L1 Gold metallodrug” bearing a NODAGA moiety for radiolabelling. 

 

67Ga-Protein 

Gallium chloride (III) 

([67Ga]GaCl3) 
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Figure 31 – iTLC-SG radiochromatogram of the radiolabeled protein with [67Ga]GaCl3 after 12 h at 37 ºC. Mobile phase 99% of 

MeOH and 1% HCl 6M. 

 

To verify these results, the labeled protein was also analysed using HPLC with a radiodetector. The 

radio-HPLC results are represented in Figure 32. Results from the radio-chromatogram are in accord-

ance with the iTLC results, confirming the radiolabelling of the miniprotein with [67Ga]GaCl3. 

67Ga-Protein 

Gallium chloride (III) 

([67Ga]GaCl3) 
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Figure 32 – HPLC Chromatograms of the radiolabeled protein with [67Ga]GaCl3. Top – UV detector chromatogram; Bottom – radio 

detector chromatogram. The HPLC was performed using a mobile phase consisting of 90% water in trifluoroacetic acid (TFA) and 

10% acetonitrile in TFA, with a gradient run over 30 minutes, as detailed in the experimental procedures (Section 2.4.7). The 

small difference in the retention time in the UV- and radio-chromatograms (14.9 and 15.2 mins) is due to the sequential installation 

of both detectors.  

 

It is important to mention that preliminary radiolabelling studies with a batch of PD-L1 DBCO Gold 

NODAGA, purified with only 3 washes using an Amicon filter, instead of the 8 washes applied in the 

optimized protocol, resulted in a radiochromatogram showing 3 distinct peaks (Figure 33). It was hy-

pothesized that these peaks corresponded to free BCN-NODAGA, free NODAGA (arising from hydrol-

ysis of the conjugation linker), and a small amount of the radiolabeled protein. Radiolabelling of BCN-

NODAGA and free NODAGA for comparison of their retention times confirmed that additional purifica-

tion steps are necessary to completely remove residual BCN-NODAGA. Therefore, it is critical to purify 

the “PD-L1 NODAGA protein” at least 8 times before radiolabelling to ensure higher yields and complete 

radiolabelling, free from NODAGA contaminants. 
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Figure 33 – HPLC chromatogram of the radiolabelling of the protein PD-L1 DBCO Gold NODAGA purified with Amicon only 3 

times, instead of 8 times in the optimized conditions. 

 

Overall, the protein labeled with 67Ga was isolated with satisfactory purity (90%), allowing for an 

evaluation of its cellular uptake using the A20 cell line.  

 

3.2.3 Cellular uptake  

To evaluate the ability of the 67Ga-radiolabeled miniprotein to recognize the PD-L1 protein in cancer 

cells, the A20 cell model, which expresses PD-L1, was used. The cells were incubated with the radio-

labeled miniprotein under three different conditions: (1) with the radiolabeled miniprotein at 37 ºC, (2) 

with the unlabeled miniprotein blocking the PD-L1 receptors before adding the radiolabeled miniprotein 

at 37 ºC, and (3) with the radiolabeled miniprotein at 25 ºC. For all conditions, cells were incubated for 

various time points (5, 15, 30, 60, 120 and 180 minutes), after which the radioactivity associated with 

the cells was measured using a Hidex gamma counter. Cellular uptake is presented as the total activity 

percentage per mg of protein at each time point (Figure 34). Details of the experimental procedure are 

described in section 2.7.1.       
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Figure 34 – Cellular uptake of the radiolabeled protein with 67Ga in the A20 cell line. The values of cellular uptake are expressed 

as percentage of total activity added to normalized cells divided by mg of protein ± standard deviation (n=3 to each point of time). 

Solid curves are fitting results from Graph Prism (one phase association) for observed experimental data. 

 

Comparison of the cell uptake of the radiolabeled miniprotein alone (purple circles) with the uptake 

following pre-incubation with unlabeled miniprotein (10 M) to block PD-L1 receptors (pink squares) 

does not yield definitive conclusions about specificity for PD-L1 binding. While there is a trend towards 

a reduced uptake in the blocking studies with A20 cells (pink squares), which overexpress PD-L1 (un-

published data from the Radiopharmaceutical Sciences Group, confirmed by Western Blot), the differ-

ences remain within the error bars, making it difficult to draw final conclusions. Further studies with 

longer incubation times, higher blocking concentrations and additional cell lines, both with and without 

PD-L1 expression, are still needed to confirm specificity. On the other hand, uptake studies performed 

at 37 ºC (purple circles) and 25 ºC (green triangles) indicate that cell uptake increases with temperature, 

suggesting that the radiolabeled miniprotein may have active binding mechanism that promotes in-

creased internalization over time.  

The high cellular uptake observed in the A20 cells exceeded previously observed values, typically 

below 4% uptake/mg of protein, seen in cancer cell lines with other miniprotein probes tested in the 

Radiopharmaceutical Sciences Group. This result warranted further investigation of the in vivo biodis-

tribution of the PD-L1 protein using a mouse model. 

  

3.3 Biological evaluation of the gold-based protein conjugates 

3.3.1 Cell viability assay 

Viability studies were conducted in 96-well plates in section 2.7.1 to assess the impact of the highly 

cytotoxic gold complex used in this study on A20 and MC38 cell lines. Preliminary experiments demon-

strated that the gold complex does not interfere with background fluorescence, as the fluorescence 

measured in wells without cells and containing PBS was identical to that in wells without cells but con-

taining the gold complex. 

The gold complex alone exhibited significant cytotoxicity even at low concentrations, resulting in an 

Inhibitory Concentration 50% (IC50) of 0.78 µM (95% confidence interval (CI), 0.61 to 0.99 µM) in the 

A20 cell line (Figure 35 – A) and an IC50 of 0.35 µM (95% CI, 0.30 to 0.42 µM) in the MC38 cell line 

(Figure 35 – B).  
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B 

 

Figure 35 – Cellular viability of the N3-Gold complex in A20 (A) and MC38 (B) cell lines. Results from two different experiments 

(3 wells for each concentration). 

 

The toxicity of the gold complex when conjugated to the miniprotein was also evaluated in both cell 

lines, using a concentration range between 0.01 µM and 10 µM. For the A20 cell line, the IC50 was 0.35 

µM (95% CI, 0.33 to 0.37 µM) (Figure 36 – A), and for the MC38 cell line, the IC50 was 0.33 µM (95% 
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CI, 0.31 to 0.37 µM) (Figure 36 – B). Overall, the gold complex alone or conjugated to a protein carrier 

shows similar toxicity towards cancer cell lines.  

 

A 

 

B 

 

Figure 36 – Cellular viability of the miniprotein conjugated to the gold complex with cell line A20 (A) and MC38 (B). Results from 

two different experiments (3 wells for each concentration).   
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3.3.2 Biodistribution  

The miniprotein demonstrated promising results in cellular uptake studies, prompting further evalu-

ation of its in vivo biodistribution when radiolabeled with 67Ga, as detailed in section 2.7.2. For this 

analysis, various organs, along with blood and urine samples, were examined at 1 hour and 4 h post-

injection (p.i.) of the radiolabeled compound. The percentages of injected activity per gram of organ are 

presented in Table 7 and Figure 37. 

The biodistribution data of the 67Ga-radiolabeled miniprotein in A20 tumor-bearing mice, as outlined 

in Table 7 and Figure 37, reveal important insights into its in vivo behavior. Blood activity although 

decreased from 14.19 ± 1.64 % IA/g at 1 h to 7.49 ± 2.18 % I.A./g at 4 h, indicates some persistence in 

circulation overtime. On the other side, tumor uptake was 2.01 ± 0.38 % I.A./g at 1 hour and increased 

to 2.71 ± 0.64 % I.A./g at 4 h, demonstrating sustained and even enhanced retention over time. Im-

portantly, a similar PD-L1 miniprotein conjugated directly with a maleimide-NODAGA linker for labelling 

with [67Ga]GaCl3 (similar sequence without HIS tag; confidential work) showed a similar tumor uptake 

of 2.45 ± 0.72 I.A./g. This suggests an effective tumor targeting observed for the PD-L1 prepared using 

the bioorthogonal approach herein applied.  

Nevertheless, a high liver retention, with values rising from 21.55 ± 2.25 % I.A./g at 1 h and 29.79 ± 

1.28 % I.A./g at 4 h versus 8.55 ± 1.55 % I.A./g at 1 hour and 7.02 ± 1.31 % I.A./g at 4 h for the directed 

labeled PD-L1 miniprotein (Table 7, confidential), raises concerns about potential hepatotoxicity, partic-

ularly for therapeutic applications.  

Importantly, kidney activity was lower (7.60 ± 1.14 % I.A./g at 1 hour and 4.86 ± 0.10 % I.A./g at 4 

h, Table 7) when comparing with the directly labeled 67Ga-PD-L1 miniprotein (140.35 ± 20.24 % I.A./g 

at 4 h), suggesting a better profile in terms of renal reabsorption. The overall excretion increased from 

17.0 ± 1.6 % I.A. at 1 h to 22.3 ± 0.4 % I.A. at 4 h (Table 7), indicating a more efficient clearance over 

time. Overall, it is crucial to further investigate the biodistribution profile of the PD-L1 DBCO Gold 

NODAGA miniprotein labeled with 67Ga to determine whether the probe continues to clear from non-

target organs while maintaining or increasing accumulation in the tumor. 

In conclusion, the 67Ga-radiolabeled miniprotein shows a biodistribution profile marked with some 

blood persistence, renal excretion, and promising tumor-targeting properties. However, high liver reten-

tion is present at 4h p.i. which may result in hepatotoxicity, especially for therapeutic applications. The 

observed decline in blood activity over time suggests that the ratio could become even more favorable 

at longer time points, improving tumor-specific targeting. Future studies should focus on studying the 

biodistribution profile at 24 h p.i. to see if accumulation in blood, liver, lungs and spleen keeps decreas-

ing and conclude about the potential of the probe for both diagnostic and therapeutic applications in 

cancer treatment.  

Additionally, establishing a correlation between the tumor uptake of the radiolabeled miniprotein and 

the expression levels of its target in tumor cells is also crucial for validating its specificity. 
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Table 7 – Percentage of activity of 67Ga radiolabeled miniprotein after 1h and 4h of intravenous injection (100 µL, ~100 µCi) in 

BALB/c inoculated with A20 tumors (n = number of mice). 

 

 % Injected activity (IA) / g of organ (n = 3) 

Probe Bioorthogonally labeled PD-

L1 Gold metalloprotein 

Directly labeled PD-L1 

protein 

Time of sacrifice 1h p.i. 4 h p.i. 4 h p.i. 

Blood 14.19 ± 1.64 7.49 ± 2.18 0.98 ± 0.27 

Liver 21.55 ± 2.25  29.79 ± 1.28 7.02 ± 1.31 

Intestine 1.88 ± 0.18 2.09 ± 0.29 1.17 ± 0.11 

Spleen 5.79 ± 2.66 5.12 ± 0.26 3.59 ± 1.14 

Heart 3.36 ± 1.00 2.25 ± 0.13 0.88 ± 0.20 

Lungs 7.29 ± 2.68 4.17 ± 0.67 1.01 ± 0.17 

Kidney 7.60 ± 1.14 4.86 ± 0.10 140.35 ± 20.24 

Muscle 0.78 ± 0.28 0.81 ± 0.04 0.53 ± 0.10 

Bone 2.07 ± 0.29 1.85 ± 0.20 2.19 ± 0.18 

Stomach 1.60 ± 0.23 0.96 ± 0.26 1.13 ± 0.08 

Pancreas 1.32 ± 0.21 0.97 ± 0.09 0.95 ± 0.24 

Brain 0.52 ± 0.06 0.23 ± 0.02 0.03 ± 0.03 

Tumor 2.01 ± 0.38 2.71 ± 0.64 2.45 ± 0.72 

Excretion (% IA) 17.0 ± 1.6 22.3 ± 0.40 7.5 ± 0.8 

 

A 
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Figure 37 – Biodistribution studies for 1h and 4h after injection of the miniprotein radiolabeled with 67Ga. 

 

The stability and distribution of the radiolabeled miniprotein in blood were assessed at 1h and 4h 

post-injection using a Radio detector (Figure 38). 

At 1h and 4 h post-injection, an single peak was observed, suggesting that the radiolabeled mini-

protein was present in its intact form without decomplexation of 67Ga, release of the chelator or degra-

dation of the protein to more hydrophilic species. Overall, these results demonstrate that the radio-

labeled miniprotein is relatively stable in the bloodstream during the first 4 h post-injection. This data 

supports the potential utility of the miniprotein for applications requiring extended circulation times. 
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Figure 38 – RP-HPLC analysis of blood sample of the miniprotein stability after 1 (top) and 4 (bottom) h post-injection.   

 

To assess the excretion and stability of the radiolabeled miniprotein, urine samples were also ana-

lysed at 1h and 4h post-injection (Figure 39). This analysis provides insights into the elimination path-

way of the compound and its potential degradation over time. 

Analysis of the radiochromatograms at 1h and 4h post-injection confirmed the presence of the intact 

radiolabeled compound also in the urine.  

 

Radio detector UV detector 

  

  

Figure 39 – RP-HPLC analysis of urine samples of the PD-L1 DBCO Gold NODAGA miniprotein labeled with 67Ga after 1h and 

4h post-injection.   
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In summary, radio RP-HPLC analyses of blood and urine samples indicate that the miniprotein re-

mains stable in circulation without degradation for at least 4h p.i. and is excreted intact via the renal 

pathway (combined with a significant hepatobiliary component). Of importance, the detection of the 

miniprotein in the bloodstream even after 4h suggests a slower metabolism and prolonged circulation 

compared to the miniprotein labeled directly with the maleimide NODAGA chelator (at 4h p.i. no activity 

was observed in the blood for this probe). This difference in pharmacokinetics demonstrates the signif-

icant impact of conjugating the lipophilic gold complex with the clickable maleimide DBCO and BCN-

NODAGA chelator on the in vivo profile of the miniprotein. Despite these changes, the radiolabeled 

67Ga-metalloprotein still exhibits a significant tumor accumulation, with high stability in vivo, demonstrat-

ing potential to be further explored in therapeutic or diagnostic applications. 

 

3.4 Synthesis of an ADC 

Building on the successful synthesis of the SPDC, which demonstrated effective targeting and ther-

apeutic potential using a multifunctional miniprotein, we extended our approach to the development of 

an ADC. While SPDCs offer several advantages, including smaller size and faster tissue penetration, 

ADCs are designed to exploit the high specificity and affinity of antibodies for targeting cancer cells or 

other diseased tissues.  

To synthesize the ADC, a similar two-step conjugation process to that used for the SPDC was em-

ployed. This process involved the attachment of a maleimide-based linker to the antibody, followed by 

conjugation with the cytotoxic gold complex.  

The following sections detail the synthesis of the ADC, including the conjugation conditions and 

subsequent characterization using techniques such as LC-MS and HPLC to verify conjugation effi-

ciency, product purity and stability. 

In this study, two antibodies were synthesized for the development of ADCs. The first, Atezolizumab, 

which targets PD-L1 (the primary focus of this research), was used to ensure the ADC specifically binds 

to PD-L1-expressing cancer cells. Bevacizumab, targeting VEGF, is described in detail in Supplemen-

tary Material (Section A) and was primarily used to optimize the reaction conditions for ADC synthesis, 

ensuring robust protocols applicable to various ADCs. By employing two antibodies, we demonstrate 

the broader applicability of the described modular approach across a wider range of ADCs, emphasizing 

the versatility and reproducibility of the synthesis methods developed in this study. 

 

3.4.1 Removal of excipients  

According to the literature, it is essential to remove all the excipients present in Atezolizumab (Atezo) 

prior to conjugation to ensure optimal reaction conditions. To achieve this, a zeba desalting column was 

used, and the concentration of the antibody was measured before and after purification. The results 

showed that after using the Zeba column, the antibody concentration dropped around 4 times. While 

desalting effectively removed the excipients, it also caused a substantial loss of the antibody. To prevent 



64 

 

this issue, efforts were made to modify the antibody in the presence of the excipients L-histidine hydro-

chloride monohydrate, sucrose, and polysorbate 20. 

 

3.4.2 Reduction of disulfide bridges´ reaction 

Before proceeding with antibody conjugation, it was necessary to prepare the antibodies by reduc-

ing the disulfide bonds to generate free thiol groups. This step is crucial for enabling subsequent conju-

gation reactions. This was achieved using TCEP, a hydrosoluble reducing agent that is often used for 

conjugating cysteines with maleimides (Figure 40).   

                                            

 

 

Figure 40 – Reaction of the reduction of disulfide bridges with TCEP 

 

The reaction of the antibody with TCEP, conducted at 37 ºC with 20 equivalents of TCEP, was 

optimized using Bevacizumab and is described in detail in Section A.2.1. 

 

3.4.3 Conjugation with Maleimide DBCO 

After the reduction of the disulfide bonds, the thiol groups are free to react with the carbon-carbon 

double bond on the Mal DBCO reagent, already used to modify the miniprotein (Figure 41). 

 

 

Figure 41 – Schematic scheme for the conjugation of Mal DBCO to the antibody Atezolizumab 

 

TCEP 
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The reaction was optimized considering several conditions (Section A.2.2). Conjugation with Mal 

DBCO was best performed with 20 equivalents of the reagent, reacting for 2 h at room temperature 

without purifying with a zeba column to remove excipients.  

To confirm that the modification was fully successful, the antibody in its native state was character-

ized and compared with the conjugated form (Figure 42).  

A 
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Figure 42 – ESI-MS analysis of the native antibody. A – Total ion ESI LC-MS chromatogram of the native antibody; B – Decon-

voluted mass spectrum of the peak shown in A; Main peaks represent the expected molecular weight of the LC and HC, respec-

tively of the native antibody. Sequence of Atezolizumab available at https://www.kegg.jp/entry/D10773 (accessed on 13-10-24) 

 

A 

 

Atezo Native LC 

Observed mass: 23368 mu 

Expected mass: 23365 mu 

 

Atezo Native HC 

Observed mass: 48837 mu 

Expected mass: 48957 mu 

https://www.kegg.jp/entry/D10773
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Figure 43 – Analysis of the conjugation of Mal DBCO to the antibody. A – Total ion ESI LC-MS chromatogram of the antibody 

conjugated with Mal DBCO; B – Deconvoluted mass spectrum of the peak shown in A; Main peaks represent the expected 

molecular weight of the LC and HC of the antibody conjugated to Mal DBCO (23368 Da of the LC + 427.5 Da from Mal DBCO; 

48837 Da of the HC + 427.5 x 3 Da from conjugations of three Mal DBCO groups). 

 

A comparison of the molecular weight of the native protein (Figure 42 – B) with the molecular weight 

of conjugated antibody (Figure 43 – B), reveals that the observed and expected masses of the LC and 

HC are in accordance, confirming that the conjugation was effective with complete reaction with Mal 

DBCO. In the deconvoluted mass spectrum of the conjugated antibody, no peaks corresponding to the 

molecular weight of the native antibody are observed (23368 Da for the light chain and 48837 Da for 

the heavy chain), demonstrating that all the native antibody was successfully modified. Importantly, the 

heavy chain of the modified antibody shows the presence of three Mal DBCO molecules. It is worth 

mentioning that Atezolizumab contains a total of 16 disulfide bridges (H22-H96, H145-H201, H221-

L214, H227-H'227, H230-H'230, H262-H322, H368-H426, H'22-H'96, H'145-H'201, H'221-L'214, H'262-

H'322, H'368-H'426, L23-L88, L134-L194, L'23-L'88, L'138-L'194; information retrieved from 

https://www.kegg.jp/entry/D10773, accessed on 13-10-24). Despite using an excess of reagent some-

times greater than 20 equivalents, only three disulfide bridges were consistently modified on the heavy 

chain. The modified antibody was subsequently purified through dialysis, and its concentration was de-

termined using the Qubit method, as described in section 2.4. Starting from a concentration of 5.2 mg/mL 

of native antibody (200 uLs), the conjugated antibody with the DBCO handle was obtained with a con-

centration of 1.2 mg/mL (210 uLs) after purification. 

Atezo LC + Mal DBCO 

Observed mass: 23795 mu 

Expected mass: 23795 mu 

Atezo HC + 3 Mal DBCO 

Observed mass: 50118 mu 

Expected mass: 50119 mu 
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3.4.4 Conjugation with gold complex  

After successful modification with Mal DBCO, the antibody was conjugated with the gold complex 

(Figure 44). 

 

 

 

Figure 44 – Conjugation of the symmetric Au(I) bis-1,2,3-triazole-5-ylidene complex having two azides to the Atezo DBCO anti-

body. 

 

For the conjugation of Atezolizumab with the gold complex, several conditions were optimized to 

account for reaction efficiency and minimize unwanted side effects, such as protein precipitation. Initial 

experiments were conducted using 40 equivalents of the gold complex to ensure complete conjugation 

(Figure 45, further details in Section A.2.3). However, during these tests, a significant amount of pre-

cipitate was observed, suggesting that this concentration of the reagent might be too high. 

To address this issue, the reaction was repeated with a reduced amount of the gold complex, i.e. 

10 equivalents. This adjustment resulted in less precipitation, improving the mass yield as accessed by 

Qubit. However, despite less precipitate being observed, the reaction was incomplete, as indicated by 

LC-MS analysis represented in Table 8. Using less equivalents full conjugation was not achieved, leav-

ing some Atezo DBCO unmodified. 

These findings highlight the importance of optimizing conditions to achieve a balance between less 

precipitation and complete conjugation. While using fewer equivalents reduced precipitation, it also low-

ered the overall efficiency of the reaction. 

 

Table 8 – Modification of the LC and HC of Atezolizumab using 10 and 40 equivalents of gold complex 

Gold equivalents % of modification of LC % of modification of HC 

10 15 0 

40 100 0 
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Figure 45 – ESI-MS analysis of the conjugate Atezo DBCO Gold. Deconvoluted mass spectrum showing conjugation of the N3-

Gold complex to the LC of “Atezo DBCO” (23795 Da from Atezo DBCO + 1059 Da from N3-Gold complex). Modification of the HC 

of “Atezo DBCO” with the N3-Gold complex was not observed in the ESI-MS spectrum (50119 Da from Atezo DBCO + 1059 x 3 

Da from N3-Gold complex = 53296 Da). 

 

Overall, after reaction with 40 equivalents of the N3-Gold complex, the light chain was fully converted 

as shown in Figure 45. However, detection of the heavy chain modified with the gold complex (expected 

mass: 53296 Da), or either the modified heavy chain with DBCO (50119 Da for Atezo DBCO) or the 

native heavy chain (48837 Da) was not observed in the ESI-MS spectrum. This could be related to the 

low ionization efficiency of the heavy chain after reacting with the gold complex, or potentially due to 

precipitation of the reacted heavy chain. The antibody modified with the N3-Gold complex was purified, 

and its concentration was determined using the Qubit method, as described in section 2.4. Starting from 

a concentration of 1.2 mg/mL of the conjugated antibody with the DBCO handle (210 µLs), the conju-

gated antibody with the N3-Gold complex was obtained with a concentration of 0.38 mg/mL (150 µLs) 

after purification. 

 

3.4.5 Improve hydrophilicity of Atezolizumab 

Starting with a concentration of 40 µM, the reaction between the antibody and the Mal DBCO rea-

gent typically ended with a final concentration of around 10 µM. Following conjugation with the gold 

complex, the concentration decreased further, leading to low mass yields by mass. The hydrophilicity of 

the linker is crucial in designing ADCs; when both the payload and linker are hydrophobic, the resulting 

ADC may have a tendency to aggregate. To avoid these risks, improve reaction yields, and enhance 

stability of the modified antibody, we used a Mal DBCO reagent with a PEG linker (Figure 46). PEG 

linkers are known for their hydrophilic properties, which increase the overall solubility of the ADC [49]. 

Atezo LC DBCO Gold 

Observed mass: 24851 mu 

Expected mass: 24854 mu 
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Figure 46 – Modification of the antibody with the maleimide PEG DBCO linker 

 

 To confirm that the modification was completed using the standard conditions previously described 

(20 equivalents, 2 h reaction at room temperature) the native antibody (Figure 42 – B) was compared 

with the modified version (Figure 47 – B).  

 

A 
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Figure 47 – Analysis of the conjugation of Mal PEG DBCO to the antibody.  A – Total ion ESI LC-MS chromatogram of the 

antibody conjugated with Mal PEG DBCO; B – Deconvoluted mass spectrum of the peak shown in A; the main peaks represent 

the molecular weight of the LC and HC of the antibody conjugated to Mal PEG DBCO (23368 Da of the LC + 674,7 Da from Mal 

PEG DBCO; 48837 Da of the HC + 674,7 x 3 Da from conjugations of three Mal PEG DBCO groups). 

 

The mass spectrum (Figure 47 – B) shows peaks corresponding to the antibody conjugated with 

Mal PEG DBCO. Of note, the HC was modified with three Mal PEG DBCO molecules, consistent with 

the results from the Mal DBCO reaction. The absence of peaks corresponding to the native antibody 

(23368 Da for the LC and 488837 Da for the HC) confirms that the reaction was completed. 

The concentration of the antibody was determined by Qubit using the same protocol described for 

the miniprotein. Importantly, the concentration of the antibody conjugated with the PEG linker increased 

significantly, reaching 20 µM. This suggests that enhancing the hydrophilicity of the modified antibody 

improves the reaction yield to 50% by mass, doubling the yield observed for the Mal DBCO conjugate 

without the PEG linker. These results were thoroughly validated through triplicate experiments. 

 

3.4.6 Conjugation of the Gold complex to Atezo modified with Mal PEG 

DBCO 

After switching to a more hydrophilic linker, the conjugation reactions using 20 and 40 equivalents 

of the gold complex were repeated, as these conditions were the most promising with the Mal-DBCO 

linker. LC-MS analysis confirmed that both conditions resulted in the modification to the LC of the anti-

body. The absence of peaks corresponding to intermediates, or the native antibody suggests that the 

modification process was both efficient and completed (Figure 48). Based on these findings, 20 

Atezo HC + 3 Mal PEG DBCO 

Observed mass: 50860 mu 

Expected mass: 50861 mu 

Atezo LC + Mal PEG DBCO 

Observed mass: 24041 mu 

Expected mass: 24042 mu 
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equivalents were selected for the reaction with the gold complex to minimize reagent consumption while 

preserving efficiency. 

Compared to the results obtained with the Mal-DBCO linker, the hydrophilic linker significantly im-

proved the solubility of the final product, as evidenced by reduced precipitation and aggregation in the 

reaction mixtures, as assessed by determination of the mass yields by Qubit (Section 2.4). Starting from 

a concentration of 2.8 mg/mL (150 µLs) of the conjugated antibody with the maleimide PEG DBCO, the 

conjugated antibody with the N3 Gold complex was obtained with a concentration of 0.45 mg/mL (180 

µLs) after purification. However, reaction of the heavy chain bearing the PEG DBCO group (50861 Da) 

with the gold complex (expected mass: 54038 Da) was not observed in the ESI-MS spectrum (Figure 

48). This could be related with the low ionization efficiency of the heavy chain after reacting with the 

gold complex, or potentially due to precipitation of the reacted heavy chain, although this is unlikely. 

 

Figure 48 – ESI-MS analysis of the conjugation of the N3-Gold complex to Atezo PEG DBCO. Deconvoluted mass spectrum 

showing conjugation of the N3-Gold complex to the LC of “Atezo PEG DBCO” (24042 Da from Atezo PEG DBCO + 1059 Da from 

N3-Gold complex). Modification of the HC of “Atezo PEG DBCO” with the N3-Gold complex was not observed in the ESI-MS 

spectrum (50861 Da from Atezo DBCO + 1059 x 3 Da from N3-Gold complex = 54038 Da). 

 

3.4.7 Purification of the antibody between conjugation reactions  

To ensure the success of the conjugations, the antibody was purified between steps using dialysis, 

as described in the experimental section (2.4.4). Initially, PBS at pH 7.4 was used as the dialysis buffer. 

However, this led to significant antibody precipitation, resulting in substantial antibody loss as assessed 

by Qubit quantification. To address this issue and improve antibody stability, a histidine buffer was cho-

sen instead, as it is part of the formulation of Atezolizumab that was envisioned to help in the stabilization 

of the antibody. 

Atezo LC + Mal PEG DBCO + Gold complex 

Observed mass: 25095 mu 

Expected mass: 25101 mu 
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Comparing the concentration of the conjugated antibody after dialysis with the two buffers, the his-

tidine buffer demonstrated a marked improvement in stability. It effectively reduced precipitation and 

increased the final concentration of the antibody after reaction with the Gold complex from approximately 

1 µM to 10 µM. 

 

3.5 Fluorescent labelling of Atezolizumab 

3.5.1 Conjugation with DBCO-Cy5 

To enable fluorescence-based detection and imaging, the antibody was conjugated with the fluo-

rescent dye DBCO Cy5 (Figure 49). This dye, which contains a DBCO functional group, enables the 

conjugation through bioorthogonal click chemistry with the free azide group on the gold complex. Con-

jugation of the fluorophore to the antibody Atezo PEG DBCO Gold was analysed by SDS-PAGE in-gel 

fluorescence. 

 

 

Figure 49 – Schematic representation of the conjugation of DBCO Cy5 to the antibody Atezo PEG DBCO Gold 

 

3.5.2 In-gel fluorescence imaging 

To confirm that the antibody was fluorescent, an SDS-PAGE gel was run, followed by standard 

procedures for detecting the full antibody and its light and heavy chains. Fluorescence imaging was 

performed using an Amersham imaging system (Figure 50) together with Coomassie Blue staining for 

visible dye detection (Figure 51). 

For the SDS-PAGE analysis, negative controls were included: well A contained the native (unmod-

ified) antibody, while well B contained the native antibody subjected to the same reaction conditions as 

the conjugated antibody, but without the addition of the DBCO and gold complex. Well C contained the 

antibody modified with the maleimide PEG DBCO, gold complex and fluorophore dye. In-gel fluores-

cence imaging shows the presence of fluorescent bands corresponding to the LC, HC and full IgG as 

detected by SDS-PAGE that is consistent with the incorporation of Cy5 fluorophore in the antibody 

(Figure 50). 

In the Coomassie Blue-stained gel (Figure 51), distinct bands were observed: at 25 kDa, corre-

sponding to the LC, and at 60 kDa, corresponding to the HC. The top band at 150 kDa is assigned to 

the full IgG molecule; however, we cannot rule out the possibility of a dimeric IgG, which requires further 

confirmation.   
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Figure 50 – The Amersham Image. The well A, B and C contain the same as the dye coomassie blue  

 

  

 

Figure 51 – The visible dye coomassie blue. Well A - native antibody; well B - Native antibody + fluorophore; Well C – Antibody 

modified with maleimide PEG DBCO, gold complex and fluorophore. Details can be found in section 2.7.2 

 

3.5.3 In vivo imaging 

After confirming the fluorescence of the antibody, we proceeded to in vivo studies using mice inoc-

ulated with the A20 tumor cell line, which is known to overexpress PD-L1, as reported in the literature 

Full IgG 

HC 

LC 

kDa 

HC 

LC 

Full IgG 
kDa A      B    C 
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[126]. The aim was to determine whether the fluorescently labeled antibody accumulates in the tumor 

tissue.  

In vivo fluorescence imaging acquired using a IVIS Lumina system was performed at four different 

time points (1, 6, 24, and 48 h post-injection) after injection of ~18 nM/kg of probe. During each imaging 

session, the mice were analysed for 5 seconds to capture the fluorescence signal. The Figure 52 

demonstrate that the accumulation of the labeled antibody in the tumor was highest at 6 h post-injection, 

with a significant fluorescence signal detected in all imaged animals injected with the probe (Mouse 

Green, Mouse Red and Mouse Blue) compared to the control.  

The color scale used in the imaging ranged from brown (representing the lowest intensity) to yellow 

(representing the highest intensity), with corresponding values from 1,7 × 10−4 to 6,00 × 10−4 fluores-

cent units. The fluorescence signal showed a steady increase over time, indicating a gradual accumu-

lation of the antibody within the tumor. This is consistent with the slow excretion and extended blood 

half-life of antibodies, which can range from 6 to 28 days in vivo. The control mouse, injected with the 

vehicle (PBS), displayed no autofluorescence in the tumor region across all time points, as seen in 

Figure 52.  
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Figure 52 – Non-invasive in vivo imaging of Atezolizumab labeled with Cy5 in mice with A20 tumors (overexpressing PD-L1). 

Fluorescence images were taken at 1, 6, 24, and 48 h post-injection (18 nM/kg). The color scale on the right indicates fluorescence 

intensity from brown (lowest) to yellow (highest), with values from 1.70 × 10−4 to 6.00 × 10−4. Tumor location are marked with 

arrows. The control mouse (injected with PBS) showed no fluorescence, confirming the specific accumulation of the labeled 

Atezolizumab in the tumor tissue. 

 

3.6 Radiolabelling of Atezo PEG DBCO Gold 

3.6.1 Conjugation with BCN-NODAGA chelator 

To prepare the antibody for radiolabelling the BCN-NODAGA chelator was conjugated to the anti-

body for subsequent stabilization of the radioactive metal ⁶⁷Ga (Figure 53).  



77 

 

 
Figure 53 – Conjugation of BCN-NODAGA to Atezo PEG DBCO Gold 

 

The reaction was carried out using 20 equivalents of the chelator at 25 ºC for 1 – 2 h. LC-MS analysis 

clearly showed that the starting protein was reacted i.e. Atezo PEG DBCO Gold (25101 Da) with a 

formation of a peak with 25689 Da (expected mass: 25694 Da) corresponding to modification of the light 

chain with the NODAGA chelator (Figure 54). As previously observed and discussed, modification of 

the heavy chain of “Atezo PEG DBCO Gold” with the chelator was not observed in the ESI-MS spectrum. 

Purification and quantification of the concentration (1,1 mg/mL, volume 100 µL) followed the standard 

protocol.   

 

Figure 54 – ESI-MS analysis of the conjugation of BCN-NODAGA to Atezo PEG DBCO Gold. Deconvoluted mass spectrum 

showing conjugation of the chelator to the LC of “Atezo PEG DBCO Gold” (25101 Da from Atezo PEG DBCO Gold + 593 Da from 
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N3-Gold complex). Modification of the HC of “Atezo PEG DBCO Gold” with the chelator was not observed in the ESI-MS spectrum 

(54038 Da from Atezo PEG DBCO Gold + 593 x 3 Da from BCN-NODAGA = 55817 Da). 

 

3.6.2 Labelling with gallium-67 

The radiolabelling conditions for the antibody are presented in section 2.4.6. In detail, the Atezo 

PEG DBCO Gold NODAGA conjugate (3 µM in Histidine buffer, pH 5.5) was incubated with [⁶⁷Ga]GaCl₃ 

(in a 1:1 ratio, 20 µCi in acetate buffer pH 5.0) for 1 hour at 37 °C, resulting in a final concentration of 

1.5 µM and a total volume of 40 µL. Radiolabelling yields were assessed using iTLC, as shown in Figure 

55. Similar to the miniprotein, the labeled antibody remained at the origin, while free [⁶⁷Ga]GaCl₃ mi-

grated in the solvent front, as expected. The highest radiochemical yield for the NODAGA-conjugated 

antibody was 65% after 1 hour at 37 °C. Of relevance, extended incubation times did not further improve 

the radiolabelling yield. As a control, the same protocol was applied to label the native Atezolizumab 

antibody without being conjugated to NODAGA. iTLC analysis showed no significant labelling of the 

antibody with 67Ga, which indicates that the radiometal was bound to Atezo through NODAGA chelation 

in the ADC prepared by click chemistry. 

When compared to the PD-L1 miniprotein, it was concluded that the antibody could be labeled at a 

lower concentration under similar conditions, achieving a 65% radiochemical yield at 1.5 μM, compared 

to 60% at 10 μM for the miniprotein. Mass spectrometry analysis indicated that at least two NODAGA 

chelators were conjugated to the antibody (one for each light chain). Considering that the heavy chain 

is also expected to have 3 to 6 chelators, although not detected due to the limitations of the mass 

spectrometry method used, the final concentration of the chelator on both proteins is at the same range. 

Further attempts to produce the NODAGA-conjugated antibody at higher concentrations were unsuc-

cessful due to protein precipitation, which hindered in vivo studies with the labeled atezolizumab. 

 

 

67Ga-Atezo 
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Figure 55 – iTLC-SG radiochromatogram for the radiolabelling of the NODAGA-conjugated atezolizumab with [67Ga]GaCl3 during 

1 hour at 37 ºC at a final concentration of 1.5 μM. 
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CONCLUSIONS 

The synthesis of a multifunctional miniprotein-based metallodrug was successfully achieved com-

bining click chemistry with bioorthogonal reagents i.e. a maleimide DBCO linker for cysteine bioconju-

gation, a symmetric N3-functionalized gold complex, and a BCN-NODAGA. LC-MS analysis confirmed 

the modular conjugation of the cytotoxic complex and NODAGA chelator to the PD-L1 miniprotein, val-

idating the applicability of the proposed method for the preparation of theranostic agents. Cell viability 

studies with the PD-L1 miniprotein containing the clicked-Gold-N3 complex demonstrated that the mod-

ified protein maintained an IC50 of 0.35 µM in A20 cells and 0.33 µM in MC38 cells. These values are 

comparable to the cytotoxicity of the original complex (0.78 µM in A20 and 0.35 µM in MC38), suggesting 

that the modified protein retains the original biological activity of the unconjugated metallodrug. The 

NODAGA-conjugated PD-L1 miniprotein was effectively radiolabeled with 67Ga, achieving a high radio-

chemical yield of 95% using low concentrations of the protein and mild conditions (30 µM, 30 min reac-

tion at 37 °C in 0.1 M sodium acetate pH 5). Cell uptake studies showed a significant uptake (~10% 

uptake/mg of protein after 3 h at 37 °C) in PD-L1-expressing A20 cells. However, further studies are 

required to determine if this uptake is receptor-mediated. Biodistribution studies in mice inoculated with 

the A20 cancer cell line revealed a high tumor accumulation of the 67Ga-miniprotein (2.71 ± 0.64 Injected 

Activity/ g of tissue, 4h p.i.). However, some uptake in non-target organs was also observed such as in 

the liver (29.79 ± 1.28 I.A./g), blood (7.49 ± 2.18 I.A./g), lungs (4.17 ± 0.67 I.A./g), and spleen (5.12 ± 

0.26 I.A./g) at 4h p.i.. Further biodistribution studies at later time points are needed to determine if tumor-

to-organ ratios improve with excretion of the probe. Similarly, an ADC was synthesized using a malei-

mide PEG DBCO linker, enabling the attachment of the Gold cytotoxic payload with a pendant N3 group 

for subsequent conjugation to a DBCO-Cy5 fluorophore. IVIS imaging of the fluorescently labeled ADC 

revealed a clear visualization of A20 tumors, with the fluorescence signal increasing over time, indicating 

a gradual accumulation of the antibody in the tumor. The ADC was successfully radiolabeled with ⁶⁷Ga 

using the BCN-NODAGA chelator conjugated to the "N3 Gold complex" on the antibody. Radiochemical 

yields reached 65% after 1 hour incubation at 37 °C with 1.5 μM of the modified antibody. Extending the 

incubation time to 37 °C did not lead to improved radiochemical yields. Further studies to improve the 
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radiolabelling yields were limited by difficulties in isolating the NODAGA-conjugated antibody in higher 

concentration. 

In summary, the modular approach herein developed using click chemistry and bioorthogonal rea-

gents for the preparation of protein-metal drugs was shown effective for the design of theranostic agents. 

The successful applications in radiolabelling and fluorescence imaging demonstrate their potential in 

both therapeutic and diagnostic contexts. Although the chemistry presented is robust for small proteins, 

further optimization is necessary for larger molecules, such as antibodies, due to challenges related with 

precipitation and/or aggregation of larger proteins. 
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FUTURE PERSPECTIVES 

Although the current results reveal some challenges in characterizing the final metalloconjugates, 

there are some potential avenues for future research to overcome these issues and improve the efficacy 

of the proposed approach for preparing gold-based theranostic agents. One of the problems faced was 

the characterization of the gold conjugates using ESI-MS with single quadrupole. Although conjugation 

was evident due to the consumption of the starting proteins and the appearance of new peaks with 

molecular weight corresponding to the added reactive groups, detecting these conjugates in the ESI-

MS spectrum was sometimes difficult, most likely due to their reduced ionization under the MS condi-

tions used. For example, while there is no doubt about the modification of the PD-L1 miniprotein with 

the gold complex, the same does not extend to the reaction with the antibody. Indeed, after conjugating 

the gold complex, the modified heavy chain was not detectable. Future efforts will focus on the charac-

terization of the antibody reactions using high-resolution ESI-Quadrupole Time-of-Flight (QTOF) mass 

spectrometry. Additionally, we plan to quantify the metal content per mg of protein using Inductively 

Coupled Plasma (ICP) techniques. To prevent protein precipitation during the modification of the anti-

body, we aim to optimize the reaction conditions to conjugate fewer gold complexes to the antibody, 

ensuring the stability of its structure is maintained. The synthesis of new gold complexes that are less 

lipophilic by re-placing the hydrocarbon-N3 tail with a PEG-N3 linker is also planned. To confirm the 

specificity of the radiolabeled proteins, future studies will also involve studies across a broader range of 

cancer cell lines and human cells with different levels of PD-L1 expression to determine if cytotoxicity, 

binding or tumor accumulation is linked to presence of the receptor. 

Overall, studies aim to refine the design and functionality of these theranostic agents for improved 

in vivo behavior in both diagnostic and therapeutic applications. 
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                                                            A 

Supplementary Material 

 

As mentioned in Chapter 3, studies conducted with Atezolizumab were also performed with Bevaci-

zumab (Beva) to optimize the reaction conditions. The detailed results and optimizations using Beva are 

explained in this chapter. 

 

A.1 Bevacizumab 

Bevacizumab (MVASI®, Amgen Inc.), a high-affinity human IgG1 monoclonal antibody was gener-

ously provided by Rita Fior´s laboratory at the Champalimaud Foundation. This antibody targets the 

Vascular Endothelial Growth Factor (VEGF), inhibiting angiogenesis by preventing VEGF from binding 

to its receptors on the surface of endothelial cells. In contrast to Atezolizumab that targets tumor recep-

tors, bevacizumab targets the ligand the VEGF receptor.  

The commercial formulation of Bevacizumab contains 25 mg/mL of antibody in a 50 mM sodium 

phosphate buffer at pH 6.2. The formulation also includes 60 mg/mL α, α-trehalose dihydrate and 0.4 

mg/mL polysorbate 20. Bevacizumab has a molecular weight of 149.238 g/mol. 

The antibody is produced using recombinant DNA technology in a CHO mammalian cell expression 

system [114], [115]. 

 

A.2 Synthesis of an ADC 

A.2.1 Reduction of disulfide bridges´ reaction 

As discussed in Section 3.4.2, reacting the antibody with TCEP is crucial for ensuring proper modi-

fication. To determine the best reaction conditions for TCEP, the antibody was treated under various 

temperatures and molar equivalents. The effectiveness of these conditions was confirmed by LC-MS. 

The data highlights the optimal conditions for TCEP treatment, ensuring efficient antibody modification 

while balancing the impact on subsequent reactions.  

First, the reaction with TCEP was conducted at 25 °C and 37 °C to determine the optimal tempera-

ture for reduction. It was observed that at 25 °C, the antibody was not detected by ESI-MS analysis, 

whereas at 37 °C, the antibody detectable (Figure 56 – A and B). Before increasing the temperature, 

an additional study was performed to evaluate whether increasing the TCEP equivalents or the temper-

ature would be more effective. Despite using 100 equivalents of TCEP at 25 ºC, antibody reduction 

occurred as HC was observed in the MS spectrum, but intensity of HC was low (20%).  

Therefore, it was concluded that TCEP reduction should be carried out at 37 °C. At this temperature, 

the reduction is more effective, allowing for the thiols to be adequately free for the subsequent reactions. 
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A 

 

B 

 

Figure 56 – ESI-MS analysis of the native antibody. A – Total ion ESI LC-MS chromatogram of the native antibody; B – Decon-

voluted mass spectrum of the peak shown in A; Main peaks represent the expected molecular weight of the LC and HC, respec-

tively of the native antibody. Sequence of Bevacizumab available at https://go.drugbank.com/drugs/DB00112 (accessed on 13-

10-24) 

 

TCEP was removed by washing the antibody with a zeba column before proceeding with the con-

jugation, as TCEP can react with the maleimide under certain conditions and reduce the efficiency of 

Beva Native LC 

Observed mass: 23453 mu 

Expected mass: 23451 mu 

Beva Native HC 

Observed mass: 51172 mu 

Expected mass: 49847 mu 

https://go.drugbank.com/drugs/DB00112
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the reaction. However, this step compromises the mass yield of the reduced antibody, as will be dis-

cussed in section A.2.2.  

 

A.2.2 Conjugation with Maleimide DBCO 

For the conjugation of the maleimide to the antibody several conditions were optimized, including 

the need to remove TCEP before the reaction, adjusting the stoichiometry, and determining the appro-

priate equivalents of the reagent to achieve complete conjugation.   

To confirm that the modification was achieved, the antibody in its native state was characterized 

and compared with the conjugates form.  

 

Figure 57 – Analysis of the conjugation of Mal DBCO to the antibody. A – Total ion ESI LC-MS chromatogram of the antibody 

conjugated with Mal DBCO; B – Deconvoluted mass spectrum of the peak shown in A; Main peaks represent the expected 

molecular weight of the LC and HC of the antibody conjugated to Mal DBCO (23453 Da of the LC + 427.5 Da from Mal DBCO; 

51172 Da of the HC + 427.5 x 3 Da from conjugations of three Mal DBCO groups). 

 

A comparison of the molecular weight of the native protein (Figure 56 – B) with the molecular weight 

of conjugated antibody (Figure 57 – B), reveals that the observed and expected masses of the LC and 

HC are in accordance, confirming that the conjugation was effective with complete reaction with Mal 

DBCO. In the deconvoluted mass spectrum of the conjugated antibody, no peaks corresponding to the 

molecular weight of the native antibody are observed (23453 Da for the light chain and 51172 Da for 

the heavy chain), demonstrating that all the native antibody was successfully modified. Importantly, the 

heavy chain of the modified antibody shows the presence of three Mal DBCO molecules. Despite using 

an excess of reagent sometimes greater than 20 equivalents, only three disulfide bridges were consist-

ently modified on the heavy chain. The modified antibody was subsequently purified through dialysis, 

and its concentration was determined using the Qubit method, as described in section 2.4. Starting from 

Beva LC + Mal DBCO 

Observed mass: 23880 mu 

Expected mass: 23880 mu 

Beva HC + 3 Mal DBCO 

Observed mass: 52455 mu 

Expected mass: 51130 mu 
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a concentration of 6.0 mg/mL of native miniprotein (200 µLs), the conjugated antibody with the DBCO 

handle was obtained with a concentration of 1.7 mg/mL (210 µLs) after purification. 

 

Table 9 presents the conjugation yields obtained for different tested stoichiometries, as well as the 

effects of removing TCEP with a Zeba column. The results show that complete conjugation with Mal-

DBCO is achieved using 20 equivalents of the reagent and a 2h reaction time at room temperature. 

However, further quantification of the conjugated antibody was performed (following the protocol de-

scribed in section 2.4.3.2), using both 10 and 20 equivalents at room temperature and at 37 ºC to de-

termine the conditions that minimized antibody loss, as shown in Table 10. 

The use of Zeba columns to remove unreacted reagents was also investigated by quantifying the 

native and conjugated antibodies before and after Zeba column treatment. As previously observed with 

excipient removal, the Zeba column led to a very significative in antibody concentration. 

 

Table 9 – Optimization of antibody conjugation with Mal-DBCO. The optimal conditions for antibody conjugation with Mal-DBCO 

at a temperature of 25 ºC, with a reaction time of 2 h. Under these conditions, a high modification rate (90-100%) was obtained.  

Antibody 

concentra-

tion (uM) 

Equiva-

lents of 

Mal-DBCO 

Reaction 

time (h) 

Tempera-

ture (ºC) 

LC modifi-

cation (%) 

HC modifi-

cation 

Zeba co-

lumn 

% Nº 

 

 

 

 

 

40 

10  

 

 

 

 

2 

25 - - - Yes 

10 37 0 56 1 

10 25 100 80 3 No 

10 37 100 77 3 

20 25 72 100 3 Yes 

20 37 - - - 

20 25 100 100 3 No 

20 37 100 77 3 

30 25 100 100 3 Yes 

30 37 100 100 3 

30 25 - - - No 

30 37 - - - 
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Table 10 – Quantification of the conjugated antibody reacted under different conditions 

Equivalents 10 eqs Mal DBCO 20 eqs Mal DBCO 

Temperature 

(ºC) 

25 37 25 37 

Initial concen-

tration (mg/mL) 

5.9 

Initial concen-

tration (M) 

40 

Concentration 

after reaction 

(mg/mL) 

1.67 1.04 1.75 0.852 

Concentration 

after reaction 

(M) 

22.4 13.9 23.4 11.4 

Protein loss 2.14 3.44 2.05 4.20 

 

Based on the results obtained, the optimal conditions for antibody conjugation with Mal DBCO are 

20 equivalents of the reagent, reacting for 2h at room temperature without using a zeba column. This 

approach provides the highest yield and minimizes protein loss.  

The purification technique used was dialysis because it achieved a better yield of the reactions when 

used this method compared with Amicon. 

 

A.2.3 Conjugation with gold complex  

After successful modification with Mal DBCO, the antibody was conjugated with a gold complex. 

Several conditions were optimized for the gold complex conjugation i.e. determination of appropriate 

reagent equivalents to achieve complete conjugation. Initially, an excess of reagent was used due to 

the presence of two azides in the complex, which helped prevent dimerization. However, when the re-

action was tested with 72 equivalents of the reagent, the HC was not visible in the LC-MS analysis. 

Instead, the LC-MS analysis revealed an abundant peak corresponding to a fragment of the gold com-

plex with 429 g/mol, likely generated due to the temperature used during the LC-MS analysis. The LC 

analysis also showed a modification of approximately 20%, indicating that some conjugating occurred, 

but not at the desired level (Figure 58).  

Subsequent testing with 40 equivalents of the reagent showed an improvement in the yield of the 

LC modification, with the fragment peak disappearing from the LC-MS analysis. This result suggests 

that 40 equivalents provided a more effective balance between complete conjugation and minimizing 

undesired side reactions (Figure 59). 
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Figure 58 – ESI-MS analysis of the antibody conjugated with 72 equivalents of N3-Gold complex. Deconvoluted mass spectrum 

showing conjugation of the N3-Gold complex to the LC of “Beva DBCO” (23880 Da from Beva DBCO + 1059 Da from N3-Gold 

complex). The main peak at 24311 mass units (+429 Da than Atezo Mal DBCO) was attributed to the formation of a fragment of 

the gold complex, likely resulting from the conditions used during the LC-MS analysis. Modification of the HC of “Beva DBCO” 

with the N3-Gold complex was not observed in the ESI-MS spectrum (51130 Da from Beva DBCO + 1059 x 3 Da from N3-Gold 

complex = 54306 Da). 

 

 

Figure 59 – ESI-MS analysis of the conjugate Beva DBCO Gold formed using 40 equivalents of N3-Gold complex. Deconvoluted 

mass spectrum showing conjugation of the N3-Gold complex to the LC of “Beva DBCO” (24880 Da from Beva DBCO + 1059 Da 

Beva LC + Mal DBCO + Gold complex 

Observed mass: 24938 mu 

Expected mass: 24939 mu 

Beva LC + Mal DBCO + Gold complex Fragment  

Observed mass: 24309 

Expected mass: 24306 

Beva LC + Mal DBCO + Gold complex 

Observed mass: 24932 

Expected mass: 24939 
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from N3-Gold complex). Modification of the HC of “Beva DBCO” with the N3-Gold complex was not observed in the ESI-MS 

spectrum (51130 Da from Beva DBCO + 1059 x 3 Da from N3-Gold complex = 54306 Da). 

 

Overall, after reaction with 40 equivalents of the N3-Gold complex, the light chain was fully converted 

as shown in Figure 59. However, detection of the heavy chain modified with the Gold complex (expected 

mass: 55630 Da), or either the modified heavy chain with DBCO (52453 Da for Beva DBCO) or the 

native heavy chain (51172 Da) was not observed in the ESI-MS spectrum. This could be related to the 

low ionization efficiency of the heavy chain after reacting with the gold complex, or potentially due to 

precipitation of the reacted heavy chain. The antibody modified with the N3-Gold complex was purified, 

and its concentration was determined using the Qubit method, as described in section 2.4. Starting from 

a concentration of 1.7 mg/mL of the conjugated antibody with the DBCO handle (210 µLs), the conju-

gated antibody with the N3-Gold complex was obtained with a concentration of 0.53 mg/mL (150 µLs) 

after purification. 

 

A.2.4 Improve hydrophilicity of Bevacizumab 

To improve the concentration of the reaction, as Atezolizumab, a PEG linker was also used. To 

confirm that the modification was complete using the standard conditions previously described (20 

equivalents, 2 h reaction at room temperature) the native antibody (Figure 56 – B) was compared with 

the modified version (Figure 60).  

 

 

Figure 60 – ESI-MS analysis of the conjugate Beva Mal PEG DBCO. Main peaks represent the molecular weight of the LC and 

HC of the antibody conjugated to Mal PEG DBCO (23453 Da of the LC + 674,7 Da from Mal PEG DBCO; 51172 Da of the HC + 

674,7 x 3 Da from conjugations of three Mal PEG DBCO groups). 

 

Beva HC + 3 Mal PEG DBCO 

Observed mass: 53192 mu 

Expected mass: 53195 mu  

Beva LC + Mal PEG DBCO 

Observed mass: 24126 mu 

Expected mass: 24127 mu 
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The mass spectrum (Figure 60 – B) shows peaks corresponding to the antibody conjugated with 

Mal-PEG-DBCO. Of note, the HC was modified with three Mal PEG DBCO molecules, consistent with 

the results from the Mal DBCO reaction. The absence of peaks corresponding to the native antibody 

(23453 Da for the LC and 51172 Da for the HC) confirms that the reaction was completed. 

The concentration of the antibody was determined by Qubit using the same protocol described for 

the miniprotein. Importantly, the concentration of the antibody conjugated with the PEG linker increased 

significantly, reaching 20 µM. This suggests that enhancing the hydrophilicity of the modified antibody 

improves the reaction yield to 50% by mass, doubling the yield observed for the Mal DBCO conjugate 

without the PEG linker. These results were thoroughly validated through triplicate experiments. 

 

A.2.5 Conjugation of the Gold complex to Beva modified with Mal PEG 

DBCO 

After switching to a more hydrophilic linker, the conjugation reactions used 20 equivalents of the 

gold complex as seen for Atezolizumab. LC-MS analysis confirmed that both conditions resulted in the 

modification to the LC of the antibody. The absence of peaks corresponding to intermediates, or the 

native antibody suggests that modification was both efficient and completed (Figure 61).  

Compared to the results obtained with the Mal-DBCO linker, the hydrophilic linker significantly im-

proved the solubility of the final product as assessed by determination of the mass yields by Qubit (Sec-

tion 2.4). Starting from a concentration of 2.35 mg/mL (125 µLs) of the conjugated antibody with the 

maleimide PEG DBCO, the conjugated antibody with the N3 Gold complex was obtained with a concen-

tration of 0.7 mg/mL (180 µLs) after purification. However, the reaction of the heavy chain bearing the 

PEG DBCO group (53194 Da) with the gold complex (expected mass: 56371 Da) was not observed in 

the ESI-MS spectrum (Figure 61). This could be related with the low ionization efficiency of the heavy 

chain after reacting with the gold complex, or potentially due to precipitation of the reacted heavy chain, 

although this is unlikely. 
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Figure 61 – ESI-MS analysis of the conjugation of the N3-Gold complex to Beva PEG DBCO. Deconvoluted mass spectrum 

showing conjugation of the N3-Gold complex to the LC of “Beva PEG DBCO” (24126 Da from Beva PEG DBCO + 1059 Da from 

N3-Gold complex). Modification of the HC of “Beva PEG DBCO” with the N3-Gold complex was not observed in the ESI-MS 

spectrum (53195 Da from Beva DBCO + 1059 x 3 Da from N3-Gold complex = 56371 Da). 

 

A.3 Radiolabeling of Beva PEG DBCO Gold 

A.3.1 Conjugation with BCN-NODAGA chelator 

To prepare the antibody for radiolabeling the BCN-NODAGA chelator was conjugated to the anti-

body for subsequent stabilization of the radioactive metal 67Ga (Figure 62).  

The reaction was carried out using 20 equivalents of the chelator at 25 ºC for 1 – 2h. It is important 

to note that this reaction was made with the Mal DBCO linker and wasn´t repeated with the Mal PEG 

DBCO. LC-MS analysis clearly showed that the starting protein was reacted i.e. Beva DBCO Gold 

(24939 Da) with a formation of a peak with 25531 Da (expected mass: 25532 Da) corresponding to the 

modification of the light chain with the NODAGA chelator (Figure 62). As previously observed and dis-

cussed, modification of the heavy chain of “Beva DBCO Gold” with the chelator was not observed in the 

ESI-MS spectrum. Purification and quantification of the concentration (0.63 mg/mL, volume 200 µLs) 

was followed the standard protocol.   

 

Beva LC + Mal PEG DBCO + Gold complex 

Observed mass: 25180 mu 

Expected mass: 25186 mu 
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Figure 62 – ESI-MS analysis of the conjugation of BCN-NODAGA to Beva DBCO Gold. Deconvoluted mass spectrum showing 

conjugation of the chelator to the LC of “Beva DBCO Gold” (24939 Da from Beva DBCO Gold + 593 Da from N3-Gold complex). 

The main peak at 23452 mass units was attributed to the native antibody. Modification of the HC of “Beva PEG DBCO Gold” with 

the chelator was not observed in the ESI-MS spectrum (54306 Da from Atezo PEG DBCO Gold + 593 x 3 Da from BCN-NODAGA 

= 56085 Da). 

 

A.3.2 Labeling with gallium-67 

The radiolabeling conditions for the antibody are presented in section 2.4.6. In detail, the Beva PEG 

DBCO Gold NODAGA conjugate (4 µM in PBS buffer, pH 6.2) was incubated with [⁶⁷Ga]GaCl₃ (in a 1:1 

ratio, 20 µCi in acetate buffer pH 5.0) for 3h at 45 °C, resulting in a final concentration of 2 µM and a 

total volume of 40 µL. Radiolabeling yields were assessed using iTLC, as shown in Figure 63. Similar 

to the miniprotein, the labeled antibody remained at the origin, while free [⁶⁷Ga]GaCl₃ migrated in the 

solvent front, as expected. The highest radiochemical yield for the NODAGA-conjugated antibody was 

100% after 3h at 45 °C and purification with zeba column. As a control, the same protocol was applied 

to label the native Bevacizumab antibody without being conjugated to NODAGA. iTLC analysis showed 

no significant labelling of the antibody with 67Ga, which indicates that the radiometal was bound to Beva 

through NODAGA chelation. 

 

Beva LC + Mal DBCO + Gold complex + BCN-NODAGA 

Observed mass: 25531 mu 

Expected mass: 25532 mu 
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Figure 63 – iTLC-SG radiochromatogram for the radiolabeling of the NODAGA-conjugated bevacizumab with [67Ga]GaCl3 during 

3h at 45 ºC at a final concentration of 2 µM. 

 

A.4 Fluorescent labeling of Bevacizumab 

A.4.1 Conjugation with DBCO Cy5 

To enable fluorescence-based detection and imaging, the antibody was conjugated with the fluo-

rescent dye DBCO Cy5. Conjugation of the fluorophore to the antibody Beva PEG DBCO Gold was 

analyzed by SDS-PAGE in-gel fluorescence. 

 

A.4.2 In-gel Fluorescence imaging 

To confirm that the antibody was fluorescent, an SDS-PAGE gel was run, followed by standard 

procedures for detecting the full antibody and its light and heavy chains. Fluorescence imaging was 

performed using an Amersham imaging system (Figure 64) together with Coomassie Blue staining for 

visible dye detection (Figure 65). 

For the SDS-PAGE analysis, negative controls were included: well A contained the native (unmod-

ified) antibody, while well B contained the native antibody subjected to the same reaction conditions as 

the conjugated antibody, but without the addition of the DBCO and gold complex. Well C contained the 

antibody modified with the maleimide PEG DBCO, gold complex and fluorophore dye. In-gel fluores-

cence imaging shows the presence of fluorescent bands corresponding to the LC, HC and full IgG as 

detected by SDS-PAGE that is consistent with the incorporation of Cy5 fluorophore in the antibody 

(Figure 64). 

In the Coomassie Blue-stained gel (Figure 65), distinct bands were observed: at 25 kDa, corre-

sponding to the LC, and at 60 kDa, corresponding to the HC. The top band at 150 kDa is assigned to 
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the full IgG molecule; however, we cannot rule out the possibility of a dimeric IgG, which requires further 

confirmation.   

 

Figure 64 – The Amersham Image. The well A, B and C contain the same as the dye coomassie blue  

   

Figure 65 – The visible dye coomassie blue. Well A - native antibody; well B - Native antibody + fluorophore; Well C - Antibody 

modified with maleimide PEG DBCO, gold complex and fluorophore. Details can be found in section 2.7.2 

 

A.4.3 In vivo imaging 

After confirming the fluorescence of the antibody, we proceeded to in vivo studies using mice inoc-

ulated with the 4T1 tumor cell line, known for its overexpression of VEGF [127]. The aim was to deter-

mine whether the fluorescently labeled antibody accumulates in the tumor tissue.  

In vivo fluorescence imaging was performed at four time points post-injection (1, 6, 24, and 48 h) 

after injection of ~18 nM/kg of probe, like the method used for Atezolizumab. During each imaging ses-

sion, the mice were analysed for 15 seconds to capture the fluorescence signal. The Figure 66 demon-

strate that the accumulation of the labeled antibody in the tumor was highest at 48 h post-injection, with 

a significant fluorescence signal detected in all imaged animals injected with the probe (Mouse Green, 

Mouse Red and Mouse No colour) compared to the control. 

HC 

LC 

Full IgG 

Full IgG 

HC 

LC 

kDa 

A      B     C 
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The color scale used in the imaging ranged from brown to yellow, with values from 5,0 × 10−5 to 

2,0 × 10−4 fluorescent units. The fluorescence signal showed a steady increase over time, indicating a 

gradual accumulation of the antibody within the tumor. This is consistent with the slow excretion and 

extended blood half-life of antibodies, which can range from 6 to 28 days in vivo. The control mouse, 

injected with the vehicle (PBS), displayed no autofluorescence in the tumor region across all time points, 

as seen in Figure 66.  

 

Figure 66 – Non-invasive in vivo imaging of Bevacizumab labeled with Cy5 in mice with 4T1 tumors (overexpressing VEGF). 

Fluorescence images were taken at 1, 6, 24, and 48 h post-injection (18 nM/kg). The color scale on the right indicates fluorescence 

intensity from brown (lowest) to yellow (highest), with values from 5.0 × 10−5 to 2.0 × 10−4. Tumor location are marked with arrows. 
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The control mouse (injected with PBS) showed no fluorescence, confirming the specific accumulation of Bevacizumab in the 

tumor tissue. 
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