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RESUMO 
 

O transportador ABCG2 possui papel central na resistência a múltiplas drogas, porém, 
nenhum inibidor específico de ABCG2 foi testado em ensaios clínicos. A família de 
transportadores ABC transporta uma grande variedade de substratos, mas 
fotossensibilizadores baseados em estruturas porfirínicas são reconhecidos 
exclusivamente por ABCG2. No capítulo 1 foi descrita pela primeira vez uma porfirina 
(4B) capaz de inibir o transportador ABCG2 e de ressensibilizar células resistentes in 
vitro. A inibição foi dependente do tempo de incubação e 4B não se comportou como 
substrato de ABCG2. A porfirina 4B demonstrou IC50 de 1.6 μM e tipo de inibição 
mista, independente do substrato. 4B inibiu a atividade ATPasica e aumentou a 
ligação do anticorpo conformacional 5D3. O ensaio de termo-estabilidade confirmou 
as alterações alostéricas na proteína desencadeadas pela ligação da porfirina. 
Simulações de dinâmica molecular revelaram um comportamento distinto entre 
porfirina 4B e o substrato Pheophorbide a. Pheophorbide a foi capaz de ligar-se em 
três regiões diferentes da proteína enquanto 4B apresentou apenas região de 
interação na proteína, apresentando forte interação iônica com aminoácido GLU446. 
A inibição foi seletiva já que não foi observada inibição em P-gP nem em MRP1. 
Porfirina 4B foi capaz de ressensibilizar células que superexpressam o transportador 
ABCG2. Estes achados reforçam a ideia de que substratos podem ser uma fonte 
privilegiada de estruturas para identificação de novos inibidores para transportadores 
ABC associados a resistência à múltiplas drogas. Baseados nos resultados mostrados 
no capítulo 1, outras macromoléculas foram sintetizadas para avaliar os efeitos de 
heterodímeros construídos a partir de moléculas conhecidamente bioativas. Quatro 
heterodimeros foram propostos, mas apenas dois foram sintetizados com sucesso 
(BODIPY-colesterol e Chalcona-colesterol). Resultados preliminares sugerem que 
BODIPY-colesterol não se comporta como substrato de ABCG2 e que o colesterol não 
alterou o efluxo de mitoxantrona e hoechst 33342 mediado por ABCG2. Por sua vez, 
o colesterol anula o efeito da chalcona já que o heterodimero chalcona-colesterol 
modificou o perfil inibitório quando comparado à chalcona sozinha. Estes resultados 
trazem novas ideias sobre o papel do colesterol sobre ABCG2. Esta tese foi 
desenvolvida num contexto de pandemia do COVID-19 que trouxe a necessidade 
urgente do desenvolvimento rápido de novas metodologias para detecção de 
anticorpos anti-SARS-CoV-2. No capítulo 3 está descrita uma estratégia inovadora 
para detecção simultânea das imunoglobulinas IgG, IgM e IgA em pacientes com 
COVID-19. A proteína Nucleopcapsídeo foi covalentemente ligada à superfície de 
beads funcionalizadas através do linker sulfo-SMCC. Anti – IgG BUV395, anti-IgM 
BB515, anti-IgA1/IgA2 biotinilado e streptavidina BV421 foram usados como 
anticorpos secundários. As condições de incubação e diluição do soro foram 
otimizadas para detecção de cada isotipo de anticorpo e o ensaio multiplex foi então 
desenvolvido. Este novo ensaio livre de células foi capaz de diferenciar de maneira 
eficiente amostras positivas e negativas para COVID-19. A detecção simultânea de 
IgG, IgM e IgA apresentou sensibilidade de 88.5 – 96.2% e especificidade de 100%. 
Esta estratégia nova abre um novo caminho para diagnósticos baseados em 
citometria de fluxo.    

 

Palavras-Chave: ABCG2; porfirina; ensaio Multiplex; COVID-19; heterodimeros. 
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ABSTRACT 
 
The ABCG2 transporter plays a pivotal role in multidrug resistance (MDR), however, 
none inhibitor selective toward ABCG2 was evaluated in clinical trials. Although ABC 
transporters actively extrude a wide variety of substrates, photodynamic therapeutic 
agents with porphyrinic scaffolds are exclusively transported by ABCG2. In Chapter 1, 
we described for the first time a porphyrin derivative (4B), which plays as inhibitor of 
ABCG2 and capable to overcome MDR in vitro. The inhibition was time-dependent and 
4B was not itself transported by ABCG2. Independently of the substrate, the porphyrin 
4B showed an IC50 value of 1.6 μM and a mixed type of inhibition. This compound 
inhibited the ATPase activity and increased the binding of the conformational-sensitive 
antibody 5D3. A thermostability assay confirmed allosteric protein changes triggered 
by the porphyrin. Long-timescale molecular dynamics simulations revealed a different 
behavior between the ABCG2 porphyrinic substrate pheophorbide a and the porphyrin 
4B. Pheophorbide a was able to bind in three different protein sites. In contrast, 4B 
was able to bind in an unique protein site, showing a strong ionic interaction with 
GLU446. The inhibition was selective toward ABCG2, since no inhibition was observed 
for P-glycoprotein and MRP1. Finally, this compound successfully chemosensitized 
cells that overexpress ABCG2. These findings reinforce that substrates of ABC 
proteins may be a privileged source of chemical scaffolds for identification of new 
inhibitors of MDR-linked to ABC transporters. Based on Chapter 1 data, other 
macromolecules were synthesized and the biological effects evaluated against ABCG2 
transporter. Based on known bioactive molecules, four heterodimers were proposed, 
however, only two were successfully synthesized (BODIPY – cholesterol and chalcone 
– cholesterol). The results suggest that cholesterol is not an ABCG2 substrate, since 
BODIPY - cholesterol was not transported by ABCG2. In addition, cholesterol alone 
does not affect the ABCG2-mediated transport of mitoxantrone and hoechst 33342. 
Interestingly, cholesterol abrogate the inhibitory effect of chalcone, since the chalcone 
– cholesterol modified the inhibition profile of chalcone alone. Those results provide 
new insights about the role of cholesterol on ABCG2 transporter. This thesis was 
developed during the pandemic of coronavirus disease 2019 (COVID-19). The 
pandemic brought the urgent necessity of the rapid development of assays for 
detection of antibodies anti-SARS-CoV-2. In Chapter 3, we described an innovative 
strategy for simultaneous detection of immunoglobulin G (IgG), IgM and IgA in COVID-
19 patients. The SARS-CoV-2 nucleocapsid protein was covalently bound to functional 
beads surface applying sulfo-SMCC chemistry. BUV395 anti-IgG, BB515 anti-IgM, 
biotinylated anti-IgA1/IgA2 and BV421 streptavidin were used as fluorophore 
conjugated secondary antibodies. Serum and antibodies reaction conditions were 
optimized for each antibody isotype detection and a multiplexed detection assay was 
developed. This new cell-free assay efficiently discriminate COVID-19 negative and 
positive samples. The simultaneous detection of IgG, IgM and IgA showed a sensibility 
of 88.5-96.2% and specificity of 100%. This novel strategy opens a new avenue for 
flow cytometry-based diagnosis. 

 

Keywords: ABCG2; porphyrin; Multiplex assay; COVID-19; heterodimers 
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THESIS OVERVIEW 
 
 The findings described on this thesis bring new insights about the ABCG2 

transporter and the use of flow cytometry for diagnosis of infectious diseases. This 

document was conceived as described below: 

 An introduction about the general aspects of ABCG2, including strategies for 

overcome MDR and an overview about ABCG2 inhibitors. 

 Chapter 1 shows the identification and characterization of porphyrin 4B as a 

new ABCG2 inhibitor. 

 Chapter 2 describes the synthesis of heterodimers and the biological effect 

against ABCG2. 

 Chapter 3 presents the development of a cell-free flow cytometric approach for 

simultaneous identification of three immunoglobulins in COVID-19 patients.  
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1. INTRODUCTION 
 

Multidrug resistance (MDR) is the main cause of treatment failures of many 
cancers. Different mechanisms promote the MDR phenotype, such as: apoptosis 
failure, activation of detoxifying systems, increased DNA repair, drug 
compartmentalization, changes of molecular drug targets and overexpression of  ATP-
binding cassette (ABC) transporters [1–4].  

The human genome contains 48 genes that encode ABC proteins, organized in 
seven subfamilies (ABCA-ABCG) [5,6]. The overexpression of ABC transporters on 
cancer cells probably is the most relevant MDR mechanism [1,7]. These transporters 
can efflux a myriad of compounds with unrelated chemical structures, leading to a 
decrease on intracellular drug accumulation and impairing the cell response to drug-
induced cell death [8,9]. In addition, many ABC transporters share a physiological role 
by exporting xenobiotics, proteins, metabolic products and lipids in tissues like liver, 
gut, kidney, placenta and blood brain barrier [9–11]. Among the 48 ABC proteins, three 
are closely related to MDR: glycoprotein-P (P-gp/ABCB1), multidrug resistance protein 
1 (MRP1/ABCC1) and breast cancer resistance protein (BCRP/ABCG2) [12]. 

P-gp was discovered in 1976, corresponding to the first identified ABC 
transporter responsible for MDR [13]. This transporter is also known as multidrug 
resistance protein 1 (MDR1), being firstly described in a chinese ovary tissue culture 
cells (CHO cells) resistant to colchicine with cross-resistance to other 
chemotherapeutics [13]. In 1992 the second ABC transporter associated with MDR 
was discovered. MRP1 was described in lung cancer cell line H69AR by doxorubicin 
selection [14]. The ABCG2 transporter was identified simultaneously in 1998 by three 
different laboratories [15]. The ABCG2 transporter had its role in a MDR breast cancer 
subline verified in 1998, receiving the name of breast cancer resistance protein (BCRP) 
[16]. The overexpression of this protein was also verified on mitoxantrone resistant S1-
M1-80 cells cDNA [17] and placenta tissue [18]. 

The ABC transporter structure is formed by two NBDs (Nucleotide-binding 
Domain) and two TMDs (Transmembrane-binding Domain). The catalytic cycle is 
based on the recognition of substrates by the TMD. Then, two molecules of ATP binds 
on the NBD. When the first ATP is hydrolyzed, the substrate is released. Then, the 
second ATP is hydrolyzed to return the protein to the basal conformation [19,20]. 

Different strategies can be applied on drug-design and development of new 
ABCG2 inhibitors. We present and discuss the most useful approaches cell- and 
membrane-based for identification and characterization of the mechanism of inhibition, 
as well the in silico methods. A table containing the ABCG2 inhibitors is presented, and 
the critical features of promising inhibitors is discussed. Finally, the use of ABCG2 
inhibitors targeting cancer stem cells (CSC) is introduced and an overview about 
compounds the modulate the expression levels is presented. 

 
1.1 Targeting ABCG2 by inhibitors 

 
Different strategies were developed to overcome multidrug resistance. The first 

is the development of chemotherapeutics not effluxed by ABC transporters. Some 
taxenes derivarives were described as more active in P-gp overexpressing cells when 
compared with paclitaxel and docetaxel. Altstadt (2001) described a potent paclitaxel 
derivative by modifying C-7 motif on paclitaxel molecule to prevent P-gp binding. The 
molecule BMS-184476 was very active against HOC79 cell line [21]. Distefano (1997) 
also reported paclitaxel derivatives. Modifications on  C-1, C-3 and C14 of taxenes 
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scaffold were responsible for the activity, however, the authors did not show if the result 
was due to absence of P-gp transport. [22]. Another interesting molecule is DJ-927, 
another taxene derivative with increased toxicity even on P-gp overexpressing cell 
lines. The authors assumed that the effects were due the reduced efflux by P-gp [23]. 
Besides being an interesting strategy, it is very difficult to apply on rational synthesis. 
ABC transporters are known as promiscuous transporters meaning that they can efflux 
a variety of unrelated compounds so is quite hard to find a logical structure-activity 
relationship on substrates [24]. 

The second strategy is to induce Collateral Sensitivity (CS) on ABC 
overexpressing cell lines. Collateral sensitivity is the hypersensitivity showed by MDR 
cell lines to a compound that do not sensitize the parental cell line [25]. This 
mechanism is not exclusive for cancer cells since it was firstly identified in E coli strains 
in 1952 [26]. In 1976, Bech-Hansen identified cancer cells resistant to colchicine that 
presented increased sensitivity to local anesthetics and steroids hormones [27]. Later, 
in 1982, it was demonstrated that colchicine resistant cell lines showed increased 
sensitivity to Taxol, verapamil and other calcium channel blockers [28–30]. This 
sensitivity was dependent on P-gp overexpression in a mechanism unrelated to 
inhibition [31]. Only in 2003 the mechanism of CS triggered by verapamil was 
described as the stimulation of ATPase activity on P-gp, leading to low ATP levels and 
triggering apoptosis [32]. For ABCG2, few compounds are known to induce CS in a 
clear way. Kuete (2013) described that natural benzophenones were capable to induce 
CS resistant cell lines overexpressing ABCG2 (isogarcinol in MDA-MB-231 and MDA-
MB-231 BCRP) probably by inducing apoptosis but it is not clear the participation of 
ABCG2 in the process [33]. To induce collateral sensitivity is an interesting strategy 
but very difficult to explore due the variety of mechanisms that may be involved, 
hampering the synthesis of new compounds. 
 The more feasible strategy to overcome MDR is by inhibiting the transporter. 
The publication of ABCG2 high resolution protein is an advantage in this strategy since 
the interactions between protein-inhibitor can be explored and bring insights about 
important amino acids and regions for inhibitors [34]. This strategy can also direct for 
rational design of new molecules, leading to generations of compounds with 
improvement of their characteristics [35]. Different strategies can be used to prospect 
for new inhibitors. The first aims to test molecules that act as inhibitors to other 
transporters, like P-gp and MRP1. The literature shows inhibitors that were first 
identified for P-gp that also worked in ABCG2 like GF120918 [36]. The opposite is also 
true. Ko143 was firstly described as an specific inhibitor of ABCG2 but could inhibit P-
gp and MRP1 at higher concentrations [37,38]. Another approach is based on testing 
different classes of drugs that presents a set of structural characteristics known to be 
beneficial for inhibition as a guide to prospection like hydrophobicity, aromaticity, 
planar structure and, generally, methoxy groups [39]. Drug repurposing is another way 
to prospect for new inhibitors with the advantage of shortening the development steps 
[40]. In this case, drugs used for unrelated diseases can represent an alternative for 
drug discovery with known pharmacokinetics, pharmacodynamics, and therapeutic 
index [40]. Drugs like calcium channel blockers, anti-HIV and xanthine oxidase 
inhibitors were identified as ABCG2 inhibitors [41–44].  

 
1.2 Screening of different classes 

 
 Before the publication of ABCG2 structure, in 2017, the most used strategy for 
discovery of new inhibitors of ABCG2  was to identify chemical features among 
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different classes of molecules that interact with other ABC transporters [45,46]. The 
inhibitors of P-gp worked as a starting point for the discovery of ABCG2 inhibitors. 
GF120918 (Elacridar) is classified as the second generation of P-gp inhibitors [47]. 
This compound is also able to inhibit ABCG2 transport activity, but with lower potency 
compared with the effect observed for P-gp [36]. Based on these findings, GF120918 
scaffold was used for the synthetizes of many compounds with improved activity 
toward ABCG2 [48].  
 Considering the biochemical characteristics of the drug-binding sites on 
ABCG2, several classes of hydrophobic compounds were screened as inhibitors of 
ABCG2, as TKIs. As an attempt to verify the interactions with ABC transporters, 
Hegeus and co-workers demonstrated that some TKIs strongly interact with P-gp and 
MRP1. This compounds showed a dual behavior, being described as substrates or 
inhibitors [49]. Later, many TKIs were described as inhibitors of ABCG2 [50]. 
 Natural products are a great source of chemical scaffolds for new drugs and 
constitute a privileged source for inhibitors of ABCG2. Flavonoids [51], botryllamides 
[52], polyphenols [53] are among the natural compounds identified as inhibitors of 
ABCG2 that were latter modified to improve their activity. It is interesting to notice that 
those classes share some characteristics as hydrophobicity, aromaticity and planar 
structure. 
 
1.3 In vitro and in silico strategies for identification of inhibitors 
 
 Several approaches can be used for identification of new ABCG2 inhibitors. As 
represented in the figure 1, most of them are cell-based assays. Nevertheless, 
membrane-based assays and in silico approaches are also useful tools for the study 
of the mechanism of inhibition. 

 
Figure 1: Main approaches for identification of new ABCG2 inhibitors and characterization of the 
biochemical and molecular mechanism of inhibition. S – substrate, I – inhibitor, CS – collateral 
sensitivity, C – control, M – modulator of protein expression levels. 
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 Fluorescent substrates constitute a powerful tool for studies of ABCG2-
mediated efflux. The most used fluorescent dyes are mitoxantrone, hoechst 33342, 
bodipy prazosin and pheophorbide a. The choice of the appropriate substrate is 
associated with the aim of the study and the equipment available. Among these 
ABCG2 substrates, only mitoxantrone is a chemotherapeutic agent, that is also 
transported by others ABC transporters [54]. The unique fluorescent substrate specific 
for ABCG2 is pheophorbide a [55] . Some common fluorescent dyes can also be 
applied for specific studies, as rhodamine 123, that is not a substrate of ABCG2 wild-
type but is well transported by R482T ABCG2 mutant [56]. In contrast to the other 
ABCG2 substrates, hoechst 33342 is a fluorescent dye that require an ultraviolet laser 
for excitation, rarely found in flow cytometers.  

In cell-based approaches, the flow cytometry is considered the gold standard 
for studies of ABCG2 transport activity. Two cell-based models are commonly used: (i) 
transfected and (ii) drug-selected cells. Differently of drug-selected cells, transiently or 
stable-transfected cells only overexpress the protein of interest, in this case ABCG2, 
becoming the best biological model for identification of new inhibitors without bias of 
additional MDR mechanisms or even the presence of other ABC transporters. The 
intracellular fluorescence detected by flow cytometry is dependent of the ABCG2 
transport activity. Two differentials of flow cytometry are the easy discrimination of 
viable cells and cellular debris and the detection of subpopulations, that can impact the 
analysis. The inhibition can be reported as a percentage relative to control, since the 
ABCG2 inhibitor will increase the fluorescence signal when compared with the 
condition without the inhibitor. Intracellular accumulation controls that indicate 100% of 
inhibition can be achieved by reference inhibitors, such as Ko143 or using wild-type 
cells (or cell transfected with the empty vector), that do nor express ABCG2 [57]. 

Microplates readers can also be useful to access intracellular accumulation or 
efflux of fluorescent dyes, similarly to flow cytometry.  As a fluorescent ABCG2 
substrate is used, the intracellular fluorescence intensity is directly proportional to the 
transporter activity [58]. The advantages of microplate readers over the flow cytometry 
are the intuitive user interface and the equipment cost. Nevertheless, the microplate 
readers are not capable to discriminate the fluorescence of cellular subpopulations or 
even of viable cells from the background noise [58–61]. Another drawback are the 
extensive washing steps before the analysis in a microplate reader [62]. 

The chemosensitivity approach is widely used method for the screening of new 
ABCG2 inhibitors. This approach is based on the cytotoxicity triggered by 
chemotherapeutic agents transported by ABCG2, such as mitoxantrone and SN-38. 
Usually, parental and cells overexpressing ABCG2 are exposed to increasing 
concentrations of the cytotoxic agent, allowing the determination of IG50 values 
(concentration that produces 50% growth inhibition). Cells overexpressing ABCG2 
show a higher IG50 values compared to parental cells, indicating that the drug was 
pumped out of the cell. The association of ABCG2 inhibitors with the cytotoxic agents 
in cells overexpressing ABCG2 decrease the IG50 values. A complete inhibition of the 
ABCG2-mediated transport is observed when the IG50 value of the association of 
inhibitor and cytotoxic agent in resistant cells is similar to the IG50 value observed on 
parental cells treated with the cytotoxic agent [63]. MTT colorimetric assay is commonly 
used for indirect quantification of drug cytotoxicity. This method measures cellular 
metabolic activity as an indicator of cell viability and is suitable for early stages of drug 
screening in vitro [64,65].  The advantage of this method includes the low cost, 
although there are some interferences, mostly associated with compounds targeting 
mitochondria, which can interfere on cytotoxic effect [66].  
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The intrinsic cytotoxicity of ABCG2 inhibitors is an undesirable feature, however, 
the cytotoxic profile of these inhibitors comparing parental and cells overexpressing 
ABCG2 can provide a valuable information and should be addressed. The results 
obtained by this approach can suggest: (i) cross-resistance, (ii) absence of transport 
and (iii) CS. A cross-resistance is observed when the IG50 value obtained for cells 
overexpressing ABCG2 is higher than for parental cells. This result suggests that the 
ABCG2 inhibitor is transported by ABCG2, as observed with some TKIs, that inhibit 
ABCG2 by are also described to be transported [67]. The same cytotoxic profile in both 
cell lines, suggests an absence of transport mediated by ABCG2. Finally, some 
compounds can preferentially promote the cell death on cells overexpressing ABCG2, 
indicating that this inhibitor also trigger CS [68]. 

Additionally, it is important to evaluate the effect of new ABCG2 inhibitors on 
mRNA and protein levels. In the section 11 of this review, we present some inhibitors 
of the ABCG2 transport activity that also modulate the expression levels. The most 
used technique for investigation of the effect of compounds at transcriptional levels is 
qPCR (real-time PCR), while western blot analysis remains the gold standard for 
investigation of the effect on protein level. Flow cytometry and immunofluorescence 
microscopy can also be used for detection of protein levels, or even to check the 
correct addressing of the protein on membrane. However, the extracellular epitope of 
ABCG2 recognized by antibodies can be affected by conformational changes induced 
by the binding of inhibitors at TMDs. This interesting feature is explored by flow 
cytometry using the conformational antibody 5D3. Generally, ABCG2 substrates do 
not change the 5D3 immunoreactivity, however, ABCG2 inhibitors are described to 
increase the 5D3 binding. Thus, this approach based on binding shift of 5D3 was 
proposed for investigation of drug interactions with ABCG2 [69]. One important 
drawback is that the antibody 5D3 itself inhibits the ABCG2 transport activity due to 
the capability to hold the ABCG2 monomers together, avoiding the formation of an 
outward-facing conformation, which is fundamental for the drug efflux [70]. 

The type of inhibition can be investigated using cell-based assays, as well using 
membrane preparations. The kinetic parameters Km and Vmax can be obtained 
measuring the transport activity of ABCG2 using several substrate concentrations and 
some fixed concentrations of inhibitors. The kinetic analysis can suggest the type of 
inhibition by interpretation of the effects on Km and Vmax. Since the initial reaction rate 
is determined by intracellular substrate accumulation, increased inhibitor 
concentrations led to higher intracellular fluorescence, resulting in increased Vmax 
values. The type of inhibition can also be investigated by a membrane-based assay. 
This method requires the use of photoaffinity-labeled compounds, generally 
iodorylazidoprazosin (IAAP), with membranes prepared from ABCG2 transfected 
insect cells (or membranes prepared from ABCG2-overexpressing human cells). A 
possible competition for the same binding site between the ABCG2 inhibitor with [125I]-
IAAP can be quantified by autoradiography [63,71,72]. 

The effect of inhibitors on the ATPase activity can be measured in the crude 
membranes of mammalian or insect cells [73,74]. As the drug efflux mediated by ABC 
transporters is driven by ATP binding and hydrolysis, this assay can indirectly to predict 
if compounds are substrates of ABC transporters or not. Substrates are described to 
stimulate the ATPase activity, in contrast to inhibitors of the transport activity, that 
inhibit the ATPase activity. However, this premise should be carefully used for ABCG2. 
Some compounds that inhibit the ABCG2 transport activity also are stronger inhibitors 
of the ATPase activity, such as Ko143 [37]. However, some inhibitors of the transport 
activity can produce either a mild inhibition effect on the ATPase activity, as observed 



20 
 

by porphyrin 4B [75], or none effect, as described for ketonic indeno[1,2-b]indoles [76]. 
Interestingly, many potent ABCG2 inhibitors of the transport activity stimulate the 
ATPase activity, such as methoxy stilbenes and curcumin analogs [56,71]. 
 The transport of substrates involves orchestrated protein conformational 
changes. Thus, a thermostabilization assay was recently proposed to assess how the 
binding of substrates or inhibitors affect the thermostability of ABC transporters in a 
membrane environment [77]. This assay is based on measurements of the ATPase 
activity using total membranes prepared from insect cells overexpressing the ABC 
transporter. A temperature range is applied to identify the IT50 value (temperature that 
reduces 50% of the ATPase activity). It was demonstrated that some indeno[1,2-
b]indole derivatives produce a complete (100%) inhibition of ABCG2 transport activity, 
while others are partial inhibitors [78]. The thermostabilization assay revealed that 
these inhibitors triggered ABCG2 conformational changes stabilizing the protein 
structure. In addition, the partial inhibitors showed a moderate effect compared to 
complete inhibitors.  

Finally, in silico approaches constitute a powerful tool for identification of the 
binding site o new ABCG2 inhibitors. Molecular docking is a technique used to identify 
and optimize promising drugs, by generating acceptable bonding conformations 
between the target protein and the ligand. Therefore, each ligand is docked into the 
active site of the protein and then scored -according to geometric, chemical, and 
energetic criteria - to establish which conformation is the most stable [79,80]. Likewise, 
molecular dynamics (MD) can be used to explore the protein's function and dynamics 
at an atomic level, providing the identification of their physiological conformations. It is 
also used on structural adjustments of postdocking complexes. Docking and molecular 
dynamics depends on 3D protein knowledge. [80,81]. Docking studies on indeno[1,2-
b]indole derivatives showed that PHE439 seems to be related to inhibitors recognition 
[78] which is in accordance to Crio-EM studies, suggesting that inhibitors and 
substrates stays between PHE439 sidechains [82]. Interestingly, Pheophorbide a was 
also demonstrated by molecular dynamics as assuming different positions on ABCG2, 
differing from inhibitor 4B which assumes a more rigid conformation [75]. The same 
behavior was observed by Crio-EM where substrates bound were more flexible than 
inhibitors [83]. These observations show the good accordance between experimental 
methods (Crio-EM) and in silico methods. 

 
1.4 Minimal requirements for a desirable inhibitor 
 
Small molecules that inhibit ABCG2 are often judged by its potency of inhibition, 
cytotoxicity and selectivity toward this ABC transporter. The primary concern of the 
development of new ABCG2 inhibitors is to assure a high potency of transport activity 
inhibition, targeting nanomolar concentrations, as described for Febuxostat, an ABCG2 
inhibitor identified by the strategy of drug repurposing [42,84]. Thus, the screening of 
new inhibitors should focus on the identification of IC50 values of inhibition, that 
indirectly reflects the affinity of the inhibitor. Importantly, some ABCG2 inhibitors 
promote a partial inhibition, such as metoxy stilbenes and 6-prenylchrysin, that present 
a maximal inhibition around 70% [56,85]. Even compounds from the same chemical 
class can trigger complete or partial effects [86]. Interestingly, we recently 
demonstrated that partial inhibitors can completely reverse the MDR phenotype [78]. 
The partial inhibition can also be explored on bi-modulation assays, that consists in the 
association of two inhibitors for studies of the mechanism of inhibition [56,78]. For a 
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more precise comparison among different inhibitors, we recommend the authors to 
include the maximal inhibition percentage (IMAX values) or the IC50 curves of inhibition. 

A lower cytotoxicity or preferentially the absence of cytotoxicity is mandatory for 
development of new ABCG2 inhibitors. Many potent ABCG2 inhibitors identified using 
in vitro approaches failed in pre-clinical animal models, due its intrinsic toxicity [87]. 
We proposed the identification of a therapeutic ratio (TR) as an index that combines 
the potency of inhibition and the intrinsic cytotoxicity of inhibitors. This index is the ratio 
between IG50/IC50 (intrinsic cytotoxicity/potency of inhibition), that allows a simplified 
comparison among different inhibitors, providing some guidance for selection of 
compounds that can follow for in vivo studies [83,84]. This concept was already 
successfully applied during the screening of chromones. The MBL-II-141 showed a 
very high TR, around 2000 [89]. This inhibitor was selected for in vivo studies, showing 
excellent results [90].  
 The selectivity toward ABCG2 is generally evaluated testing the new inhibitor 
against the other two human ABC transporters well known to have a clinical role in 
MDR: P-gp and MRP1. Despite the limited information about the real selectivity, this 
approach is valuable since these ABC transporters share several ligands. The 
selectivity could be relative to the concentration, as evidenced by the reference 
inhibitor Ko143, that in higher concentrations shows a promiscuous behavior, inhibiting 
the transport of substrates mediated by P-gp and MRP1 [37]. The concern about 
potency, cytotoxicity, and selectivity arose from clinical trials with P-gp inhibitors. Some 
of these studies were interrupted because the potency of inhibition was insufficient, 
either interfered on chemotherapeutic pharmacokinetics or were also cytotoxic [91] For 
this reason, the association of these three parameters are critical and desired to 
minimize side effects as consequence of blocking physiological roles, avoid drug-drug 
interactions and distribution [35]. 
 An important step is to confirm if ABCG2 inhibitors identified by transport activity 
assays also successfully sensitize resistant cells. The chemosensitization assays are 
based on the cytotoxic effect of chemotherapeutic agents transported by ABCG2. 
Usually, this assay is performed on parental and ABCG2 overexpressing cells after 72 
hours of drug exposure. The chemosensitization assay is compatible with non-
fluorescent drugs, increasing the range of ABCG2 substrates that can be employed. 
Considering that the values of ABCG2 inhibition were obtained by a transport activity 
assay performed in transfected cells overexpressing ABCG2, the chemosensitization 
assays provide additional information when performed with drug-selected ABCG2 
overexpressing cancer cells. This in vitro investigation of the capacity of ABCG2 
inhibitors in reverse the MDR phenotype is recommended before in vivo studies, 
however, the results should be carefully interpreted. Since the chemosensitization 
assays are evaluated after 72 hours of exposure with the inhibitors, the effect on mRNA 
and protein levels should be also explored and correlated [92]. 
 After identification of new ABCG2 inhibitors, different approaches can be used 
for studies of the mechanism of inhibition, as represented in figure 1. The most widely 
used are the investigation of the effect of inhibitors on the ATPase activity and on the 
shift of 5D3 conformational antibody [93,94]. However, many reports describe the type 
of inhibition through kinetic analysis or using [125I]-IAAP [95]. After the publication of 
the protein structure, several papers performed in silico studies, contributing 
enormously for the identification of the drug binding site on ABCG2 [78,96]. Recently, 
the thermostabilization assay was introduced targeting the investigation of protein 
conformational changes triggered by inhibitors [77]. Finally, to confirm the transport or 
the absence of transport mediated by ABCG2, we proposed a “washing assay” [78]. 
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This approach consists in the remotion of the inhibitor from the culture media for long 
periods before the substrate addition on transport activity assays. This assay can be 
easily applied for non-cytotoxic inhibitors at laboratories that do not have access to LC-
MS/MS platforms. Finally, in vivo validation for the lead compounds and studies of 
plasma stability and pharmacokinetic parameters will speed the development of 
ABCG2 inhibitors in clinical trials [97,98].  
In summary, the minimal characteristics of a robust ABCG2 inhibitor are: (i) high 
potency of inhibition, (ii) low cytotoxicity and (iii) selectivity. However, we suggest to 
the authors to perform the maximal set of experiments to improve the available 
information about the ABCG2 inhibitors. 
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RESEARCH OBJECTIVES 
 

 Study of porphyrins as ABCG2 inhibitors. 
- Screenin of porphyrins as ABCG2 inhibitors on stably transfected cell line; 
- Determination of IC50 by flow cytometry; 
- Determination of IG50 by MTT cytotoxicity assay; 
- Verification of porphyrin transport by ABCG2; 
- Determination of type of inhibition; 
- Verification of conformational changes using 5D3 binding, thermostability 

assay and ATPase hydrolysis. 
- Verification of interactions between porphyrin and ABCG2 by docking and 

Molecular dynamics; 
- Verification of selectivity of porphyrin in P-gp and MRP1.  
- Verification of ability of chemosensitization on transfected cell line and 

cancer selected cell lines. 
 Study of heterodimers containing porphyrins or cholesterol on ABCG2 

- Synthesis and characterization of heterodimers Porphyrin – chalcone; 
Pheophorbide a – chalcone; BODIPY – cholesterol and Chalcone – cholesterol. 
- Evaluation of heterodimers on stably transfected cell line overexpressing 
ABCG2 as inhibitors or substrates. 

 Development of flow cytometry-based methodology for identification of IgG, IgA 
and IgM on SARS-CoV-2 infected patients. 
- Promote the binding of nucleocapsid protein on CBA beads using sulfo-

SMCC chemistry 
- Optimization of serum dilution individually for IgG, IgM and IgA; 
- Optimization of antibody dilution individually for IgG, IgM and IgA; 
- Optimization of Streptavidin dilution for IgA; 
- Development of a multiplex assay based on serum and antibody dilution 

previously determined; 
- Validate the assay using COVI-19 patient’s serum. 
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1. INTRODUCTION 
 

Multidrug resistance (MDR) mediated by ATP-binding cassette transporters 
(ABC transporters) is the most prevalent mechanism of resistance clinically observed 
[1]. Among the 48 genes in the human genome that encode ABC proteins, three ABC 
transporters are closely related to MDR: P-glycoprotein (P-gp/ABCB1), multidrug 
resistance protein 1 (MRP1/ABCC1) and breast cancer resistance protein 
(BCRP/ABCG2)[2]. ABCG2 was discovered in 1998 by three laboratories 
simultaneously using different cell sources (breast cancer cell line MCF-7, colon 
carcinoma cell line S1- M1 and placenta tissue). For this reason, ABCG2 is also named 
as BCRP (Breast Cancer Resistance protein), MXR (Mitoxantrone Resistance protein) 
and ABCP (Placenta-specific ABC transporter) [3–5].  

The ABCG2 transporter exerts physiological roles related to cellular 
detoxification, usually found in healthy tissues such as the liver, blood-brain barrier and 
placenta [6,7]. In cancer cells, ABCG2 is responsible for the efflux of 
chemotherapeutics with unrelated chemical structures, such as mitoxantrone[8], 
methotrexate[9], topotecan, SN-38[10] and photosensitizers, such as pheophorbide a 
[7,11]. ABCG2 is also highly expressed in cancer stem cells (CSC) called Side 
population (SP) [12,13] which is defined by the ability to exclude hoescht 33342 [14]. 
The presence of ABCG2 in CSC is very intriguing since it can protect those cells from 
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chemotherapeutic agents [15]. This context suggests that ABCG2 inhibition may 
represent a way to avoid cancer recurrence.  

The relationship between porphyrins and the ABCG2 transporter is well 
documented. ABCG2 seems to play a role in the heme biosynthesis pathway, actively 
transporting porphyrinic intermediates [16,17]. This interaction was first reported by 
Jonker (2002), which showed the protective activity of ABCG2 with dietary porphyrins, 
most specifically pheophorbide a [18]. Since then, pheophorbide a and other porphyrin-
based photodynamic therapy (PDT) agents were reported as specific substrates of 
ABCG2 [11,19–23]. 

Some substrates of ABC transporters can also act as inhibitors. For instance, 
tyrosine kinase inhibitors (TKI’s) [24–26], stilbenes [27–29] and tariquidar [30–36] are 
substrates with intrinsic inhibitory capacity. Specifically, TKIs are known as both 
ABCG2/P-gp inhibitors and substrates depending on the employed concentration, 
where higher concentrations lead to competitive inhibition in the substrate binding site 
[24–26]. Tariquidar is an ABCG2 substrate at low concentrations (~100 nM), which at 
higher concentrations (1 μM) can compete with the substrate mitoxantrone [30,31]. 
Further studies reported selective and potent ABCG2 inhibitors obtained from 
tariquidar derivatives [32,33,35,36], with emphasis on XR9577, which showed 
noncompetitive behavior with pheophorbide a [34]. Another example is resveratrol, a 
substrate with inhibition capacity at high concentrations (30 μM). The resveratrol 
inhibitory potency was increased by the insertion of methoxy groups to produce 
analogs, making stilbenes a new class of ABCG2 selective inhibitors [27–29].  

The study of substrate derivatives as potential inhibitors might be an effective 
strategy for the development of highly potent optimized inhibitors, taking advantages 
of their chemical scaffold. Porphyrins are well characterized ABCG2 substrates, and 
to the best of our knowledge, no previous work has screened this class of compounds 
as ABCG2 inhibitors. This paper describes a new porphyrin derivative as a specific 
ABCG2 inhibitor and characterizes its mechanism of inhibition. 

. 
 

  
Figure 1: Results overview 
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2. MATERIAL AND METHODS 
 
2.1 Chemicals 
 

The porphyrins tested in this work were synthetized in the Laboratory of 
Heterocycles and Glycoconjugates at Federal University of Paraná (Brazil). The full 
synthesis and characterization were described in previous publications [37–41]. 
 All chemotherapeutics, substrates and reference inhibitors were purchased 
from Sigma-Aldrich, Abcam and Invitrogen. Cell culture supplies were purchased from 
Gibco and Sigma-Aldrich. MTT reagent (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) was purchased from VWR life sciences. Antibodies for 
flow cytometry Mouse anti-human CD338 Clone 5D3 and Goat anti-mouse conjugated 
with Phycoerythrin were purchased from BD Pharmigen (New Jersey, USA). 

 
2.2 Cell culture 
 

HEK293, NIH3T3, BHK21 and H460 wild type cells were cultivated in 
Dulbecco's modified eagle medium high glucose supplemented with 10% of bovine 
fetal serum (FBS) and 50 μg/mL of gentamicin. PANC-1 wild type was cultivated in 
RPMI medium supplemented with 10% of FBS, 1% of penicillin and 0.25 μg/mL of 
amphotericin. The cells were cultivated until 80–90% of confluence and then used for 
experimentation. Stably transfected cells, HEK293-ABCG2, NIH3T3-ABCB1, BHK21-
ABCC1 were additionally supplemented with 0.75 mg/mL of G418, 60 ng/mL of 
colchicine and 0.1 mg/mL of methotrexate for ABCG2, ABCB1 and ABCC1, 
respectively. H460MX20 and PANC-1MX100 cells were cultivated under mitoxantrone 
pressure (20 nM and 100 nM respectively). The cells HEK293, NIH3T3, BHK21 and 
transfected cell lines were kindly provided by Dr. Attilio Di Pietro (IBCP, Lyon, France). 
Wild type H460, H460MX20, PANC-1 and PANC-1MX100 were provided by Dr. Attilio 
Di Pietro (IBCP, Lyon, France) and Dr. Susan Bates laboratory (HIH, Bethesda, MD, 
USA). 

 
2.3 Accumulation assay 
 

HEK293-wild type cells were seeded in a 24 wells plate (2.0x105 cells/well) and 
incubated for 24 h to attach. Then, cells were treated with porphyrin 4D for 1, 2, 4, 18, 
22 and 28 h. After this period, cells were washed with PBS (300 μL), detached with 
trypsin and the intracellular accumulation of porphyrin 4D was analyzed by flow 
cytometry using a FACS Calibur (FL-3 filter) (BD Biosciences, New Jersey, USA). 

 
2.4 Inhibition assay 
 

The inhibition capacity was measured by flow cytometry. HEK293-ABCG2 and 
HEK293-wild type cells were seeded into a 24 wells plate (2.0x105 cells/well). After 24 
h, cells were treated with porphyrins (10 μM) for 30 min and 24 h. The fluorescent 
substrates (mitoxantrone 10 μM or hoechst 33342 3 μM) were added as follow: for the 
30 min treatment, the fluorescent substrate and porphyrin were added at the same 
time. For the 24 h of porphyrin treatment, the fluorescent substrate was added in the 
last 30 min of the treatment. After treatment, cells were washed with PBS (300 μL), 
detached with trypsin and analyzed by flow cytometry using FACS Calibur (BD 
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Biosciences) Red Laser and FL-4 filter for mitoxantrone and FACS Celesta (BD 
Biosciences) Ultraviolet Laser and the Band-Pass 450-50 filter for hoechst 33342. 

The IC50 curves were obtained with increasing concentrations of 4B (0.09 μM to 
10 μM, 24 h of incubation) using mitoxantrone and hoechst 33342 as substrates. 
Selectivity assay was performed using 10 μM of 4B incubated for 24 h and rhodamine 
123 (5 μM for ABCB1) or daunorubicin (10 μM for ABCC1) as fluorescent substrates. 

For the washing assay, HEK293-ABCG2 cells were treated with 4B at 10 μM 
for 24 h. Cells were then washed with PBS (300 μL) and kept in culture medium without 
4B (300 μL) for 1, 3 and 24 h. After that, the medium was removed and mitoxantrone 
at 10 μM (dissolved in cell culture media) was added for 30 min, then, the cells were 
washed with PBS (300 μL) and detached with trypsin to perform the flow cytometry, as 
previously described. 

The inhibition mechanism was determined by treating the cells with 4B (10, 1.65 
and 0.5 μM) for 24 h. After this period, the treatment was removed and the substrate 
was added for 30 min (hoechst 33342 at concentrations 6, 3, 1.5 and 0.75 μM and 
mitoxantrone at concentrations 20, 10, 5 and 2.5 μM). The cells were washed with PBS 
(300 μL), detached with trypsin and analyzed by flow cytometry. 

 
2.5 Confocal microscopy 
 

HEK293-ABCG2 were seeded into 24 well plates (1.0x105 cells/well) with 
coverslips on the bottom and incubated for 48 h. After cell adhesion, the cells were 
treated with 4B (10 μM for 24 h) and hoechst 33342 (1 μM for 30 min). The coverslips 
were recovered, washed, and placed on microscopy slides with Glycerin. The images 
were taken with Confocal microscopy Nikon A1R MP + (NIKON, Tokyo, Japan) at 40x 
objective. The fluorescence was reached using 405 nm laser for excitation and the 
emission was detected using 425-475 nm filter. The images were visualized with 
software Nis Elements 4.20 (NIKON, Tokyo, Japan). 

 
2.6 Cell viability assay 
 

Cells were seeded (2.0x104 cell/well) into a 96 wells plate and incubated for 24 
h to attachment. To evaluate the cell cytotoxicity, cells were treated with increasing 
concentrations of 4B (0.09 μM to 100 μM) and incubated for 72 h. For chemosensitivity 
assay, cells were treated with 4B (10 μM) for 24 h and then SN-38 was added for 
additional 48 h (0.1 nm to 20 μM for HEK293 cell lines, 0.5 μM and 5.0 μM for H460 
and PANC-1 cell lines). After this period, the medium was removed, cells were washed 
with PBS (100 μL) and incubated with MTT solution (100 μL of solution 0.5 mg/mL in 
PBS) for 4 h. Then, the solution was removed, and the formazan crystals were 
dissolved with 100 μL of ethanol/DMSO (1:1). The absorbance was measured using a 
microplate reader at 595 nm (Bio-Rad iMark). 

 
2.7 ATPase assay 
 

ATPase activity was determined as previously described by Ambudkar (1998) 
[42]. Total membranes of High five cells overexpressing ABCG2 were used (5 μg 
protein/tube, final volume 100 μL). The membranes were mixed with assay buffer (50 
mM Tris-HCl pH 6.8, 150 mM N-methyl-D-glucamine (NMDG)-Cl, 5 mM sodium azide, 
1 mM EGTA, 1 mM ouabain, 2mM DTT and 10 mM MgCl2) in the presence or absence 
of sodium orthovanadate at 0.3 mM. The membranes were treated with 4B in a range 
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of 0.1 to 2.5 μM and incubated for 20 min at 37°C with ATP (5 mM). After this period, 
100 μL of 5% SDS, 400 μL of Pi solution (sulfuric acid 36.2 N, water, ammonium 
molybdate and antimony potassium tartarate) and 200 μL of 1% ascorbic acid were 
added. After 10 min, the absorbance was measured at 880 nm using Ultrospec 3100 
pro spectrophotometer (Amersham Biosciences, UK). 

 
2.8 Conformational antibody binding (5D3) 
 

HEK293-ABCG2 were seeded at a density of 2.0x105 cells/well into a 24 wells 
plate and, after 24 h, cells were treated with 10 μM of porphyrin 4B for 10, 30 min and 
24 h. Then, cells were detached with trypsin, collected with 300 μM of PBS and 
centrifuged (1000 x g for 3 min). The pellet was resuspended in 100 μL of PBS/BSA 
(40 μg/mL of BSA) and the primary antibody (Mouse anti-human CD338 Clone 5D3, 
BD Pharmigen) was added (1:100) for 30 min at 37ºC. The cells were centrifuged 
(1000 x g, 3 min), the supernatant removed and resuspended with 100 μL of PBS with 
the secondary antibody (Goat anti-mouse conjugated with Phycoerythrin, BD 
Pharmigen) 1:200 for 30 min at 37ºC. Then, the cells were centrifuged, the supernatant 
removed, and the cell pellet was resuspended in 300 μL of PBS. The analysis was 
performed using FACS Calibur using the blue laser (488 nm) and FL-2 filter. 

 
2.9 Thermostability assay 
 

Membranes from High Five insect cells overexpressing ABCG2 were incubated 
with assay buffer at 3 μg protein/tube in the presence or absence of 0.3 mM 
orthovanadate, reaching 50 μL as final volume (Assay buffer: 50 mM Tris-HCl pH 6.8, 
150 mM N-methyl-D-glucamine (NMDG)-Cl, 5 mM sodium azide, 1 mM ouabain, 2 mM 
DTT). Then, the tests were prepared with 12.5 mM MgCl2 or 6.25 mM ATP and 
incubated with a temperature range from 37 to 61°C for 10 min using a thermocycler 
C1000 Touch (Bio-Rad, Hercules, CA).  

After this period, 10 μL of 25 mM ATP or 50 mM MgCl2 was added (final 
concentration of 5 and 10 mM respectively) followed by incubation at 37°C for 20 min. 
Then, the reaction was stopped with 50 μL Pi reagent (1% ammonium molybdate, 2.5 
N H2SO4 and 0.014% potassium-antimony tartarate). The tests were transferred to a 
96 well plate (50 μL/well), 150 μL of 0.33% sodium ascorbate solution was added. After 
15 min, the absorbance was measured using a microplate reader Spectramax iD3 
(Molecular devices, San Jose, CA, USA). The sensitive activity to vanadate was 
calculated as the difference between the activity value in the absence and presence of 
vanadate at each temperature. 

 
2.10 Molecular modelling 
. 

The system preparation and docking calculations were performed using the 
Schrödinger Drug Discovery suite for molecular modelling (version 2019.4). The 
ABCG2 crystal structure (PDB ID: 6FFC, resolution 3.56 Å [43])  was obtained from 
the Protein Data Bank (PDB; www.rcsb.org). The structure was chosen since it is one 
of the cryo-EM structures with high-resolution reported. ABCG2 structure was 
prepared with the Protein preparation wizard [44] to fix protonation states of amino 
acids residues, adding hydrogens and also fixing missing side-chain atoms. Missing 
loops between Asp301 – Leu328 and Gly354 – Tyr369 were generated and optimized 
using Prime [45]. Compounds 4B and PHEO were drawn using maestro and prepared 
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using LigPrep [46] to generate the three-dimensional conformation, adjust protonation 
state to physiological pH (7.4), and calculate the partial atomic charges, with the force 
field OPLS3e [47]. 

Docking studies with the prepared ligands were performed using Glide [48,49] 
(Glide V7.7), with the flexible modality of Induced-fit docking with extra precision (XP), 
followed by a side-chain minimization step using Prime [50]. Ligands were docked 
within a grid around 12 Å from the centroid of the residue Glu446(A), to represent Site 
1 in between the subunits. For each ligand 10 docking poses were generated. Selected 
docking poses were further validated by molecular dynamics simulation, where ligand 
stability within the proposed pocket and its interactions were evaluated. MD 
simulations were carried out using Desmond [51] engine with the OPLS3e force-field 
[48,52], which leads to improved performance in predicting protein-ligand binding 
affinities. Protein was embedded within a DMPC lipid pre-generated from Maestro, 
using the System Builder, where the membrane positioning was controlled by the 
orientation of the alpha-helices based on the transmembrane sequences. 

The protein-membrane system was placed in a cubic box with 15 Å from the 
box edges to any atom of the protein, using PBC conditions, and, filled with TIP3P [53] 
water. Then, all systems were equilibrated by short simulations under the NPT 
ensemble for 5 ns implementing the Berendsen thermostat and Barostat methods. A 
constant temperature of 310 K and 1atm of pressure throughout the simulation using 
the Nose-Hoover thermostat algorithm and Martyna-Tobias-Klein Barostat algorithm, 
respectively. After minimization and relaxing steps, we proceeded with the production 
step of at least 1 μs. All MD simulations were performed at least three independent 
runs with randomly generated seeds. Trajectories and interaction data are available 
on Zenodo repository (MZ29 trajectories were previously published elsewhere [54] and 
can be found under the code: 10.5281/zenodo.3746123, while additional PHEO and 
4B trajectory simulations are reported in 10.5281/zenodo.3988214).  

For principal component analyses, the backbone of each frame was extracted 
and aligned using trj_selection_dl.py and trj_align.py scripts from Schrodinger. 
Individual simulations from all the runs were merged using trj_merge.py into a final 
trajectory and CMS file which was further used for the generation of the principal 
components. Principal components of protein C-alpha atoms were calculated using trj 
_essential_dynamics.py script. Most of the large moments were captured in the first 
two components with the first component having 32.5% and the second component 
having 11.10% of the total motion. Protein-ligand interactions and protein 
conformational changes were analyzed using the Simulation Interaction Diagram (SID) 
tool with standard options.  

Molecular dynamics trajectories were visualized, and figures were produced 
using PyMol (Schrödinger LCC, version 2.2.3). The stability of the MD simulations was 
monitored by looking specifically at the root mean square deviation (RMSD) 
(Supporting information Fig. S5, represents RMSD variation along with the simulation), 
root mean square fluctuation (RMSF, supporting information Fig. S3) of the ligand and 
protein along the simulation time, our simulations were compared against ABCG2 – 
MZ29 previously published.  

3. RESULTS 
 
3.1 Screening of porphyrins as inhibitors of ABCG2 transport activity 
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A total of 19 porphyrin derivatives (Fig. S1 and Table 1) were evaluated as 
potential inhibitors of ABCG2 transporter by examining their effect on mitoxantrone 
efflux. Stably transfected cells overexpressing ABCG2 (HEK293-ABCG2) were 
incubated with 10 μM of the porphyrins for 30 minutes. Four porphyrins showed a mild 
inhibition (10 to 30% of inhibition) of mitoxantrone efflux, and only the porphyrin 4B 
showed an inhibition higher than 40% (Table 1). Considering the intrinsic fluorescent 
property of some porphyrins, a screening with this set of compounds was performed 
in HEK293-wild type cells to evaluate the intracellular accumulation. The best 
fluorescent signal was observed with porphyrin 4D, which showed a time-dependent 
accumulation (Fig. 2), no other porphyrin showed relevant fluorescence (Table S2). 
Thus, the potential of ABCG2 inhibition for the 19 porphyrins was reevaluated after 24 
h of incubation. A clear improvement on the potency of inhibition was observed to 
compound 4B, increasing the inhibition effect at 10 μM from 44 to 78%, confirming the 
time-dependent intracellular accumulation of porphyrins and consequently the 
inhibition effect (Table 1).  
 
 

 
 
Figure 2: Intracellular accumulation of porphyrin 4D along the time using HEK293-wild type cells. 
Cells were analyzed by flow cytometry using the blue laser (488 nm) and FL-3 filter (670 nm long 
pass). 
 
Table 1. Porphyrin structures and the percentage of inhibition of ABCG2 transport activity. 

 
Common scaffold 

Porphyrin R1 R2=R3=R4 R5 Reference 
ABCG2 inhibition (%) ± SD 

30 min 24 h 

Core  

-H 

[32] 14.07 ±12.22 -20.63 ±3.68 

1A 

 
 [41] 6.95 ± 8.4 51.89 ± 4.75 
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1B 

 

[41] -16.43 ±8.74 1.34 ± 12.36 

1C  [31, 32] -3.51 ± 3.47 -24.65 ±4.55 

1C*  -NO2 [33] -0.62 ± 5.67 7.61 ± 3.13 

1D  

 

-H 

[30] 
9.83 ± 13.59 -6.00 ±16.33 

1E 
 

7.37 ± 5.82 9.49 ± 17.20 

1F  [30, 31] -4.45 ± 7.76 - 31.01 ±9.60 
1G  

[30] 
23.69 ±18.35 -18.75 ±0.37 

1H 
 

-7.90 ± 0.84 -5.20 ± 0.21 

4A 

 

[41] -7.49 ± 11.81 -12.20 ±1.77 

4B 

 

[41] 43.99 ±8.07 78.30 ±9.33 

4D  [32] 19.08 ±2.38 -16.11 ±0.79 

4E  

[31] 

0.50 ±3.91 -15.58 ± 17.37 

4I  1.51 ±6.12 -14.86 ±10.48 
4J  9.31 ±5.51 0.71 ± 4.96 
4K  9.27 ±0.12 -20.46 ±1.37 

4L  -15.48 ±5.67 18.87 ±8.56 

4M 
 

-19.78 ±0.03 -4.46 ±3.17 

The inhibition of ABCG2-mediated efflux of mitoxantrone (5 μM) was assayed in HEK293-ABCG2 cells. 
Cells were exposed to porphyrins at 10 μM for 30 min or 24 h. The percent inhibition of ABCG2 transport 
was determined by flow cytometry using the reference inhibitor Ko143 (0.5 μM) as a control, which 
produces 100% inhibition. The data are the mean ± SD of, at least, two independent experiments. 
 

The tested porphyrins can be divided in two groups: mono and tetrasubstituted. 
Among the monosubstituted porphyrins, the 1A structure can be highlighted since it 
showed 51% of inhibition after 24 h of incubation, despite the low inhibition at 30 min 
(around 6%). Porphyrin 1A is closely related to 1B, which bears a pyridine ring as 
substituent, instead of a dihydropyrine ring. However, 1B did not display considerable 
inhibition. In this case, the ring aromatization seems to be detrimental for the inhibition. 

On the tetrasubstituted porphyrins group, porphyrin 4B showed higher inhibition 
than other structures at 30 min (44%) and 24 h (78% of inhibition). The related 
structure, 4A, did not show quantifiable inhibition.  

Interestingly, on monosubstituted porphyrins, aromatization was detrimental for 
inhibition effect but was favorable on the tetrasubstituted structure. The opposite was 
observed with dihydropyridine rings, where it was favorable on monosubstituted 
structures and unfavorable on the tetrasubstituted scaffold. 
 
3.2 IC50 of ABCG2 inhibition and absence of transport 
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The effect of porphyrin 4B on ABCG2 function after 24 h of exposure was 
explored by different approaches. Porphyrin 4B was able to inhibit, with the same 
potency, the transport of different substrates of ABCG2, showing an IC50 of 1.63 and 
1.65 μM for mitoxantrone and hoechst 33342, respectively (Fig. 3A and C). In addition, 
a saturating concentration of porphyrin 4B (10 μM) resulted in intracellular 
accumulation of mitoxantrone and hoechst 33342 similar to the reference inhibitor 
Ko143 (Fig. 3B and D). The intracellular accumulation of hoechst 33342 on cells 
treated with porphyrin 4B was also confirmed by confocal microscopy (Fig. 3E). In cells 
incubated only with hoechst 33342, the fluorescence was diffuse, and do not 
concentrate in the nucleus. However, in the presence of Ko143, the intracellular 
fluorescence of hoechst 33342 was higher and localized in the nucleus. The treatment 
of cells with 4B increased the accumulation of hoechst 33342, much like the known 
ABCG2 reference inhibitor Ko143, confirming that porphyrin 4B inhibits the ABCG2 
transport activity independently of the substrate. 

 
Figure 3: Inhibition curves of porphyrin 4B and intracellular accumulation. (A) Mitoxantrone as 
substrate. (B) Histogram with mitoxantrone (MTX) 10 μM (full line), Ko143 0.5 μM (dotted line) and 4B 
10 μM (blue histogram). (C) hoechst 33342 as substrate. (D) Histogram with hoechst 33342 3 μM (full 
line), Ko143 0.5 μM (dotted line) and 4B 10 μM (blue histogram). (E) Confocal microscopy using hoechst 
33342 1 μM as substrate and Ko143 0.5 μM as reference inhibitor and 4B at 10 μM. The data represent 
at least two independent experiments.  
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The cytotoxicity profile comparing the effect of drugs in parental cells and cells 
overexpressing ABC transporters can provide valuable information about ABCG2-
mediated cross-resistance. Also, this simple approach can also demonstrate a 
possible collateral sensitivity effect [55]. Considering that porphyrins are classic 
ABCG2 substrates, potential cross-resistance to 4B was investigated using HEK293-
wild type and HEK293-ABCG2 cells (Fig. 4A). The porphyrin 4B was cytotoxic at high 
concentrations, which allowed to verify a cross-resistance effect. The cytotoxicity 
pattern was similar after 72 h of treatment for both the parental and ABCG2-
overexpressing cell lines, demonstrating an absence of cross-resistance (Fig. 4A). This 
finding suggests that porphyrin 4B is not transported by ABCG2.  

To confirm the absence of transport, a cell washing assay was performed. 
HEK293-ABCG2 cells were exposed to mitoxantrone and 4B at a saturating 
concentration (10 μM) for 24 h. After the treatment, cells were washed with PBS to 
remove the porphyrin and mitoxantrone from the culture medium, and the transport 
assay was performed by flow cytometry after 1, 3 and 24 h. As shown in Fig. 3B, even 
after the removal of 4B from culture medium for 24 h, the potency of inhibition was 
similar to reference inhibitor Ko143, supporting the hypothesis that 4B is not 
transported by ABCG2 and also presents high affinity for ABCG2 (Fig. 4B).  
 

 
Figure 4: (A) Cell viability assay performed using the MTT method. HEK293-ABCG2 and Wild type were 
submitted to a long-term treatment (72 h) with an increasing concentration of 4B. (B) Treatment with 
Ko143 (control – 30 min) porphyrin 4B (blue bars - 24 h) followed by a washing step with PBS and 
incubation of the cells in absence of the porphyrin for 1, 3 and 24 h. Mitoxantrone was used as substrate. 
The data represent at least two independent experiments.  
 
3.3 Mechanism of inhibition 
 

The fact that we did not find evidence of ABCG2-mediated transport of 4B 
suggests that the porphyrin binds to another region or site compared to hoechst 33342. 
To pursue this hypothesis, the type of inhibition was investigated using different 
concentrations of mitoxantrone or hoechst 33342 in combination with a dose response 
of 4B. The data showed an increasing of Vmax and Km while inhibitor concentration 
increased (Fig. 5A-D), suggesting a mixed type of inhibition for both substrates, which 
was confirmed through Hanes-Woolf plot (Fig. S2).  
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Figure 5: Kinetic behavior of ABCG2 with mitoxantrone (A) and hoechst 33342 (C). Comparison of Vmax 
and Km with different concentrations of 4B with mitoxantrone (B) and hoechst 33342 (D)Km and Vmax 
were obtained from nonlinear regression from graphs A and C using GraphPad Prism v8.0. 
 

The ATPase activity of ABC transporters is commonly stimulated by substrates 
and decreased by compounds that inhibit activity [56,57]. ATPase activity was 
evaluated after treatment with increasing concentrations of 4B using total membranes 
from ABCG2-overexpressing High-Five insect cells. As shown in Fig. 6A, porphyrin 4B 
produced a mild inhibition of the ATPase activity of ABCG2 (~20%). Another common 
feature of ABCG2 inhibitors is increased binding of the conformation-sensitive antibody 
5D3, which recognizes an epitope in the extracellular loop of ABCG2. Porphyrin 4B 
triggered a time-dependent increase of 5D3 binding (Fig. 6B). This increase was higher 
than the reference inhibitor Ko143 after 24 h of incubation (Fig. 6C and D). These data 
are in accordance with the time dependent inhibition observed in the initial screening 
(Table 1). Considering that the maximum inhibition was visualized only after 24 h of 
incubation, this result suggests that the porphyrin interaction causes important 
conformational changes to the transporter. 

To confirm allosteric conformational changes induced by 4B, a thermostability 
assay using total membranes from ABCG2-overexpressing High-Five insect cells was 
performed. In the absence of ATP, 4B does not promote significant changes on IT50 
values (Fig. 6E, F). On the other hand, in the presence of ATP, porphyrin 4B decreased 
the IT50 value around 7ºC compared to the control (DMSO), suggesting increased 
ABCG2 thermostability induced by conformational changes by 4B binding. 
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Figure 6: Allosteric changes triggered by 4B. (A) ATPase activity performed with membranes of High-
Five insect cells in the presence of porphyrin 4B. (B) Conformational antibody binding in three different 
incubation times: 10, 30 min and 24 h with 4B at 10 μM. The data was normalized by the untreated 
control. (C) Histogram from the conformational antibody showing the fluorescent shift between the 
untreated control and cells treated with Ko143 2 μM. (D) Histogram from conformational antibody 
showing the untreated control and 24 h in the presence of porphyrin 4B (10 μM). (E) Thermostability 
assay in the absence of 4B (F) and the presence of 4B. The data represent at least two independent 
experiments.  

 
3.4 Docking and molecular dynamics simulations  
 

To explore potential binding modes of the porphyrin 4B and compared with the 
substrate Pheophorbide a (PHEO), we performed molecular docking calculations in 
the cavity between subunits of the ABCG2 cryo-EM structure followed by long-
timescale molecular dynamics (MD) simulations. Principal component analyses of our 
MD simulation trajectories (Fig. S3A) grouped the 4B conformations into two closely 
related states, in contrast to PHEO, that showed three independent states. PCA 
suggests a single conformational state for the inhibitor previously analyzed MZ29, 
however, this could be a result of shorter sampling (Fig. S3A). 

Upon simulation, compound 4B has little change in position, being stabilized by 
the hydrogen bond interaction with Glu446(A) and water-mediated contacts with 
Asn436 (Fig. 7A, B and Fig. S3B). However, PHEO occupies different sites in the 
protein with an intermittent interaction with Glu446’s from both chains and short 
contacts with Arg184 (Fig. 7A, C). Porphyrin 4B and PHEO can occupy the space in 
between subunits establishing several different hydrophobic contacts (Fig. 7A). 
Interestingly, the substrate PHEO can fit in the site between subunits, near residues 
such as Phe439 (Fig. S3B, Fig. S4). The binding of 4B and PHEO induces 
conformational changes in the TMD closing the gap between subunits as observed by 
the smaller average distance between Phe439 and increased per residue mobility in 
that region, as well as the connective linker between the TMD and NBD (Fig. S3B-D). 
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Figure 7: Frequency of hydrogen bonding interactions and hydrophobic interactions (A) observed along 
with the molecular dynamic simulation. Each bar represents the standard error of at least three 
independent simulations (1 μs each, for 4B and PHEO, and 500 ns for MZ29). Snapshots of the last 
frames for molecular dynamic simulations of the (B) 4B inhibitor (blue) and the (C) PHEO substrate 
(red). ABCG2’s residues are colored according to the atom type of the interacting amino-acid residues 
(protein’s carbon, light grey (chain A) and pale green (chain B); oxygen, red; nitrogen, blue). Hydrogen 
bond interactions are represented by dashed yellow lines. MZ29 interaction profile was retrieved from 
the previous publication for comparison purposes. 
 
3.5 Selectivity toward ABCG2 and chemosensitization 

 
Despite the selectivity of porphyrins as ABCG2 substrates, the inhibition 

selectivity was evaluated comparing the effect of porphyrin 4B on P-gp and MRP1, 
using rhodamine 123 and daunorubicin as substrates, respectively. Stably transfected 
cells overexpressing each one of these ABC transporters were used. As shown in Fig. 
8A-D, 4B selectively inhibited ABCG2 activity as it did not show any inhibition of P-gp 
and MRP1. This confirms that porphyrins are a class of compounds that exclusively 
affects the activity of ABCG2 transporter. 

Finally, to verify the potential use of porphyrins as inhibitors in future pre-clinical 
models, an in vitro chemosensitization assay using transfected cells overexpressing 
ABCG2 was performed. Cells were treated with porphyrin 4B and the active metabolite 
of irinotecan (SN-38), a chemotherapeutic transported by ABCG2. Cells 
overexpressing ABCG2 co-treated with 4B and SN-38 displayed a EC50 value 7-fold 
lower than the resistant cells treated only with SN-38 (Fig. 8E and S3). In addition, the 
pattern observed of ABCG2 cells co-treated with 4B and SN-38 was similar to wild-
type cells treated only with SN-38, demonstrating a complete phenotype reversion (Fig. 
8E).  

The chemosensitization effect was additionally investigated in selected cancer 
cell lines that overexpresses ABCG2. The mitoxantrone selected H460-MX20 lung 
cancer and PANC-1MX100 pancreatic cancer cell lines were treated with SN-38 alone 
or in association with porphyrin 4B. Cell viability were compared with parental cell lines 
H460 and PANC-1, also treated with SN-38. Co-treatment of H460-MX20 and PANC-
1MX100 cells with porphyrin 4B and SN-38 chemosensitized the cells to the same 
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level as observed with parental H460 and PANC-1 cells (Fig. 8F-G), confirming the 
results obtained using stably transfected cells and validating the use of 4B in cancer 
cells.  
 

 
Figure 8: (A) Selectivity assay using stably transfected cell lineages for MRP1 (BHK21-ABCC1), P-gp 
(NIH3T3-ABCB1) and ABCG2 (HEK293-ABCG2). The cells were seeded in a 24 wells plate and treated 
with the porphyrin at 10 μM for 24 hours. The substrates/inhibitors used for each lineage were 
mitoxantrone (MTX) 10 μM/Ko143 0.5 μM (ABCG2), rhodamine 123 5 μM/GF120918 1 μM (P-pg) and 
daunorubicin 10 μM/verapamil 30 μM (MRP1). The histogram of each condition is represented on figures 
B, C and D. (E) Chemo sensitization evaluation performed using HEK293-Wild type, HEK293-ABCG2 
(F) lung tumor cell lineage H460-Wild type and H460-MX20 (cultivated in the presence of Mitoxantrone) 
(G) and pancreatic tumor cell lineage PANC-1-Wild type and PANC-1-MX100 (cultivated in the presence 
of Mitoxantrone). The cells were seeded and treated with the porphyrin for 24 hours, following the 
addition of SN-38 as chemotherapy for more 48 hours in increasing concentrations. The evaluation of 
cell viability was made by MTT assay. The data represent at least two independent experiments. 

4. DISCUSSION 
 

Porphyrins and related compounds (like chlorins) have been recognized as 
specific ABCG2 substrates [19]. For this reason, the presence of ABCG2 in cancer 
cells does not impair only classical chemotherapy, but play an important role in another 
cancer treatment approach, the photodynamic therapy [58,59]. Here, we screened 19 
porphyrins to verify their potential as specific inhibitors of ABCG2. Regarding 
porphyrinic substituents, the number and type displayed a counter-intuitive behavior: 
on the one hand, the presence of four pyridinic rings was favorable for inhibition, but a 
single pyridinic ring did not have any effect on ABCG2 activity. In contrast, four 
dihydropyridinic rings were unfavorable, and the presence of only one did promote 
inhibition. Considering the two best cases, the presence of four pyridinic rings was 
superior in inhibition than only one dihydropyridinic ring. 

Porphyrin 4B inhibited the ABCG2-mediated substrate transport with an IC50 
value of 1.6 μM using two different substrates, demonstrating a substrate independent 
inhibition (Fig. 3). Interestingly, 4B contradicts the idea of porphyrins behaving as 
substrates, since 4B was not transported by ABCG2 (Fig. 4A). This was also confirmed 
in a washout assay where no loss in transport inhibition was observed even 24 h after 
the removal of the inhibitor (Fig. 4B). This latter piece of data supports the idea that 
porphyrin 4B seems to have a high affinity toward ABCG2. 
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To better understand the type of inhibition produced by porphyrin 4B, a kinetic 
experiment was conducted. Using two different substrates, 4B showed a mixed type 
of inhibition (Fig. 5 and S3). The porphyrin 4B binds on the apo (substrate-free) protein 
and may produce conformational changes in the substrate binding site, decreasing the 
substrate affinity. The same type of inhibition was observed with pyridopyrimidines 
[43]. In contrast with some recently described ABCG2 inhibitors that stimulate the 
ATPase activity, such as indeno[1,2-b]indoles[60], pyridopyrimidines [43], Ulixertinib 
[61] acryloylphenylcarboxylates [62] and EGFR inhibitor Rociletinib [63], porphyrin 4B 
mildly inhibited the ATPase activity (around 20%), when compared to Ko143 and 
MZ29, which completely inhibits the ATPase activity of ABCG2 [44,64].  

In general, ABCG2 inhibitors increase the binding of the conformation-sensitive 
antibody 5D3 [65–67]. Porphyrin 4B followed the same pattern, but in a time-
dependent manner. This finding is in accordance with the transport inhibition results, 
which was also time-dependent, suggesting that conformational changes occur due to 
4B binding. The thermostability assay showed a significant decrease of protein stability 
in the presence of 4B and ATP, since the IT50 decreased by approximately 7ºC. This 
is similar to the effect triggered by the indeno[1,2-b]indoles on ABCG2, where a 
decrease of IT50 around 5ºC was observed [60]. This result demonstrates that 
structural protein changes are induced by 4B binding. 
 Molecular modelling was then employed to compare the potential binding mode 
of a porphyrinic substrate, pheophorbide a (PHEO), and the porphyrinic inhibitor 
identified in this work. Molecular docking suggests that PHEO could bind in three 
different regions in the ABCG2’s central cavity (Fig. S3,4), while 4B displayed one 
single conformation. Molecular dynamics simulations, in the timescale of few 
microseconds (Fig. S5), supported the stability of these binding modes, showing a 
strong ionic interaction between the charged nitrogen atom in the center of the 
porphyrinic ring and the Glu446. It is noteworthy that residue Glu446 is the only 
negatively charged residue facing the central cavity from TMH2. 
 The work from Khunweeraphong et al., 2017 [68] , suggests a mechanism 
where drugs entering the central cavity would be trapped by the interaction with 
Glu446. They also observed that E446K/A/D mutations disrupts the  efflux of 
mitoxantrone, rhodamine 123 and hoechst 33342 [68,69],  while retaining normal 
expression and membrane localization. Interestingly, the transport-incompetent 
E446D variant retains ATPase activity, which suggests that the side-chain size and 
potential interaction distances are relevant for the recognition. Our simulation data (Fig. 
7 and S2,3B) suggests that 4B closely interacts with Glu446, where PHEO has a larger 
variation in the distance interaction, which supports its substrate behavior. Recently, 
Kowal et al., (2021) showed that substrate binding is more flexible than inhibitors, 
shifting in the binding cavity, using Cryo-EM structures [70].  
 When binding substrates, this increased flexibility was extended to the 
nucleotide-binding domains (NBDs), where multiple conformations could be observed 
[70]. The conformational change required for ATP hydrolysis occur in the NBDs and 
are conveyed to the TMDs via intracellular loop 1 (ICL1). Recent work proposes that 
while TMH2-E446 is involved in the trapping and recognition of inhibitors, the 
conformational changes in the NBDs are mediated by the Glu451 (localized in the 
ICL1) and therefore independent [71]. Additionally, our compounds showed an 
interaction with Arg184 (Fig. S4), which was more prominent with the 4B inhibitor than 
in the PHEO substrate. Arg184 stabilizes the ATP in closed ABCG2 conformation, as 
observed in the CryoEM structure (PDB ID 6HBU) [72].  
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Transporter selectivity is a desirable feature in the design of new inhibitors 
[6,73]. Selectivity can mitigate collateral effects due the interference on physiological 
processes and the pharmacokinetics of other drugs [74]. Porphyrin 4B was selective 
toward ABCG2 (Fig. 8), confirming the selective interaction of porphyrins with ABCG2. 
In addition, the co-treatment of stably transfected cells and drug-selected resistant 
cells with 4B and SN-38 successfully chemosensitized the cells to levels comparable 
to the parental cells, proving that porphyrin 4B is an efficient inhibitor to circumvent 
multidrug resistance mediated by ABCG2. 

In addition to playing a role in drug resistance, ABCG2 is expressed at various 
barrier sites such as the gut and has been shown to limit the oral bioavailability of 
substrate drugs [6,73]. In mouse models, coadministration of ABCG2 inhibitors such 
as elacridar has been shown to increase oral bioavailability of the ABCG2 substrate 
topotecan [75]. Additionally, coadministration of elacridar and topotecan has been 
shown to increase  oral bioavailability of topotecan in humans in a clinical trial [76]. 
Thus, ABCG2 inhibitors such as 4B may also be useful in increasing the oral 
bioavailability of chemotherapy agents in patients. 

In summary, the conversion of substrate scaffold into inhibitors was already 
successfully employed; however, to the best of our knowledge, this is the first report 
that used a ABCG2 specific substrate core structure, the porphyrins, to identify new 
specific inhibitors. Interestingly, the best inhibitor, porphyrin 4B was not transported by 
ABCG2 and successfully reversed the MDR phenotype. These findings will support 
and guide the development of new ABCG2 inhibitors based on porphyrinic scaffold for 
future pre-clinical studies. 
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CHAPTER 2 - SYNTHESYS AND BIOLOGICAL EVALUATION OF 
HETERODIMERS ON ABCG2 ACTIVITY 
 
This chapter describes the work developed during PhD exchange period on Universitè 
Grenoble-Alpes – France during November/2019 – October/2020 under the 
supervision of Profº Dr. Ahcène Boumendjel on chemical synthesis. The biological 
experiments were performed in Brazil under the supervision of Profº Dr. Glaucio 
Valdameri.  
 

INTRODUCTION 
 
 Pheophorbide a is a chlorin known as an specific ABCG2 substrate and the 
synthesis is well described [1,2]. The chemical structure of this compound is related to 
porphyrins, differing only on the absence of one insaturation at pyrrolic ring (figure 1) 
[3]. This class of compounds is called chlorins, present on natural compounds, such 
as chlorophyll [4,5]. Similarly to pheophorbide a, the porphyrinic heme group also 
showed important interactions with ABCG2, more specifically with ECL3 loop, located 
on extracellular domains of ABCG2 [6]. Because of these interactions, new porphyrin-
related compounds were tested and the results are shown on Chapter 1, where 
porphyrin 4B was described as the first porphyrin-based ABCG2 inhibitor.  
 

 
Figure 1: Difference on Porphyrin and chlorine structure. 
 
 To improve 4B potency on ABCG2, we decided to combine the 4B structure 
with another potent ABCG2 inhibitor from a different chemical class, forming a 
heterodimer. A chalcone derivative, chalcone 38, previously published by Valdameri et 
al (2012) was chosen for this purpose, due their high affinity toward ABCG2 and the 
high therapeutic ratio [7]. Additionally, to explore the effect of heterodimers containing 
porphyrins on ABCG2, we also proposed the combination between the ABCG2 
substrate pheophorbide a and chalcone 38. Thus, synthetic routes were proposed to 
bind porphyrin 4B and pheophorbide a to chalcone 38. 
 Another important molecule that interacts with ABCG2 is cholesterol. In 
placental tissue, ABCG2 can be found on lipid rafts, a region on cellular membrane 
rich on cholesterol [8]. ABCG2 efflux depends on lipid rafts integrity since the decrease 
of cholesterol on cellular environment decreases substantially ABCG2 activity. 
However, the precise mechanism of this influence is not clear [8,9]. Regarding ATPase 
activity on ABCG2, cholesterol plays a major role. ATPase activity is directly related 
with cholesterol concentration on cell membrane, since an increase of the ATPase 
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activity is observed with cholesterol enrichment. The opposite is found with low levels 
of cholesterol [10,11].  

 Considering that the subfamily G of ABC transporters is related to cholesterol 
metabolism and associated to spermatozoa maturation [12,13], some authors 
proposed the use of commercial Cholesterol – BODIPY dimers as a probe for 
cholesterol efflux in spermatozoa maturation [14]. However, it is blurred the association 
of cholesterol efflux mediated by ABCG2 [12,13, 14]. Another proposed function of 
cholesterol is the “fill-in” model for substrate recognition, in which cholesterol would 
help the transport of small substrates by filling spaces on protein binding sites [15]. 
Here, we proposed the synthesis of two heterodimers: BODIPY – cholesterol, to 
evaluate a possible efflux mediated by ABCG2, and Chalcone – cholesterol, to explore 
the effect of an ABCG2 inhibitor covalently bound to cholesterol.   

2. MATERIALS AND METHODS 
 
2.1 General methods 
 
All reagents and solvents were reagent grade and used without previous purification. 
The chromatography was performed using a pre-coated TLC sheets ALUGRAM Xtra 
SIL G/UV 254 with 0.2 mm silica gel 60 layer with fluorescent indicator UV 254. The 
elution was performed using the mixture of solvents indicated for each reaction and 
revealed with UV light or TLC revealing solution as indicated. The NMR1H and 
NMR13C were acquired using a Bruker Avance 400 MHz and Bruker Avance III 500 
MHz spectrometers. The samples were dissolved on the adequate deuterium solvent 
and the respective solvent signal was used as internal standard. The spectra 
interpretation was performed using MestReNova software (version 6.0.2-5475, 
Mastrelab Research S.L). The mass spectrometry was performed on a BRUKER 
amaZon speed and Thermo Scientific LTQ Orbitrap XL for high resolution spectra, both 
with electrospray as ionization source. A CEM Discovery microwave was used for 
microwave assisted synthesis. Porphyrin 4B was kindly provided by Prof Drº Alan 
Guilherme Gonçalves and Lais Guanaes. 
 
2.2 Chalcone synthesis 

 
321.9 mg (2 mmol) of 3 acetyl indole and 334.0 mg (2 mmol) of 2.6 dimethoxy 
benzaldehyde were dissolved in 20 mL of methanol, then, 2 mL of KOH 50% aqueous 
were added to the mixture. The reaction was stirred overnight at 60°C. The solvent 
was dried under reduced pressure and ethyl acetate was added to allow precipitation. 
66% of yield. Monoisotopic mass: calculated [M+H]+ 308.12812, found 308.12771. [16] 
1H NMR (400 MHz, DMSO) δ 8.42 (s, 1H), 8.39 – 8.34 (m, 1H), 8.07 (d, J = 15.9 Hz, 1H), 7.95 (d, J = 
15.9 Hz, 1H), 7.59 – 7.54 (m, 1H), 7.38 (t, J = 8.4 Hz, 1H), 7.29 – 7.20 (m, 2H), 6.78 (d, J = 8.4 Hz, 2H), 
3.97 (s, 6H). 13C NMR (101 MHz, DMSO) δ 184.84, 173.89, 159.62, 137.20, 133.87, 131.17, 130.46, 
126.49, 126.06, 122.77, 121.67, 121.55, 117.68, 112.40, 111.95, 104.13, 55.96, 25.63. 

 

(1) 
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2.3 Chalcone alkylation with 1,4 dibromobutane 
 

 
110 mg of chalcone were dissolved in 5 mL of anhydrous DMF with 30 mg of NaH 
(60% in mineral oil) and the mixture was stirred for 30 minutes. In parallel, 50 uL of 1.4 
dibromobutane was dissolved in 5 mL of anhydrous DMF. Then, the reaction was 
added dropwise in the 1.4 dibromo butane mixture (around 30 minutes). After the 
addition was complete, the reaction was stirred for more 30 minutes. The solvent was 
dried under reduced pressure, 5mL of dichloromethane was added and formed a white 
precipitate that was removed by filtration. The organic phase was purified by 
chromatographic column using dichloromethane as eluent. The band visualization was 
performed using UV light. 43% of yield. Monoisotopic mass: calculated [M+H]+ 
442.1012, found 442.10.  
1H NMR (400 MHz, CDCl3) δ 8.58 – 8.51 (m, 1H), 8.25 (d, J = 15.9 Hz, 1H), 7.89 – 7.82 (m, 2H), 7.37 – 
7.23 (m, 4H), 6.59 (d, J = 8.4 Hz, 2H), 4.20 (t, J = 7.0 Hz, 2H), 3.92 (s, 6H), 3.39 (t, J = 6.4 Hz, 2H), 2.12 
– 2.00 (m, 2H), 1.94 – 1.82 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 186.56, 160.17, 136.84, 134.05, 
132.28, 130.77, 127.16, 123.36, 123.20, 122.41, 118.31, 113.30, 109.69, 103.91, 55.95, 46.22, 32.78, 
29.78, 28.56. 

 

2.4 Pheophytin extraction 

                                                                  
25 g of dried Spirulina maxima were mixed with 250 mL of acetone and stirred under 
reflux at 60°C for three hours. Then, the extract was filtered to separate the organic 
phase and the powder was extracted two more times with the same amount of acetone. 
After, the extracts were combined and dried under reduced pressure, resulting in 1.7 
g of dried extract. A chromatographic column was carried out using dichloromethane 
as eluent to remove the carotenoids (orange fraction) and dichloromethane: acetone 
(95:5) to elute the pheophytin.  The product is a dark green solid (21% of yield). 
Monoisotopic mass calculated [M+H]+ 871.57320, found 871.57185. [2]. 
1H NMR (400 MHz, CDCl3) δ 9.48 (s, 1H), 9.33 (s, 1H), 8.55 (s, 1H), 7.96 (dd, J = 17.8, 11.5 Hz, 1H), 
6.31 – 6.23 (m, 2H), 6.19 – 6.14 (m, 1H), 5.41 – 5.32 (m, 2H), 5.22 – 5.08 (m, J = 8.3, 7.1 Hz, 1H), 4.54 
– 4.40 (m, J = 19.5, 12.5, 7.0 Hz, 3H), 4.25 – 4.18 (m, 1H), 3.90 (s, 3H), 3.69 – 3.60 (m, 5H), 3.39 (s, 
3H), 3.19 (s, 3H), 2.41 – 2.30 (m, 2H), 2.26 – 2.14 (m, J = 20.7, 10.3, 5.3 Hz, 2H), 1.92 – 1.85 (m, J = 
12.1, 7.0 Hz, 2H), 1.82 (d, J = 7.3 Hz, 3H), 1.68 (t, J = 6.3 Hz, 3H), 1.58 (s, 3H), 0.85 (d, J = 6.6 Hz, 
6H), 0.83 – 0.77 (m, 6H), -1.64 (s, 1H). 
 

(2) 

(3) 
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2.5 Pheophorbide a synthesis 

 
100 mg of purified Pheophytin were mixed with 10 mL TFA: H2O (8:2 previously 
degassed with argon for 30 minutes). The reaction was stirred overnight in ice bath 
and protected from light. Then, 60 mL of distilled water and 60 mL of dichloromethane 
were added to the reaction to extract the product. The organic layer was separated 
and washed 3 times with water and one time with a NaHCO3 10% (60 mL each time) 
and it will form a precipitate. Then, 60 mL of citric acid 10% was added carefully to 
wash the organic layer until the precipitate disappear. Then, the dichloromethane was 
filtered in MgSO4 anhydrous and removed under reduced pressure. The 
chromatographic column was performed using dichloromethane: ethyl acetate (1:1) as 
eluent to remove the starting material, then, dichloromethane : methanol (95:5) was 
added to elute the product. The product was collected as a black solid (75% of yield). 
Monoisotopic mass: calculated [M+H]+ 593.2785, found 593.2759. [2]. 
1H NMR (400 MHz, CDCl3) δ 9.35 (s, 1H), 9.20 (s, 1H), 8.45 (s, 1H), 7.89 – 7.74 (m, 1H), 6.20 – 5.99 
(m, 3H), 4.35 (dd, J = 7.3, 1.8 Hz, 1H), 4.11 (d, J = 8.7 Hz, 1H), 3.77 (s, 3H), 3.58 – 3.44 (m, 5H), 3.27 
(s, 3H), 3.07 (s, 3H), 2.60 – 2.40 (m, 2H), 2.25 – 2.11 (m, 2H), 1.72 (d, J = 7.3 Hz, 3H), 1.56 (t, J = 7.6 
Hz, 3H), -1.77 (s, 1H). 

 

2.6 Phephorbide a amine coupling 

 
  

18.3 mg of Pheophorbide a (0.03 mmol), 11 mg of EDC (0.057 mmol) and 10 mg of 
DMAP (0.081 mmol) were dissolved in 5 mL of dried dichloromethane and stirred for 1 
hour. Then 25 uL of DIPEA (0.143 mmol) and 400 uL (2.52 mmol) of N-Boc 
ethylenediamine were added with a syringe and stirred for 30 hours at room 
temperature. The reaction was washed two times with brine, filtered on MgSO4 
anhydrous and dried under reduced pressure and purified by column using 
dichloromethane: acetone (9:1) as eluent. The product was collected as a dark green 
solid (63% of yield). Monoisotopic mass: calculated [M+H]+ 735.38, found 781.39 [2]  
1H NMR (400 MHz, CDCl3) δ 9.67 (s, 1H), 9.61 (s, 1H), 8.80 (s, 1H), 8.06 (dd, J = 17.8, 11.5 Hz, 1H), 
6.33 (dd, J = 17.8, 1.3 Hz, 1H), 6.12 (dd, J = 11.5, 1.3 Hz, 1H), 5.58 – 5.18 (m, 3H), 4.48 (q, J = 7.2 Hz, 

g

(4) 

(5) 
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1H), 4.40 (dd, J = 9.7, 2.2 Hz, 1H), 4.13 – 3.97 (m, 2H), 3.82 – 3.77 (m, 2H), 3.75 (s, 3H), 3.53 (s, 3H), 
3.48 (s, 3H), 3.29 (s, 3H), 2.50 (dt, J = 15.8, 8.0 Hz, 1H), 2.23 (dt, J = 16.2, 8.0 Hz, 1H), 2.10 (ddd, J = 
15.6, 7.9, 4.7 Hz, 1H), 1.88 – 1.76 (m, 1H), 1.71 (dt, J = 7.6, 4.0 Hz, 5H), 1.42 (s, 9H), 1.13 (t, J = 7.1 
Hz, 3H), -1.78 (s, 1H). 13C NMR (101 MHz, CDCl3) δ 173.86, 173.19, 168.94, 166.80, 156.55, 154.21, 
149.04, 144.70, 138.92, 136.09, 134.95, 134.81, 134.77, 134.51, 130.18, 129.81, 129.35, 128.00, 
121.55, 102.29, 101.35, 98.79, 93.72, 79.50, 60.54, 53.14, 52.22, 49.26, 40.69, 37.89, 31.39, 29.79, 
29.27, 28.42, 23.12, 19.65, 17.73, 14.18, 12.13, 11.80, 11.25. 

 

2.7 Pheophrobide a amine deprotection 

 
 
14.4 mg of Pheophorbide a N-Boc ethylene diamine (0.019 mmol) were dissolved in 
10mL of TFA:DCM (1:1) and kept in ice bath for 24 hours. Then, 10 mL of 
dichloromethane were added to the reaction and the mixture was washed 3 times with 
water and 1 time with a solution of NaHCO3 5%. The organic phase was dried with 
MgSO4. The purification was performed by chromatographic column with methanol as 
eluent (37% of yield). Monoisotopic mass: calculated [M+H]+ 635.3340, found 
681.3391 (adduct with formic acid). Synthesis based on [17] 
1H NMR (500 MHz, CDCl3) δ 9.67 (s, 1H), 9.61 (s, 1H), 8.82 (s, 1H), 8.04 (dd, J = 17.8, 11.6 Hz, 1H), 
6.84 (s, 1H), 6.32 (d, J = 17.8 Hz, 1H), 6.10 (d, J = 11.5 Hz, 1H), 5.54 (d, J = 19.0 Hz, 1H), 5.26 (d, J = 
18.9 Hz, 1H), 4.49 (dd, J = 13.8, 6.6 Hz, 1H), 4.39 (d, J = 8.6 Hz, 1H), 4.15 – 3.98 (m, 2H), 3.81 – 3.71 
(m, 5H), 3.51 (s, 2H), 3.48 (s, 3H), 3.27 (s, 3H), 2.58 – 2.43 (m, 1H), 2.31 – 2.18 (m, 1H), 2.17 – 2.07 
(m, 1H), 1.77 – 1.66 (m, 6H), 1.15 (t, J = 7.0 Hz, 3H), -1.64 (d, J = 46.4 Hz, 1H), -1.81 (s, 1H).13C NMR 
(126 MHz, CDCl3) δ 207.03, 173.92, 173.17, 169.63, 168.84, 166.77, 154.16, 149.08, 144.71, 138.85, 
136.10, 135.01, 134.77, 134.50, 130.13, 129.90, 129.44, 128.33, 121.58, 102.24, 101.33, 98.82, 93.69, 
60.51, 53.11, 52.14, 49.22, 41.31, 37.91, 31.36, 30.92, 29.74, 23.10, 19.68, 17.73, 14.15, 12.17, 11.93, 
11.31. 

 
2.8 BODIPY synthesis 

 
300 mg of 4 hydroxy benzaldehyde (2.45 mmol) and 500 uL of 2.4 dimethyl pyrrol (4.85 
mmol) were dissolved in 70 mL of dichloromethane under argon atmosphere. 60 uL of 
TFA (0.8 mmol) were added and reacted overnight. After this period, 600 mg of DDQ 
(2.64 mmol) were dissolved in 30 mL of dichloromethane and mixed to the reaction for 

(6) 

(7) 
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additional 4 hours. 15 mL of triethylamine (179 mmol) were added for more 30 minutes 
and then 15 mL of BF3Et2O (121 mmol) were mixed. The reaction was stirred overnight 
(all steps were performed at room temperature). After the reaction was completed, it 
was filtered by a celite pad to remove DDQ and washed with NaHCO3 10%, water and 
brine (one time each). The reaction was dried under reduced pressure forming a dark 
purple solid. The chromatographic column was made using dichloromethane as eluent 
(the reaction was adsorbed on silica for a better chromatography). The band 
visualization was performed using UV light. The product was recovered as an orange 
solid bright under UV light. (15% of yield). Synthesis based on [18] 
1H NMR (400 MHz, CDCl3) δ 7.13 – 7.09 (m, 2H), 6.97 – 6.93 (m, 2H), 5.97 (s, 2H), 5.65 (s, 1H), 2.54 
(s, 6H), 1.44 (s, 6H). 13C NMR (101 MHz, CDCl3) δ 156.62, 155.43, 143.33, 141.98, 132.00, 129.51, 
127.20, 121.26, 116.27, 14.70. 
 
2.9 Cholesterol O-alkylation 

 

 
 
Cholesterol (1.93g, 5 mmol), NaH (800 mg, 20 mmol) and 1,4 dibromobutane (2.4 mL, 
20 mmol) were dissolved in 25 mL of dried THF. The reaction was stirred under reflux 
for 2 days. After this, distilled water was carefully added to the reaction (around 25 mL) 
and then the reaction was extracted with ethyl acetate (3x 25 mL). The ethyl acetate 
was collected, dried with MgSO4 and removed under reduced pressure. The 
purification was performed using cyclohexane: ethyl acetate 1:1 as eluent to separate 
the product from the starting material. A second column was performed using 
cyclohexane: dichloromethane 99:1 to remove the 1,4 dibromobutane and then, the 
final product was removed from silica using ethyl acetate. The band visualization was 
performed using solution of H2SO4 10% in methanol. 16% off yield. [19] 
1H NMR (400 MHz, CDCl3) δ 5.34 (d, J = 5.3 Hz, 1H), 3.48 (t, J = 5.9 Hz, 2H), 3.44 (t, J = 6.8 Hz, 2H), 
3.17 – 3.07 (m, 1H), 2.34 (ddd, J = 13.2, 4.7, 2.2 Hz, 1H), 2.23 – 2.11 (m, 1H), 2.06 – 1.76 (m, 8H), 1.74 
– 1.00 (m, 24H), 0.99 (s, 4H), 0.91 (d, J = 6.6 Hz, 4H), 0.86 (dd, J = 6.6, 1.7 Hz, 6H), 0.67 (s, 3H).13C 
NMR (101 MHz, CDCl3) δ 141.02, 121.57, 79.11, 66.91, 56.82, 56.21, 50.25, 42.36, 39.83, 39.56, 39.20, 
37.30, 36.93, 36.23, 35.82, 33.81, 31.99, 31.93, 29.84, 28.83, 28.49, 28.27, 28.04, 24.33, 23.87, 22.85, 
22.59, 21.11, 19.41, 18.76, 11.89. 
 
2.10 Cholesterol-BODIPY heterodimer dimer synthesis 
 

 
A solution of K2CO3 (53 mg; 0.38 mmol) was mixed in 2 mL of dried DMF and heated 
to 100°C under agitation for 1 hour. This step helps the solubilization o the potassium 
carbonate but the dissolution is not complete. In a proper microwave flask, 10 mg of 

(8) 

(9) 
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BODIPY (0.029 mmol), 16.5 mg of Cholesterol bromide (0.031 mmol) and the mixture 
of DMF and K2CO3 were added. The flask was placed on the microwave platform and 
heated at 70°C for 1 hour. After that, the solvent was removed and the reaction was 
purified by chromatographic column using dichloromethane as eluent. The band 
visualization was performed using solution of H2SO4 10% in methanol and UV light. 
7% of yield. Monoisotopic mass: calculated [M+H]+ 781.56579, found 781.56464  
1H NMR (400 MHz, CDCl3) δ 7.76 – 7.66 (m, 1H), 7.59 – 7.47 (m, 1H), 7.15 (d, J = 8.7 Hz, 2H), 6.99 (d, 
J = 8.7 Hz, 2H), 5.97 (s, 2H), 5.35 (d, J = 5.3 Hz, 1H), 4.26 (dt, J = 12.0, 6.4 Hz, 2H), 4.09 (d, J = 6.7 
Hz, 1H), 4.04 (t, J = 6.4 Hz, 2H), 3.56 (t, J = 6.4 Hz, 2H), 3.16 (td, J = 11.2, 5.6 Hz, 1H), 2.55 (s, 6H), 
2.38 (ddd, J = 13.0, 4.5, 1.9 Hz, 1H), 2.25 – 2.19 (m, 1H), 2.02 (dd, J = 13.1, 4.1 Hz, 2H), 1.90 (dd, J = 
14.8, 6.1 Hz, 4H), 1.43 (s, 6H), 1.25 (s, 7H), 1.18 – 1.04 (m, 10H), 1.01 (s, 3H), 0.99 – 0.88 (m, 12H), 
0.86 (dd, J = 6.6, 1.7 Hz, 8H), 0.68 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 167.77, 159.65, 155.22, 
143.19, 141.98, 141.05, 131.88, 130.91, 129.83, 129.16, 128.83, 126.88, 121.56, 121.08, 115.07, 79.09, 
71.81, 68.17, 67.90, 67.55, 65.58, 63.13, 56.81, 56.18, 50.24, 42.34, 39.81, 39.53, 39.23, 38.74, 37.29, 
36.94, 36.20, 35.80, 32.82, 31.97, 31.94, 31.92, 30.58, 30.37, 29.71, 29.67, 29.63, 29.53, 29.51, 29.45, 
29.41, 29.37, 29.33, 29.24, 29.09, 28.94, 28.52, 28.24, 28.03, 27.73, 27.23, 26.77, 26.23, 25.75, 24.76, 
24.30, 23.83, 23.76, 22.99, 22.83, 22.70, 22.57, 21.09, 19.40, 19.19, 19.17, 18.73, 14.59, 14.13, 14.06, 
13.74, 11.87, 10.97. 
 
2.11 Cholesterol-chalcone heterodimer synthesis 
 

 
17.8 mg of chalcone, 27 mg of cholesterol bromide, 16.2 mg of K2CO3 and 50 μL of 
triethylamine were dissolved in 2 mL of dried DMF and poured in a microwave flask. 
The flask was placed on a microwave platform and allowed to react during 1 hour at 
70°C. Then, the solvent was removed and the reaction was purified using 
dichloromethane/acetone 198:2 as eluent. When necessary, another purification was 
performed using cyclohexane: ethyl acetate 3:1 as eluent to remove side products. 
The band visualization was performed using solution of H2SO4 10% in methanol. 7% 
yield. Monoisotopic mass: calculated [M+H]+ 748.52994, found 748.52881. 
1H NMR (400 MHz, CDCl3) δ 8.46 (dd, J = 6.1, 2.7 Hz, 0.67H), 8.37 (dd, J = 6.2, 2.9 Hz, 0.41H), 8.17 
(d, J = 16.0 Hz, 0.62H), 7.80 (s, 0.5H), 7.78 (d, J = 16.0 Hz, 1.19H), 7.42 (s, 0.32H), 7.28 (ddd, J = 32.3, 
6.1, 2.9 Hz, 2.58H), 7.18 – 7.13 (m, 0.88H), 6.79 (d, J = 12.7 Hz, 0.37H), 6.53 (d, J = 8.4 Hz, 1.14H), 
6.49 (d, J = 12.7 Hz, 0.4H), 6.30 (d, J = 8.4 Hz, 0.67H), 5.30 – 5.23 (m, 1H), 4.17 (t, J = 7.2 Hz, 1H), 
3.93 (t, J = 7.1 Hz, 1H), 3.71 (d, J = 120.2 Hz, 6H), 3.41 (t, J = 6.1 Hz, 1H), 3.33 (t, J = 6.3 Hz, 1H), 3.10 
– 2.96 (m, 1H), 2.26 (dd, J = 11.3, 4.6 Hz, 1H), 2.15 – 2.05 (m, 1H), 1.99 – 1.84 (m, 4H), 1.78 (t, J = 
10.1 Hz, 3H), 1.60 – 1.33 (m, 13H), 1.33 – 1.24 (m, 5H), 1.12 – 0.99 (m, 6H), 0.84 (dd, J = 6.5, 1.4 Hz, 
4H), 0.79 (dd, J = 6.6, 1.7 Hz, 7H), 0.60 (d, J = 3.5 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 188.95, 
171.37, 161.30, 160.26, 157.60, 141.18, 141.14, 141.01, 136.82, 135.89, 130.20, 129.37, 127.56, 
126.80, 122.98, 122.92, 122.18, 121.81, 121.65, 116.28, 114.69, 109.70, 104.00, 103.57, 79.29, 79.22, 
77.41, 77.36, 77.16, 76.91, 71.95, 67.49, 67.36, 67.30, 64.52, 64.02, 56.93, 56.30, 56.04, 55.54, 53.56, 
50.36, 50.11, 46.80, 42.47, 39.93, 39.66, 39.31, 37.41, 37.04, 36.64, 36.33, 35.92, 33.95, 32.09, 32.07, 
32.04, 31.80, 31.58, 30.33, 30.22, 29.84, 29.80, 29.76, 29.71, 29.65, 29.58, 29.50, 29.46, 29.41, 29.37, 
29.30, 29.09, 28.92, 28.60, 28.37, 28.15, 27.37, 27.01, 26.77, 26.66, 25.88, 25.66, 24.43, 23.96, 22.96, 
22.83, 22.70, 21.21, 21.14, 19.52, 19.30, 19.01, 18.86, 14.26, 12.11, 12.00. 
 
 

(10) 
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2.12 Intracellular accumulation and ABCG2-mediated transport of BODIPY 
  

 To evaluate the intracellular accumulation of compounds, the fluorescence of 
BODIPY was quantified by flow cytometry in HEK293-wild type cells. Cells were 
seeded on 24 well plates (2.5 x 105) and incubated for 24 hours for adhesion. Then, 
cells were treated with increasing concentrations of BODIPY (0.25; 0.5; 1; 2 and 4 μM) 
or BODIPY – cholesterol (0.25; 0.5; 1; 2; 4; 8; 10; 20 and 40 μM) for 30 minutes at 
37ºC. After incubation, the supernatant was removed and attached cells were washed 
with PBS prior to detachment with trypsin. Cells were resuspended on cold PBS and 
analyzed by flow cytometry using filter B 530 – 30 (FACS Celesta).  
 For efflux assay, HEK293-ABCG2 cells were seeded on 24 well plates (2.5 x 
105) and incubated for 24 hours for adhesion. Then, cells were treated with BODIPY – 
cholesterol (8 μM) for 30 minutes and 24 hours in the presence or absence of Ko143 
(0.5 μM) at 37ºC. Ko143 and Hoescht 33342 were used as experimental controls 
(0.5/3.0 μM, respectively). Cells were washed, detached, and analyzed by flow 
cytometry as mentioned above. 

2.13 Cholesterol influence on ABCG2-mediated transport of substrates 
 
 HEK293-ABCG2 cells were seeded on 24 well plates (2.5 x 105) and incubated 
for 24 hours for adhesion. Then, cells were treated as follows: 

 Mitoxantrone (0.15 to 20 μM) or Hoechst 33342 (0.09 to 12 μM). 
 Mitoxantrone (0.15 to 20 μM) or Hoechst 33342 (0.09 to 12 μM) and cholesterol 

(50 μM). 
 Experimental control conditions were performed using mitoxantrone (7.5 μM) or 
Hoechst 33342 (3 μM) and Ko143 (0,5 μM). The assay was analyzed by flow cytometry 
(FACS Celesta) using V780 – 60 filter for mitoxantrone and UV  450 – 50 filter for 
hoechst 33342. 

2.14 Effect of Chalcone – Cholesterol heterodimer on ABCG2-mediated transport 
 

 HEK293-ABCG2 cells were seeded on 24 well plates (2.5 x 105) and incubated 
for 24 hours for adhesion. Cells were treated as follow:  

 Chalcone (1) (0.25; 1; 5; 10 and 20 μM) and hoescht 33342 (3 μM). 
 Chalcone – cholesterol dimer (10) (0.25; 1; 5; 10 and 20 μM) and hoescht 33342 

(3 μM). 
 Chalcone (1) (0.25; 1; 5; 10 and 20 μM), cholesterol (50 μM) and hoescht 33342 

(3 μM). 
 Chalcone (1) (0.25; 1; 5; 10 and 20 μM), cholesterol (0.25; 1; 5; 10 and 20 μM) 

and hoescht 33342 (3 μM). 
 Cells were treated for 30 minutes at 37ºC. Then, the supernatant was removed 
and cells detached and resuspended in cold PBS. The analysis was performed by flow 
cytometery (FACS Celesta) using UV 450 – 50 filter. 
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3. RESULTS 
 

3.1 Chalcone – Porphyrin heterodimer 
  
 Chalcone 1 was synthesized by condensation of acetyl indole and dimethoxy 
benzaldehyde in the presence of potassium hydroxide (50% aqueous) using methanol 
as solvent [16]. Then, chalcone 1 was alkylated on indole nitrogen to prepare for further 
reactions. The alkylating agent 1,4 dibromo butane was added dropwise to avoid 
chalcone dimerization, forming chalcone 2 in the presence of sodium hydride as base 
to remove the acidic hydrogen from indole group. In contrast of the expected, a 
chalcone dimer was not detected on reaction system, probably because the alkylating 
agent was added dropwise. The 1H NMR comparison showed new multiplets between 
4.5 to 1.5 ppm corresponding to the new alkyl chain (Fig. 2). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: 1H NMR comparison between chalcone 1 and 2. 
 Porphyrin 4B was provided as previously described [20]. The proposed strategy 
for synthesis of the chalcone – porphyrin heterodimer was taking advantage on the 
presence of pyridinic nitrogen present on porphyrin 4B. The pyridinic nitrogen presents 
strong nucleophilicity due the presence of a free electronic pair and can be alkylated 
[21,22]. Thus, the next step was to promote the reaction between porphyrin 4B and 
chalcone 2 (Fig. 3). Three different reaction conditions  
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Figure 3: Schematic reaction between Porphiryn 4B and Chalcone 2. 

 
Table 1: Chalcone – porphyrin reaction attempts.  

Porphyrin 4B 
(eq) 

Chalcone 2 
(eq) Solvent Temperature Time (hours) Method Yield (%) 

4 1 DMF R.T 24 Stirring 0 
4 1 DMF 70ºC 24 M.W 0 
1 10 DMF 70ºC 24 Stirring 0 4 (N) 10 

R.T: Room temperature 
M.W: Microwave 
DMF: dimethylformamide 
 
  Unfortunately, the tested conditions did not promote the dimerization. To explain 
the results, we hypothesized that: (i) Porphyrin 4B is a macromolecule and, since 
reactions are based on chemical approach and collision, it is quite difficult to promote 
the shock between the small chalcone 2 and pyridine region on large Porphyrin 4B, 
and (ii) besides the presence of pyridines as nucleophiles, the literatures shows that 
alkylation of pyridinic rings on porphyrins are made with large excess of alkylating 
agents [22]. However, this condition promotes the alkylation of all pyridines on 
porphyrin molecule and our attempt was to bind the chalcone in only one ring.  
 The synthesis of complex porphyrins is made with many steps, especially for 
asymmetric porphyrins. In this case, this porphyrin may be easily produced by 
dipyrromethane intermediates. This method proposes the synthesis of substituted 
aldehydes to be used for dipyrromethane intermediate construction, followed by 
porphyrin condensation.  
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3.2 Pheophorbide a – Chalcone 
 
 Structural modifications were performed on Pheophorbide a to allow the 
heterodimer formation. Figure 4 summarizes the attempted reactions. 
 

 
Figure 4: Modifications on Pheophytin. 
 
 The first step was to extract Pheophytin (3), an electron carrier intermediate on 
Photosynthesis [23]. The extraction was performed on acetone reflux for 3 hours using 
Spirulina maxima as Pheophytin source [2]. The solvent was filtered, and the extraction 
was repeated two more times. The purification was performed by chromatographic 
column followed by 1H NMR characterization. The extraction yield was considered 
good for a natural product (around 20%). After characterization, Pheophytin was 
submitted to hydrolysis with TFA and distilled water to remove phytyl group, leaving a 
free carboxylic acid on the structure, generating Phephorbide a (4). This compound 
characterization was compared with literature based on 1H NMR [2]. 
 The next step was to introduce a diamine group on Pheophorbide a carboxylic 
acid, forming an amide with a N-Boc ethylene diamine protected tail (compound 5). 
The reaction was performed using EDC as coupling agent as described by Jinadasa 
(2011) [2]. Amide bounds formation require activation of carboxylic acid to improve the 
nucleophilic attack by amine on carbonyl group. This activation is performed by 
coupling agents like EDC and DCC that creates a more favorable leaving group and 
facilitates amide bound formation [24]. 
 The reaction was performed using different bases, solvent and time reactions 
but coupling agent was maintained due the easiness to remove. The main problem 
found on this reaction was the formation of anhydride as side product (bis 
pheophorbide a) formed due to reaction between the activated acid and another 
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Pheophorbide a as shown on figure 5. To avoid anhydride formation, the volume of 
solvent was increased (dilutions may favor the amide formation), activation time was 
added (to facilitate the amine nucleophilic attack on activated acid) and with N-boc 
ethylenediamine excess (anhydride can suffer nucleophilic attack from amine, forming 
the desired product). The absence of water is crucial for reaction success and the 
maintenance of anhydrous conditions was also a problem. Table 2 summarizes the 
optimization conditions and reaction 10 was chosen due reproducibility and good yield. 
 

 
Figure 5: Coupling reaction on pheophorbide a and the representation of possible side reactions. 
 
Table 2: Attempted reactions for compound 5 formation. 

Reaction Pheo 
(eq) 

EDC 
(eq) 

DMAP 
(eq) 

DIPEA 
(eq) 

HOBT 
(eq) 

TEA 
(eq) 

N-
Boc 
(eq) 

Solvent Vol 
(mL) 

Activation 
time (h) 

Time 
(total 

h) 
Yield 

1 1 1,2 1 2,3 - - 2,4 DCM 5 15 min 4 83 
2 1 1,2 1 2,3 - - 2,4 DCM 20 1 h 24 63 
3 1 1,5 1,4 4 - - 4,5 DMF 30 -  trace 
4 1 1 - - 1,2 - 1 DCM 6 -  trace 
5 1 1,2 1,2 2,5 1,2 - 3 DCM 20 1h 24 trace 
6 1 1 1 5 1,4 - 5,5 DCM 15 1h 24 trace 
7 1 1 1 5 - - 22 DCM 5 1h 6 40 
8 1 1,5 1,2 4 - - 4 DMF 15 - 24 trace 
9 1 3 - - - 3 2,5 DCM  -  trace 

10 1 2 2,5 4,5 - - 81 DCM 5 1h 30 63 
TEA: triethylamine 
N-BOC: N-Boc ethylenediamine  
 
 The characterization was performed by 1H NMR, 13C NMR and mass 
spectrometry. The interpretation of 1H NMR allows the identification of a new signal 
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between 2.0 to 1.0 ppm. This region is characteristic of hydrogens bounded to methyl 
and ethyl groups. The presence of a singlet on 1.42 ppm integrating to 9 hydrogens is 
a strong indicative of amide formation since those 9 hydrogens corresponds to N-Boc 
group, however, the mass spectrometry showed an intriguing result. The exact mass 
expected for the product was 734.37 Da on positive mode ([M+H]+ 734.37 Da) and the 
found mass was 781.39 Da. The difference of 46 Da corresponds exactly to a formiate 
anion and the formation of an adduct with formic acid (an additive for positive mode 
analysis) could explain the discrepancy on mass spectrometry as shows figure 6.  
 

 
Figure 6: Mass spectroscopy of compound 5 and the calculated mass of formic acid adduct. 
  
 The next step was the removal of N-Boc protecting group (compound 6). For 
this reaction, Pheophorbide a was stirred with TFA:DCM at 0º for 24 hours. Purification 
was hampered due adducts formations and lack of reaction control which also made 
characterization challenging. Table 3 summarizes the attempted reactions. 
 
  Table 3: Attempted reactions for compound 6 formation. 

Reaction Pheophorbide (eq) Thianisol (30 mM) TFA 
(mL) 

Solvent Volume (mL) Yield (%) 

1 1 yes 1 DMF 4 Trace 
2 1 yes 1 DCM 4 Trace 
3 2 yes 2 DCM 8 25 
4 0.8 no 1 DCM 4 9 
5 0.2 no 4 DCM 4 14 
6 0.5 no 1 DCM 4 Trace 
7 0.3 no 5 DCM 5 37 

TFA: trifluoroacetic acid 
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 All conditions were performed with large excess of TFA on dried solvent 
(dichloromethane or dimethylformamide), in the presence or absence of thioanysole, 
and different TFA: solvent proportion. Thioanysole is used as scavenger on acidolytic 
cleavages, specially on peptide synthesis, preventing side reactions [25]. The reaction 
varied a lot regarding its reproducibility in all cases and thioanysole removal from 
reaction product was difficult. The removal of thioanysole from reaction set was not 
detrimental and the product yield was increased when TFA:solvent proportion was 
changed from 1:4 to 1:1 (entry 5 and 7). In this case, entry 7 was considered the best 
condition for deprotection of amine group on compound 6. The comparison of 1H NMR 
with compound 5 shows the absence of N-Boc singlet on 1.42 ppm, suggesting the 
removal of protecting group (figure 7). The mass spectroscopy also presented the 
same problem observed on compound 5 where the exact mass was not found. The 
calculated mass was 635.33 Da on positive mode ([M+H]+ 635.3340 Da) but was found 
681,33 Da. The difference corresponds to the same 46 Da from compound 5 and 
adduct formation with formic acid could also explain this situation. The figure 7 shows 
the mass spectroscopy considering the adduct formation and figure 8 shows the 
comparison of 1H NMR since Pheophytin until the last product. 

 
Figure 7: Adduct formation of compound 6 with formic acid and monoisotopic mass. 
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Figure 8: Comparison of the 1H NMR spectra from Phrophorbide a derivatives. The arrow indicates the 
singlet corresponding to protecting group and the lack of this signal on the last product. 
 
 The next reaction was binding compound 6 to chalcone 2. The reaction was 
performed under anhydrous system to avoid the nucleophilic attack from water on 
bromide moiety on chalcone. Also, a basic condition was chosen to avoid protonation 
on amine moiety, letting the compound 6 as a free base. Unfortunately, none of tried 
reactions were sufficient to promote the heterodimer formation. Table 4 summarize the 
attempted reactions. 
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Table 4: Attempted reactions for Pheophorbide – Chalcone binding. 
Reaction Base Solvent Temp Time Method Yield 

1 K2CO3 DMF 70ºC 2 M.W - 
2 NaH DMF R.T. O.N. Stirring - 
3 - DMF 60ºC 72 Stirring - 
4 Triethylamine DMF 70ºC 2 M.W - 
5 I2 CH3CN reflux 6 Stirring - 

Pheophorbide a amine and compound 2 were at 1 equivalent in all tested conditions. 
DMF: dimethylformamide 
M.W: microwave 
O.N: overnight 
 
3.3 Cholesterol – BODIPY heterodimer 
 
 The first step was to modify cholesterol molecule on the free hydroxyl group to 
allow the binding of BODIPY. This modification was performed as described by He 
(2018) using NaH as base to form an alkoxide on cholesterol. Large excess of 
alkylating agent (1,4 dibromobutane) was used in anhydrous THF in reflux for 48 hours, 
giving 16% of yield of compound 7 [19]. In parallel, BODIPY synthesis was performed 
following the methodology described by Liu (2008) and Barba-Bon (2014), providing 
BODIPY molecule with a free hydroxyl group with 15 % of yield of compound 8 [18,26]. 
The compounds were characterized by 1H NMR and compared with the literature. 
 The final step was the heterodimer synthesis. The reaction was based on classic 
nucleophilic attack from BODIPY free hydroxyl group on bromide from cholesterol 
alkylation (compound 8). Table 5 summarizes the attempted conditions: 
 
Table 5: Attempted conditions for Cholesterol – Bodipy heterodimer formation 

Reaction Base Solvent Temp Time (h) Method Yield (%) 
1 NaOH DMF R.T. 5 Stirring - 
2 K2CO3 THF 40 – 50ºC 16 Stirring - 
3 NaH THF 40 – 50ºC O.N Stirring - 
4 K2CO3 DMF 70ºC O.N Stirring - 
5 K2CO3 DMF 70ºC 0.5 Microwave trace 
6 K2CO3 DMF 70ºC 1.5 Microwave 7% 
7 K2CO3 DMF 70ºC 1 Microwave 7% 
8 K2CO3 DMF 100ºC 1 Microwave 4% 
9 K2CO3 DMF 100ºC 1 Microwave 7% 

Compound 7 and 8 were at 1 equivalent in all tested conditions. 
DMF: dimethylformamide 
THF: tetrahydrofuran 
O.N: overnight 
 
 The employment of microwave reactor was crucial for synthesis success. The 
entry 9 was chosen due the yield and reproducibility. Characterization was performed 
by 1H NMR, 13C NMR and mass spectrometry. The product (compound 9) presented 
signals from both building blocks. To prove that was not a mixture of compounds, mass 
spectroscopy was performed and was consistent to the heterodimer mass. The 
theoretical monoisotopic mass for positive mode was [M+H]+ 781.56579 Da and 
781.56464 Da was found. The figure 9 shows the 1H NMR superposition of product 
and building blocks. 
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Figure 9: Comparison of the 1H NMR spectra from BODIPY, Cholesterol and heterodimer. The green 
boxes indicate the signals from BODIPY and red boxes the signals from alkylated cholesterol. 
 
3.4 Cholesterol – Chalcone heterodimer 
 
 The synthesis of a heterodimer containing cholesterol and an ABCG2 inhibitor 
was proposed, in this case a chalcone derivative. This synthetic approach took 
advantage of chalcone 1 and compound 8 synthesis. Table 6 presents the attempted 
reactions for this heterodimer. 
 
 Table 6: Attempted conditions for Cholesterol – chalcone heterodimer formation. 

Reaction Base Temp Time (h) Method Yield (%) 
1 NaH R.T O.N Stirring - 
2 NaH 60ºC O.N Stirring - 
3 K2CO3 

/triethylamine 
70ºC 1 M.W 10 

4* K2CO3 
/triethylamine 

70ºC 1 M.W 3 

5 K2CO3 
/triethylamine 

70ºC 2 M.W 7 

Compound 7 and compound 1 were at 1 equivalent in all tested conditions. 
Solvent: Dimethylformamide 
O.N: overhight 
M.W: Microwave 
*Reaction carried out with MgSO4. 
 
 The reaction was completed at low yield (10% maximum) which made the 
characterization challenging. The 1H NMR presented signals from both building blocks, 
but those signals were split on final molecule in different proportions. Two hypotheses 
were considered: (i) the formation of two similar products on different proportions or (ii) 
the molecule behaved as a rotamer with conformations energetically different. Mass 
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spectroscopy revealed only one monoisotopic mass that corresponded to heterodimer 
calculated mass (calculated [M+H]+ 748.52994, found 748.52881). In this case, the 
hypothesis of two products did not explain the split pattern of signals since no side 
reactions were found. 
 To verify the rotamer hypothesis, 1H NMR were performed at 25ºC and 70ºC 
and two signals were followed (singlet 3.92 ppm, 6H from chalcone and singlet 0.67 
ppm, 3H from cholesterol). The signals proportion varied with the temperature and 
were more similar at 70ºC. This shows that temperature helped the molecule to 
surpass energetically unfavorable conformations, reflecting on signals proportion. It is 
hypothesized that the increase of temperature above 70ºC on this heterodimer would 
let the signals even more similar or merging then into one signal, meaning that the 
conformation energetic barrier was surpassed. Further works should explore this 
feature. Figure 10 presents the rotamer hypothesis and figure 11 presents the 
discussed 1H NMR signals pattern.  
 

 
 
Figure 10: Energetic rotamer hypothesis. 
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Figure 11: (A) Comparison of the 1H NMR spectra from chalcone (1), cholesterol (7) and heterodimer. 
Split pattern on signals from chalcone moiety (B) and cholesterol moiety (C). Effect on split pattern with 
temperature increase on chalcone singlet moiety (D) and cholesterol singlet moiety (E). 

3H 
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3.5 Biological evaluation of cholesterol and heterodimers on ABCG2 
 

3.5.1 Cholesterol effect on drug transport ABCG2-mediated 
 

Cholesterol affects the ATPase activity of ABCG2 [10,11]. To verify the influence 
of cholesterol on ABCG2 transport activity, the efflux of mitoxantrone and hoechst 
33342 was evaluated in HEK293-ABCG2 cells in presence of cholesterol (50 μM) or 
absence. The efflux was followed by flow cytometry and the results suggest that 
cholesterol did not affect the transport of ABCG2 substrates (Fig 12). 
 

   
Figure 12: Efflux profile of mitoxantrone and hoechst 33342 in the presence or absence of cholesterol 
(50 μM. The data represent three independent experiments with Mean and SD.  
 
3.5.2 BODIPY – cholesterol 

 
 Considering that ABCG2 transport some steroid compounds, we synthesized 
the BODIPY – cholesterol heterodimer for track the cholesterol in cell-based models. 
First, to identify the intracellular accumulation of BODIPY by flow cytometry, a range 
of BODIPY concentrations were used in HEK293 wild type cells. A flow cytometer 
equipped with 3 lasers and 12 filters of fluorescence was used. Table 7 summarizes 
the flow cytometer set of lasers/filters used and the selected optical system. 

Table 7: Raw data of BODIPY fluorescence screening. 
BODIPY 

Laser Ultraviolet Violet Blue 
Filter 450 - 

50 
670 - 

30 
450 - 

50 
525 - 

50 
610 - 

20 
670 - 

30 
710 - 

50 
780 - 

60 
530 - 

30 
575 - 

25 
610 - 

20 
695 - 

40 
Control 13 6 34 23 4 23 4 28 33 19 33 36 
0.25 μM 12 8 31 230 8 25 4 27 3182 502 308 83 
0.5 μM 19 12 37 482 15 36 6 36 7054 1078 626 150 
1. 0 μM 14 21 35 958 27 66 13 53 14701 2293 1296 286 
2.0 μM 13 24 33 1745 45 61 11 47 26446 4192 2374 468 
4.0 μM 11 44 30 3167 78 98 16 62 47790 7809 4492 889 

 
 As shown in table 7, the blue laser and the 530 – 30 filter showed the most 
intense fluorescence signal. The lowest concentration (0.25 μM) used was enough to 
identify an intense signal of fluorescence, when compared to the control condition, 
without BODIPY. The next step was the identification of the best concentration of 
BODIPY-cholesterol heterodimer using the 530 – 30 filter. A large range of 
concentrations was essayed (0.25 to 40 μM), since the chemical modification of 
BODIPY can change the fluorescence pattern. As shown in figure 13, for both 
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compounds, BODIPY and BODIPY – cholesterol heterodimer, the intracellular 
accumulation was dependent of the concentration.  

 
 
Figure 13: Fluorescence shift according to concentrations used for BODIPY and BODIPY – cholesterol 
using Blue laser and filter 530-30. The data represent one experiment. 
 
 Based on this data, the concentration of 8 μM of BODIPY-cholesterol 
heterodimer was chosen for the investigation of a possible transport of cholesterol 
mediated by ABCG2. The effect was evaluated after 30 minutes and 24 hours of 
incubation, due the large size of this molecule. The preliminary data suggests that 
BODIPY-cholesterol heterodimer was not transported by ABCG2. This result suggest 
that cholesterol is not transported by ABCG2 (Fig. 14). Additional experiments in 
different periods need to be performed to confirm this effect. 
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Figure 14: Histograms overlay of HEK293-ABCG2 (with Ko143 – red, without Ko143 – purple) treated 
with BODIPY-cholesterol using Blue laser and filter 530-30. The data represent one experiment. 
  

3.5.3 Chalcone – cholesterol 
 
 Additionally, the effect of cholesterol on the inhibitory potency of ABCG 
inhibitors was investigated. To pursue this investigation, a chalcone – cholesterol 
heterodimer was synthesized and tested. Chalcone 1 alone and chalcone 1 + 
cholesterol were used as experimental control. As shown in figure 15, cholesterol itself 
did not influence inhibition profile of chalcone 1, even at high concentration, but the 
covalent binding between chalcone and cholesterol abrogated the inhibition potency of 
chalcone 1.  
 
 

 
Figure 15: Influence of cholesterol in Chalcone 1 inhibition profile. 
 
  
 We concluded that the synthesis of heterodimers containing cholesterol is 
useless for ABCG2 inhibitors an suggest three hypotheses to explain this data: (i) the 
heterodimer prevents the chalcone binding on ABCG2 due steric hindrance, (ii) 
cholesterol is transported by ABCG2 carrying chalcone 1 out of cell, and (iii) cholesterol 
carried randomically the chalcone 1 to plasmatic membrane preventing the binding on 
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ABGC2. This research is on exploratory phase and those hypotheses must be tested 
in future works. 

4. DISCUSSION 
 

 This chapter presented the synthesis of heterodimers targeting ABCG2 
transporter. Two heterodimers were successfully synthetized (BODIPY – cholesterol 
and chalcone – cholesterol), however, two were suspended at the final reaction step 
(chalcone – porphyrin 4B and chalcone – pheophorbide a). A total of 10 molecules 
were synthetized between intermediates and final molecules. 
 The BODIPY – cholesterol heterodimer was used for investigations related with 
a possible transport of cholesterol mediated by ABCG2. This heterodimer showed a 
high fluorescence signal using the blue laser and filter 530 – 30. Regarding the ABCG2 
efflux, the preliminary data shows that BODIPY-cholesterol heterodimer is not 
transported by ABCG2. The chalcone – cholesterol heterodimer was also tested on 
ABCG2. The covalent coupling of cholesterol on chalcone molecule decreased the 
inhibition potency of chalcone alone.  
 In summary, the synthesis of heterodimers with cholesterol was promising. In 
contrast, heterodimers containing porphyrins were difficult to obtain. The preliminary 
results suggest that heterodimers containing cholesterol can be useful for 
investigations of cholesterol transport mediated by ABCG2, but useless for improve 
the inhibitory effect of know ABCG2 inhibitors.  
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CHAPTER 3 - MULTIPLEXED FLOW CYTOMETRIC APPROACH FOR DETECTION 
OF ANTI-SARS-COV-2 IGG, IGM AND IGA USING BEADS COVALENTLY 
COUPLED TO THE NUCLEOCAPSID PROTEIN 
      
This chapter was based on two articles, the first submitted for publication in the journal 
“Letters on Applied Microbiology”, and the second published in Portuguese in a 
Brazilian journal: “Revista Brasileira de Análises Clínicas”. 
 
Ingrid Fatima Zattoni1, Luciano F. Huergo2, Edileusa C. M. Gerhardt3, Jeanine M. Nardin4, Alexia 
Marques Fernandes dos Santos4, Fabiane Gomes de Moraes Rego5, Geraldo Picheth5, Vivian Rotuno 
Moure#,1,5, Glaucio Valdameri#,1,5. 
1Pharmaceutical Sciences Graduate Program, Laboratory of Cancer Drug Resistance, Federal 
University of Paraná, 80210-170, Curitiba, PR, Brazil. 2Setor Litoral, Federal University of Paraná, 
83260-000, Matinhos, PR, Brazil. 3Department of Biochemistry and Molecular Biology, Federal 
University of Paraná, 80060-000, Curitiba, PR, Brazil. 
4Hospital Erasto Gaertner, 81520-060, Curitiba, PR, Brazil. 5Department of Clinical Analysis, Federal 
University of Paraná, 80210-170 Curitiba, PR, Brazil.  
#Correspondence and requests for materials should be addressed to Vivian Rotuno Moure (email: 
vivian.moure@ufpr.br) and Glaucio Valdameri (email: gvaldameri@ufpr.br). Phone +55 41 33604078 
and +55 41 991332283. 
 
Ingrid Fatima Zattoni1; Geraldo Picheth1,2; Fabiane Gomes de Moraes Rego1,2; Mauren Isfer 
Anghebem2,3; Vivian Rotuno Moure*1,2; Glaucio Valdameri*1,2 

1 Programa de Pós-graduação em Ciências Farmacêuticas (PPGCF), Universidade Federal do Paraná 
(UFPR), Curitiba, Paraná, Brasil. 
2 Departamento de Análises Clínicas, Universidade Federal do Paraná (UFPR), Curitiba, Paraná, Brasil. 
3 Escola de Ciências da Vida, Pontifícia Universidade Católica do Paraná (PUCPR), Curitiba, Paraná, 
Brasil. 
*Autores correspondentes: vivian.moure@ufpr.br e gvaldameri@ufpr.br   

SIGNIFICANCE AND IMPACT OF THE STUDY 
 
The immunological detection of different antibodies isotypes of COVID-19 may give 
some answers about disease severity and vaccine response. In this manner, this 
chapter describes a new immunological method that allow the detection of IgA, IgM 
and IgG at the same time by flow cytometry, providing accurate information about 
patient's immune responses. This method can be easily adapted for detection of 
antibodies against new emerging infections in the future. 

1. INTRODUCTION 
 
 The first case of the novel coronavirus, SARS-CoV-2, which causes a disease 
known as COVID-19, was reported to World Health Organization (WHO) on December 
31, 2019. Then, on 11 March 2020, WHO declared COVID-19 a pandemic. The course 
of the COVID-19 pandemic is a consequence of the rapid spread of this virus and, 
more recently, the emergency of novel variants. The value of diagnostic alternatives in 
the management of COVID-19 is high [1].  
 High transmission combined with virus aggressiveness of COVID-19 enhanced 
the hospitalizations, particularly on Intensive Care Units (ICU), collapsing the health 
systems in many countries. The identification of infected is a way to contain COVID-
19 expansion and is essential for action plans development. In this context, the 
development of rapid and sensitive tests at low cost is fundamental to help to control 
the pandemic process (2).  
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 The RT-qPCR (Real time reverse transcription polymerase chain reaction) is 
the gold standard for diagnosis. However, the detection of antibodies is also relevant 
to monitor the immunological response and seroconversion, particularly on a mass 
vaccination context (3). 
 Immunological methods must be applied during the epidemic process of 
coronavirus. The sensitivity of molecular diagnosis decreases after one week of 
symptom’s breakthrough due the reduction of viral particles on respiratory tract. This 
lack of sensitivity can cause false negatives in patients with active infection (4). Thus, 
the understanding of immune response to SARS-CoV-2 infection is critical, especially 
in discrimination of disease severity and vaccine efficacy. 
 
1.1 Immunological characteristics of SARS-CoV-2 infection 
  
 SARS-CoV-2 virus is formed by a set of proteins: Nucleocapsid (N), Membrane 
(M) Viral envelope (E) and Spike (S) proteins. Nucleocapsid protein is responsible for 
RNA packing, forming an helicoidal structure that binds to Membrane protein. 
Envelope and Spike proteins interact with each other, forming the viral envelope. This 
structure binds to Membrane proteins. The entrance of SARS-CoV-2 virus on host cell 
is mediated by Spike protein due to interaction with Angiotensin-converting enzyme 2 
(ACE2). The interaction occurs specifically on Receptor binding domain (RBD) 
sequence, located on S1 subunit on Spike protein (5,6). 
 The RBD domain is considered the best target for therapies and neutralizing 
antibodies, so, the detection of anti-Spike neutralizing antibodies can be useful to 
identify recovered candidates for convalescence serum treatment. The Nucleocapsid 
protein is also very immunogenic and is commonly used to identify antibodies on 
patients’ serum (5).  
 The classic immune response to virus involves the production of IgM as first 
antibody followed by IgA and IgG (7). The immune response for COVID-19 is not fully 
characterized. The literature shows that IgM may be produced firstly (7) but there are 
also some reports affirming that IgM and IgG are produced simultaneously. This least 
information is in accordance with the immune response for others coronavirus (9). 
 The seroconversion to IgM and IgG occurs 1 to 3 weeks after symptomatic 
infection in 50% of patients, however, the viral load may not decline (11, 12, 13). It is 
known that seroconversion for IgG and IgM can occur simultaneously or sequentially 
[2] with a median day of seroconversion of 13 days post symptom onset for both IgG 
and IgM [3]. The order of immunoglobulin appearance is variable (3).  
 The isotype IgA forms have gained attention in COVID-19 [4]. The identification 
of IgA on COVID-19 infection may give clinically useful information. IgA are produced 
on mucus surface, the detection of this class of immunoglobulin may reflect the 
immunological response on mucus (10). In this context, IgA can perform protective 
function against SARS-CoV-2 on respiratory tract, the main entrance for the virus (14). 
The secretory form would primarily act at the virus entry site [5] and the circulating IgA 
has been revealed as neutralizing antibody and correlated with disease severity [6,7]. 
IgA seroconversion appears as early as IgG and IgM [8], or slightly earlier than IgG 
and IgM [2,9]. 
 The construction of serological profile is relevant for COVID-19 epidemiology 
and to determine the immune status of asymptomatic patients (3,13). Those multiple 
antibody isotypes target viral proteins, including spike and its receptor-binding (RBD), 
subunit 1 (S1) and subunit 2 (S2), and nucleocapsid (or nucleoprotein) [10,11]. Several 
studies described the detection of SARS-CoV-2-specific IgG and IgM [2,3,12–19], 
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while the detection of SARS-CoV-2-specific IgA has been less reported [8,9,14,20–
22].  
 Most methods developed for COVID-19 immunological testing are based on 
immunoenzymatic and immunochromatographic tests, due to low cost and easy 
adaptation as a way to overcome infrastructural limitations (15). Nonetheless, those 
methods present some limitations such as poor application on high throughput scales 
and inconsistent results (16,17,18). 
 
1.2 COVID-19 antibody detection methods 
 
 Serological tests can be performed using commercially available methodologies 
with different approaches: immunoenzymatic, fluoroenzymatic, chemiluminescence 
and chromatographic immunoassays. These assays can detect IgM and IgG and 
present high sensitivity during three weeks after symptoms breakthrough (3,12). The 
specificity is considered high for both above mentioned immunoglobulins (superior to 
95%) but for IgA detection the specificity is near to 84% (EUROIMMUN anti-SARSCoV-
2 ELISA) (19). The need of new methodologies for COVID-19 immunology is emergent.    
 Flow cytometry is gaining interest for COVID-19 identification/monitoring and is 
emerging as an alternative tool (18,20,21,22,23). This technique can analyze multiple 
parameters in a single cell or particle in biological samples like blood and serum. Due 
to the capacity to analyze individualized cells or beads with specific fluorescent probes, 
flow cytometry is widely used with fluorochromes-conjugated antibodies to search for 
specific cellular antigens. Because of its flexibility and the consolidated use of flow 
cytometry for diagnoses purposes, it is predictable and imperative the development of 
immunological flow cytometry-based diagnosis for COVID-19. The strategies based on 
flow cytometry can be divided in two categories: Cell based systems and Cell free 
systems.  
 
1.3 Cell based systems   
 
 The cell-based system methods consist on cell transfections with plasmids 
containing viral protein gene, allowing protein expression on cell membrane. In five 
studies, the spike protein was overexpressed on the surface of cells, allowing the 
detection of antibodies in patient samples using fluorescent secondary anti-antibodies 
[23–27] This technique was used on HEK293T cell lines to express native Spike 
protein, then, cells were used to track immunoglobulins from patient serum. After the 
recognition of Spike protein by patient’s antibodies, a second step was performed with 
incubation of fluorescent secondary antibody, allowing flow cytometry detection. Jurkat 
cells were also used as “support” for protein spike expression with the advantage that 
these cells are cultivated in suspension, making the assay easier (22,23). 
 In general, cell-based methods using flow cytometry as detection system were 
efficient for antibodies detection on serum and superior to ELISA based assays. They 
showed high sensitivity/specificity and decreased the limit of detection compared to 
ELISA (18). The expression of whole Spike protein allowed the recognition of 
antibodies with different epitopes, not only the S1 chain or RBD domain like some 
commercial kits (20). One disadvantage of this method is the infrastructure required 
for cell culture and the standardization/execution of transient transfection that presents 
high variability on protein expression and can directly influence the results. 
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1.4 Cell free systems 
 
 One alternative to cell-based systems is the use of beads or microspheres for 
protein immobilization. Beads are polymeric spheres with a chemically modified 
surface that allows antigen/antibody conjugation. Beads works as solid support for 
analyte capture on a liquid matrix (25). After incubation with samples, the fluorescent 
secondary antibody is added to the system, forming a sandwich that will be detected 
by flow cytometry. The output signal is directly proportional to fluorescent antibody 
binding and analyte concentration (26, 27). The complex biotin-streptavidin is also 
used on binding assays, improving sensitivity. In this case, the captured analyte or 
secondary antibody must be biotinylated, allowing the use of streptavidin as 
fluorochrome (28). 
 Commercially available beads usually have intrinsic fluorescence and may vary 
in size and fluorescence intensity. This variability of characteristics allows the creation 
of personalized analytic panels with multiparametric analysis; this system is known as 
multiplex. Using beads with different characteristics enables to bind many types on 
antigens/antibodies of interest to evaluate parameters such as the presence of 
different classes of immunoglobulins and inflammatory mediators related to 
immunological response (25,27). 
 This cell free system is being used for the development of flow cytometry-based 
test for COVID-19 diagnosis. Egia-Mendikute et al and Fong et al (16,18) used 
streptavidin functionalized beads to bind on biotinylated antigens (S1 Spike, RBD and 
Nucleocapside proteins). Beads were incubated with serum and latter marked with 
fluorescent anti-IgM and anti-IgG secondary antibodies. To Egia-Mendikute et al (18), 
the combination of three antigens created a more specific and faster test for antibody 
detection and decrease the limit of detection when compared to ELISA-based assays. 
Fong et al (16) showed that beads tests were superior to immunochromatographic 
tests due the easiness of interpretation (weakly positive results on 
immunochromatographic tests can lead to erroneous results) and quantitative results, 
allowing seroconversion tracking. 
 Another possibility for beads-based assays is the evaluation of neutralizing 
antibodies. The RBD sequence is responsible for the interaction with ACE2, allowing 
the entrance on cell host. The conjugation of RBD sequence on beads and incubation 
with biotinylated ACE2 permits the evaluation of neutralizing antibodies competition for 
RBD sequence. In the absence of neutralizing antibodies, beads are fluorescent due 
to the complex formation RBD-ACE2-Biotin-Streptavidin. In the presence of 
neutralizing antibodies, there is competition between ACE2 and neutralizing antibodies 
for RBD sequence. The Streptavidin fluorescence decrease because the complex 
formation is interrupted meaning that the highest neutralizing antibodies title, the lower 
is the streptavidin fluorescence (30).  
 Here, we reported the production of cytometric bead array (CBA) functional 
beads covalently linked to SARS-CoV-2 nucleocapsid protein, which allowed accurate 
multiplexed detection of IgG, IgM and IgA isotypes using flow cytometry.  

2. MATERIALS AND METHODS 
 
2.1 Chemicals and antibodies 
 
 The cytometric bead array (CBA) polystyrene beads (cat n° 560037), coupling 
buffer BDTM (cat n° 51-9004756), storage buffer BDTM (cat n° 51-9004758) and wash 
buffer BDTM (cat n° 51-9003798) were purchased from BD Biosciences. Bovine serum 
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albumin (BSA, A8022), 4-(N-Maleimidomethyl)cyclohexane-1-carboxylic acid 3-sulfo-
N-hydroxysuccinimide ester sodium salt - sulfo-SMCC (M6035), N-ethylmaleimide 
(E3876) and dithiothreitol (DTT, 10197777001) were purchased from Sigma-Aldrich. 
Phosphate buffer saline (PBS) 10x pH 7.2 (70013-032) was purchased from Gibco. 
Antibodies brilliant ultraviolet (BUV395) mouse anti-human IgG (cat n° 564229), 
brilliant blue (BB515) mouse anti-human IgM (cat n° 564622), biotin mouse anti-human 
IgA1/IgA2 (cat n° 555884) and brilliant violet (BV421) streptavidin (cat n° 563259) were 
purchased from BD Biosciences. 
 
2.2 Antigen preparation and beads conjugation 
 
 Expression and purification of recombinant SARS-CoV-2 nucleocapsid protein 
was performed as described previously [16]. The coupling reaction was performed as 
described by the manufacturer with modifications. Initially, beads and antigen were 
prepared. CBA E5 beads were resuspended by vortex for 30 seconds. Then 75 μL of 
E5 beads were collected and sonicated for 60 seconds. After that, 1.9 μL of DTT 1 
mol.L-1 was added, mixed with vortex and placed on horizontal shaker for 1 hour at 
room temperature. Then, 1 mL of coupling buffer BDTM was added, mixed, centrifuged 
at 2000xg for 3 minutes and the supernatant discarded. This washing step was 
repeated three times. Finally, the CBA beads were resuspended in coupling buffer to 
next step. In parallel, 90 μg of protein in PBS (1x) was mixed with 2 μL of Sulfo-SMCC 
2 mg.mL-1. The mixture was placed on horizontal shaker for 1 hour at room 
temperature (25 ºC). 
 The maleimide-activated nucleocapsid protein was transferred to the tube 
containing the prepared beads. The components were mixed in vortex and incubated 
under agitation for 1 hour at room temperature. After this period, 2 μL of N-
ethylmaleimide 2 mg.mL-1 were added and kept under agitation for 15 minutes at room 
temperature. Then, 1 mL of storage buffer BDTM was added, mixed, centrifuged at 
2000xg for 3 minutes and the supernatant discarded. This washing step was repeated 
three times. After this, the conjugated beads were resuspended in 500 μL of storage 
buffer and kept at 4°C. The functionalized beads were stable for, at least, 2 months. 
 
2.3 Samples 
 
 Human serum and EDTA-plasma were collected at Hospital Erasto Gaertner 
(HEG), a cancer reference center where both oncological and non-oncological COVID-
19 positive patients have been admitted. This study was approved by the Ethics 
Committee of HEG (CEP/HEG: 31592620.4.1001.0098). The samples consisted of 10 
pre-pandemic, considered as COVID-19 negative or control, and 26 COVID-19 
positive, being 18 from oncologic patients and 8 from non-oncologic patients. COVID-
19 positive samples were diagnosed by the detection of SARS-CoV-2 RNA using RT-
PCR from nasopharyngeal sample swabs by two independent laboratories. COVID-19 
positive samples were collected 14 days after hospitalization, with varied time of the 
appearance of first symptoms (14 to 31 days).  
 
2.4 Staining and analysis 
 
 A suspension of conjugated beads was prepared following the proportion of 1μL 
of stock suspension of conjugated beads to 50 μL of wash buffer BDTM. Then, 50 μL 
of diluted beads were mixed with 50 μL serum or EDTA-plasma (pure or diluted with 
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PBS 1x containing BSA 0.5%) and incubated at room temperature for 90 minutes. 
Then, beads were centrifuged at 4000xg for 5 minutes. The supernatant was removed 
and 300 μL of PBS/BSA 0.5% was added and mixed with vortex followed by 
centrifugation at 4000xg for 5 minutes (this step was performed twice). After that, 50 
μL of diluted anti-human antibody was added and incubated for 90 minutes (the 
antibody range used was 1:100; 1:200, 1:300, 1:400, 1:500, 1:1000, 1:2000, 1:3000 
and 1:5000). After this time, beads were centrifuged at 4000xg for 5 minutes and 
washed twice with 300 μL of PBS/BSA 0.5%. For IgG and IgM detection, the samples 
were resuspended in PBS and analyzed by flow cytometry using UV450/50 filter for 
IgG and B530/30 filter for IgM. For IgA analysis, a further incubation was performed 
with 50 μL of streptavidin 1:100 for 90 minutes at room temperature (25 ºC). The 
samples were centrifuged and washed twice with PBS/BSA 0.5%, resuspended in PBS 
and analyzed by flow cytometry using V450/50 filter. 
 For multiplex analysis, diluted beads were incubated with serum 1:1000 for 90 
minutes and washed as previously described. Then a single solution was made with 
IgG (1:100), IgM (1:100) and IgA (1:1000). A volume of 50 μL of antibody mixture was 
incubated with beads for 90 minutes and washed. After that, the incubation with 
streptavidin (1:100) was performed for 90 minutes and washed. The beads were 
resuspended in PBS and analyzed using a BD FACS CelestaTM equipped with 3 lasers 
(355nm, 405nm and 488nm) using UV450/50, V450/50 and B530/30 filters. The data 
were expressed as the percentage of positive fluorescent beads (PPFB), as previously 
described[28]. Statistical analysis based on receiver operating characteristic (ROC) 
curve was used to determine cutoff, sensibility, specificity and area under curve (AUC) 
using MedCalc v.7.12.7.2.0 (MedCal Software bvba). 

3. RESULTS AND DISCUSSION 
 

3.1 Strategy at a glance 
 
 Cytometric bead array (CBA) is called functional beads by the producer and 
compatible with flow cytometry. These fluorescent beads have been widely used to 
investigate antigens in serum samples. There are several commercially available 
beads which are covalently covered by antibodies recognizing specific targets. The 
detection of the analyte using flow cytometry is performed using a fluorochrome-
conjugated secondary antibody. Despite this well-stablished approach, the application 
of these CBA beads to covalently bind antigens and investigate the antibodies is poorly 
studied [29]. In this work, thiol groups of the commercial fluorescent polystyrene naked 
CBA beads were reduced to the active sulfhydryl form by DTT. The recombinant 6xHis-
tagged SARS-CoV-2 nucleocapsid protein solubilized on PBS was covalently bound 
to CBA beads by sulfo-SMCC chemistry (Figure. 1A). These functionalized beads were 
named as CBA-N. CBA-N was further used as proof of concept to investigate the 
presence of IgG, IgM and IgA isotypes in COVID-19 positive serum samples. To allow 
antibodies detection, specific anti-human IgG and IgM conjugated with BD Horizon 
BUV395 and BD Horizon BB515 fluorochromes, respectively, were used. Biotinylated 
anti-human IgA1/IgA2 and streptavidin conjugated with BD Horizon BV421 was used 
as a second-step reagent to improve the sensitivity of IgA detection (Figure. 1B).  
 The prepared CBA-N was homogeneously distributed with a diameter size of 
7.5 μm, which allowed recognition by flow cytometry according to the forward (FSC) 
and side scatter (SSC) parameters and using a specific gate (Figure. 1C). All 
fluorochromes were rationally chosen to attenuate the spillover of fluorescence in a 
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multiplex system, since each fluorochrome is excited by a different laser. This 
combination of fluorochromes was optimized for a flow cytometer equipped with at 
least three lasers, including a 355, 405 and 488 nm lasers. As shown in Figure. 1C, 
the fluorescence was recorded simultaneously using three different channels. 
 To achieve the best standardization for multiplexed detection of IgG, IgM and 
IgA response to SARS-CoV-2 infection, the conditions for each antibody response 
were optimized.  

 
Figure 1: Rational strategy overview. (A) Fluorescent polystyrene beads of 7.5 μm reduced by DDT. 
SARS-CoV-2 nucleocapsid protein solubilized in PBS covalently bound to beads surface by sulfo-SMCC 
chemistry to originate functionalized beads named as CBA-N. (B) Schematic representation of the 
multiplex assay. (C) Gate selection based on bead size. Representative histograms of COVID-19 
positive samples. 
 
3.2 Optimization of conditions 
 
 Negative samples were obtained before the pandemic and were called as 
control (Ctrl). COVID-19 positive samples were obtained of patients from an 
oncological hospital (HEG) at Curitiba after 14 days of hospitalization, which 
correspond to approximately 19 days after the symptom onset (Figure. S1). These 
patients were diagnosed with COVID-19 by RT-PCR positive results from two 
independent laboratories (data not shown), and most samples are from oncologic 
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patients. For standardization of antibody response, we used a mixture of, at least three, 
negative and positive samples. 
 The data were expressed as the percentage of positive fluorescent beads 
(PPFB) (Figure. S2). As shown in Figure. 2A, a serum dilution curve revealed that the 
discrimination of positive vs negative IgG samples was achieved at a serum dilution of 
1000-fold. After setting the appropriate serum dilution, a range of fluorochrome 
conjugate (anti-IgG UV395) dilutions were evaluated. The data showed that the best 
results were obtained using the anti-IgG diluted 100-fold (Figure. 2B). The same 
rational strategy was carried out for IgM and IgA detection. The IgM detection was only 
able to discriminate between COVID-19 positive and negative samples when a serum 
dilution of 1000-fold was applied (Figure. 2C). For IgM detection, the optimized 
combination was with serum diluted 1000-fold and the anti-IgM B515 diluted 100-fold 
(Figure. 2C and D). IgA detection presented a different pattern, probably because the 
biotin-streptavidin system used. As shown in Figure. 2E, the best serum dilutions were 
between 10 and 100-fold. However, the serum 1000-fold dilution was also able to 
discriminate between negative and positive samples. Envisioning a multiplexed 
antibody detection, we decided to use 1000-fold serum dilution for the evaluation of 
anti-IgA curve. The anti-IgA showed similar results with secondary antibody used at 
dilution between 100 to 1000-fold (Figure. 2F). In addition, the anti-IgA dilution result 
was confirmed using the serum 10-fold diluted (Figure. S3). 
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Figure 2: Serum and antibody dilution. Determination of Percentage of Positive Fluorescent Beads 
(PPFB) by flow cytometry using CBA-N beads. (A) Serum dilution using anti-IgG diluted 100-fold. (B) 
Anti-IgG dilution using serum diluted 1000-fold. (C) Serum dilution using anti-IgM diluted 100-fold. (D) 
Anti-IgM dilution using serum diluted 1000-fold. (E) Serum dilution using anti-IgA diluted 1000-fold. (F) 
Anti-IgA dilution using serum diluted 1000-fold. A mix of three samples were used. Data are 
representative of at least two independent experiments and values are expressed in mean ± SD. 
 
 An estimation of analytical coefficient of variation (CVa) for imprecision (inter-
assay; n=12) was calculated using PPFB (%) values from serum pools of controls 
(mean 2.0±2.0) and COVID-19 positive (IgG, IgM and IgA combined; mean 69.7±19.2) 
samples, showing a CVa values of 100% and 27.5%, respectively. 
 
3.3 Proof of concept 
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 After characterization of the optimized conditions for single antibody isotype 
detection using dilution of serum and secondary antibodies, double and triple staining 
were performed. The results demonstrated the absence of fluorescence spillover 
(Figure. S4), confirming the feasibility of the experimental design for multiplex 
detection. The combination of lasers UV355 nm, V405 nm and blue 488 nm with 
UV395, V421 and B515 fluorochromes, allowed discriminating negative vs positive 
samples for the simultaneous detection of IgG, IgA and IgM, respectively, without any 
fluorescence compensation, as represented by the histograms (Figure. S4). Three 
independent beads preparations were tested, showing similar results (data not shown). 
 Finally, the multiplexed approach was used to evaluate a panel of negative 
(n=10) and COVID-19 positive (n=26) samples (Figure. 3, S5 and S6). ROC
established cutoff was used for discrimination of negative and COVID-19 positive 
samples. The specitivity of 100% was achieved for all isotypes. The sensivity was 
88.5% for the detection of IgG, 92.3% for IgM and 96.2% for IgA . The area under the 
ROC curve was calculated as 0.946, 0.950 and 0.962 for IgG, IgM and IgA, 
respectively (Figure. 3 and Table S1). Venn diagram analysis showed that 22/26 
presented IgG, IgM and IgA, 1/26 presented only IgG and IgA, and 2/26 presented only 
IgM and IgA. None of the positive samples presented only IgG and IgM, and 1/26 did 
not present any of the antibodies studied (Figure. 3D).  
 

 
Figure 3: Receiver operating characteristic (ROC) curves and Venn diagram. COVID-19 negative 
controls (n=10) and positive (n=26). ROC curve for (A) IgG. (B) IgM. (C) IgA. AUC, area under de curve; 
PPFB, percentage of positive fluorescent beads (%); red point, highest Youden index (cutoff). (D) Venn 
diagram of COVID-19 positive samples simultaneously compared with the detection of IgG, IgM and 
IgA. The statistical calculations were performed using MedCalc v.7.12.7.2.0 (MedCal Software bvba). 
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 Flow cytometry is described as an important analytical tool for immunological 
assays. Commercially available CBA functional beads are widely used for the 
evaluation of multiple analytes in a single sample. For instance, several papers have 
described the use of CBA bound to specific antibodies for the detection and 
quantification of a large variety of human cytokines [29] using a non-competing 
secondary antibody for detection. The application of flow cytometry in COVID-19 has 
exploited the use of cell-based assays for detection of IgM, IgA, and IgG subclasses 
against the SARS-CoV-2 S protein. However, most of these studies targeted a single 
antibody detection [23–27]. To the best of our knowledge there is only two studies 
employing a cell-free flow cytometric approach to evaluate the humoral immune 
response [19,30]. In both cases, the authors used fluorescent beads coated with 
streptavidin which allow the binding on biotinylated SARS-CoV-2 antigens to detect 
antibodies. Egia-Mendikute et al. [19] showed a simultaneous detection of IgG and IgM 
against SARS-CoV-2 antigens. Unexpectedly, the authors detected IgG against 
nucleocapsid protein in controls pre-pandemic samples [19], which is in sharp contrast 
to the literature [7,16,18,21]. As reported by Dogan et al. [30], the binding of each 
antigen to a different fluorescent bead allowed the singleplex detection of multiple 
antibody isotypes IgG, IgG1-4, IgM and IgA. However, the use of all secondary 
antibodies conjugated to phycoerythrin unmet the inherent advantage of flow cytometry 
for simultaneous serum antibody detection. Furthermore, it has been recognized that 
the detection of one antibody isotype alone has a limited value for COVID-19 diagnosis 
and monitoring [31]. Therefore, the need of multiplex detection of anti-SARS-CoV-2 
IgG, IgM and IgA remains challenging. 
 In our study, the binding of SARS-CoV-2 nucleocapsid protein to CBA functional 
beads was covalent (Figure.1), which offers advantages of more robust surface, higher 
density of epitopes and orientation to maximize epitopes exposing and complementary 
binding [32]. We provided a proof of concept of a cell-free multiplex assay based on 
flow cytometry for immunological diagnosis of COVID-19 (Figure. 1). The novel method 
allowed accurate discrimination between COVID-19 positive samples and pre-
pandemic negative controls using standardized conditions (Figure. 2 and 3). Specificity 
of 100% and sensitivity of 88.5, 92.3 and 96.2% for IgG, IgM and IgA, respectively, 
were determined (Figure. 3 and Table S1). The results of our method for IgG and IgM 
showed both sensitivity and specificity similar to the FDA-approved tests (sensitivity 
61-98% and specificity 90-100%) [32]. The detection of IgA showed increased 
sensitivity and specificity in comparison to a commercial test based on ELISA 
(EuroimmunTM, 82.9% and 82.2%) [34]. Interestingly, the combined IgG, IgM and IgA 
analysis improved the serological diagnosis. Most of the RT-PCR positive samples 
presented the three antibody isotypes and, at least, two antibody isotypes were 
detected from 25/26 (Figure. 3D and S6). It should be considered that the small number 
of samples may affect the statistical analysis. Hence, a large cohort will be necessary 
to confirm the results. 
 A special strength of the present study is the availability of a large repertoire of 
combinations of multiple antigens covalent bound to each set of fluorescent CBA 
beads, which allows detection of unique optical signatures using conventional flow 
cytometers.  

4. FINAL REMARKS 
 
 The detection of new cases of SARS-CoV-2 in the actual pandemic context is 
vital for viral propagation contention, specially with the emergence of new variants with 
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higher infectant potential. On the other hand, mass vaccination still demands tests for 
collective immune tracking. 
 Flow cytometry is a consolidated technique on diagnosis and is a tool capable 
of high throughput screening with high reliability. Many tests with polymeric and cellular 
matrices for antibodies research were developed but there are still possibilities for 
technological development. The bead-based strategy allows the conjugation of 
different proteins to search for many antigens/antibodies simultaneously, enhancing 
the possibilities with many diagnostic advantages. 
 The multiplexed flow cytometric-based tool presented here provided a blueprint 
for rapid development of antibody evaluation to others emerging infections. In 
summary, our data present the first flow cytometric bead-based that offers a cost-
effective alternative to multiplex determination of IgG, IgM and IgA response in COVID-
19, as a proof concept for further studies. 
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THESIS CONCLUSION 
 
 One of the goals of this thesis was the identification of new inhibitors of ABCG2 
based on porphyrin scaffold. Among a set of porphyrins, porphyrin 4B was the most 
promising, since selectively inhibited ABCG2 activity. This compound was not 
transported by ABCG2 and successfully chemosensitized resistant cancer cell lines. 
These results can guide in vivo experiments and the synthesis of a second generation 
of porphyrinic inhibitors for improve some features, as the therapeutic ratio. Other goal 
was the synthesis and biological evaluation of heterodimers targeting ABCG2. The 
tested conditions used during the synthesis process may serve as a guide for new 
synthetic approaches and conditions optimization. BODIPY – cholesterol heterodimer 
seems to be promising to investigate the role of cholesterol on ABCG2, as a possible 
transport of cholesterol mediated by ABCG2. Unfortunately, the strategy of 
heterodimers containing cholesterol was useless since cholesterol abrogated the 
chalcone inhibitory effect.  

The unprecedent COVID-19 pandemic started during the development of this 
thesis. In Brazil, more than 95% of the scientific production is generated by public 
universities. Considering this pivot role of universities, an additional goal was added in 
this thesis, targeting the development of a multiplex flow cytometric bead-based 
method for detection of antibodies against SARS-CoV-2 infection. The proposed 
method showed high specificity and sensitivity and can be applied to better understand 
the immunological response on COVID-19 disease. This method can be easily 
improved using other antigens, allowing the simultaneous detection of antibodies 
against different diseases. 
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SUPPLEMENTARY DATA 
 

CHAPTER 1 - A NEW PORPHYRIN AS SELECTIVE SUBSTRATE-BASED 
INHIBITOR OF BREAST CANCER RESISTANCE PROTEIN (BCRP/ABCG2) 
 
 
 

 
 
Figure S1: Chemical structure of screened porphyrins 
 
Table S1: Chemical names of screened porphyrins 

Porphyrin Chemical nomenclature 

Core  5,10,15,20-Tetraphenylporphyrin 
1A 5- [4- (Dimethyl-2,6-dimethyl-1,4-dihydropyridine-3,5- dicarboxylate) -phenyl] -10,15,20-triphenyl porphyrin 
1B 5- [4- (Dimethyl-2,6-dimethyl-3,5-pyridinedicarboxylate) - phenyl] -10,15,20- triphenyl porphyrin  
1C 5,10,15-Triphenyl-20-(4-nitrophenyl) porphyrin 
1C* 2-nitro-5,10,15,20-tetraphenylporphyrin 
1D 5-(4-methoxyphenyl)-10,15,20-triphenylporphyrin 
1E 5-(4-acethoxyphenyl)-10,15,20-triphenylporphyrin 
1F 5-(4-aminophenyl)-10,15,20-triphenylporphyrin 
1G 5-(4-hidroxyphenyl)-10,15,20-triphenylporphyrin 
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1H 5-(4-acetamidophenyl)-10,15,20-triphenylporphyrin 
4A 5,10,15,20 –[Tetrakis-4-(dimethyl-2,6-dimethyl-1,4-dihydropyridine-3,5- dicarboxylate)-phenyl]-porphyrin 
4B 5,10,15,20 - [tetrakis-4- (Dimethyl 2,6-dimethyl-3,5-pyridinedicarboxylate) - phenyl] –porphyrin 
4D 5,10,15,20-Tetrakis(p-methoxyphenyl) porphyrin 
4E 5,10,15,20-Tetrakis(4-acetoxyphenyl) porphyrin 
4I 5,10,15,20-Tetrakis(4-methylphenyl) porphyrin 
4J 5,10,15,20-Tetrakis(4-chlorophenyl) porphyrin 
4K 5,10,15,20-Tetrakis(1-methylpyridinium-4-yl) porphyrin tetraiodide 
4L Tetrasodium 5,10,15,20-tetrakis(4-benzenesulfonate) porphyrin 
4M 5,10,15,20-Tetrakis(naphthalen-2-yl) porphyrin 
 
Table S2: Porphyrins fluorescence raw data. 

 FL-1 FL-2 FL-3 FL-4 
Blank 2.11 2.94 2.48 2.97 

Mitoxantrone 2.67 1.81 75.67 139.49 
CORE 1.95 2.79 2.48 3.37 

1A 2.81 6.04 12.63 12.52 
1B 2.31 3.68 5.05 13.22 
1C 9.82 9.22 11.55 10.75 
1C* 2.02 2.76 2.55 3.25 
1D 6.32 6.21 6.32 5.52 
1E 8.43 8.28 9.14 7.99 
1F 2.67 2.09 8.74 6.82 
1G 2.35 1.91 6.38 5.62 
1H 9.06 9.31 22.27 15.96 
4A 2.50 3.65 3.96 4.03 
4B 9.91 12.86 16.4 5.94 
4D 6.21 8.13 103.66 54.74 
4E 5.00 5.05 10.55 11.34 
4I 2.39 1.84 1.78 1.01 
4J 8.43 7.7 7.17 4.74 
4K 2.67 2.19 10.65 4.78 
4L 3.11 2.41 21.29 19.11 
4M 3.28 3.11 3.16 3.43 

Cells were submitted to 24 hours of treatment at 5 μM of each porphyrin. Fluorescence detection was 
performed by flow cytometry using 488 and 635 nm lasers for excitation and 4 channels for detection: 
FL-1 (530/30), FL-2 (585/42), FL-3 (670 LP) and FL-4 (661/16). 4D was the most fluorescent porphyrin 
and was used as probe for the accumulation assay. Mitoxantrone (at 10 μM) for 30 minutes was used 
as positive control.  
 
Table S3: Concentration-dependent chemosensitization of ABCG2 overexpressing and parental (wild-
type) cell lines. 

 SN-38 (μM) Wild type (±SD) ABCG2 (±SD) ABCG2 + 4B (±SD) 

HEK293 

0.0001 104.82 (±6.78) 101.27 (±11.74) 89.22 (±12.39) 
0.001 91.58 (±10.51) 100.57 (±9.21) 86.20 (±13.41) 
0.005 45.96 (±13.72) 99.19 (±3.41) 60.50 (±18.97) 
0.01 52.47 (±16.46) 94.49 (±15.60) 57.92 (±11.81) 
0.05 38.31 (±15.63) 61.18 (±14.34) 48.00 (±11.42) 
0.1 35.19 (±12.14) 52.32 (±12.39) 41.50 (±5.86) 
0.5 25.90 (±10.30) 51.81 (±16.66) 33.45 (±10.46) 
1 29.05 (±10.54) 36.11 (±8.87) 31.81 (±6.28) 

10 21.22 (±6.62) 29.17 (±8.99) 27.44 (±5.74) 
20 15.72 (±8.59) 16.22 (±4.57) 23.52 (±8.82) 

H460 0.5 69.77 (±4.42) 92.53 (±7.03) 62.90 (±9.71) 
5.0 36.73 (±5.78) 72.18 (±0.86) 32.08 (±5.31) 
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Figure S2: (A) Type of inhibition using mitoxantrone as substrate (B) Type of inhibition using hoechst 
33342 as substrate. Data were linearized by the Hanes-Woolf method. The data represent at least two 
independent experiments. 
 

 
Figure S3: (A) Principal component analyses of ABCG2’s backbone atoms revealing a single major 
conformation for simulations with the co-crystallized ligand MZ29 (grey) three major conformational 
populations for the substrate PHEO (red) and two for the inhibitor 4B (blue). (B) distance between the 
centre of mass of relevant residues and the closes atom from the ligand. Average residue fluctuations 
obtained from the root mean square deviation fluctuations (RMSF) of the ABCG2’s backbone atoms 
calculated in relation to the initial simulation frame in comparison to simulations with the co-crystallized 
ligand, for each inhibitor as described in the labels. Each dark-colored line represents the average 
distance of the three independent (1 μs) simulations and the respective light-coloured dashed line 
represent the observed standard deviation, for PHEO (C) and 4B (D). Gray lines are the average for the 
simulations with co-crystallized original ligand MZ29, previously reported elsewhere. Shaded region 
(residues 350-375) represents the loop connecting the NBD to the TM domain, which has higher 
fluctuation in simulations with our ligands in comparison to MZ29, even after equilibration. 
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Figure S4: Representative snapshots from the MD simulations for each of the compounds: 4B (A) and 
PHEO (B).  
 

 
Figure S5: Representative picture of root-mean-square deviation (RMSD) values of protein backbone 
for our two protein-ligand complexes, observed along a total simulation time of 3 μs, for each. Colored 
lines represent the RMSD of ABCG2’s backbone atoms along the simulation time related to the initial 
time frame with each ABCG2 inhibitor, while grey lines represent the ligand fluctuation normalized by 
the local protein fluctuation. (A) PHEO, (B) 4B and the co-crystallized ligand MZ29 (C). 
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CHAPTER 2 - SYNTHESYS AND BIOLOGICAL EVALUATION OF 
HETERODIMERS ON ABCG2 ACTIVITY 

 

CHALCONE (1) 
IUPAC: (E)-3-(2,6-dimethoxyphenyl)-1-(1H-indol-3-yl)prop-2-en-1-one 
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CHALCONE (2) 
IUPAC: (E)-1-(1-(4-bromobutyl)-1H-indol-3-yl)-3-(2,6-dimethoxyphenyl)prop-2-en-1-one 
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PHEOPHYTIN (3) 
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PHEOPHORBIDE A (4) 
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PHEOPHORBIDE AMIDE (5) 
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PHEOPHORBIDE AMINE DEPROTECTED (6) 
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BODIPY (7) 
IUPAC: 5,5-difluoro-10-(4-hydroxyphenyl)-1,3,7,9-tetramethyl-5H-dipyrrolo[1,2-c:2',1'-

f][1,3,2]diazaborinin-4-ium-5-uide 
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CHOLESTEROL – BR (8) 
IUPAC: 3-(4-bromobutoxy)-10,13-dimethyl-16-(6-methylheptan-2-yl)-

2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthrene 
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CHOLESTEROL – BODIPY (9) 
IUPAC: 10-(4-(4-((10,13-dimethyl-16-(6-methylheptan-2-yl)-

2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-3-
yl)oxy)butoxy)phenyl)-5,5-difluoro-1,3,7,9-tetramethyl-5H-dipyrrolo[1,2-c:2',1'-

f][1,3,2]diazaborinin-4-ium-5-uide 
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CHALCONE – CHOLESTEROL (10) 
IUPAC: (E)-3-(2,6-dimethoxyphenyl)-1-(1-(4-((10,13-dimethyl-16-(6-methylheptan-2-

yl)-2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-
cyclopenta[a]phenanthren-3-yl)oxy)butyl)-1H-indol-3-yl)prop-2-en-1-one 
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CHAPTER 3 - MULTIPLEXED FLOW CYTOMETRIC APPROACH FOR DETECTION 
OF ANTI-SARS-COV-2 IGG, IGM AND IGA USING BEADS COVALENTLY 
COUPLED TO THE NUCLEOCAPSID PROTEIN 
 

 
Figure S1: Representation of symptoms onset for the COVID-19 positive samples (n=26) used in this 
work. Samples were collected from patients after 14 days of hospitalization.   
 
 

 
 
Figure S2: Representative image of the determination of Percentage of Positive Fluorescent Beads 
(PPFB). 
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Figure S3: Determination of Percentage of Positive Fluorescent Beads (PPFB) by flow cytometry using 
CBA-N beads. Anti-IgA dilution using serum 10-fold diluted. 

 
 
Figure S4: Representative histograms of single, double and triple staining for positive COVID-19 
samples. 
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Figure S5: Simultaneous identification of IgG, IgM and IgA using the multiplex approach. Control (Ctrl, 
negative COVID-19; n=10) and COVID-19 positive (n=26) samples were analyzed. Determination of 
Percentage of Positive Fluorescent Beads (PPFB) by flow cytometry using CBA-N beads. (A) IgG. (B) 
IgM. (C) IgA.  
 

 
Figure S6: Antibodies profile of each sample. Determination of Percentage of Positive Fluorescent 
Beads (PPFB) using the multiplex approach based on flow cytometry. 
 
Table S1: ROC curve analysis using MedCalc. 

Parameters IgG IgM IgA 
AUC (P-value) 0.946 (<0.0001) 0.950 (<0.0001) 0.962 (<0.0001) 
Youden index J  
(95%CI) 

0.885 
(0.73-0.96) 

0.923 
(0.77-1.0) 

0.962 
(0.79-1.0) 

Association criterion  
(95%CI) 

>14.3 
(>12.9 to >14.3) 

>16.3 
(>14.5 to >16.3) 

>16.7 
(>13.8 to >16.7) 

Sensitivity, % 
(95%CI) 

88.5 
(69.8-97.6) 

92.3 
(74.9-99.1) 

96.2 
(80.4-99.9) 

Specificity, % 
(95%CI) 

100.0 
(69.2-100.0) 

100.0 
(69.2-100.0) 

100.0 
(69.2-100.0) 

Accuracy, % 
(95%CI) 

91.7 
(77.5-98.3) 

94.4 
(81.3-99.3) 

97.2 
(85.5-99.9) 

Positive Predictive value, % 
(95%CI) 

100.0 100.0 100.0 

Negative Predictive value, % 76.9 
(53.5-90.6) 

83.3 
(56.9-94.0) 

90.9 
(59.4-98.6) 

 


