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RESUMO 
 

O câncer é uma das doenças de maior índice mundial de mortalidade e o surgimento 
de resistência à quimioterapia convencional agrava ainda mais este problema. São 
descritos diversos mecanismos relacionados à resistência à múltiplas drogas (MDR) 
em câncer, porém a superexpressão de transportadores ABC é considerada a 
principal causa deste quadro clínico. O genoma humano codifica 48 transportadores 
ABC, dentre os quais 3 destacam-se quanto aos seus respectivos envolvimentos no 
fenótipo de MDR: Glicoproteína-P (P-gp ou MDR1), multidrug resistance associated 
protein-1 (MRP1) e breast cancer resistence protein (BCRP ou ABCG2). Estes três 
transportadores são capazes de reconhecer e promover o efluxo de uma ampla gama 
de agentes antineoplásicos, quimicamente não relacionáveis entre si. Por esta razão, 
novos compostos vêm sendo estudados para inibir a atividade de transporte mediada 
por essas proteínas. Apesar de ser um dos três transportadores ABC com maiores 
índices de envolvimento na MDR, o ABCG2 ainda não possui inibidores para serem 
direcionados às etapas clínicas do desenvolvimento de novos fármacos, tornando-se 
relevante a identificação e caracterização de novas moléculas que possam atuar como 
inibidores seletivos desta proteína. Neste contexto, 13 derivados de magnolol vem 
sendo testados quanto à capacidade de inibir o transportador ABCG2.Dois 
compostos, CT_M10 e CT_M15, apresentaram capacidade inibitória frente ao 
transportador com valores de IC50 de 22,6 e 9,5 μM, respectivamente. Ambos os 
compostos foram seletivos para ABCG2 quando testados frente a transportador P-gp. 
Além disso, ambos os compostos apresentaram citotoxicidade consideravelmente 
baixa, destacando-se o CT_M15 com valor de IG50 de citotoxicidade superior a 100 
μM e razão terapêutica (RT) (citotoxicidade / inibição), superior a 10. Foi demonstrado 
que a ligação do CT_M15 ao transportador ABCG2 apresenta efeitos sobre a atividade 
ATPase e termoestabilidade da proteína, desestabilizando sua estrutura. O composto 
também foi capaz de inibir o efluxo de diferentes substratos. Ademais, CT_M15 não 
demonstrou impactos nos níveis de expressão de mRNA de ABCG2, promoveu 
aumento no reconhecimento do anticorpo conformacional 5D3 e apresentou inibição 
do tipo mista. Por fim foram identificados, através de docking molecular, diferentes 
sítios de ligação entre o substrato mitoxantrona e CT_M15. Estes dados demonstram 
que o CT_M15 é um promissor inibidor seletivo de ABCG2, apresentando mínima 
citotoxicidade, uma característica importante a ser buscada em futuros ensaios pré-
clínicos. Ainda buscando alternativas para combater a resistência à quimioterapia, o 
presente estudo descreveu um equipamento a base de LED, simples e de baixo custo 
para realização de terapia fotodinâmica com todos os detalhes de construção e 
programação. Como prova de conceito, o equipamento foi utilizado para promover um 
aumento na sensibilização de células HeLa tratadas com o fotossensibilizador 
verteporfin. Os resultados foram comparados com um equipamento comercial a base 
de LED (LumaCare®) e os efeitos citotóxicos observados foram associados à geração 
de espécies reativas de oxigênio (ROS), demonstrando que o equipamento representa 
uma promissora alternativa para estudos in vitro de PDT. 

 
Palavras-chave: resistência à múltiplas drogas (MDR); ABCG2; inibidores; magnolol; 

terapia fotodinâmica (PDT). 
 



 
 

ABSTRACT 
 

Cancer is one of the diseases with the highest mortality rate in the world and the 
emergence of resistance to the conventional chemotherapy exacerbates this problem. 
Several mechanisms related to multidrug resistance (MDR) in cancer have been 
described, however the overexpression of ABC transporters is considered the main 
cause of this clinical condition. The human genome encodes 48 ABC transporters, 
among which 3 are highlighted for their involvement in the MDR phenotype: P-
glycoprotein (P-gp or MDR1), multidrug resistance associated protein-1 (MRP1) and 
breast cancer resistance protein (BCRP or ABCG2). These three transporters can 
recognize a broad spectrum of chemically unrelated antineoplastic agents and promote 
their efflux; therefore, new compounds have been studied to inhibit the transport 
mediated by these proteins. Although ABCG2 is one of the three ABC transporters with 
the highest involvement in MDR, there are still no inhibitors to be forwarded to clinical 
steps of drug development, which makes the identification and characterization of new 
selective inhibitors of this protein very important. In this context, 13 magnolol 
derivatives have been tested for their ability to inhibit the ABCG2 transporter. Two 
compounds, CT_M10 and CT_M15, were capable to inhibit the transport activity, 
showing IC50 values of 22.6 and 9.5 μM, respectively. Both compounds were selective 
toward ABCG2 when tested against P-gp. In addition, both inhibitors showed a very 
low-cytotoxic effect, especially CT_M15 which showed an IG50 value of cytotoxicity 
higher than 100 μM and a therapeutic ratio (TR) (cytotoxicity/inhibition) higher than 10. 
CT_M15 binding has been shown to affect the ATPase activity and thermostability of 
ABCG2, destabilizing the protein structure. This compound was capable to inhibit the 
efflux of different substrates. In addition, CT_M15 showed no effects on mRNA 
expression levels of ABCG2, promoted an increase on the recognition of 5D3 
conformational antibody and performed a mixed type of inhibition. Finally, it was 
identified by molecular docking different binding sites between the substrate 
mitoxantrone and CT_M15. These data demonstrate that CT_M15 is a promising 
selective inhibitor of ABCG2 showing minimal cytotoxicity, an important feature to 
pursue in future preclinical trials. Still looking for alternatives to combat resistance to 
chemotherapy, the present study described a simple and low-cost LED-based device 
for performing photodynamic therapy (PDT) with all construction and programming 
details. As a proof of concept, the equipment was used to promote an increase in the 
sensitization of HeLa cells treated with the photosensitizer verteporfin. The results 
were compared with a commercial LED-based device (LumaCare®) and the observed 
cytotoxic effects were associated with the generation of reactive oxygen species 
(ROS), demonstrating that the device represents a promising alternative for in vitro 
studies of PDT. 

 
 
 
 

Keywords: multidrug resistance (MDR); ABCG2; inhibitors; magnolol; photodynamic 
therapy (PDT). 
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THESIS OVERVIEW 

 

The findings described on this thesis bring new insights about ABCG2 inhibitors 

derived from natural scaffolds and the development of an open-source equipment for 

photodynamic therapy (PDT). This document was conceived as described below: 

 An introduction about the general aspects of multidrug resistance related to 

cancer, including two strategies for overcome MDR that guided the execution of 

this work. 

 Chapter 1 shows the identification and characterization of the magnolol 

derivative named here as CT_M15, as a new selective and noncytotoxic ABCG2 

inhibitor. 

 Chapter 2 describes the in-house development of a simple and low-cost LED-

based photodynamic therapy device designed for in vitro assays. 
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1 INTRODUCTION 
 

Among the most lethal noncommunicable diseases, cancer represents the 

main cause of premature death and, consequently, an important barrier to the increase 

in global life expectancy. According to estimates by the World Health Organization the 

disease was responsible for approximately one in six deaths worldwide, accounting for 

about 10 million deaths only in 2020 [1]. 

Chemotherapy protocols remain the leading therapeutic approach for the 

treatment of neoplastic diseases [2], nonetheless, they present two serious 

aggravating factors: costs and ineffectiveness rates. In Brazil, oncology services 

consumed from public coffers in 2016 the colossal amount of R$ 12.481.315,04, 

exclusively related to medicines offered by the national unified health system, SUS 

BRASIL, M. DA S. (2016). Additionally, post-chemotherapy survival rates are 

discouraging, and this failure is mostly due to the phenomenon of multidrug resistance 

(MDR) related to cancer [4]. 

Neoplastic cells can develop resistance to chemotherapy through several 

biological mechanisms, such as reduced uptake of drugs, activation of detoxifying 

systems, alterations in drug metabolism, apoptosis failure, changes of molecular drug 

targets among others [5–8], but the increase in the efflux of substances mediated by 

transmembrane proteins called ABC transporters stands out as the main cause of MDR 

within the tumor microenvironment [9]. Exporters of a wide variety of substrates in 

eukaryotic cells [10], these proteins play an important physiological role in 

detoxification processes and maintenance of body homeostasis in healthy organisms 

[11–13]; conversely, when overexpressed in the plasma membrane of cancer cells, 

ABC transporters involved in MDR process prevent the intracellular accumulation of 

antineoplastic agents avoiding the drug-induced cell death [14,15]. 

The human genome encodes 48 ABC proteins organized in seven subfamilies 

(ABCA-ABCG) [16,17], among which 3 stand out in terms of their close involvement 

with the MDR phenotype: glycoprotein-P (P-gp/ABCB1 or MDR1), multidrug resistance 

protein 1 (MRP1/ABCC1) and breast cancer resistance protein (BCRP/ABCG2 or 

ABCG2 protein) [18,19]. The first identified ABC transporter related to MDR was P-gp, 

discovered in 1976 and firstly described in a Chinese ovary tissue culture cells resistant 
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to colchicine with cross-resistance to other chemotherapeutics [20,21]. MRP1 was the 

second member of the superfamily of ABC transporters to be identified and related to 

MDR, in 1992 by Cole et al., who reported the existence of a second drug efflux pump, 

similar to the already known P-gp, in a human cell line (NCI-H69 – small-cell lung 

carcinoma) by doxorubicin selection [22]. The most recently discovered ABC 

transporter was identified simultaneously by three different laboratories in 1998: (i) 

Doyle et al. described the protein overexpression utilizing breast cancer cell line (MCF-

7 resistant to adriamycin and verapamil) and named the transporter as Breast Cancer 

Resistance Protein (BCRP) [23]; (ii) Miyake et al. verified ABCG2 overexpression on 

human colon carcinoma cell line (S1-M1-80 resistant to mitoxantrone) and adopted the 

nomenclature Mitoxantrone Resistance (MXR) [24]; (iii) Allikmets et al. stated the same 

phenomenon with human placenta tissue, which led them to name the protein as ATP-

Binding Cassette Placenta (ABCP) [25]. 

The use of inhibitors of the efflux activity exerted by ABC transporters in 

association with chemotherapy protocols is considered the most promising strategy to 

reverse MDR and, for this reason, the last few years have been marked by the massive 

investment of scientific efforts for protein structural elucidation and identification of 

selective inhibitors of these proteins [26–35].  

Some characteristics must be considered during the process of identification, 

design and development of new inhibitors and are crucial for obtaining safe and 

effective compounds: (i) having high affinity for the target transporter, resulting in 

efficacy at low concentrations, (ii) being specific for just one transporter, since the 

simultaneous inhibition of multiple ABC transporters can negatively impact the natural 

process of cellular detoxification and homeostasis of a healthy organism (iii) to not 

perform pharmacokinetic interactions with co-administered chemotherapeutic drugs, 

(iv) to not be transported (recognized as a substrate) by the target protein, and, 

consequently, remain bound to the transporter long enough for performing successful 

inhibition and (v) exhibit low cytotoxicity [36]. 

To date, only P-gp inhibitors have been submitted to clinical tests, however, 

their use has not yet been included in the clinical routine as a consequence of  mostly 

unsatisfactory results emphasizing the need to inhibit other ABC transporters, 

essentially ABCG2 [14,30,37,38]. Thus, the identification of specific inhibitors of the 

ABCG2 transporter with satisfactory levels of safety and efficacy so that they can be 

taken to clinical trials is urgent. 
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It is important to emphasize that ABCG2 has a wide substrate specificity, with 

a relative preference for hydrophobic, flat and polycyclic compounds [39] and, as a 

consequence, a considerable variety of chemotherapeutic agents constitute the list of 

ABCG2 substrates, such as methotrexate, mitoxantrone, inhibitors of topoisomerases 

I or II, such as topotecan and doxorubicin, and SN-38 (irinotecan’s active metabolite). 

This fact contributes to explain several failures observed in the current therapeutic 

regimen applied to cancer [40]. 

As it is the most recently discovered ABC transporter directly related to MDR, 

the process of development of ABCG2 inhibitors is not at such advanced stages as 

glycoprotein-P, but its potential as an adjuvant in pharmacological regimens, especially 

chemotherapy protocols, garnered major efforts to identify specific protein inhibitors 

[14].  

The first ABCG2 inhibitor identified was the fungal toxin fumitremorgin C (FTC), 

that is selective for ABCG2, however it showed undesirable neurotoxic effects, and, for 

this reason, it had its development discontinued. To reduce neurotoxicity, tetracyclic 

analogues of FTC were developed, among which Ko143 deserves to be highlighted for 

having greater potency and lower toxic rates than its precursor. Despite the highlighted 

improvements, Ko143 was not stable in mouse plasma and presented non-specific 

effects when in high concentrations, also inhibiting P-gp and MRP1. Efforts were also 

invested in the development of selective ABCG2 inhibitors that are derived from 

tariquidar, a third generation P-gp inhibitor [35]. 

The last few years have been marked by efforts aimed to identify selective and 

non-toxic ABCG2 inhibitors through the structural modification of already known 

inhibitors. These are series of chemically unrelated compounds - such as flavones [41], 

chromones [42], chalcones [43], indeno[1,2-b]indoles [44], porphyrins [45] and others 

(Fig. 1). Still, following the major focus of the new inhibitors development process 

(chemical changes in the molecular scaffold of already identified inhibitors), groups 

have been focusing on the identification of new ABCG2 inhibitors through virtual 

screening based on ligands of compounds contained in the drug database approved 

by the U.S. FDA [46]. 
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Figure 1 – Chemical structure of ABCG2 inhibitors. All these compounds were described as ABCG2 
inhibitors.  

 

Natural products are a great source of chemical scaffolds for new drugs and 

represent a powerful source for ABCG2 inhibitors [47]. Flavonoids [48], botryllamides 

[49], polyphenols [50] 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. 

The scientific community have been demonstrating an increasing interest in 

the beneficial properties of plant polyphenols. In addition to being widely exploited in 

the pharmaceutical, cosmetic, and food industries [51], several phenolic compounds, 

naturally found in foods that constitute the daily diet of the majority of the population, 

stand out as important preventive agents against degenerative diseases [52].  

Among the most widely researched polyphenols, two compounds have shown 

numerous and increasing research data in recent years: magnolol and its isomer 

honokiol, which have a biphenolic nucleus with two allylic side chains (Fig. 2). These 

are dimeric neolignanes, therefore, and represent the main biologically active 

components of Magnolia spp. (MBE – Magnolia bark extracts) [53]. Naturally, 
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magnolol/honokiol contents in extracts directly depends on plant aspects – such as 

species, geographic origin and part of the plant used – and formulation methods [54]. 

 

 

Figure 2 – Chemical structure of both isomers of magnolol. Magnolol (left) and honokiol (right). 

 

Magnolia officinalis and Magnolia obovata emerge among the numerous 

species of magnolia and are widely used in the ancient practice of traditional Chinese, 

Japanese and Korean medicines. The wide range of medicinal properties of these two 

species corroborates their extended use to modern clinical practices [54]. Historically, 

parts of the tree's root and stem were widely used to combat gastrointestinal disorders, 

anxiety, allergies, and acute pain. Subsequently, important biological activities were 

also related to the plant, such as muscle relaxation in addition to antioxidant, 

antimicrobial, anti-inflammatory and sedative effects [52,55]. 

Magnolol can cross the blood brain barrier with ease [55] and its oral 

bioavailability is approximately 10%. The compound presents tissue (mainly hepatic) 

and enzymatic (intestinal microbiome) metabolization, with a variety of subproducts, 

such as hydrogenated and hydroxylated derivatives, sulfates, and glucuronides. 

Accordingly, the glucuronidation process is common to the metabolism of many other 

dietary polyphenols [56–59].  The substance also has a rapid pattern of renal clearance 

and short and long-term preclinical studies have not identified physiological alterations 

resulting from the administration of magnolol-based preparations [54,59,60]. 

Numerous preclinical studies have verified an antitumoral activity exerted by 

magnolol against different types of cancer, such as lung, prostate, breast, gallbladder, 

colon, skin and liver [61–67]. The molecular mechanisms that confer antitumor activity 

to magnolol correspond to the reduction of cell proliferation, induction of apoptosis, 
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increased generation of reactive oxygen species (ROS), induction of autophagy and 

activation/inactivation of cell signaling [52].  

In vitro and, subsequently, in vivo studies have shown that magnolol has a 

satisfactory safety profile [68,69], contributes to the reduction of tumor growth, induces 

apoptosis and inhibits invasion, migration and metastasis [52,67,70]. Additionally, 

studies suggest that magnolol, honokiol and 4-O-methylhonokiol may be promising 

agents in combating MDR through negative regulation of P-gp (ABCB1) expression 

[71]. More recently, the two isomers were described as promising inhibitors of ABCG2 

function and expression [60]. 

Researchers have been focusing on the determination of synthetic routes - 

with good cost and yield ratios - to obtain magnolol derivatives as well as their 

respective biological characteristics. Some compounds, synthetically obtained from 

chemical replacements and/or insertions carried out in the main structural core of 

magnolol, showed inhibitory activities against tankyrase-2 [72] and yeasts α-

glucosidase enzymes. The latter is also a promising property when considering the 

optimized development of new antidiabetic drugs [73]. 

As for the structure-activity relationship (SAR), infrared spectroscopy and 

theoretical calculations were conducted to verify alterations or preservation of 

characteristics observed in the synthesized derivatives compared to the precursor 

molecule. The introduction of hydroxyl groups ortho to the phenolic OH in magnolol 

structure represents a good strategy for obtaining derivatives with increased 

antioxidant properties. The opposite was observed in the di-methoxylated derivatives 

of magnolol, and no effect was described in derivatives obtained from the insertion of 

both groups, hydroxy and methoxy, in the original structure [74]. Magnolol derivatives 

were identified and characterized as potent and selective ABCG2 inhibitors, and more 

details can be accessed on chapter 1 of this work. 

Considering the challenging scenario presented by MDR related to 

chemotherapy, some other therapeutic approaches have been studied and 

photodynamic therapy (PDT) represents a feasible option for both single and adjuvant 

cancer treatment [75–77]. The antitumor effect is obtained through selective ROS-

mediated cell death as a result of a combination of chemical (photosensitizer 

compounds) and physical (light irradiation) treatment. PDT is also superior to 

conventional methods, including chemotherapy, in terms of costs and undesirable 

side-effects [78,79]. 
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Several studies have been conducted in the past decades since the first report 

describing positive results obtained through the technique was published in 1975 

[75,80]. In vitro and in vivo models employing photosensitizers associated to irradiation 

reported positive outcomes, which encourages regulatory agencies to evaluate the 

clinical use of this category of compounds [81–85]. 

The classical light source for PDT consists of diode laser systems, which 

present a range of drawbacks related to costs and complexity of utilization and 

maintenance [86–88]. Differently, light-emitting-diode (LED) equipment represent an 

advantageous solution not only for costs and complexity but also for performance 

efficiency, which converts this category of machinery to the preference of several 

research groups [89–91]. 

Commercial LED-based PDT devices are still economically unaffordable for 

most research groups around the globe and this fact has encouraged multidisciplinary 

groups to develop prototypes to meet this demand and allow PDT research to continue 

taking place in the antitumoral approaches area [87,92–96]. With the aim of 

contributing to this long journey of development and validation of economical LED-

based PDT equipment, an open source, low cost and in-house-built prototype is 

presented in chapter 2 of this work. 
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RESEARCH OBJECTIVES 

 Study of magnolol derivatives as ABCG2 inhibitors. 
 
- Screening of magnolol derivatives as ABCG2 inhibitors on stably transfected 

cell line; 
- Verify the selectivity of magnolol derivatives on P-gp activity; 
- Determine the IC50 value of ABCG2 inhibition by flow cytometry; 
- Determine the IG50 value by MTT cytotoxicity assay; 
- Verify the transport of magnolol derivatives by ABCG2; 
- Determine the therapeutic ratio and identify the most promising compound; 
- Verify possible effects of magnolol derivatives binding on ABCG2 using 

membrane-based approaches: ATPase activity and thermostability; 
- Verify the ability of magnolol derivatives to inhibit the ABCG2-mediated 

efflux of different substrates; 
- Determine the impact of magnolol derivatives on mRNA expression levels of 

ABCG2; 
- Verify the conformational changes using 5D3 binding assay; 
- Determine the type of inhibition; 
- Verify the interactions between magnolol derivatives and ABCG2 by 

molecular docking. 
 

 In-house development of a LED-based photodynamic therapy device for in vitro 
assays 
 
- Construction of the prototype with unexpensive and commercially available 
material and components; 
- Codding of operational system through free platforms; 
- Create a decision flowchart to support setup and operation of the prototype; 
- Verify the sensitization enhancement of a tumoral cell line through 
photodynamic therapy utilizing a photosensitizer and the prototype as irradiation 
source; 
- Verify the association between photosensitization performed by the prototype 
and ROS generation increase; 
- Compare the results obtained with the prototype and a commercial LED-based 
device. 
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1 INTRODUCTION 
 

Multidrug resistance (MDR) related to cancer has been described as a major 

challenge in oncological therapy [1]. Among several biological mechanisms of MDR, 

the overexpression of ATP-binding cassette (ABC) transporters is considered the 

leading cause of drug resistance development in neoplastic cells [2]. These 

overexpressed ABC transporters increase the efflux of chemotherapeutic drugs, 

decreasing intracellular accumulation to subclinical concentrations, leading the 

protocols to their failure [3]. ABC transporters are described as polyspecific due to their 

ability to export, in eukaryotic cells [4], a wide range of drugs with unrelated chemical 

structures and cellular targets [5]. The human genome codes for 48 ABC proteins [6] 

and among them, three ABC transporters are closely involved with the MDR 

phenotype: glycoprotein-P (P-gp or MDR1), multidrug resistance protein 1 (MRP1) and 

breast cancer resistance protein (BCRP or ABCG2) [7]. 



18 
 

 

The use of ABC transporters inhibitors is the most common strategy to 

overcome MDR. The first identified ABC transporter related to MDR was P-gp [8], 

nevertheless, clinical studies of P-gp inhibitors are still failing to improve the 

chemotherapeutic efficacy of oncological protocols [9–12]. One of the diverse reasons 

for the reported clinical failure is the fact that many drugs transported by P-gp are also 

transported by ABCG2 and other ABC transporters [13]. Since P-gp and ABCG2 are 

both overexpressed in several cancers, and despite recent advances, there are very 

few potent, non-toxic ABCG2 inhibitors available for clinical studies, demonstrating that 

the development of new ABCG2 inhibitors is an urgent necessity. During the last few 

years we have identified certain classes of compounds as potent ABCG2 inhibitors, 

including chromones [14,15], stilbenes [16], chalcones [17], indeno[1,2-b]indoles [18–

20] and porphyrins [21].  

Natural products are a great source of chemical scaffolds for new drugs and 

represent a powerful starting point for ABCG2 inhibitors. Flavonoids [22], botryllamides 

[23], polyphenols [24] are among the natural compounds identified as inhibitors of 

ABCG2 that were latter modified to improve their activity. Among the most widely 

researched polyphenols, two compounds have shown numerous and increasing 

research data in recent years: magnolol and its isomer honokiol, which have a 

biphenolic nucleus with two allylic side chains [25]. 

Numerous preclinical studies have verified an antitumoral activity exerted by 

magnolol against different types of cancer, such as lung, prostate, breast, gallbladder, 

colon, skin and liver [26–32]. In vitro and, subsequently, in vivo studies have shown 

that magnolol has a satisfactory safety profile [33,34], contributes to the reduction of 

tumor growth, induces apoptosis and inhibits invasion, migration and metastasis 

[32,35,36].  

Some magnolol derivatives, synthesized through chemical replacements 

and/or insertions in the main core structure showed inhibitory activities against 

tankyrase-2 [37] and yeasts α-glucosidase enzymes. The latter is also a promising 

property when considering the optimized development of new antidiabetic drugs [38]. 

Additionally, studies suggest that magnolol, honokiol and 4-O-methylhonokiol 

may be promising agents in combating MDR through down-regulation of P-gp (ABCB1) 

expression levels [39]. More recently, the two isomers were described as promising 

inhibitors of ABCG2 activity and down-regulators of expression levels [40]. In this 

study, further structural insights on magnolol main scaffold led us to synthesize new 
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derivatives and the mechanism of ABCG2 inhibition of the most promising compound 

were characterized. 

 

2 MATERIAL AND METHODS 
 

2.1 CHEMICALS 

Magnolol derivatives were synthesized by the research group of Corrado 

Tringali and Vera Muccilli (University of Catania, Italy). The compounds were dissolved 

in DMSO (Sigma-Aldrich®) and the stock solutions stored at -20°C and thawed at the 

time of use.  

 

2.2 CELL LINES AND CULTURES 

The human fibroblast HEK293 cell line was stably transfected with plasmid 

(pcDNA3) coding for human ABCG2 (HEK293-ABCG2) as previously described [41]. 

The murine fibroblast NIH3T3 drug-resistant cell line was stably transfected with 

retroviral vector (MDR1/A-G185) coding for NIH3T3/ABCB1 as previously described 

[42]. Both parental and stably transfected HEK293 and NIH3T3 cell lines were kindly 

provided by Dr. Attilio Di Pietro (IBCP, Lyon, France). All cell lines were cultivated in 

High Glucose modified Dulbecco’s Modified Eagle Medium), supplemented with 10% 

fetal bovine serum (FBS), 1% penicillin/streptomycin and maintained at 37 °C and 5% 

CO2 under controlled humidity. The stably transfected cells were additionally treated 

with either 0.75 mg mL−1 of G418 (HEK293-ABCG2) or 60 ng mL−1 of colchicine 

(NIH3T3-ABCB1). The cells were cultivated until reaching 80-90% of confluence and 

then used for experimentation. 

 

2.3 TRANSPORT ASSAY 

Transport assay was carried out with cells overexpressing the ABC 

transporters: HEK293-ABCG2 and NIH3T3-ABCB1 (P-gp). Cells were seeded at the 

density of 1.5×105 cells/well in 24 well culture plates and incubated for 48 h at 37 °C 

under 5% CO2. Cells were treated with magnolol derivatives at 10 or 50 μM and 

substrate (5 μM of mitoxantrone or rhodamine 123 for ABCG2 and P-gp, respectively). 

Stably transfected cells treated with reference inhibitors Ko143 (0.5 μM) and 

GF120918 (0.5 μM) were used as positive controls of inhibition for ABCG2 and P-gp, 

respectively. Negative control consisted of stably transfected cells exposed only to 
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their respective substrates. Cells in all conditions (negative/positive controls and tested 

conditions) were incubated for 30 min at 37 °C and 5% CO2. After treatment, cells 

were washed with PBS (400 μl), detached with trypsin (50 μl) and resuspended in ice 

cold PBS (300 μl). The intracellular fluorescence was monitored with a FACS Calibur 

cytometer (Becton Dickinson) using Red Laser/FL4 channel for mitoxantrone and Blue 

Laser/FL1 channel and rhodamine 123, with at least 10,000 events collected inside the 

gate (geometrical delimitation of higher density and most homogeneous cells within a 

dot plot). The maximal fluorescence (assumed as 100%) was determined by the 

median value of intracellular accumulation of substrates in stably transfected cells 

incubated with their specific reference inhibitors (or using their respective wild-type cell 

lines). A minimum ratio of 2 between the maximum and minimum fluorescence values 

obtained by the positive and negative inhibition controls, respectively, was necessary 

to validate each experiment. The percentage of transport inhibition was calculated by 

the following equation: 

 

 

 

where “C” corresponds to the intracellular fluorescence of cells in the presence of the 

tested compounds and their specific substrates, “S” corresponds to the intracellular 

fluorescence of cells in the presence of substrate alone, and “I” corresponds to the 

intracellular fluorescence of cells in the presence of both their specific substrates and 

reference inhibitors. The IC50 curves of ABCG2 inhibition were obtained with increasing 

concentrations of magnolol derivatives (0.39 μM–50 μM, 30 minutes of incubation) 

using mitoxantrone as fluorescent substrate.  

 

2.4 CONFOCAL MICROSCOPY 

HEK293-ABCG2 cells were seeded at a density of 1x105 cells/well in 24-well 

culture plates containing coverslips for microscopy and incubated for 48 h at 37 °C 

under 5% CO2. Cells that adhered to the coverslips were treated with 50 μM of inhibitor 

and 1 μM of Hoechst 33342 for 30 min at 37 °C and 5% CO2. After incubation, the 

coverslips were removed from the plate and placed on slides for microscopy. The 

slides were then read in a confocal microscopy Nikon A1R MP + (NIKON, Tokyo, 

Japan) using an oil-immersed 40X objective (with the numerical aperture of 1.15). A 

laser of 405 nm was used for excitation and the fluorescence emission was recorded 
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using a bandpass filter of 425–475 nm. The software Nis Elements 4.20 (NIKON, 

Tokyo, Japan) was used for visualization of the images. 

 

2.5 CELL VIABILITY ASSAY 

Cell viability was evaluated with a 3-(4,5-dimethylthiazol-2-yl)-2,5-

iphenyltetrazolium bromide (MTT) colorimetric assay [43]. HEK293 wild type (WT) and 

HEK293-ABCG2 cells were seeded into 96-well culture plates at 1.5x104 cells/well 

density. After overnight incubation, the cells were treated with various concentrations 

of magnolol derivatives (0.19 – 100 μM) for 72 h at 37 °C under 5% CO2. After the 

treatment, the culture medium was removed and 100 μL of a 0.5 mg. mL−1 of MTT 

solution was added. Cells were then incubated for 4 h at 37 °C under 5% CO2. The 

formazan crystals were dissolved with a solution of DMSO/ethanol (1:1) and the 

absorbance was measured at 570 nm using a Multiscan FC microplate reader (Thermo 

Scientific). The results were expressed as percentage of viable cells versus control 

cells (0.1% DMSO, v/v) taken as 100%. 

 

2.6 mRNA EXPRESSION LEVELS BY qPCR 

Total RNA was obtained of HEK293-ABCG2 cells from cultures with 

approximately 90% of confluence after treatment for 72 h with CT_M15 (50 μM). The 

total RNA isolation was performed using TRIzol (Invitrogen) protocol according to the 

manufacturer’s instructions. A NanoDrop™ Spectophotometer was used to quantify 

RNA concentration and the integrity was evaluated by 1% agarose gel electrophoresis 

and, subsequently, RNA was stored at -80 °C. Two micrograms of total RNA were 

reverse transcribed using High Capacity cDNA Reverse Transcription Kit (Applied 

Biosystems) according to the manufacturer’s instructions, and the resulting cDNA was 

stored at -20 °C. Using cDNAs as the template, quantitative real-time PCR (qPCR) 

was performed using the SYBR Green PCR Master Mix (Applied Biosystems) in a 

7500™ Real-Time PCR Detection System (Applied Biosystems). A dissociation cycle 

was performed after each run to check for non-specific amplification or contamination. 

The mRNA expression levels were normalized using the geNorm 3.4 software, and the 

corresponding housekeeping gene expression levels. Sets of specific primers were 

designed using Primer designing tool - NCBI and validated through BLAST and BLAT, 

and their respective sequences are shown in Table 1. Relative expression levels were 

estimated using the method described by Pfaffl [44]. 
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TABLE 1 - NUCLEOTIDE SEQUENCES OF PRIMERS USED FOR qPCR. 

Gene NCBI reference Sequence Reference 

PPIA NM_021130.5 
F- TAAAGCATACGGGTCCTGGC 

R- TGCCATCCAACCACTCAGTC 
[45–48] 

RPS13 NM_001017.3 
F- CGTCCCCACTTGGTTGAAGT 

R- TGAATCTCTCAGGATTACACCGA 
[46,49] 

HPRT1 NM_000194.3 
F- CAGGGATTTGAATCATGTTTGTGT 

R- ACTCCAGATGTTTCCAAACTCAAC 
[45,50,51] 

ABCG2 NM_001257386.2 
F - ATGGTCTGTTGGTCAATCTCAC 

R – TTATGCTGCAAAGCCGTAAATCC 
This work 

 

2.7 ATPase ASSAY 

The ATPase activity was determined as previously described [52]. High-Five 

insect cell total membranes overexpressing ABCG2 were used at a concentration of 

5 μg protein/tube in a final volume of 100 μL. The membranes were incubated in assay 

buffer with the following composition: 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, 2 mM DTT, 

and 10 mM MgCl2, in the presence or absence of sodium orthovanadate (0.3 mM). The 

protein-buffer mix was treated with the inhibitor at increasing concentrations (0 – 

50 μM) and incubated for 20 min at 37 °C in the presence of ATP (5 mM). The reaction 

was stopped with the addition of 100 μL of 5% SDS, 400 μL of Pi solution (sulfuric acid 

36.2 N, water, ammonium molybdate and antimony potassium tartrate) and 200 μL of 

1% ascorbic acid. 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 cells were seeded at a density of 2×105 cells/well in 24 well 

culture plates and incubated for 48 h at 37 C under 5% CO2. After incubation the cells 

were washed with PBS, detached by trypsin, collected with 300 μL of PBS and 

centrifuged (1000×g for 3 min). The cell pellet was resuspended in 100 μL of PBS 

containing 4 μL of a BSA solution (1 mg/mL). Cells were treated with inhibitor at 50 μM 

for 10 min at 37 C. The 5D3 primary antibody (Purified mouse anti-human CD338, BD 

Pharmigen—1:100) was added and incubated at 37 °C for 30 min. After incubation, 

centrifugation was performed at 1000×g for 3 min and the cell pellet was resuspended 
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in 100 μL of PBS containing the secondary antibody conjugated with phycoerythrin (PE 

Goat anti-mouse IgG, Abcam—1:200) and incubated at 37 °C for 30 min. After 

incubation, centrifugation was performed at 1000×g for 3 min and the pellet 

resuspended in 300 μL of ice-cold PBS. The flow cytometry analysis was performed 

as previously described, with a FACS Calibur cytometer (Becton Dickinson) using the 

blue laser (488 nm) and FL-2 filter. 

 

2.9 THERMOSTABILITY ASSAY 

The thermal stability assay was performed as previously described [53]. Total 

membrane prepared from High Five insect cells overexpressing ABCG2 at were 

incubated (3 μg protein/tube) with assay buffer with the following composition: 50 mM 

Tris–HCl, pH 6.8, 150 mM N-methyl-d-glucamine (NMDG)-Cl, 5 mM sodium azide, 

1 mM ouabain and 2 mM DTT, in the presence or absence of 0.3 mM orthovanadate 

at final volume of 50 μL. To evaluate the effect of CT_M15 over thermal stability, each 

sample was prepared with 12.5 mM MgCl2 or 6.25 mM ATP and incubated with a 

temperature range from 37 to 71 °C for 10 min using a thermocycler C1000 Touch 

(Bio-Rad, Hercules, CA). After incubation, 10 μL of 25 mM ATP or 50 mM MgCl2 (5 

and 10 mM final concentration, respectively) was added and incubated at 37 °C/20 min 

to allow ATP hydrolysis. The reaction was stopped with the addition of 50 μL of Pi 

solution containing 1% ammonium molibdate, 2.5 N H2SO4 and 0.014% potassium-

antimony tartrate. To evaluate the absorbance, the samples were transferred to a 96 

well plate (50 μL/well) and added 150 μL of 0.33% sodium ascorbate solution. The 

absorbance was measured after 15 min of incubation at room temperature using the 

microplate reader Spectramax iD3 (Molecular Devices, San Jose, CA). The sensitive 

activity to vanadate (Vi) was calculated as the difference between the activity in the 

absence of Vi and the activity in the presence of Vi to each temperature. 

 

2.10 MOLECULAR MODELLING 

Molecular docking studies were performed using the ABCG2 structure 

deposited in the Protein Data Bank under the ID code 6VXI. The inhibitors were 

structurally optimized by applying the Mopac 2016 program (MOPAC2016, James J. 

P. Stewart, Stewart Computational Chemistry, Colorado Springs, CO, USA, 

http://OpenMOPAC.net (2016) by using the PM7 method [54]. The structures for 

ABCG2 and inhibitors were prepared for use with AutoDock Vina [55] using AutoDock 
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Tools (v.1.5.6).   For molecular docking, an area of 40 × 40 × 40 Å and coordinates X= 

-0.181, Y= -0.222 and Z= 0.571 was delimited. Two strategies were used: first, docking 

on the apo protein and then docking on the structure containing the mitoxantrone 

molecule, in the position defined by the original file (Cryo-EM). The exhaustiveness 

parameter was set to 75 and a maximum number of 20 binding modes was used. 

Docked models of the inhibitors, binding sites and amino acid interactions were 

visualized with ABCG2 using PYMOL (Molecular Graphics System, Version 1.3, 

Schrödinger, LLC) and Maestro, the latter being used to determine the intermolecular 

interactions between the molecules and the side chains of the transporter. 

 

3 RESULTS 
3.1 IDENTIFICATION OF CT_M15 AS A SELECTIVE AND NONCYTOTOXIC ABCG2 

INHIBITOR 

 

A total of 13 magnolol derivatives (Table 2) were evaluated as potential 

inhibitors of ABCG2 transporter by examining their effect on mitoxantrone ABCG2-

mediated efflux. Stably transfected cells overexpressing ABCG2 (HEK293-ABCG2) 

were incubated with the compounds at concentrations of 10 μM and 50 μM for 30 min. 

The intracellular fluorescence of mitoxantrone was monitored by flow cytometry. One 

magnolol derivative (CT_M10) showed a partial inhibition (~50% of inhibition) at the 

higher concentration tested. Only CT_M15 showed a total inhibition of mitoxantrone 

ABCG2-mediated efflux (Table 2).  

The series of compounds comprehends results of chemical reactions such as 

insertions and replacements of one or two phenolic nucleus as well saturations, 

insertions, and replacements of their side chains. The chemical alterations did not 

follow a pattern on ABCG2 inhibition, since the two best compounds are dramatically 

different: CT_M10 presents two insertions on its biphenolic scaffold (hydroxylation and 

methoxylation) and also bears saturated and esterified aliphatic chains; CT_M15 

presents a very similar structure when compared to its precursor magnolol, admitting 

only one replacement in one phenolic nucleus (methoxylation). 

Additionally, the selectivity toward ABCG2 was evaluated comparing the effect 

of magnolol derivatives on P-gp activity using rhodamine 123 as fluorescent substrate. 

Stably transfected cells overexpressing P-gp (NIH3T3-ABCB1) were used. As shown 

in Table 2, all compounds selectively inhibited ABCG2 activity since they did not show 



25 
 

 

any inhibition of P-gp. These results suggest that magnolol derivatives are a class of 

compounds that exclusively affects the activity of ABCG2 transporter. 

 

TABLE 2 - SCREENING OF MAGNOLOL DERIVATIVES ON ABC TRANSPORTERS (ABCG2 AND P-
GP) 

                                              

OH

OH

* 

Inhibition (% ± SD) 

Compound 
ABCG2 ABCB1 (P-gp) 

10 μM 50 μM 10 μM 50 μM 
OH

OH

OH

 
CT_M1 2.5 ± 3.6 6.9 ± 3.8 -0.3 ± 2.0 -0.3 ± 2.8 

OH

OH

O

O

 
CT_M3 6.1 ± 7.9 12.8 ± 13.2 -0.8 ± 2.0 0.0 ± 2.4 

OH

OH

OH

O

 

CT_M4 0.6 ± 2.0  1.0 ± 0.5 0.4 ± 1.9 -1.0 ± 2.0 

OH

OH

OH

OH

 

CT_M5 0.9 ± 2.7  3.6 ± 2.8 -0.3 ± 2.0 -0.5 ± 1.5 

OH

OH

O

O

O

O

 

CT_M6 10.1 ± 2.7 21.9 ± 3.4 0.0 ± 1.2 -0.1 ± 1.6 

OH

OH OH

OH

O

O

O

O

 

CT_M7 0.1 ± 1.8 2.7 ± 0.5 0.0 ± 2.3 -0.3 ± 1.6 

OH

OH

O

O

O

O

O

O

 

CT_M9 7.0 ± 2.1 21.5 ± 4.7 0.3 ± 0.6 -0.4 ± 1.3 

OH OH

OH

O

O

O

O

O

 

CT_M10 21.8 ± 12.0 53.1 ± 8.5 -0.6 ± 1.4 -0.4 ± 1.6 

OH

O

 

CT_M15 62.0 ± 11.9 105.4 ± 13.8 -0.7 ± 1.2 2.8 ± 3.8 

O

O

 

CT_M16 5.9 ± 10.9 32.8 ± 5.5 -1.1 ± 1.5 -0.5 ± 2.1 
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OHOH

O

 

CT_M19 4.0 ± 4.4 19.5 ± 4.4 1.1 ± 4.6 -1.2 ± 1.8 

 

CT_M20 1.8 ± 1.7 19.5 ± 4.5 0.5 ± 0.9 -6.4 ± 0.3 

OH

O  

CT_M21 1.1 ± 5.4 20.4 ± 1.7 0.2 ± 0.8 2.0 ± 1.9 

*Chemical structure of magnolol, the common scaffold of magnolol derivatives studied in this work. 

HEK293-ABCG2 and NIH3T3-ABCB1 cells were exposed to mitoxantrone (5 μM) and rhodamine 123 
(5 μM) respectively, and magnolol derivatives (10 and 50 μM). Ko143 (0.5 μM) and GF120918 (0,5 μM) 
were used as positive controls, which produce 100% inhibition, for ABCG2 and P-gp, respectively. 
Intracellular accumulation of the fluorescent substrates was monitored by flow cytometry using FL4-H 
(ABCG2) and FL1-H (P-gp) channels. Results were expressed as percent of inhibition related to positive 
controls. The data represents the mean ± SD of, at least, three independent experiments. 

  

OH

OH
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The effect of the two most promising magnolol derivatives on ABCG2 function 

was explored by different approaches. HEK293-ABCG2 cells were submitted to a 

short-term (30 min) treatment using increasing concentrations of CT_M10 and 

CT_M15 to determine the IC50 values (concentration that produce the half-maximal 

inhibition).  CT_M10 and CT_M15 showed IC50 values of ABCG2 inhibition of 22.6 (Fig. 

1A) and 9.8 μM (Fig. 1B), respectively. In addition, these data revealed that CT_M15 

is a total ABCG2 inhibitor, such as the reference inhibitor Ko143 (Fig. 1C).  

 

 

Figure 3. Inhibition curves of magnolol derivatives and histogram overlays. IC50 curves of ABCG2 
inhibition for CT_M10 (A) and CT_M15 (B). Cells HEK293-ABCG2 were exposed to mitoxantrone (5 
μM) and magnolol derivatives (CT_M10 and CT_M15 at 0.039 - 50 μM). Ko143 (0.5 μM) was used as 
positive control (100% inhibition). Results were expressed as percent of inhibition relate to the positive 
control. (C) Histograms of ABCG2 inhibition: CT_M10, CT_M15 and Ko143. 

 

The cytotoxicity profile comparing the effect of drugs in parental cells and cells 

overexpressing the target ABC transporter can provide valuable information about a 

possible ABCG2-mediated cross-resistance or collateral sensitivity [56]. HEK293 wild 

type and HEK293-ABCG2 cells were submitted to a long-term (72 hours) treatment of 

increasing concentrations of CT_M10 and CT_M15 (Fig. 2).  CT_M10 was cytotoxic at 

high concentrations, and the similar cytotoxicity pattern for both cell lines suggests an 

absence of cross-resistance, that means that CT_M10 is not recognized as an ABCG2 

substrate (Fig. 2A). In addition, CT_M15 did not showed a cytotoxic effect even at high 

concentrations (Fig. 2B).  

Considering the two most important parameters for identification of new 

ABCG2 inhibitors, potency of inhibition and intrinsic cell cytotoxicity, the therapeutic 

ratio (TR) values were calculated as the ratio between the IG50 value (concentration 

that reduces 50% of the cell viability) and IC50 value. As shown in figure 2C, CT_M15 

was the best compound, showing a TR almost ten times greater than CT_M10. 
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Together, these data highlights that CT_M15 is the most promising compound from 

this series. Those values are still very low when compared to TR of other ABCG2 

inhibitors, such as the value of 300-400 (IC50 = 0.05-0.1 μM and IG50 = 18-34 μM) in 

the case of Ko143 [57,58]. 

 

 

Figure 4 - Cell viability assay and TR representation. Cytotoxic profile of the two best compounds, 
CT_M10 (A) and CT_M15 (B). HEK 293-ABCG2 and HEK293 wild-type cells were submitted at a long-
term treatment (72 hours) with increasing concentrations of magnolol derivatives (0.19 - 100 μM). (C) 
Inhibition potency and cytotoxicity of the compounds with their respective therapeutic ratios. 

 

3.2 STUDY OF CT_M15 ON ABCG2 USING MEMBRANE-BASED APPROACHES 

 
Substrates and inhibitors of ABCG2 commonly exert opposite effects on its 

ATPase activity, inhibiting and stimulating it, respectively [59,60]. The effect of 

CT_M15 on the ABCG2 ATPase activity was studied using total membranes from High-

Five insect cells overexpressing the ABCG2 transporter.  As shown in Fig. 3A, this 

magnolol derivative triggered a dual effect, stimulating the ABCG2 ATPase activity of 

ABCG2 (~60%) at low concentrations and inhibiting (~30%) at the higher concentration 

(50 μM). This dual behavior concentration-dependent was also described for other 

ABCG2 inhibitors, such as nilotinib [61] and gefitinib [62]. 

Additionally, the effect of CT_M15 on thermostability of the protein was studied 

in membranes of insect cells overexpressing ABCG2. The thermostability of a protein 

is often altered due to conformational changes induced by a ligand [63]. To study the 

binding of CT_M15 on ABCG2 and possible allosteric conformational changes, a 

thermostability assay in the presence and absence of ATP was performed. 

Interestingly, CT_M15 decreased the IT50 values compared to the control (DMSO) (Fig. 
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3B and C), suggesting that the binding of this magnolol derivative destabilize the 

protein structure. 

 

 

Figure 5 - Effects of CT_M15 on ABCG2 ATPase activity and protein thermostability. (A) Effect of 
CT_M15 at increasing concentrations (0.001 – 50 μM) on basal ABCG2 ATPase activity. Thermostability 
assay in the absence (B) and the presence (C) of CT_M15. The data represent mean  SD of three 
independent experiments performed in duplicate.  
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3.3 STUDY OF CT_M15 ON ABCG2 USING CELL-BASED APPROACHES 

 
To additionally characterize the mechanism of inhibition caused by CT_M15, 

the functional inhibition was studied using other substrate of ABCG2. The intracellular 

fluorescence of Hoechst 33342 was analyzed by confocal microscopy. The results 

were compared with the effect caused by the reference inhibitor Ko143. A diffuse 

fluorescent pattern was observed in the absence of inhibitors (Fig. 4A). Whereas, 

similarly to Ko143, CT_M15 promoted an increase in the intracellular levels of Hoechst 

33342 (Fig. 4A), confirming that CT_M15 is not a substrate-specific inhibitor.  

To further explore the mechanism of inhibition, the effect of CT_M15 on mRNA 

ABCG2 expression levels was studied by qPCR. As shown in figure 4B, CT_M15 did 

not significantly affected the transcriptional levels of ABCG2, suggesting that this 

compound is not a ABCG2 modulator, but a functional ABCG2 inhibitor. In addition, 

the effect of CT_M15 on protein conformation was investigated by the 5D3 shift assay. 

This assay consists in the use of the conformational antibody 5D3, which recognizes 

an epitope in the extracellular loop of ABCG2. As shown in Fig. 4C and D, the magnolol 

derivative triggered an increase of 5D3 binding similar to the reference inhibitor Ko143, 

suggesting that CT_M15 interaction causes important conformational changes in the 

extracellular region of the transporter. 

The absence of ABCG2-mediated transport of CT_M15 suggests that this 

magnolol derivative does not share the same binding region or site with ABCG2 

substrates. To pursue this hypothesis, the type of inhibition was investigated using 

increasing concentrations of both mitoxantrone and CT_M15. The data showed an 

increasing of Vmax and Km while inhibitor concentration increased, suggesting a 

mixed type of inhibition, which can be visualized by the Lineweaver-Burk plot (Fig. 4E). 
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Figure 6 - ABCG2 inhibition, mRna expression levels, 5D3 shift assay and type of inhibition. (A) 
Intracellular accumulation of Hoechst 33342 (1 μM) in HEK293-ABCG2 cells by confocal microscopy. 
Ko143 (0.5 μM) was used as control. CT_M15 was tested at 50 μM. Histograms from the conformational 
5D3 antibody shift assay. (B) Impact of CT_M15 on mRNA expression levels. Overlay of untreated 
control and cells treated with Ko143 2 μM (C) and CT_M15 50 μM (D). (E) Lineweaver-Burk plot using 
different concentrations of CT_M15 and mitoxantrone. 

 

3.4 STUDY OF CT_M15 ON ABCG2 USING AN IN SILICO APPROACH 

 
To further understand the binding of CT_M15 on ABCG2 and the mechanism 

of inhibition, a molecular docking study was conducted following two strategies: first, 

using the apo protein in which the substrate was removed, and the second using the 

structure containing the mitoxantrone molecule, in the position obtained by Cryo-EM. 

To compare the binding of CT_M15 on ABCG2, the inactive analogue 

CT_M16, that contains a second methoxy group instead of a hydroxy group was used. 

Docking analysis using the ABCG2 apo structure revealed an overlap of the binding 

site for CT_M15 and CT_M16 (Fig. 5A). A very similar behavior of both molecules was 

observed, both CT_M15 and CT_M16 bound with identical conformations, 

preferentially to the central pocket of drug binding site (drug binding cavity). In addition, 

the docking analysis revealed that both molecules were stabilized through hydrophobic 



32 
 

 

interactions with the F439 residues of the A and B chains (Fig. 5A), as observed for 

mitoxantrone (MTX) alone (Fig. 5C).  

Interestingly, the docking analysis using the ABCG2 structure containing the 

substrate MTX revealed a shift of the CT_M15 and CT_M16 binding sites (Fig. 5B). 

This shift was more evident in the case of CT_M15 when compared with CT_M16. This 

different binding sites in presence of the substrate could explain why CT_M15 inhibit 

the ABCG2 transport activity while CT_16 showed a mild inhibitory effect. In addition, 

no specific intermolecular interactions were identified in the docking of the structure in 

the presence of MTX. Finally, the different binding sites of CT_M15 and MTX supports 

the mixed type of inhibition observed by this inhibitor. 
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Figure 7 - Docking of CT_M15, CT_M16 and mitoxantrone on ABCG2. Binding site of CT_M15 (in 
pink) and CT_M16 (in yellow) on ABCG2 structure (PDB: 6VXI). (A) ABCG2 structure without 
mitoxantrone (MTX) (in blue). (B, D, E and F) ABCG2 structure containing MTX in sequential docking 
analysis. (C) The overlay of A and B images. ABCG2 chains are light gray (A chain) and in dark grey (B 
chain). Amino acid residues that appear in the image are at a maximum of 4Å of distance. 
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4 DISCUSSION 
 

Magnolol core structure and its structural isomer honokiol have been recently 

associated with a down-regulation of ABCG2 expression levels and ABCG2 inhibition 

[40]. Here, we screened 13 new magnolol derivatives to verify their potential as specific 

inhibitors of ABCG2 (Table 2). Unfortunately, the nature and the number of the 

substituents in the magnolol scaffold did not allow us to establish a precise structure 

activity relationship study. The best magnolol derivative was CT_M15, that is very 

similar to the precursor scaffold. The single difference of CT_M15 and the magnolol 

core structure was the replacement of the hydroxy group of magnolol by a methoxy 

group in the CT_M15.  

Interestingly, the replacement of a second hydroxy group by other methoxy 

group in the CT_M16 enormously decreased the inhibition capacity (Table 2). The 

same behavior was observed replacing the two allyl groups (CT_M15) by two propyl 

groups (CT_M21). The insertion of a single hydroxy group (CT_M19 versus CT_M15) 

was enough to abrogate the inhibition effect. These data suggest an “all or nothing” 

logic, where a single chemical change is capable of completely modifying the behavior 

of a given structure. These findings are not commonly observed for other classes of 

ABCG2 inhibitors, such as chalcones [17], stilbenes [16], indeno[1,2-b]indoles [64] and 

chromones [15], where a single substitution shows a mild impact in the potential of 

inhibition.  

In general, the presence of methoxy groups increase the ABCG2 inhibition 

effect [16,17]. We also observed this trend for some magnolol derivatives, once the 

replacement of hydroxy groups by methoxy groups increased the potency of ABCG2 

inhibition: CT_M10 (two methoxy) > CT_M9 (one methoxy and one hydroxy) > CT_M7 

(two hydroxy) (Table 2). 

Between the two compounds that showed more than 50% of ABCG2 inhibition, 

CT_M15 stood out with the lower IC50 value and a non-cytotoxic profile. This promising 

compound showed an IC50 value of 9.5 μM when mitoxantrone was used as substrate. 

In addition, CT_M15 should be considered a complete inhibitor, since produced a 

saturation effect of inhibition at 100%, similarly to the reference inhibitor Ko143 (Fig. 

1C). For ABCG2, many inhibitors are considered as partial inhibitors. Thus, the 

maximal inhibition effect is an important characteristic to be considered during the 

screening of new inhibitors [65]. Other desirable feature in the design of new ABC 
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inhibitors is the selectivity toward one single transporter [66,67]. Selectivity can reduce 

collateral effects due the interference on homeostasis processes and the 

pharmacokinetics of other drugs [68]. All magnolol derivatives were selective toward 

ABCG2 (Table 2), showing no inhibition of P-gp transport activity.  

Magnolol and honokiol have been previously described as substrates of 

ABCG2 [40]. Here, the hypothesis of a transport mediated by ABCG2 was investigated 

by a cell viability assay using the parental and cells overexpressing ABCG2. 

Interestingly, both CT_M10 and CT_M15 were not transported by ABCG2 (Fig. 2A and 

B). Also, CT_M15 showed a very low cytotoxicity even in a long-term experiment 

employing high concentrations (more than 10-fold greater than the IC50 value) (Fig. 

2B). The therapeutic ratio was stablished considering two important characteristics of 

these inhibitors: potency of inhibition (IC50 value) and cytotoxicity (IG50 value). With the 

lower IC50 value and a cytotoxicity estimated as >100 μM, CT_M15 showed a TR at 

least 6-fold higher than CT_M10. The TR observed for CT_M15 was similar to the 

porphyrin 4B, recently described as a new selective ABCG2 inhibitor [21], but very 

lower than the observed for chromone 6g (MBL-II-141), that shows one of the best TR 

(~2000) already described [15]. 

 To better understand the mechanism of inhibition, membrane-based 

approaches were used to evaluate the effect of CT_M15 on ATPase activity and 

thermostability of ABCG2. The efflux of substrates mediated by ABC transporters 

through the cellular membrane depends on binding and hydrolysis of ATP [2] and, in 

general, functional inhibitors (compounds that inhibit the transport activity) also inhibit 

the ATPase activity, such as Ko143, a reference ABCG2 inhibitor [69]. However, 

differently of P-gp, it is not uncommon for ABCG2 that functional inhibitors stimulate 

the ATPase activity, such as stilbenes [16], tetrahydroquinoline/4,5-dihydroisoxazole 

molecular hybrids [70],  indeno[1,2-b]indoles [20], Ulixertinib [71] and Rociletinib [72]. 

Here, we observed a rare and complex effect triggered by CT_M15, a dual behavior: 

stimulation at low concentrations and inhibition at high concentrations (Fig. 3A). 

Despite rare, this effect already was described for nilotinib and gefitinib [61,62]. The 

thermostability assay showed a decrease of protein stability in the presence of 

CT_M15 and ATP, since the IT50 decreased by approximately 10 °C. This result was 

similar to the observed for porphyrin 4B [21] and confirmed structural protein changes 

induced by CT_M15 binding (Fig. 3C).  
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Cell-based approaches were also employed to better understand the inhibition 

mechanism of CT_M15. Confocal microscopy allowed us to verify that this magnolol 

derivative was able to inhibit the ABCG2-mediated efflux of Hoechst 33342, similarly 

to Ko143 (Fig. 4A), and confirming that the ABCG2 inhibition caused by CT_M15 is 

independent of the substrate. To better understand the type of inhibition caused by 

CT_M15, a kinetic experiment was conducted. Using increasing concentrations of the 

inhibitor and mitoxantrone as substrate, CT_M15 showed a mixed type of inhibition 

(Fig. 4E). The same type of inhibition was recently observed for porphyrin 4B [21]. 

Another way to study the interaction of ligands on ABCG2 is by the 5D3 shift assay 

[65]. Generally, the binding of the conformation-sensitive antibody 5D3 on the 

extracellular loop of ABCG2 is increased by inhibitors, and not affected or even 

decreased by substrates [73–75]. CT_M15 showed the same behavior that functional 

inhibitors (Fig. 4C and D), confirming conformational changes due to CT_M15 binding.  

It was found that CT_M15 bound to the region corresponding to site 2 of 

ABCG2, that corresponds to the entry of protein substrates [76], being close to 

important residues for the substrate expulsion movement, such as E446 [77]. In the 

case of CT_M16, the inactive analogue, there was no binding to the inner portion of 

the protein, a situation that could explain the lack of MTX transport inhibition provided 

by this compound. It is possible that the presence of the hydroxyl in CT_M15 and, 

consequently, a possible action as a hydrogen bond donor with other amino acid 

residues of the protein, has a relevant role for the observed inhibition. Although it is not 

possible to exclude the ability of CT_M16 to interact through water-mediated hydrogen 

bonds with its methoxy groups, the stabilization promoted is possibly inferior to that 

present in CT_M15, being insufficient for the molecule to be able to bind firmly to the 

transporter and sterically prevent and constrict the transmembrane helices of the 

central cavity, characteristic of the progression from the catalytic cycle to the substrate 

transport step [78]. 

In summary, the magnolol derivative CT_M15 is a promising complete ABCG2 

inhibitor, that differently of the magnolol core structure does not affect the expression 

levels and is not transported by ABCG2 [40]. CT_M15 is selective toward ABCG2 and 

trigger allosteric effects, binding in a different site that substrates. Finally, the absence 

of cytotoxicity observed for CT_M15 become this inhibitor attractive for future pre-

clinical studies. 
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1 INTRODUCTION 
 

Among the most lethal noncommunicable diseases, cancer represents a 

global leading cause of premature death, accounting for nearly 10 million deaths in 

2020, representing about one in six deaths worldwide[1]. Additionally, the multidrug 

resistance (MDR) phenomenon represents a tremendous public health threat as 

approved chemotherapeutic protocols fail to reach remission stages for that clinical 

condition[2]. Cancer cells can develop resistance to chemotherapy through several 

mechanisms; however, the overexpression of some ATP-binding cassette (ABC) 

transporters—ATP-dependent efflux pumps—is considered the main cause of MDR 
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development within a tumor microenvironment[3]. In addition to MDR, other cancer 

complications such as recurrence and metastasis reinforce the urgent demand to 

develop and improve therapeutic approaches to overcome this oncological challenge. 

 

The curative utilization of light has been practiced for centuries[4], and PDT 

represents a clinically approved therapeutic approach for solid tumors. PDT combines 

the administration of a photosensitizer (PS) followed by light irradiation to generate 

ROS to exert selective cytotoxicity in tumor cells. This therapeutic approach is superior 

to conventional methods, including surgery, radiation, and chemotherapy[5]. It is a 

minimally invasive technique showing lower cytotoxicity in connective tissues[6]; the 

light application and PS accumulation directly in the tumor or its microenvironment 

ensure precise targeting and, consequently, minor undesirable systemic side effects[7] 

and possibility of repeated treatment at the same site. Moreover, the cost is lower than 

that of other approaches. Owing to its promising features, PDT can be considered an 

appropriate option for both single, especially in the case of inoperable tumors, or 

adjuvant cancer treatment[7] and represents an alternative for MDR related to 

chemotherapy[8,9]. 

 

The first report showing a high objective response rate using PDT was 

described in 1975 in mouse and rat model[10]. Since then, studies have been 

conducted using PDT with positive outcomes[7] both in vivo and in vitro with human 

tumor cell lines in 2D cell culture[11,12]. Considering the broad applicability of clinically 

approved PS, regardless of their specific accumulation pathways and wavelength 

ranges of absorption peaks, the general process is as follows: (i) PS uptake, (ii) 

peaking of PS concentration at the tumor or its microenvironment, (iii) light application, 

(iv) PS-light interaction, (v) transfer of PS excited-state energy to either tissue substrate 

or surrounding oxygen molecules, (vi) ROS production involving singlet oxygen or 

superoxide anion, (vii) tumor cells death via, essentially, necrosis or apoptosis (direct 

death), autophagy (cytoprotective mechanism), tissue ischemia (vascular damage), 

immune modulation, or an overlap of these mechanisms[7]. In this final stage, the 

activation of a specific cell death pathway depends on many factors such as cell 

characteristics, experimental design and, most importantly, PS intracellular localization 

and PDT-related targeted damage[13]. 
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Verteporfin is a second-generation PS approved by regulatory agencies for 

clinical use in Norway and China to treat age-related macular degeneration[7]. After 

dose delivery, this prodrug was reported to partially accumulate in mitochondria[14] 

and induce cellular protein tyrosine phosphorylation and DNA fragmentation, leading 

to tumor cell apoptosis[15,16]. After 24 h incubation for verteporfin internalization, a 

PDT protocol using 690 nm wavelength setup is recommended to achieve effective 

levels of electromagnetic radiation transfer to adjacent molecules[7,17]. 

 

Regarding the light source for PDT, the classical diode laser systems are 

usually expensive, technically complicated, oversized, and thus unportable[18,19]. As 

a consequence of its single-wavelength profile, which can also be observed in LED-

based PDT equipment, the demand for independent units for each photosensitizer 

application makes the utilization of diode laser systems even more complex and 

economically unfeasible[20,21]. Therefore, the utilization of LED machinery is 

considered the most promising alternative to solve not only costs[22] and maintenance 

issues but also to provide high power output and less harmful[23] and wider illuminating 

capability[24–27]. 

 

Despite the potential contribution that LED-based equipment can offer to PDT 

experiments[28], most commercial options still possess drawbacks such as lack of 

portability, high cost, and complex construction projects and operation[29]. The main 

objective of this work was to offer a simple and reliable tool for in vitro PDT assays. 

This paper describes PhotoACT, an in-house-built LED-based PDT device, which is 

inexpensive, user-friendly, and portable. As a proof of concept, this device is shown to 

enhance cytotoxicity of verteporfin in a 2D cell culture model and, therefore, can be 

used as a research tool in PDT experiments.  

 

2 PROTOCOL 
NOTE: See the Table of Materials for details related to all materials, reagents, 

and software used in this protocol.  

 

2.1 DEVICE CONSTRUCTION 

1. Saw 3 mm thickness medium-density fiberboards (MDF) to obtain pieces 

with dimensions shown in Figure 1A. 
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NOTE: Use the vector file (Supplemental File 1) for CNC cutting. 

 

2. Build two boxes with the following dimensions (length x width x height 

(mm)): 330 x 235 x 225 and 300 x 220 x 150 for the bigger and smaller 

boxes, respectively (Figure 1B). 

 

3. Drill the back of the bigger box to install a barrel jack connector. Drill the 

top of the bigger box, the top and bottom of the smaller box to provide a 

passage for electric cables (Figure 1C). 

 

4. Paint all the internal surfaces with black ink to promote homogeneous light 

incidence (Figure 1D). 

 

5. Attach, in parallel, three LED tapes with 10 LEDs each at the upper interior 

surface of the smaller box (Figure 1E). 

 

6. Install a brightness sensor at the center of the bottom interior surface of the 

smaller box (Figure 1F).  

 

7. Print the structure of the control unit (Figure 1G) using the 3D printing file 

(Supplemental File 2). 

 

8. Install all the components (power button, potentiometers, time/start 

touchpad, LEDs, brightness sensor, LCD, buzzer, and power supply) at the 

ports of an ESP32 control board mounted at the control unit interior (Figure 
2). 

 

9. Upload the programming code (Supplemental Files 3 - 5) and run a test 

to check that all connections are working (Figure 1H). 

 

10. Assemble the boxes and fix them together to avoid gaps and, 

consequently, external light interference and emitted light loss. Attach the 
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mounted control unit to the drilled area at the top of the prototype (Figure 
1I). 

 

11. Fix a front door of the same material and 330 x 225 (length x width (mm)) 

dimensions on the bigger box with two small hinges. Install a handle to 

manipulate the front door of the equipment. Also, attach velcro tapes 

sideways to the bigger box to reinforce the prototype closure (Figure 1J). 

 

12. Attach four rubber foot pads at the bottom of the prototype to ensure more 

stability during the operations (Figure 1K). 

 

2.2 CELL LINES: CULTIVATION, SEEDING, AND TREATMENT 

2.2.1 Chemicals 

1. Dissolve the porphyrin in dimethyl sulfoxide (DMSO) to achieve a 

concentration of 100 mM. 

 

CAUTION: DMSO must be manipulated carefully (handling with the use of 

personal protective equipment and in a ventilated area). Manipulate both stock and 

diluted solutions carefully to avoid excessive light exposure. 

 

2.2.2 Cell lines 

1. Cultivate the HeLa cell line in Dulbecco's Modified Eagle's Medium 

(DMEM) low-glucose medium supplemented with 10% fetal bovine serum 

and 1% gentamicin. 

2. Keep the culture flasks in a 5% CO2 cell culture incubator at 37 °C. 

3. Manage and inspect the cells until they reach 80%-90% confluence. 

 

2.2.3 Seeding process 

1. Remove the culture medium from the flask. 

2. Wash the cell monolayer with PBS. 

3. Detach the confluent cell culture with trypsin-EDTA (0.5%) 1x for 5 min at 

37 °C. Stop the action of trypsin by resuspending the cells with culture 

medium supplemented with 10% fetal bovine serum and 1% gentamicin. 
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4. Count the resuspended cells with a hemocytometer and seed them into a 

96-well plate at 2.0 × 104 cells/well. 

5. Prepare two plates for dark and light conditions. 

6. Incubate the plates for 24 h for cell attachment. 

 

2.2.4 Treatment process 

1. Remove the medium from both 96-well plates. 

2. Treat the cells with 100 μL of increasing concentrations of verteporfin 

(0.045 to 24 μM, serial dilution). 

3. Incubate the cells with drug treatment for 24 h to allow verteporfin 

internalization. 

4. After 24 h, discard the medium containing the drug, wash the monolayer of 

cells with PBS (100 μL), and add drug-free medium (100 μL). 

5. Cover one microplate with aluminum foil to protect it from light exposure 

and incubate it for 24 h. This plate will provide control data for PDT results 

(dark condition). The other microplate will be utilized on the light exposure 

condition in the device. 

 

2.3 DEVICE OPERATION 

 

1. Plug the PDT device into the electrical outlet and turn it on by pressing the 

power button. 

2. Place the other microplate (light condition) into the PDT device and close 

the equipment by fastening the front door with the velcro tapes. 

3. Use the potentiometers to adjust the RGB configuration (a RGB 255, 255, 

255 experiment here) and set the color of light emission. 

 

NOTE: Each RGB combination has a specific emission spectrum, which must 

be adjusted for experiments with different photosensitizers and, consequently, different 

absorbance curves. 

 

4. Press the (+)/(-) touchpad to adjust the time configuration (a 60 min 

experiment here) and set the duration of the assay. 
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NOTE: The time configuration, in association with the irradiance value, will 

determine the fluence of the process-the light dose applied in the assay. 

 

5. Check the setup information at the display. 

6. Press the Start button to initiate the assay. Ensure that a one-beep buzzer 

is heard at the beginning of the assay. 

7. In t’’he course of the experiment, observe real-time information on the 

display, such as irradiance and time left. 

8. Do not open the front door or change any configuration during the PDT 

assay. 

9. At the end of the assay, wait for a four-beep buzzer and for the electronic 

system to turn all the LEDs off. Observe a Finished message and the final 

amount of energy expended-fluence-during the experiment in the display. 

 

NOTE: The fluence final value is calculated using equation (1): 

 

 
 

Where F equals to J/cm2 and I equals to mW/cm2 or mJ/s·cm2. The irradiance 

value considers the potency of the LEDs (emitting source) and the uniformly irradiated 

area of the dark chamber (660 cm2) (equation [2]): 

 

 
 

The theorical irradiance value is shown on the device display throughout the 

entire PDT assay. At the end of the operation, use equation (3) to calculate the fluence: 

Fluence (F) = irradiance (I, constant value) × operation time (s) (3) 

 

2.4 CELL VIABILITY ASSAY 

 

1. After the PDT assay, cover the microplate that was exposed to light and 

incubate for 24 h. 
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2. After the incubation period, remove the culture medium from both plates, 

wash the monolayer of cells with PBS (100 μL), and add MTT solution (0.5 

mg/ml, 100 μL). Incubate both plates-dark and light conditions-for 4 h to 

allow formazan crystal formation. 

3. Remove the MTT solution carefully and dissolve the purple crystals with a 

DMSO/ethanol (1:1) solution. 

4. After complete dissolution of the crystals, carry out the absorbance 

measurement using a microplate reader at 595 nm. 

NOTE: The device can be used in other important experiments such as ROS-

mediated cell death triggered by photosensitizers after light exposure by flow 

cytometry[30]. 

 

3 REPRESENTATIVE RESULTS 
The final PDT device, named the PhotoACT, included a dark chamber to 

allocate up to four multiwell microplates, with its upper interior surface equipped with a 

set of scattered LEDs programmed to emit distinct spectrums of visible light (Figure 3 
and Supplemental File 6). The device was built using two associated boxes: an 

internal box designed as a dark chamber for the PDT assays, and an external box to 

cover the internal chamber and hold the control unit (Figure 1B). The internal box was 

painted black (Figure 1D) and composed of a tape model of LED RGB WS2812 (or 

WS281B) with 30 LEDs and of 1 m length (which was later cut into three pieces) and 

9 watts, which holds a built-in processor. This apparatus allowed a more controlled 

utilization and, consequently, more accurate color emission. The 30 LEDs were equally 

distributed over the entire upper interior surface of the PDT chamber by three parallel 

tapes with 10 LEDs each (Figure 1E). A homogeneous light incidence was established 

due to the low reflectivity of the black interior surfaces and the uniform distribution of 

LED configuration. A TSL2561 brightness sensor was also incorporated in the bottom 

center of the internal box to indicate the light incidence and serve as a quality control 

tool, guaranteeing irradiation uniformity inside the dark chamber (Supplemental Table 
S1) and monitoring the power of the LED system, which is known to have a certain 

number of hours of useful life (Figure 1F). The external box is a structure that covers 

the internal box, composed of six MDF parts, painted gray, and laser-cut for a perfect 

fit (Figures 1A, B). The control unit was designed using online software[31], 3D printed 

with polylactic acid as a single part using a 3D printer and painted gray. It holds all the 
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electronics components, including display, potentiometers, buttons, and a buzzer 

(Figure 1I and Figure 2). 

To enable independent light incidence adjustments, the ESP32 controller 

board was selected to integrate the control unit (Figure 2). This configuration should 

allow a USB interface for programming, bluetooth, Wi-Fi, dual core processor, 

numerous ports, and the ability to communicate with I2C, a serial peripheral interface 

(SPI), and other interfaces. To operate the system, a program was written in C 

language through an integrated development environment (IDE). The code 

structure[32] is based on FreeRTOS, a free, real-time operational system supported 

by ESP32 controller board. The referred logic allows independent applications 

programming, which can be processed by ESP32 in echeloned or parallel approaches, 

making the project and its maintenance, improvement, and update processes much 

more versatile and secure.  

The interface between the machine and the operator is user-friendly and 

consisted of a liquid crystal display (LCD), potentiometers, buttons, and a buzzer 

(Figure 3 and Supplemental File 6). The small, 16 mm x 2 mm (columns versus lines) 

LCD had a built-in HD44780 controller with inter-integrated circuit (I2C) communication 

protocol, which confers ease of installation and transmission versatility, respectively. 

The preliminary setup includes RGB and time adjustments by the operator. The light 

magnitude and color configuration can be adjusted using the potentiometers, which 

modify the intensity (0 to 255) of the three basic color components: RGB. These 

adjustments can result in several color compositions addressed in the international 

RGB colors table[33]. Each RGB composition owns a specific wavelength, which must 

be adjusted according to the PS used in the PDT experiment; the absorbance curve of 

the PS and the wavelength of the irradiation must be overlapped for the photoactivation 

to occur satisfactorily (Supplemental Figure S1). Along the process, the operation 

status with time left and light incidence information can be accessed on the LCD.  

At the end of the programmed time, the electronics system turned all the LEDs 

off, emitted an audible warning, and showed on the display the total amount of energy 

per area (J/cm²), which was calculated by multiplying the constant value of irradiance 

by the operation time in seconds. This digital model presented a broad range of 

detection levels (limits between 0.1 and 40,000+ lux), an I2C interface, and a low 

intensity of electric current (0.5 mA and 15 μA in operation and standby status, 

respectively). 
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As a proof of concept, the device was used to enhance the cytotoxic effect of 

verteporfin in 2D HeLa cell culture after light exposure of 1 h (49.1  0.6 J/cm2). As 

shown in Figure 4A, the GI50 value was 3.1 M for the light condition and 13.8 M for 

the dark condition. Thus, the shift of 4.4-fold comparing the conditions validated the 

use of verteporfin as a PS and the applicability of PhotoACT to PDT assays. To validate 

the use of the prototype described in this work, a commercial PDT device was used 

under the same experimental conditions, including PS, cells, and fluence, and the 

results compared. As shown in Figure 4B, both devices photoactivated verteporfin 

equally, enhancing the cytotoxic effect. These results confirmed the applicability of this 

in house-built PDT device (Figure 4A,B). Finally, the ROS-mediated cell death 

triggered by verteporfin after light exposure was confirmed by flow cytometry using 

DCFDA assay (Figure 4C,D).  
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4 FIGURE AND TABLE LEGENDS:  
 

 

Figure 1 - PhotoAct construction and assembly instructions. Detailed illustration of the construction, 
drilling, painting, mounting, and accessorizing components into the device. The panel shows a step-by-
step guide to build the device. 
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Figure 2 - The control unit construction and electronic installation instructions. Zoomed-in view 
drawing of exploded control unit and detailed scheme of electronic connections at ESP32 controller 
board ports with connections and components used in the prototype. 
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Figure 3 - Photoact representation. Assembly drawing of the final product design with bill of materials, 
labelling balloons, and detailed view of the upper interior LEDs. The figure allows to identify parts and 
components of the prototype. 
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Figure 4 - In vitro phototoxicity of verteporfin and ROS generation (A,B). Cell viability assay 
performed using the MTT method: the assays were conducted to evaluate the cytotoxic profile of the 
photosensitizer verteporfin at different concentrations. HeLa cells were treated for 24 h with different 
concentrations of verteporfin (0.045-24 μM), exposed to light (PhotoACT (A) or commercial PDT 
equipment (B)) or dark conditions, and then subjected to the MTT assay. Both conditions showed a 
decreased cell viability at higher concentrations of verteporfin, but the light exposure-obtained from PDT 
assays-enhanced the cytotoxic profile of the PS, which implies that PDT enhances the cytotoxicity of 
verteporfin. The viability curves were fitted using GraphPad Prism 6 software. (C,D) HeLa cells were 
treated for 24 h with low and high concentrations of verteporfin (0.187 μM and 6 μM) and then exposed 
to light (PhotoACT) or dark conditions. Intracellular ROS levels were measured after irradiation by flow 
cytometry using DCFDA probe (incubation for 30 min at 1 μM). A right shift among the histograms 
implied higher fluorescence intensity because of a higher intracellular accumulation of DCF, and thus, 
greater ROS levels. The results showed no relevant difference in ROS levels in the dark condition (C) 
but showed a dose-response increase in ROS levels after verteporfin photoactivation (D). Abbreviations: 
ROS = reactive oxygen species; DCF = 2',7'-dichlorofluorescein; DCFDA = 2',7'-
dichlorohydrofluorescein diacetate. 
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Figure 5 - The device's decision flowchart: preliminary setup and operation troubleshooting. 
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5 DISCUSSION 
 

The final PhotoACT device was convenient to construct with commercially 

available, low-cost components at a total cost of less than $50. Additional advantages 

include low maintenance demands, capacity to irradiate multiple types of culture 

plates, the simultaneous use of up to 4 units per assay, weight (2 kg)/size (44 cm3) that 

allow portability, accurate and reproducible irradiation (data not shown), and a user-

friendly and simple setup interface that does not require connection to computers or 

other machines.  

Certain critical steps of both construction and operation protocols gave rise to 

improvement opportunities during project conception. As a PDT chamber requires 

homogeneous light emission and consistent energy measurement, the internal and 

external boxes were sealed to avoid both exterior light interference and emitted light 

loss. Additional velcro tapes were fixed, sideways, on the frontal door to reinforce the 

chamber closure and ensure uninterrupted experiments. A representative LED was 

installed at the control unit to certify the required RGB configuration, indicating the color 

and intensity of the emitted light during the assay. Finally, the programming code 

underwent several upgrades to refine instant density measurements and final amounts 

of energy evaluations, endorsing reproducibility and mathematical consistency. Some 

other major details that require extra attention include: (i) homogeneous distribution of 

LEDs and central positioning of the brightness sensor to obtain representative and 

balanced results, (ii) installation of all components according to the electronic diagram 

(Figure 2) and programming code (Supplemental Files 3 - 5) to ensure correct 

operation, and (iii) the setup (keeping the same RGB and time configuration) before 

running an experiment to ensure consistent replicates with reliable results. Although 

the RGB system provides multiple visible color compositions with specific wavelengths, 

non-visible light experiments would require specific protocol upgrades. A decision 

flowchart is presented in Figure 5 to provide a systematic problem-solving approach 

to find and correct problems or errors during the operation. 

Designed to meet the demands of in vitro experimentation with validated 

results obtained with therapeutic activation of verteporfin to induce cytotoxicity in 2D 

HeLa cells (Figure 4), the PhotoACT can be recommended for universities, schools, 

industries, and other research centers. This device should extend the benefits of PDT 
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to scientific research exploring the mechanism of action of photosensitizers and their 

clinical applications. 
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THESIS CONCLUSION 
 

One of the goals of this thesis was the identification of new inhibitors of ABCG2 

based on magnolol scaffold. Among a set of magnolol derivatives, CT_M15 was the 

most promising, since completely and selectively inhibited ABCG2 activity. This 

compound was not transported by ABCG2 and positively showed minimal cytotoxicity. 

These results can guide in vivo experiments and the synthesis of a new generation of 

magnolol derivatives for improve some features, as the therapeutic ratio.  

Other goal was the development of a simple, unexpensive and reproducible 

LED-based PDT device to conduct in vitro assays. The vast majority of Brazilian 

scientific production is generated by public universities, which operate with minimal 

governmental resources. The recent scientific movement of data sharing (open source) 

allows several minimally funded research groups to continue their research. 

Considering the importance of photodynamic therapy for MDR related to cancer 

studies and the fact that the equipment used to perform photodynamic therapy is 

known to be complex and expensive, our goal was to offer a solution for research 

groups that wish to pursue this important thematic area of science.  
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SUPPLEMENTARY DATA 
 

CHAPTER 02 – AN IN-HOUSE-BUILT AND LIGHT-EMITTING-DIODE-BASED 
PHOTODYNAMIC THERAPY DEVICE FOR ENHANCING VERTEPORFIN 
CYTOTOXICITY IN A 2D CELL CULTURE MODEL 

 

 

Supplemental Figure S1 - Overlap between the absorbance curve of verteporfin and the LED 
emission spectrum of the device. Absorption spectrum of verteporfin with its specific absorbance 
peaks (x,y') and LED emission spectrum of RGB 255, 255, 255-white color (3,700K-5,000K CCT) utilized 
to photoactivate the photosensitizer (x,y''). The overlap between the different absorbance peaks of 
verteporfin and the white irradiating light corroborates the photoactivation of the photosensitizer, which 
was also confirmed by the biological results. 
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SUPPLEMENTAL TABLE S1 - IRRADIATION UNIFORMITY TESTS 

IRRADIATION UNIFORMITY TESTS 
Configuration: RGB 255, 255, 255  Time: 5 min 

POSITION OF THE BRIGHTNESS SENSOR INSTANT LUMINOSITY (lumen) 
Bottom Right 23.79 
Bottom Left 24.65 

Center 24.04 
Upper Left 25.44 

Upper Right 23.88 
MEAN ± SD 24.36 ± 0.69 

Instant luminosity (lumen) measured by the brightness sensor at different points of the irradiated area. 
The presented results show no expressive variation, which attest the uniform irradiation of the device. 

 
 


