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Célia M. Antunes
Ana Cristina Rodrigues Costa

Basel • Beijing • Wuhan • Barcelona • Belgrade • Novi Sad • Cluj • Manchester



Guest Editors

Manuel Aureliano

FCT

University of Algarve

Faro

Portugal

M. Leonor Cancela

FMCB

University of Algarve

Faro

Portugal
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José Bragança, Sónia Figueiredo, Carla Alexandra Rego, Filomena dos Reis Conceição and
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Development (ESDH), University of Évora (UÉvora), Portugal, teaching Biochemistry and Toxicology.

She has been the Director of the Department of Medical and Health Sciences since 2023. She was a

member of the Course Committee of Biochemistry BSc between 2013 and 2021 (and Director between

2015 and 2017) and of the Master’s in Biochemistry (2017–present).

ARC graduated in Biochemistry from the Faculty of Sciences of the University of Lisbon

and completed her PhD in Biochemistry at the University of Évora. ARC is a Researcher
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Preface

The XXI SPB National Congress of Biochemistry 2021 was held at the University of Évora in

Portugal on 14–16 October 2021. Under challenging conditions, due to the COVID-19 pandemic, we

managed to organize the National Congress of Biochemistry in a hybrid format, where at least 2/3 of

participants came to Évora in person. With the pandemic under control, we carried out the Congress

both successfully and safely.

This is the main meeting point for the Portuguese Biochemistry Society (SPB), fostering the

discussion and dissemination of high-quality research in biochemistry, both fundamental and

applied, taking place in Portugal. The scientific program under the message “Tuning Biochemistry

with Life Sciences and Society” covers a broad range of boundaries from molecular mechanisms of

diseases to drug discovery, as well as innovative biochemistry projects. Science and innovation was

promoted through dialogue, sharing, and healthy confraternization.

Under the scope of the Special Issue on the XXI SPB National Congress of Biochemistry, this

e-book shares six reviews, three papers, and one communication. Note that four of these contributions

were chosen for the cover of BioChem issues. Until now (March 27, 2025), these 10 contributions have

garnered a total of 60 citations and 39415 views, indicating an average of 6 citations and 3942 views

per publication.

We hope that the present reprint will be used to preserve the memory of future generations of

students, researchers, and professors. We also hope that we all find this reprint valuable to our own

research work. We would like to thank the Editorial team and reviewers as well as Managing Editor

Dr. Nemo Guan for their priceless support and help during the editing process.

Manuel Aureliano, M. Leonor Cancela, Célia M. Antunes, and Ana Cristina Rodrigues Costa

Guest Editors
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Review

The Future Is Bright for Polyoxometalates
Manuel Aureliano 1,2

1 Faculdade de Ciências e Tecnologia (FCT), DCBB, Universidade do Algarve, 8005-139 Faro, Portugal;
maalves@ualg.pt

2 Centro de Ciências do Mar (CCMar), Universidade do Algarve, 8005-139 Faro, Portugal

Abstract: Polyoxometalates (POMs) are clusters of units of oxoanions of transition metals, such as
Mo, W, V and Nb, that can be formed upon acidification of neutral solutions. Once formed, some
POMs have shown to persist in solution, even in the neutral and basic pH range. These inorganic
clusters, amenable of a variety of structures, have been studied in environmental, chemical, and
industrial fields, having applications in catalysis and macromolecular crystallography, as well as
applications in biomedicine, such as cancer, bacterial and viral infections, among others. Herein, we
connect recent POMs environmental applications in the decomposition of emergent pollutants with
POMs’ biomedical activities and effects against cancer, bacteria, and viruses. With recent insights in
POMs being pure, organic/inorganic hybrid materials, POM-based ionic liquid crystals and POM-ILs,
and their applications in emergent pollutants degradation, including microplastics, are referred. It is
perceived that the majority of the POMs studies against cancer, bacteria, and viruses were performed
in the last ten years. POMs’ biological effects include apoptosis, cell cycle arrest, interference with the
ions transport system, inhibition of mRNA synthesis, cell morphology changes, formation of reaction
oxygen species, inhibition of virus binding to the host cell, and interaction with virus protein cages,
among others. We additionally refer to POMs’ interactions with various proteins, including P-type
ATPases, aquoporins, cinases, phosphatases, among others. Finally, POMs’ stability and speciation at
physiological conditions are addressed.

Keywords: polyoxometalates; decavanadate; emergent pollutants; cancer; bacterial resistance;
virus infection

1. Introduction

Polyoxometalates (POMs) represent a broad class of anionic inorganic clusters of
oxoanions of transition metals, such as Mo, W, V, and Nb, with versatile structures resulting
in a variety of chemical and physical properties (Figure 1). POM structures can also include
other elements, such as P or As, or one of the major metal oxoanions missing and/or
substituted by other metals, such as Co or Mn. These inorganic clusters have applications in
environmental, chemical, and industrial fields, and are well-known, particularly in catalysis,
prevention of corrosion, and macromolecular crystallography, among others [1–6]. The
majority of the studies describing POMs’ effects in bacteria, viruses, and tumor proliferation,
as well as potential drugs for the treatment of several diseases, such as diabetes and
Alzheimer’s, have been published in the last ten years [1,2,7–18].

Prominent emerging pollutants (EPs) include, for example, antibiotics, antifungals,
antidepressants, synthetic hormones, cosmetics, and plastics. Contamination of the envi-
ronment with those, as well other EP residues, can develop bacteria resistance, itself also
an emerging and growing phenomenon worldwide in the 21st century [19–21]. In fact,
the resistance of bacteria to antibiotics agents, together with growing cancer incidence all
around the world, represent health concerns with increasing relevance. Furthermore, the
actual pandemic situation begs for new drugs in the fight against coronavirus, SARS-CoV-2
infection. POMs have been selected [22–24] and followed by an increasing number of
researchers as alternative antivirus, antibacterial, and antitumor substances with promising

BioChem 2022, 2, 8–26. https://doi.org/10.3390/biochem2010002 https://www.mdpi.com/journal/biochem1
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results [1,2,7–18]. In sum, the application of polyoxometalates in the environment and in
biomedicine represents two branches of science with rapid growth. Herein, we summarize
the reports on the environmental applications of POMs on the eradication of emergent
pollutants, and highlight important 21st century studies of POMs’ effects and/or targets
against cancer, bacteria, and viruses.
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Figure 1. POM-type structures. (A) Wells–Dawson (P2W18); (B) mono-lacunary Wells–Dawson 
(P2W17); (C) tri-lacunary Wells–Dawson (P2W15); (D) hexa-lacunary Wells–Dawson (P2W12); (E) 
Preyssler (P5W30); (F) mono-lacunary Keggin (MnV11); (G) isopolyoxometalate (V10). Color code (A–
F): {WO6}, reddish; P, yellow; Na, red; (F) {VO6}, reddish; Mn, light yellow; (G) {VO6}, orange. 
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21st century, POMs have gained attention as efficient adsorbents and/or green catalysts, 
and have been used in the development of multifunctional POM materials that could, 
and can, solve environmental problems, such as water pollution [25–27]. Thus, POMs 
have been chosen as agents against emergent pollutants. In fact, about 10% (about 1100) 
of the total of the articles published within the word “polyoxometalate” (POM) (11,000) 

Figure 1. POM-type structures. (A) Wells–Dawson (P2W18); (B) mono-lacunary Wells–Dawson
(P2W17); (C) tri-lacunary Wells–Dawson (P2W15); (D) hexa-lacunary Wells–Dawson (P2W12);
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code (A–F): {WO6}, reddish; P, yellow; Na, red; (F) {VO6}, reddish; Mn, light yellow; (G) {VO6}, orange.

2. Polyoxometalates against Emerging Health Pollutants

The behavior of humanity has a major impact on the release of organic and/or inor-
ganic pollutants into the environment, and has a profound effect on our lives. In the 21st
century, POMs have gained attention as efficient adsorbents and/or green catalysts, and
have been used in the development of multifunctional POM materials that could, and can,
solve environmental problems, such as water pollution [25–27]. Thus, POMs have been
chosen as agents against emergent pollutants. In fact, about 10% (about 1100) of the total
of the articles published within the word “polyoxometalate” (POM) (11,000) are studies
associated with the environment. In a search on the Web of Science, about 850 articles about
POM and degradation can be found, 650 for dyes, 202 for POM and pollutants, 135 for
waste, 75 for industrial chemicals, and 70 for wastewater. A lower number of papers were
found for POM and pesticides and antibiotics [28–36]. Herein, we describe examples of
recent studies about POMs’ ability for the degradation of mainly antibiotics, pesticides,
and plastics.
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Erythromycin and others antibiotics, such as ciprofloxacin, azithromycin, and cefalexin,
were also found in effluents and surface waters [19,20]. Ciprofloxacin and erythromycin,
together with the macrolide azithromycin, clarithromycin, and the penicillin-type amoxi-
cillin, were included in the surface water watch list under the European Water Framework
Directive [20]. More recently, this report was actualized, and the antibacterials sulfamethax-
azole and trimethoprim; the anti-fungals clotrimazole, flucozanole, and miconazole; the
antidepressant venlafaxine; and the synthetic hormone norethisterone were all added to
the 3rd water watch list [21].

POMs were described as a good choice for antibiotic degradation, thus reducing the
pharmaceutical environmental impact. In fact, C3N4 nanosheet composites loaded with
POMs efficiently remove ciprofloxacin, tetracycline, as well as others pollutants, such as
bisphenol A [28,29]. Polyoxotungstates (decatungstate, W10) also showed the ability to de-
compose antibiotics, such as sulfasalazine (SSZ) and one of its human metabolites, sulfapyri-
dine (SPD), with different specificities and rates [30]. W10 also has a role in the degradation
of pesticides, for example, the ones used for plant growth, namely 2-(1-naphthyl)acetamide
(NAD) [31]. A metal-organic frameworks (MOFs) composite of PW12@MFM was shown
to display catalytic degradation of sulfamethazine [32]. Besides pharmaceutical drugs,
POMs-incorporated frameworks were also found to have applications for the decontamina-
tion of dyes, phenolic compounds, and pesticides [33]. Polyoxometalate-based ionic liquid
(POM-IL) was used also for the extraction of triazole pesticides, such as hexaconazole,
triticonazole, and difenoconazole from aqueous samples [34]. Recent insights in these
organic/inorganic hybrid materials, POM-based ionic liquid crystals (POM-ILCs), and
their applications (namely on pollutant degradation, including microplastics) have been
recently reviewed [35,36].

3. Antibacterial Activity of Polyoxometalates

As referred to above, antibiotic resistance represents a real threat to global public
health. The high proportion of bacteria that are resistant to antibiotics is due, at least in part,
to antibiotics, as well to other emergent pollutants and environmental contamination. Thus,
it is of increasing relevance to pave the way for the exploration of new types of antibiotics
for future antibacterial strategies [37]. It was serendipity that caused the first association of
POMs with antibacterial activity to be discovered [38]. When comparing the date of the first
POMs studies described against viruses and cancer, respectively, at 1971 and 1965 [39,40],
the antibacterial activities can be considered recent (1993). However, insights in POMs as
anti-microbial agents or adjuvants, as well as POM-ILs as antibacterial coatings, have been
attracting interest by offering mechanisms of action different from other recent antibacterial
therapies [41–50]. On the other hand, many POMs have poor antibacterial activity, but
possess excellent redox activity, and their use as biosensors for bacterial detection has
been described [51]. POMs studies reporting the antibacterial activity of POMs are mostly
on polyoxotungstates (POTs) and polyoxomolybdates (POMos) (Figure 2). About 80% of
these studies were performed in the last 10 years, making them emergent future drugs in
the control against pathogenic bacteria [24,52–56]. For example, the POT Preyssler-type
[NaP5W30O110]14− (abbreviated P5W30) (Figure 1E) showed the highest activity against the
Gram-negative human mucosal pathogen Moraxella catarrhalis, as well as against S. aureus
and E. faecalis when compared with several others POTs [57]. For H. pylori, POMs exhibiting
the highest activity were mostly Keggin-type POTs (Figure 1F); polyoxovanadotungstates;
and large, highly negatively charged POMs [1].

POTs, such as [KAs4W40O140]27−, (abbreviated As4W40) and [P2W18O62]6− (abbrevi-
ated P2W18), are active against H. pylori, as well as metronidazole-resistant H. pylori [58].
Synergetic effects were also found when the antibacterial effect of the β-lactam antibiotic,
oxacillin, and the glycopeptide antibiotic, vancomycin, against MRSA and vancomycin-
resistant S. aureus (VRSA), which is a gram-positive bacteria and one of the most resistant
ones around the world, were analyzed in the presence of molybdenum- and tungsten-
based POMs, such as the Wells–Dawson type P2W18 (Figure 1A), besides [SiMo12O40]4−

3
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(abbreviated SiMo12) and [PTi2W10O40]7− (abbreviated Pti2W10) [59]. Moreover, it was
observed that P2W18 and Pti2W10 were able to change the β-lactam resistance to a β-lactam
susceptible profile for the majority of the cases studied [59].
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structure-activity analysis was performed for Streptococcus pneumoniae, it was demon-
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the highest antibacterial activity, whereas for Heliobacter pylori, most of the tested POMos 
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Figure 2. Studies for POMs tested against bacteria. Distribution, in percentage of the different POMs
tested for antibacterial activity since 1996. POTs, polyoxotungstates; POMos, polyoxomolybdates;
POVs, polyoxovanadates; PONbs, polyoxoniobates.

Besides POTs and POMos, polyoxovanadates (POVs), especially decavanadate (V10),
were pointed as the most potent against certain bacteria, such as Streptococcus pneumo-
niae [1]. Decavanadate, [V10O28]6− (abbreviated V10), alone has also been described to
inhibit the growth of Mycobacterium smegmatis and Mycobacterium tuberculosis [60]. More-
over, the association of V10 with (iso) nicotinamide compounds was described to increase
the toxicity towards Escherichia coli [61]. Chitosan-V10 (CTS-V10) complex were also ac-
tive against E. coli and S. aureus [52]. Inhibition of E. coli growth was also verified for
two manganesepolyoxovanadates, namely K5MnV11O33.10H2O (abbreviated MnV11) and
K7MnV13O38_18H2O (abbreviated MnV13) [62]. MnV11, MnV13, and V10 were all more
potent than vanadate, with 50% maximal growth inhibition concentrations (GI50) of 0.21,
0.27, 0.58, and 1.1 mm, respectively, whereas the decaniobate [Nb10O28]6− (abbreviated
Nb10) revealed only residual effects on E. coli growth [62].

POMs’ antibacterial activity, and their comparison with antibiotic drugs are usually
measured according to the minimum inhibitory concentration (MIC). Several POMs were
tested against Staphylococcus aureus, and some showed significant antibacterial activity,
exhibiting a MIC < 100 µg/mL, whereas antibiotic drugs have MIC values ranging from
0.001 to 10 µg/mL [1]. Moreover, POMs’ MIC relationship with POM size and/or charge
of POMs were found for several Gram-positive and Gram-negative bacteria [1]. When
the structure-activity analysis was performed for Streptococcus pneumoniae, it was demon-
strated that this bacterium is especially sensitive to POVs, with decavanadate exhibiting
the highest antibacterial activity, whereas for Heliobacter pylori, most of the tested PO-
Mos were determined to be more active [1]. Table 1 summarizes the MIC values for
some POTs, POMos, and POVs being pure, hybrids, and/or composites, which were
tested on six bacterial strains, and three Gram-positive bacteria (Staphylococcus aureus,
Bacillus subtilis, Paenibacillus, and three Gram-negative (Escherichia coli, Vibrio, Pseudomona
aeruginosa)) [52,53,56,63–69].
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Mechanisms of Action of Polyoxometalates against Bacteria

The multiple mechanisms of POMs against bacteria and bacterial resistance are not
fully understood. The antibacterial effects of POMs and, recently, of POVs, their modes
of action, and future perspectives were reviewed [1]. Several possible mechanisms were
anticipated, but further studies are required [1,52,56,58,59]. In this section, we resume
some of the processes affected by the POMs. Some POVs and POTs are well-known for
their interference with the transport system of ions and substrates by inhibiting P-type
ATPases, such as Ca2+-ATPase and Na+/K+-ATPase [70–73], leading to a disturbance in
the molecular ion transport across the membrane, thus affecting bacteria growth [52].
Chitosan-V10 were described to induce the inhibition of mRNA synthesis, interfering with
protein production, and destroying bacteria metabolism [52]. Suppression of mecA-induced
mRNA expression, inhibition of the transcription process, and inhibition of the translational
process were suggested for P2W18, SiMo12, and PTi2W10 [59]. POMs can also induce the
production of reactive oxygen species (ROS), as described for phosphomolybdates and
V10-copper(II) tris derivatives, and can further disrupt bacterial cell integrity, showing
promising antibacterial activities [74–76].

POMs have also been described to inhibit sialyl and sulfotransferases. Glycosyltrans-
ferase catalyzes the transfer of a sialic acid residue to the terminal position of an oligosac-
charide chain of glycoproteins and glycolipids [77]. Sulfotransferase catalyzes the transfer
reaction of a sulfate group to an acceptor sugar chain on the surface of cells [78]. These
modifications of carbohydrate chains play a role in cell–cell recognition, serving as a target
for bacterial and also viral infections. In a study with about twenty POMs, three tungstate-
based POMs, [H2SiNiW11O40]6− (abbreviated SiNiW11O40), [Cu3(PW9O34)2]12− (abbrevi-
ated Cu3(PW9O34)2), and [SiVW11O40]5− (abbreviated SiVW11O40), were shown to have a
stronger inhibition activity, with IC50 values as low as 0.2 nM for the α-2,3-sialyltransferase
(ST3Gal-I). Also, three vanadium-based POMs, [KV13O31(MePO3)3], [V18O42(H2O)]12− (ab-
breviated V18O42), and [V18O44(N3)], have shown to inhibit galactose-3-O-sulfotransferase
(Gal3ST-2), with an IC50 value of 3 nM for the latter POVs [79].

POMs, such as SiMo12 and P2W18, were suggested to affect the bacterial respiratory
system, leading to inhibition of ATP synthesis, thus inducing bacterial death [59]. On the
other hand, it was observed that S. aureus strains were able to reduce to blue color form
POMs, such as P2W18 and SiMo12 [59]. Similar blue staining of E. coli cells was observed
in the presence of vanadium (V) compounds, probably by reduced forms containing oxi-
dovanadium (IV) [62]. Although the molecular mechanisms responsible for the reduction
of these POMs by bacteria is not clear, it is reasonable to anticipate that it diverts electrons
from cell redox systems, and hinders bacterial growth.

Though it is not clear if POMs can be accumulated by bacteria, there is evidence that
some POTs were taken into the bacteria cells [58]. In bacterial cells treated with P2W18,
it was observed that W atoms localized at the periphery of the cells [58]. Changes in cell
morphology when S. pneumoniae was exposed to POVs [63] were also observed. Similarly,
changes at H. pylori morphology from bacillary to coccoid upon exposition to several POTs,
such as As4W40, [KSb9W21O86]18− (abbreviated Sb9W21), and [SiVW11O40]7− (abbreviated
SiVW11) were also described [58].

4. Anticancer Activity of Polyoxometalates

As observed above regarding the bacterial studies, the number of studies about
POMs with antitumor activities in the past 10 years also represents the majority of the
POM anticancer studies: around 87% of all the papers in this field, since the first report
by 1965 [40]. Similarly, POT and POMos studies together represent the majority (90%),
whereas for POVs and PONbs, lower percentages can be found. In fact, more than 120 arti-
cles/papers have been published with POMos and polyoxotungstates POTs in antitumor
studies [8,10–13,80–89]. POMs in cancer therapy and diagnostics, their modes of action,
and future perspectives were reviewed [2,90–93]. Herein, we summarize examples of
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POMs’ anticancer effects and putative modes of action, particularly for POVs, for the last
five years.

The decavanadate complex proved to exhibit anti-tumor activity against various
cancer cell lines, including specific toxicity against human cancer cells, whereas normal
human cells were not affected, even for high concentrations of the complex [84]. This
complex presented IC50 values of 0.72 and 1.8 µM against the human lung adenocarcinoma
cell line (A549) and human breast adenocarcinoma cell line (MDA-MB-231), respectively.
When V10 complex was compared to the antitumor drug cisplatin for its cytotoxicity, it
exhibited lower cytotoxicity against A549 than cisplatin, whereas its IC50 for MDA-MB-231
cells was 1.7 µM against 700 µM of cisplatin, meaning that it is 400 times more effective.
On the other hand, decavanadate alone also showed anticancer activity against HeLa,
Hep-2, HepG2, and MDA-MB-231, inducing apoptosis as the process of cell death [84]. The
anti-proliferation activity of another POV, V18, was observed to affect the cellular cycle, and
to mediate the arrest of MCF-7 cells in the G2/M phase and induction of apoptosis, besides
DNA-, BSA-, and HSA-binding [85]. POV studies were also performed with U-87 and
human liver SMMC-7721 cancer cells, and cell cycle arrest, DNA damage, and apoptosis
were observed [85,94].

Considering all the cancer POMs studies in recent years, only very few were performed
in vivo [10,12,87,89,90]. In one of these studies, it was described that the degradability of
an organic POMo, based in Mo6O18, is the key to inhibit human malignant glioma cells
(U251), besides having the capacity to cross the blood brain barrier, pointing to a new
type of anticancer agent [87]. Another recent study demonstrated the anti-tumor activity
of an iron heptatungsten phosphate polyoxometalate complex, Na12H[Fe(HPW7O28)2]
(IHTPO), against large cell lung cancer (NCi-H460), human hepatoma (HepG2), leukemia
(K-562), and lung carcinoma (A549) in vitro, and against S180 sarcoma transplanted in mice
in vivo [10]. Even the cytotoxic effects were only seen at higher concentrations, with IC50
values superior to 60 µM, and IHPTO proved to be more efficient against S180 sarcoma
transplanted mice. It was concluded that even if this POT exhibited lower antitumor activity
than the already approved chemotherapeutic drugs, such as cisplatin, the interesting part
is that IHTPO activity might be correlated to an immunomodulatory activity [10].

In another in vivo study, Fu et al. synthesized an amphiphilic organic-inorganic hybrid
POT, [(C16H33)2NCONH(CH2)3SiNaP5W29O110] (abbreviated Na-lipidP5W29), to improve
biocompatibility, bioactivity, and biospecificity [12]. Basically, a long chain organoalkoxysi-
lane lipid was grafted into a lacunary Preyssler-type, [NaP5W29O107]14− (abbreviated
P5W29) in order to produce the desired complex. The hybrid POT, Na-lipidP5W29, was
tested for its antitumor activity against human colorectal cancer cells (HT29), and the results
were compared to the parental POT, P5W29, and to 5-FU. For all concentrations tested, Na-
lipidP5W29 exhibited higher inhibitory rates than its parental POT and 5-FU. The cytotoxic
effect of the studied POT was also tested against human umbilical vein endothelial cells
(HUVECs). Finally, it was suggested that the higher antitumor effect of Na-lipidP5W29 was
due to its higher capacity to penetrate the cell, since it can spontaneously assemble into
a vesicle [12]. In vivo studies with a Keggin-type POT, [PW11O39]7− (abbreviatedPW11)
were also performed against colorectal cancer [87]. To improve bioactivity, and decrease
the toxicity effect of this POT, an organometallic derivative of PW11 was synthesized and
encapsulated to form nanoparticles of PtIV-PW11-DSPE-PEG2000 (NPs). Results showed
that these NPs were more efficient in inhibiting the growth of WT20 cancer cells, and treat-
ing human colorectal cancer in mice than cisplatin, pointing once again to a new strategy
to fight against cancer [87].

Mechanisms of Action of Polyoxometalates against Cancer Cells

As described above regarding the effects of POMs on cancer cells, several effects were
referred, such as cell cycle arrest, apoptosis cell death, and interactions with DNA, among
other observations and/or suggestions. However, the multiple mechanisms of action of
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polyoxometalates as antitumor agents are not yet fully understood. Recently, POMs as
anticancer agents were reviewed [2]. In this section, we will resume some of them.

Research is looking for new non-competitive inhibitors of protein kinases, such as
the human protein kinase CK2 inhibitors that have already been designated as promising
drug targets in cancers [95,96]. POMs, such as P2Mo18, have been described as non-
competitive and potent CK2 inhibitors (IC50 = 5 nM); although, due to its instability,
it was not possible to know if this POM was responsible for the observed effects [96].
Nevertheless, POMs represent non-classical kinase inhibitors with increasing interest.
Recently, aquaporins were also described to be potential protein membrane targets for
POTs [97]. Aquaporins (AQPs) were found to be overexpressed in tumors, making their
inhibitors of particular interest as anticancer drugs [98]. POTs strongly affect AQP3 activity,
and induce inhibition of melanoma cancer cell migration and growth, unveiling their
potential as anticancer drugs against tumors, opening a new window in this field of
research [97]. P-type ATPases play a crucial role in cellular ion homeostasis, and have
been described as potential molecular targets for several types of compounds used in
the treatment of ulcers, cancer, heart ischemic failure, among other diseases. Among
these compounds, several POMs have been described as PMCA (plasmatic membrane
calcium ATPase) and SERCA (sarco(endo)plasmatic membrane calcium ATPase) inhibitors,
and the effects compare with other inorganic compounds, as well as with therapeutic
drugs [70–73,99,100].

Decavanadate species, and POMs in general, were described as strong inhibitors of
phosphatases, such as alkaline phosphatase (ALP) [14,81]. Seven POTs were assessed for
their inhibitory effect on alkaline phosphatases ALP, and as putative antitumor agents [14,81].
Abnormal levels of ALP in the serum are detected in cancer patients, since tumors are an
abnormal cellular growth proliferating faster than normal cells, and thus, the inhibition of
ALP will affect tumor cell metabolism and function. Three different POMs, P5W30, V10, and
the Anderson-Evans type [TeW6O24]6− (abbreviated TeW6), with chitosan-encapsulated
nanoassemblies were tested as anticancer agents on HeLa cells [15]. The maximum cytotox-
icity against HeLa cells was observed for the compound chitosan-P5W30, which also has
higher phosphatase inhibition. It was suggested, in both studies, that the POT with the
largest number of tungsten and phosphorus atoms may provide the optimal interaction
with the phosphatase [15,81]. Finally, disturbance of antioxidant systems is a plausible
anticancer strategy once tumor cells have rapid growth and metastasis. It was found that
PW9Cu concentrations that induced osteosarcoma cells death in vitro also increased ROS,
and decreased the reduced gluthatione/oxidized glutathione (GSH/GSSG) ratio in the
cells [82]. Moreover, the cytotoxicity of the compound was prevented with the addition
of GSH, suggesting that oxidative stress is a mechanism of POMs to induce cancer cell
death [82].

5. Antiviral Activity of Polyoxometalates

The number of studies using POMs that address viral infection is comparatively
lower than the ones found for cancer and bacteria. Nevertheless, and due to the SARS-
CoV2 pandemic [101], the number of studies testing metallodrugs which include POMs
for treatment of viral infection has increased in recent years [102–117]. Still, the studies
performed so far in the past 10 years represent almost 50% of the total. Among the studies
described, and since 1971 [39], the ones using POTs represent the major contribution in
this field (75%). Herein, we summarized examples of POMs’ antiviral effects and putative
modes of action in recent years, highlighting, as above, the in vivo studies.

Considering all the POMs studies published on different types of viruses, it can be
observed that influenza, HIV, herpes, and corona are the viruses most studied (Figure 3).
Thus, the antiviral activity of POMs has been prevalent in respiratory tract viruses, mainly
influenza viruses (Figure 3). A study with one Keggin-type POM, [SiVW11O40]5− (ab-
breviated SiVW11), and two double Keggin-type POMs, (K10Na[(VO)3(SbW9O33)2]) and
(K11H[(VO)3(SbW9O33)2]), showed activity against dengue virus (DFV), influenza virus
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(FluV A), respiratory syncytial virus (RSV), parainfluenza virus (PfluV 2), distemper virus
(CDV), and human immunodeficiency virus (HIV) [106]. It was further demonstrated that
(K10Na[(VO)3(SbW9O33)2]) strongly inhibits the binding of the viral gp120 antibodies [106].
P2W18 was also studied on influenza virus (FluV) in MDCK cell line [105]. It was suggested
that P2W18 could inhibit the role hemagglutinin A (HA), responsible for the first stage of
viral attachment [105]. Thus, the Wells–Dawson-type POM P2W18 is likely to have a dual
mechanism of action in the inhibition of FluV replication: it reduces the binding of HA to
the host cell membrane glycoprotein receptors, and impedes the fusion of viral particles
into the cell [105].
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It is known that HIV specially targets CD4 molecules present in T lymphocytes, mono-
cytes, and macrophage lineage. It is also well-known that a glycoprotein, denominated
gp120, allows it’s binding on CD4 cells, and, consequently, the injection of viral material
into the host cell [112]. The activity against the human immunodeficiency virus (HIV)
was demonstrated for some POTs [102,104,113]. It was suggested that POMs exhibited
their antiviral effect by inhibiting the binding of virus to the host cell and/or its penetra-
tion [58,59,102,104]. For example, the single Wells–Dawson structure of the compound
(α2-[NMe3H]7[CH3C5H4TiP2W17O61]), and the double Wells–Dawson of the structure
compound (Na16[Mn4(H2O)2(P2W15O56)2]) both inhibited the binding of HIV particles
to CD4 cells by blocking the binding of gp120 to SUP-T1 cells [104]. Other studies re-
ported that POMs could inhibit proteases in a non-competitive manner at low micro molar
concentrations [14,102,104], thus affecting virus infection.

As referred before for the cancer studies, in vivo POMs antiviral studies remain scarce,
and very few studies [114,115] have been performed (Table 2). In this table, we compared
the effects of two POTs and two clinically approved drugs in a mouse, the animal model.
The Keggin-type POM[PW10Ti2O40]7− (abbreviated PW10Ti2) shows a survival rate (SR),
indicating the percentage of mice that were still alive on day 14 after infection was 97%, for
the treatment of HSV-2 virus infection when 25 mg/kg was administrated [114]. Higher
survival rates of 90% were also observed upon a variant of influenza virus (FM1) infec-
tion for the POT Ce2H3[BW9

VIW2
VMn(H2O)O39] (abbreviated BW9

VIW2
VMn). However,

10 times of the amount administrated was needed to obtain the same rate of survival upon
oral administration (100 mg/kg) in comparison with the intraperitoneal mode (10 mg/kg).
Lower rates of SR were observed using well-known clinically approved drugs, such as
acyclovir (anti-HSV agent) and ribavirin (broad-spectrum antiviral agent) [114,115]. For
acyclovir, a 33% survival rate was observed for a 50 mg/kg administration upon HSV-2
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virus infection, whereas for ribavirin, a 70% survival rate was obtained after a 200 mg/kg
administration for the FM1 influenza virus infection (Table 2). In sum, when comparing the
same mode of oral administration upon the same influenza virus infection for the clinically
approved drug, ribavirin, and the new antiviral compound, BW9

VIW2
VMn, it clear that

this POT has a higher SR (90% against 70%) for half of the dose administrated (100 mg/kg
against 200 mg/kg).

Table 2. In vivo antiviral activity of POMs.

Polyoxotungstates Virus Animal Survival Rate (SR) Dose (Mode of
Administration) Ref.

K7[PW10Ti2O40] HSV-2 mouse 97% 25.0 mg/kg [114]
Ce2H3[BW9

VIW2
VMn(H2O)O39] FM1 mouse 90% 100 mg/kg (o.a.) [115]

Ce2H3[BW9
VIW2

VMn(H2O)O39] FM1 mouse 90% 10 mg/kg (i.p.) [115]
Clinically approved drugs

Acyclovir HSV-2 mouse 33% 50.0 mg/kg [114]
Ribavirin FM1 mouse 70% 200 mg/kg (o.a) [115]

SR = survival rate, indicating the percentage of mice that were still alive on day 14 after infection; (o.a.) = oral
administration; (i.p.) = intraperitoneal administration; FM1 = variant of influenza virus; HSV-2 = herpes simplex
virus 2.

Mechanisms of Action of Polyoxometalates against Viral Infection

It was suggested that some POMs could inhibit the replication of HIV [102]. Certain
POMs, such as Cs2K4Na[SiW9Nb3O40] (abbreviated SiW9Nb3O40), can act directly on
hepatitis C virus (HCV) virion particles, and destabilize the integrity of its structure [115].
It was further suggested that POMs could specifically inhibit HCV infection at an early
stage of its life cycle [103]. Note that the most cited paper regarding decavanadate (V10)
in biology is the interaction of V10 in a spatially selective manner within the protein cages
of virions [113]. Besides preventing the formation of virions, decavanadate is also able to
inhibit viral activities by preventing the virus-cell host binding [113].

As mentioned before, the inhibition of catalytic reactions promoted by sialyltrans-
ferases and sulfotransferases would affect the carbohydrate chains in glycoproteins that
play a major part in cell–viral recognition, serving as a target for viral infections. Thus, by
targeting virus membrane proteins, POMs would affect the early stage of viral infection.
Moreover, some POMs are likely to have a dual mechanism of action in the inhibition of
FluV replication: interacting with hemagglutinin A (HA), responsible for the first stage of
viral attachment (Figure 4), and inhibiting the fusion of viral particles into the cell [110].

HIV is known to specially target CD4 molecules present in T lymphocytes, monocytes,
and macrophage lineage. A glycoprotein, denominated gp120, which is located on the
surface of the virus, is the principal weapon of HIV because it allows its binding on CD4
cells, and the injection of the viral material into the cell [112]. Other studies reported
that POMs could inhibit proteases in a non-competitive manner at low micro molar con-
centrations [14,102,104]. The HIV-1 protease is important for the maturation of protein
components of an infectious HIV virion; thus, its inhibition could be responsible for the
anti-HIV effect of POMs. For SARS-CoV, it was referred that POMs interact with the 3CLpro

protein, affecting virus proliferation [116,117].
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Figure 4. POM putative interactions with viral membrane proteins, such as hemagglutinin, prevent-
ing the early stage of infection. Moreover, interaction with neuraminidase would prevent a later stage
of infection. Color code: glycoprotein, dark pink; hemagglutinin, dry green; neuraminidase, dark
green; POM, yellow.

6. POMs Stability and Speciation in Solution

POMs are clusters of units of oxoanions of transition metals that can be formed upon
acidification of neutral solutions of Mo, W, V, and Nb. Once formed, some POMs, such
as POVs and PONbs, have shown to persist in solution, even in the neutral and basic pH
range [118]. Speciation and/or stability studies are not usually taken into account when
studies of the effects of POMs in biological systems are performed [91]. This speciation
topic was recently reviewed and highlighted [119]. Nevertheless, it is well-known that
some POMs are not stable in many of the experimental conditions, and references to
POMs’ stability are mentioned, even after it is realized that the POM added to the medium
reaction is no longer there, or at least is partially decomposed 5 min, 30 min, or 24 h after
incubation [91,118–124]. As mentioned above, in some studies with POTs and bacteria, a
change at the color of the medium was detected, suggesting POT decomposition, whereas
oxidation reduction reaction could be induced through bacterial metabolism [59,62]. That
means that the biological effects observed could not, at least in part, be totally attributed to
the POM that was added to the medium.

The isopolyoxovanadate decavanadate (V10) is perhaps the most studied regarding
its stability at biological conditions [118–124]. V10 demonstrates many important roles
in fundamental biological processes [91,122,125–129]. It was suggested that the presence
of proteins, such as actin and Ca2+-ATPase, can significantly (5 and 3-fold) improve the
stability of V10, whereas no changes were observed for myosin and lipid structures namely
liposomes [124]. In fact, it was observed that the half-life time of V10 decomposition
increases from 5 to 27 h in the presence of G-actin, the monomeric form of actin (Figure 5).
Further studies point out specific binding sites for V10 at G-actin, in the absence and
in the presence of the natural ligand, ATP [130]. Thus, POMs’ stability and speciation
in the presence of biomolecules will be essential for understanding and deducing their
fundamental roles in biology, and their applications in medicine.
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Figure 5. POM species in the presence of macromolecules. Decavanadate, an isopolyoxovanadate,
was found to be stabilized upon interaction with G-actin and Ca2+-ATPase [124].

7. Conclusions

POMs are interesting compounds with a diversity of structures. POMs have been
studied and applicated in a large variety of fields. POM applications in environmental and
biomedical sciences are promising. Herein, we highlighted POMs’ degradation of emergent
health pollutants, and their anticancer, antibacterial, and antiviral effects, and mechanisms
of action.

POMs, as organic/inorganic hybrid materials, seem to be a good choice for emergent
health pollutant degradation, including microplastics. In fact, POMs efficiently induce
antibiotics degradation, thus reducing the pharmaceutical environmental impact. Emer-
gent pollutant antibiotics, such ciprofloxacin, tetracycline, sulfasalazine, among others,
as well as others pollutants, such as bisphenol A, can be decomposed in the environment
using POMs.

POMs showed antibacterial activity by inducing morphological changes through
cytoskeleton interactions, interfering with the ionic transport systems, leading bacteria to
death. Moreover, POMs have demonstrated activity against antibiotic-resistant bacteria.
The majority of the studies have addressed the potential of POMs to control bacterial
growth, and some explored the mechanism of action of these compounds; however, several
aspects of the virulence and community life of bacteria were not yet explored. POMs
showed their antiviral activity against influenza, HIV, and several other viruses. POMs are
able to inhibit virus infection by preventing the virus-cell host binding at an early stage of
the viral infection by targeting viral membrane proteins.

In general, POMs inhibit the growth of tumor cells through apoptosis. Generation of
oxidative stress, inhibition of the kinases, ATPases, and/or aquaporin’s function, among
others, was proposed by some authors. For example, decavanadate and other POMs
exhibited anti-tumor activities through the inhibition of ALP, kinases, and P-type ATPases,
whereas, so far, no decavanadates were found to inhibit HDAC or ecto-ATPases. POMs’
effects on different types of cancer cells were also found to be different.

In sum, several types of POMs have proved to be efficient against viruses, bacteria, and
tumor cells, besides their applications in the decomposition of emergent health pollutants.
POTs are among those POMs that have been the subject of the largest number of studies
on anticancer, antiviral, and antibacterial activities. POM molecular targets are unveiling
their potential as anticancer, antibacterial, and antiviral drugs of the future, thus opening
new windows for future research in these fields. Further studies involving interdisciplinary
teams must be conducted to understand which POM is better-tuned against a particular
disease or infection. Thus, the future is bright for polyoxometalates.
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Abbreviations

A549 Human lung cancer cells
ALP Alkaline phosphatase
As4W40 [KAs4W40O140]27−

ATPase Adenosine triphosphatase
BWCN (Himi)2[Bi2W20O66(OH)4CO2(H2O)6Na4 (H2O)14]·17H2O
BW9VIW2VMn Ce2H3[BW9

VIW2
VMn(H2O)O39]

Ca2+-ATPase Calcium adenosine triphosphatase
CTS-Ca3V10O28 Chitosan-Ca3V10O28(NH4)6
Cu3(PW9O34)2 [Cu3(PW9O34)2]12−

gp120 Glycoprotein expressed by HIV
HCB Hepatitis B virus
HCMV Human cytomegalovirus
HCV Hepatitis C virus
HDAC Histone deacetylase
HeLa Human cervical cancer cells
Hep-2 Human Larynx carcinoma cell line
HepG2 Human hepato-cellular carcinoma
HIV Human immunodeficiency virus
HUVEC Human umbilical vein endothelial cells
IC50 Half inhibitory concentration
K-562 Human myelogenous leukemia
MCF-7 Human breast cancer cells
MDA-MB-231 Human breast adenocarcinoma cell line
MDCK Madin–Darby canine kidney
mecA Gene that codes for PBP2′

MnV11 K5MnV11O33·10H2O
MnV13 K7MnV13O38·18H2O
Na-lipidP5W29 [(C16H33)2NCONH(CH2)3SiNaP5W29O110]
Nb10 [Nb10O28]6−

POMos Polyoxomolybdates
POMs Polyoxometalates
PONbs Polyoxoniobates
POTs Polyoxotungstates
POVs Polyoxovanadates
PVA/PEI poly(vinylalcohol)/polyethylenimine
PW11 [PW11O39]7−

P2W18 K6[P2W18O62]·14H2O
P5W29 [NaP5W29O107]14−

P5W30 [NaP5W30O110]14−

PW10Ti2 [PW10Ti2O40]7−

S180 Murine sarcoma cells
SARS-V Severe acute respiratory syndrome virus
SARS-CoV Severe acute respiratory syndrome coronavirus
SERCA Sarco(endo)plasmatic membrane calcium ATPase
SiW9Nb3O40 Cs2K4Na[SiW9Nb3O40]
SiVW11 [SiVW11O40]7−

Sb9W21 [KSb9W21O86]18−

SR Survival rate
TeW6 [TeW6O24]6−
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U-87 Human brain-like glioblastoma cells
U251 Human malignant glioma cells
VRSA Vancomycin-resistant Staphylococcus aureus
V10 [V10O28]6−

V18O42 [V18O42(H2O)]12−
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Abstract: Sensing is an essential feature of life, where many systems have been developed. Diatomic
molecules such as O2, NO and CO exhibit an important role in life, which requires specialized sensors.
Among the sensors discovered, heme-based gas sensors compose the largest group with at least eight
different families. This large variety of proteins also exhibits many distinct ways of sensing diatomic
molecules and promote a response for biological adaptation. Here, we briefly describe a story of two
impressive systems of heme-based oxygen sensors, FixL from Rhizobium and DevS(DosS)/DosT from
Mycobacterium tuberculosis. Beyond this, we also examined many applications that have emerged.
These heme-based gas sensors have been manipulated to function as chemical and biochemical
analytical systems to detect small molecules (O2, CO, NO, CN−), fluorophores for imaging and
bioanalysis, regulation of processes in synthetic biology and preparation of biocatalysts among others.
These exciting features show the robustness of this field and multiple opportunities ahead besides
the advances in the fundamental understanding of their molecular functioning.

Keywords: heme-based gas sensors; DevS/DosT/DevR; FixL; bioanalytical tool; biotechnological
applications

1. Introduction

Life is a complex web of connections, where no single organism lives in complete
isolation. Chemical ecology is an obvious and essential feature that emerges from this,
where a multitude of molecules are produced, released, absorbed and transformed all the
time. Some of them can be very important while others are extremely harmful, which
sometimes requires very sophisticated alert systems. The ability to sense and respond to
some molecules is a way to adapt to environmental changes, a key feature of life. Among
the various molecules required to be sensed, there are very simple and small ones such as
diatomic molecules that can play critical roles in life. Molecules such as H2, N2, O2, NO
and CO have many biological uses, and sensing systems have been found for most of them,
regulating their processes [1–4].

Nature has developed exciting proteins capable of selectively binding and recognizing
diatomic gases, distinguishing one single atom of oxygen from nitrogen or carbon in the
triad of gases: O2, NO and CO [2,5]. Their chemical properties as tiny gaseous molecules
make it harder for proteins to bind them [1]. Indeed, most of the protein sensors for these
gaseous molecules employ metal centers that are capable of making a direct bond with them.
Actually, there are many highly stable metal-based compounds containing one or more CO
or NO as ligands, including in metalloprotein sites (see hydrogenases, nitrogenases [6]). The
use of metal ions, particularly of iron in proteins, allows sensors to interact more efficiently
with O2, NO or CO. Indeed, their binding strength can vary widely (from picomolar to
micromolar), opening opportunities to probe a large range of concentrations. The most
common nature of these iron-based sensing units is mononuclear iron, binuclear iron,
iron-sulfur cluster or heme sites [1]. These four distinct types of iron-based sites have been
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found in many systems such as NO sensor NorR from Escherichia coli (mononuclear iron
site) [7], O2 sensor VcBhr-DGC from Vibrio cholerae (binuclear iron site, hemerythrin-like) [8],
O2 sensor FNR from Escherichia coli (iron–sulfur cluster site [Fe4S4]) [9] and O2 sensor FixL
from Rhizobium (heme site) [10] (Figure 1). Regarding their structural organization, these
metal-based sensing units have been found within a certain region of the protein, in a
different domain or as a completely independent protein (Figure 1). This organizations can
be exemplified by three metalloprotein gas sensors:

1. Single domain: Whib3, an NO/O2 sensor from Mycobacterium tuberculosis, exhibits
an iron–sulfur cluster site (sensing unit) and a DNA-binding region (responsive unit)
within the same protein region (Figure 1) [9].

2. Different domains: FixL, an O2 sensor from Rhizobia bacteria, contains a heme site
(sensing unit) and a histidine kinase region (responsive unit) in different domains
(Figure 1) [3].

3. Independent proteins: PaNosP, an NO sensor from Pseudomonas aeruginosa, presents a
heme-containing protein (sensing unit) that functions by regulating another indepen-
dent histidine kinase protein (responsive unit) (Figure 1) [11].
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in many important processes in humans and other organisms, including vasodilation, 
platelet aggregation, memory, etc. [33,34]. 

In 1991, Gilles-Gonzalez discovered another heme-based gas sensor called FixL [10]. 
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Figure 1. Basic building blocks of metal-based sensor proteins for O2, NO and CO and molecular
functioning. Firstly, four types of iron sites are briefly illustrated with examples of gas sensors:
mononuclear iron site of the NO sensor NorR from E. coli, binuclear iron site of the O2 sensor Bhr-
DGC from Vibrio cholerae, iron–sulfur cluster of the O2 sensor FNR from E. coli, and heme iron site
of the O2 sensor FixL from Rhizobium. Then, it shows the overall organization of metal-based gas
sensors with three distinct structural features along with examples such as Whib3 from Mycobacterium
tuberculosis as a single protein sensor of NO/O2, FixL as a multi-domain O2 sensor and PaNosP
from Pseudomonas aeruginosa with independent protein units functioning as an NO sensor and the
responsive unit. The different general modes of operation of metal-based gas sensors are illustrated,
where the first case involves catalysis using O2 as shown by the O2 sensor HIF hydroxylase. The
next mode employs iron–sulfur cluster site disassembly represented by the O2 sensor FNR, while
the last case involves reversible binding to the gaseous signaling molecule as illustrated by the O2

sensor DosP.
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There are also many types of metallosensing units based on how they respond to the
biological signal, as described elsewhere [1]. However, most of them function as a catalytic
unit, a metal disassembling unit or a reversible binding unit [1] (Figure 1). The O2 sensor
HIF hydroxylase from Homo sapiens functions by catalyzing O2-based hydroxylation of
HIF-1α (a transcription factor), leading to its degradation, turning off a genetic hypoxia
response [12,13]. Iron–sulfur cluster unit found in the O2 sensor FNR from E. coli function by
reacting with O2 disassembly of the iron site [9,14]. However, many types of metalloprotein
gas sensors function upon reversible and direct binding of the gaseous signal to the metal
site such as O2 sensor FixL that employs a heme cofactor for reversible binding [3]. Besides
all of that, a validated sensing unit upon binding to these gaseous molecules must report
such process to a responsive unit (also known as a functional output structure), leading to
biological adaptation.

The responsive unit is another essential part of these gas sensors, being involved in
the conversion of the gas binding process into a biochemical signal/information. Simi-
larly to the sensing unit, it can also be found as part of a certain region of the protein,
in one different domain or in another independent protein (Figure 1). There are many
functional output units used by nature: those with enzymatic activity (e.g., histidine
kinase [10,15,16], nucleotide cyclase [17–19], phosphodiesterase [18,19]), capable of inter-
acting with a protein or DNA and others [20], meaning that the binding of O2, NO and CO
can regulate the production or degradation of molecules (e.g., c-di-GMP by DosC/DosP
impacting RNA [21,22]) or the interaction with a DNA sequence enabling gene regulation
(e.g., CooA [23]) or modification of a protein for degradation (e.g., HIF hydroxylase [24]),
among other things [1,2,20]. These intricate arrangements have allowed nature to come up
with many outstanding biological responses, regulating multiple processes as important
as blood pressure, biological clock, nitrogen fixation, dormancy, bacterial biofilm, RNA
degradation, virulence, among others. Unfortunately, a detailed structural mechanism of
the signal transduction processes is still mainly lacking, but some important insights have
emerged, as mentioned briefly here and in detail elsewhere [1,2,20,25–29].

The largest family of metalloprotein gas sensors is based on heme-containing pro-
teins [4]. These heme-based gas sensor proteins have been commonly found containing
multi-domains (e.g., FixL, DosP), but there are also standalone proteins as well (e.g., PaNosP,
Figure 1) [30]. Soluble guanylate cyclase (sGC) was the first discovered case of a heme-based
gas sensor protein, which functions as a dedicated nitric oxide (NO) sensor [17,31]. This
protein contains a heme domain, one intervening domain and an enzymatic domain that
converts GTP into the second messenger cGMP and pyrophosphate (PPi). This enzymatic
activity is strongly enhanced upon NO binding to the heme domain, leading to major
production of cGMP [17]. This latter molecule is a secondary messenger involved in the
regulation of many physiological processes [32]. Actually, sGC is involved in many impor-
tant processes in humans and other organisms, including vasodilation, platelet aggregation,
memory, etc. [33,34].
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In 1991, Gilles-Gonzalez discovered another heme-based gas sensor called FixL [10].
This protein was shown to be an O2 sensor. FixL is an important upstream oxygen sensor
for Rhizobia bacteria, which allows symbiosis to occur with leguminous plants [35]. That
important discovery was soon followed by others, supporting the existence of a superfamily
of heme-based gas sensors. Currently, there are at least eight major families of these sensors
based on the heme fold domain, which includes the PAS, HNOB (or HNOX), globin, CooA
(CRP), SCHIC, GAF, LBD (Holi) and FIST domains (Figure 2) [36,37]. This latter family is
the most recent one discovered in 2017 [11], whose sensors are called NosP (nitric oxide-
sensing protein). The most common diatomic gas type sensed by each family is shown in
Figure 2, along with some well-known protein sensors and their biological functions.
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GAF domain (pdb 4YNR), globin domain (pdb 6OTD), HNOB domain (pdb 2O09), FIST domain
(3D structure not solved yet), SCHIC domain (pdb 4HEH), LDB(Holi) domain (pdb 3CQV), CooA
domain (pdb 2FMY)), common functionality as a gas sensor (green) and some examples of proteins
of each family (brown oval) and biological function (brown).

2. FixL—A Short Story

Nitrogen fixation promoted by some bacteria is a very important process that allows
proper access of a nitrogen source to plants during a symbiotic process [35,38]. This
process is usually complex, and nitrogenases are also oxygen-sensitive, requiring many
physiological changes to happen within the plant nodule and Rhizobia [38]. The plant is
responsible for building an oxygen barrier in the nodule along with a large production of
leghemoglobin, creating extremely low levels of free oxygen (nanomolar) [39]. In this way, it
makes it possible for a nitrogenase to work. The level of oxygen within the nodule is closely
monitored by FixL, which under virtual anaerobiosis becomes enzymatically active [35].
Thus, FixL can phosphorylate FixJ, another protein that functions as a transcription factor
regulating genes involved in microaerobic respiration and the nitrogenase apparatus [35].
This upstream oxygen sensor along with NifA assure that a cascade of events takes place,
leading to nitrogen fixation [35,38].
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FixL is a multidomain sensor protein that contains a heme b group in a PAS fold
domain and a histidine kinase domain in its C-terminal region (Figure 3A). Sometimes,
this sensor exhibits an extra non-heme PAS domain or transmembrane segments at the N-
terminal region [5]. Despite the lack of an X-ray structure for this full-length protein, there
are many structural and functional studies on this sensor that have elucidated important
molecular details [40–54]. One interesting feature is the ability of this protein to recognize
O2 and selectively trigger a response to the histidine kinase domain. O2 as well as CO and
NO binds to the iron heme, where O2 has the weakest affinity of all, but at the same time it
is the only one that switches off the protein enzymatic activity [15,45]. This is associated to
its geometry upon binding and specific interactions with distal residues [41,53,55]. This
subtle binding of O2 causes conformational changes within the heme domain, altering
the heme distortion (induced planarity) and leading to specific interactions with arginine
and heme propionate groups within the PAS heme domain [41,47,53]. These changes
have been associated to the signal transduction process that propagates to the enzymatic
domain. Recently, SAXS studies suggested signal transduction occurs with a more subtle
movement of the domains [40], not necessarily by switching contacts. A movement of the
coiled-coil linker region that connects the heme PAS and histidine kinase seems to be vital
for signal transduction, affecting the proximity of the ATP binding site and the histidine
phosphorylatable residue [40].
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FixL and FixJ are a typical two-component system responsible for sensing O2, where FixL 
is a histidine kinase sensor and FixJ is a response regulator. How these multi-domains 
communicate and coordinate intra- and interprotein phosphorylation are still exciting 
questions. The presence of additional “nonfunctional” domains in some FixL proteins 
raised further question on their structural roles. FixL from Bradyrhizobium japonicum 
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terminal region followed by a heme-PAS domain and a histidine kinase (Figure 3A). The 
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Figure 3. (A) Domain organization of FixL and DevS/DosT (heme as a red small structure, phospho-
rylation indicated by Pi; heme proximal ligand and phosphorylatable residues are shown) composed
of the PAS and GAF domains along with the histidine kinase domain constituted of the HisKA and
HATase_c subdomains. Hybrid FixL (ReFixL) presents an additional REC domain (receiver domain)
usually found at the N-terminal region of the response regulator proteins. (B) Cartoon of the func-
tioning of common two-component systems, where a histidine kinase sensor upon the appropriated
signal becomes active, autophosphorylating a histidine residue; then, a phosphoryl group is trans-
ferred to the response regulator protein. This later becomes active upon phosphorylation and usually
functions as a transcriptional factor triggering a biological response. (C) Autophosphorylation of the
hybrid ReFixL, where O2 blocks histidine kinase and phosphotransferase activities. His = histidine
residue, Asp = aspartate residue, AA = amino acids.
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The bacteria have commonly used a particular type of sensing systems to perceive
and respond to environmental changes called two-component systems, which are usually
formed by one histidine kinase sensor and one response regulator protein (Figure 3B) [56].
FixL and FixJ are a typical two-component system responsible for sensing O2, where FixL
is a histidine kinase sensor and FixJ is a response regulator. How these multi-domains
communicate and coordinate intra- and interprotein phosphorylation are still exciting
questions. The presence of additional “nonfunctional” domains in some FixL proteins
raised further question on their structural roles. FixL from Bradyrhizobium japonicum (BjFixL)
is such a case, where one additional non-heme PAS domain is found at the N-terminal
region followed by a heme-PAS domain and a histidine kinase (Figure 3A). The actual
role of this additional PAS domain is not clear, but it may be quite important as shown
in another study using a hybrid FixL sensor from Rhizobium etli (ReFixL) [57]. This latter
cytosolic sensor exhibits a domain organization quite similar to BjFixL (Figure 3A), but
it also has an extra domain at the C-terminal region. This extra terminal domain (REC)
is analogous to the receiver domain of FixJ, which contains a phosphorylatable aspartate
residue (Figure 3A). Thus, this protein features as a combination of BjFixL and part of BjFixJ,
being a great opportunity for questioning the function of multi-domains in the FixL–FixJ
system. In such a hybrid FixL sensor, there are two phosphorylatable residues, one histidine
residue centered at the kinase domain and one aspartate at the C-terminal receiver domain
(Figure 3C). Then, the hybrid protein can promote histidine autophosphorylation followed
by an intramolecular phosphotransfer to aspartate in the receiver domain, all within the
same protein.

This hybrid ReFixL sensor brought up an opportunity to explore this cascade of
phosphorylation processes and their regulation [57]. Interestingly, this sensor showed
the lowest reported oxygen affinity for a heme-based gas sensor ever (Kd = 738 µM) [57],
despite BjFixL also having a reasonably low affinity, too (Kd = 140 µM) [58]. Despite that,
ReFixL exhibited very tight oxygen regulation even in the air, where only 26% of the protein
is bound to oxygen. The deletion of the first PAS domain (∆PAS1 ReFixL) provoked major
changes not only in the heme domain, but also in the histidine kinase activity. While the
oxygen affinity increased about eightfold, the histidine kinase activity was completely
turned off with minor measurable ligand regulation [57]. This lack of activity could be due
to a damaged inactive histidine kinase domain; however, ∆PAS1 ReFixL was still capable
of being phosphorylated by another fully functional ReFixL. This result supported the
histidine kinase domain was still functional, but ∆PAS1 ReFixL was likely shifted toward
an inactive equilibrium state. The PAS1 domain seems to allow an equilibrium between
active and inactive states to be achieved, whose removal disrupted this conformational
change, locking the protein in an inactive state. In another study, we also noticed the
plasticity of their domains and differences in the overall stability when measured in the
active versus inactive state [48]. These studies illustrated how sensitive the heme domain
is and how major properties can be altered by interaction with other domains, not only
by mutations within the heme domain itself. Indeed, this particular feature has been
noticed by many other studies comparing heme properties of isolated heme domains with
full-length proteins [1], reinforcing sensing domains are much more flexible as they should
be to promote signal transduction.

Another exciting feature discovered in FixL is an O2 memory effect. This phenomenon
is a hysteresis response caused upon O2 binding, which quickly inactivates histidine kinase,
but FixL reactivation takes much longer once O2 dissociates [59]. There was an initial
expectation that one O2 molecule bound to FixL is capable of turning off its histidine
kinase activity. If this behavior was right, a linear dose response would be obtained for O2
saturation of FixL versus histidine kinase activity. However, experimental data showed the
dose response for BjFixL was remarkably nonlinear, but it matched nicely the in vivo O2
dose response regulation data. In other words, this result means that a few molecules of O2
are able to inactivate many molecules of FixL due to faster O2 rebinding in comparison to
slower kinetics of histidine kinase activation. This process fits well in a hysteresis model
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supporting in vitro and in vivo data. This exciting phenomenon can indeed explain how
extremely low-affinity sensors work [57,59]. Actually, the nonlinear response of inhibitors
(as drugs) has alerted medicinal chemists of an important aspect of association/dissociation
kinetics beyond thermodynamic affinity (Kd) [60]. The memory effect may explain how
oxygen can regulate ReFixL so tightly despite its extremely low affinity. While this process
may explain FixL behavior, it was not able to explain the nonlinear dose response for other
oxygen sensors (e.g., DosP [19]), where other mechanisms may take place.

Structural changes of the heme domain of FixL were observed as reasonably fast (few
microseconds) events associated with planarity/distortion of the heme and its interactions
with nearby residues [61–63]. Recently, an attempt to investigate the time scale of the
signal transduction process was carried out with FixL from Sinorhizobium meliloti (SmFixL)
using Raman spectroscopy [64]. Despite the limitations of this study, the authors suggested
conformational changes provoked in the heme domain by oxygen binding would take at
least microseconds to alter the histidine kinase domain. However, it is still unknown if any
further fine adjustment is required to achieve full inactivation or activation.

FixL or analogs have been found in other microorganisms, such as Caulobacter crescen-
tus [65], Brucella abortus [66], Chlamydomonas reinhardtii [67] and Burkholderia cepacia [68,69].
This latter bacterium is part of a class of pathogens causing concerns in cystic fibrosis
patients. There is growing evidence that this bacterium employs the oxygen sensor FixL to
control biofilm formation, motility, intracellular invasion/persistence and virulence, open-
ing exciting opportunities to explore this system in therapy. Beyond that, this system has
also been explored in synthetic biology as mentioned later (see section “Diverse Potential
Applications of Heme-Based Gas Sensors: Systems Applied in Cell Biology”).

3. DevS and DosT—A Short History

The millenary disease, tuberculosis, is still a major global health issue, causing deaths
of over 1 million people around the world [70]. The low number of drugs, emergence of
multiple drug-resistant strains and the large reservoir of dormant bacteria within humans
have caused a challenge to control and eradicate this disease [71,72]. Almost 20 years
ago, a two(three)-component system (DevS–DevR, and later DosT) was identified in M.
tuberculosis (Mtb) [73–75], which was associated to its virulence. Genetic studies showed this
system was oxygen-responsive and associated to the initiation of the dormancy program
in the bacterium [74,76]. The dormancy of Mtb is related to its persistence in humans,
the lengthy medical treatment and difficulty to eradicate this disease in the world [77].
Importantly, this sensory system of DevS–DosT–DevR was shown as a suitable drug target,
where two independent laboratories have been developing new compounds as novel anti-
tuberculosis drugs (see section “Diverse Potential Applications of Heme-Based Gas Sensors:
Pharmacological Use”).

In 2005, DevS (also known as DosS) was shown to be a GAF heme-containing pro-
tein [78] (Figure 3B). Later, DevS and its ortholog, DosT, were demonstrated to function as
O2 sensors [79,80], supporting previous genetic studies [74,76]. In 2007, another laboratory
suggested DevS is a redox sensor while DosT is a direct oxygen sensor [81]. These appar-
ently conflicting conclusions were addressed by other studies as discussed elsewhere [36].
In summary, there is strong and compelling evidence supporting that DevS and DosT are
indeed direct oxygen sensors, including DevS having a relatively high electrochemical
potential (Em = −10 mV vs. NHE) [82]. But why nature would employ two oxygen sensors
for that process? These proteins may function by sensing and responding to distinct levels
of hypoxia, which would be in agreement with their oxygen affinity [79], as indicated by
genetic studies [83]. DosT with a lower oxygen affinity (Kd = 26 µM) may perceive the
initial drop in oxygen concentration, allowing initial bacterial adaptation. If this condition
does not persist, it may be an easier return to normal growth; however, if a further decrease
in the oxygen level takes place, then DevS becomes active, leading to major physiological
changes into a dormant state. Despite their differences, the accrued biochemical knowledge
on FixL–FixJ helped us to better understand this system [1,3,4].
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Raman spectroscopy, site-direct mutagenesis and single crystal X-ray studies provided
important hints on the role of key residues involved in sensing and signal transduction [84–86].
The distal ligand in the heme domain is a tyrosine residue (Y171 in DevS and Y169 in DosT),
which makes a hydrogen bond with O2, supposedly assisting its binding. It is interesting to
remark that such assistance was not validated for DevS, where the Y171F mutant showed
an even higher affinity to oxygen [85], illustrating the complexity of these interactions.
Unlike FixL, these proteins showed minor changes within the heme pocket in the active
and inactive states, besides a modification in the hydrogen bonding network from the heme
to the surface of the domain [86]. This effect might report O2 binding to the surface of the
domain and could propagate this information into other domains as a signal transduction
process. Other studies were carried out to identify the role of other residues within the
heme, where arginine 204 seemed to have a critical role [87]. This residue is expected
to be in a polar patch at the surface of the heme domain in an interface with the other
GAF domain. Notably, the R204A mutant promoted a complete disruption in the histidine
kinase activity, implicating this residue in signal transduction [87]. Earlier, another study
had investigated the role of the extra GAF domain, where two constructs were compared
with the wild-type one containing the two GAF domains (GAF(A)–GAF(B)) and another
one with only the heme GAF domain (GAF(A)) [88]. These constructs in comparison
to wild-type DevS showed distinct features by Raman spectroscopy. Interestingly, the
heme GAF domain upon binding to CO exhibited a Raman spectrum consistent with two
conformations, while the two GAF constructs had only one, indicating that the intervening
domain might mediate signal transduction initiated in the heme domain.

Recently, our laboratory showed DevS is a mixture of oligomers dimer–tetramer–
octamers, and more importantly, this oligomeric distribution could be shifted by selective
disturbance in the heme domain [89]. Indeed, active DevS either under anaerobic (deoxy-
DevS) or CO-bound form (CO-DevS) exhibited a major fraction as octamers, while in the
inactive state, either ferric (met-DevS) or oxygen-bound forms (oxy-DevS) showed mainly
tetramers and dimers. Remarkably, the inhibition ratio (histidine kinase activity in the ac-
tive/inactive states) matched nicely the relative amount of octameric/(dimeric–tetrameric)
species, supporting the phenomenon of signal transduction promotes changes in the qua-
ternary state of the protein. This process was also reasonably fast (a few minutes), and may
occur in other heme-based gas sensors as well [90,91].

The overall mechanism of functioning of this two(three)–component system may
be more complex than expected [25]. There is a series of other protein partners, protein
modifiers (serine threonine kinase, acetylation) and cross-talks with other sensing systems
involved, making this whole story complex, as discussed elsewhere [25]. Nevertheless,
there are many opportunities ahead to unfold these details and find new applications for
these systems either as drug targets or biological tools, etc.
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4. Diverse Potential Applications of Heme-Based Gas Sensors

Our understanding of the molecular functioning of heme-based gas sensors and
their broad diversity has also opened new opportunities, both to develop small-molecule
regulators and use them as new tools and materials, as we discuss further (Figure 4).
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5. Final Considerations 
Heme-based gas sensor proteins are a remarkable widespread superfamily of sensing 

systems. These moderately old sensors always surprise us with their diversity, appear-
ance of new families and mechanisms of action. There is no doubt many more are still 
going to be discovered. The multiple applications of these systems are just unfolding, cov-
ering biological and chemical tools, biocatalysis and drug targets, making them a hot spot 
of opportunities much beyond our necessity of understanding their molecular function-
ing. 
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Figure 4. Chemical and biotechnological applications of heme-based gas sensors. There are
five segments of investigations with some developed applications of heme-based gas sensors in
cell biology (e.g., FixL was employed to achieve hypoxia and light control), pharmacology (e.g.,
two FDA-approved drugs are available targeting sGC, while others are under study, along with a
blood substitute candidate Omniox®), biochemical tools (e.g., CooA, DosP and TtH-NOX are explored
for in vivo monitoring of O2, CO and other uses such as MRI or fluorescent reagents), biocatalysis
(e.g., TtH-NOX has been explored as a peroxidase catalyst), chemical tools (e.g., CooA and Tt-HNOX
have been explored for in vitro detection and measurement of cyanide, CO, NO and O2).

4.1. Pharmacological Use

Currently, there are many heme-based gas sensors involved in key biological processes
both in humans and pathogens, making them suitable drug targets for investigation [92].
Here, we described a few interesting cases, some of them still in very early stage while
others with drugs approved for clinical use.

The first heme-based gas sensor discovered, sGC, has many physiological roles in
humans, making it a very desirable drug target for the treatment of endothelial, cardiovas-
cular and pulmonary disorders [93,94]. A series of nitric oxide (NO) donors was earlier
employed targeting sGC, even before this sensor was known or this small molecule (NO)
found to be biologically active. The binding of NO to sGC strongly stimulates its cyclase
activity, converting GTP into cGMP [27]. This is one of the reasons for the development
of NO donor molecules, which can be employed to lower blood pressure, hypertension
crisis, angina pectoris, glaucoma, among other applications [94]. However, the lack of
selectivity and acquired tolerance to NO can limit its action in continuous use. Some
strategies have emerged to deal with these issues, particularly providing more selective
delivery strategies either by using light, nanoparticles or other stimuli [1,94]. At the same
time, other small molecules have been investigated, starting with YC-1, the first direct
sGC stimulator discovered [95]. Currently, there are many organic- and inorganic-based
molecules investigated as sGC stimulators or activators likely able to treat many condi-
tions [92–94,96]. Two drugs (riociguat, 2013, and vericiguat, 2021) that function by targeting

28



BioChem 2022, 2

sGC are already approved for clinical use, opening many opportunities. Other heme-based
gas sensors found in humans have also been explored as potential drug targets involved in
the mood and metabolic disorders (e.g., NPAS2, Rev-erbα/β) [92,97].

The disruption of sensing systems in bacteria has emerged as a promising strategy
for the development of novel antibiotics with likely minor selective pressure [98]. Among
these systems, there are heme-based gas sensor proteins as potential drug targets [1,92].
In certain cases, the use of NO donors can be beneficial to assist with the elimination of
the bacterial infection through interaction with heme-based gas sensors [94]. One of the
major obstacles to eliminate bacteria is caused by the production of biofilm that leads to
antibiotic tolerance [99]. The NO sensor NosP found in P. aeruginosa and V. cholerae is
involved in the regulation of biofilm production, where binding to NO promotes biofilm
dispersal [100]. This has opened new opportunities for the use of NO donors, particularly
in combination with antibiotics. Recently, we and others have been able to show that NO
donors can function in synergy with antibiotics, promoting the disruption of biofilms and
enhancement of antibiotic action [101–103].

The O2 sensor two(three)–component system of M. tuberculosis, DevS/DosT–DevR,
has also become an important drug target [72,92,104]. Two laboratories have made efforts
to identify new molecules to inhibit this sensing system. Tyagi’s laboratory pioneered
this study in identifying phenylcoumarin-based compounds through an initial in silico
screening (2.5 million compounds), but their hits exhibited low biological activity [105].
Then, they carried out other studies looking at small peptides targeting DevR and DevS
using the phage display technology [106,107]. Unfortunately, the most active peptides
identified did not show suitable biological efficiency. Recently, Abramovitch’s labora-
tory developed a cell-based phenotypic screening assay with a reporter gene under DevR
regulation [108]. In this study, they employed a library of 540,288 compounds, where
six classes of compounds were identified with apparent distinct mechanisms of action.
These compounds showed quite promising biological activity toward Mtb with apparently
distinct mechanisms of action, including a synergistic effect with anti-tuberculosis drugs
(e.g., isoniazid) [104,108,109]. One interesting case was with artemisinin, one class of drug
found in the screening, that was shown to target the heme of DevS and DosT [108]. Other
laboratories had shown the potential anti-tuberculosis activity of this old compound also
in combination with isoniazid (and other anti-TB drugs) [110,111], but there was no clue
about its potential target. These exciting studies may continue and eventually provide a
leading compound targeting dormant bacteria, a major issue during tuberculosis treatment.
Besides this case, other heme-based gas sensors might function as a drug target in the
development of antibiotics or antiparasitic agents, deserving a close look, including in cer-
tain FixL systems (found in the pathogens Burkholderia cepacia and Brucella abortus) [66,68]),
BpeGReg (found in Bordetella pertussis, a pathogen that causes whooping cough) [112],
Hpk2 (found in Treponema denticola that causes periodontal disease) [113], DosC/DosP
(found in E. coli) [19,89] and HemAC-Lm (found in the parasite Leishmania) [114].

Beyond this, due to the large diversity of heme domains reported for heme-based gas
sensors, they should be further investigated as potential antidotes for carbon monoxide
poisoning, delivery of gasotransmitters (e.g., Sanguinate® [115]) or even as blood substitutes
as carried out with neuroglobins [116] and modified hemoglobins (e.g., Hemopure®) [117].
There is one expired patent on the potential use of globin-based proteins including heme-
based gas sensor proteins HemAT from Halobacterium salinarum and Bacillus subtilis in
medicine as blood substitutes and microsensors [118]. As far as we are aware, there is
only one case of a heme-based gas sensor protein being investigated as a blood substitute,
which was reported for the H-NOX sensor from Thermoanaerobacter tengcongensis (TtH-NOX,
Omniox®) [119]. In this study, a modified TtH-NOX heme domain exhibited promising
results in preserving myocardial contractility during acute hypoxia in an ovine model of
myocardial injury, whereas NO sequestration was not an issue, commonly faced when
using hemoglobin-derived biotherapeutics. This heme-based gas sensor has been explored
in many other applications as described further.
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4.2. Chemical and Biological Tools

DosP (earlier called EcDOS) is a heme-based O2 sensor from E. coli, which upon
binding to oxygen exhibits a steep increase in c-di-GMP phosphodiesterase activity [120].
This dinucleotide is an important signaling molecule in bacteria with important roles in
humans as well [121]. A recent study showed that DosP can be efficiently encapsulated into
mesoporous silica, where its regulated phosphodiesterase activity is reasonably preserved
along with stability [120]. This type of material might have interesting chemical and
biological applications. The easier chemical production of linear pGpG from c-di-GMP
phosphodiesterase might be one potential use of this material. In addition to that, its
capacity to degrade c-di-GMP might have therapeutic features against microbes that could
be explored [122].

The analytical use of heme-based gas sensors as probes for diatomic gases (O2, NO
and CO) or anions (cyanide) has been explored. The heme-based CO sensor from Rho-
dospirillum rubrum, CooA, was designed to report CO levels in vitro and in vivo [123]. This
was achieved by fusing a fluorescent protein in the C-terminal domain, where a major
conformational change occurs when CO binds. Notably, this sensor exhibited an increase
in fluorescence upon binding to CO with a Kd of 2 µM, which was minimally disturbed
by NO, O2, H2S, imidazole, glutathione or CN−. This probe was also investigated in vivo
by transfecting HeLa cells with a probe-expressing vector, where fluorescence images
were obtained either using 5 µM CO (externally applied) or a known CO donor molecule
(CORM-2, used even at 1 µM).

A mutant of the H-NOX sensor from Thermoanaerobacter tengcongensis (TtH-NOX
Y140F) was developed to function as an NO sensor. This mutant exhibited great properties
such as no binding to oxygen, high stability to heat (up to 70 ◦C) and oxidation, but a very
strong affinity to NO. Notably, this protein can be used to measure very low levels of NO
even in a large background of O2. Another modification of TtH-NOX was carried out by
replacing its native heme with a ruthenium(II)-mesoporphyrin IX [124]. In this case, the
protein scaffold hosted a luminescent ruthenium-based cofactor that upon binding to O2
exhibits light emission suppression, functioning as an oxygen sensor. Indeed, the authors
showed they could detect up to 4.2 µM O2, claiming this is reasonably close to commercial
O2 sensors [124].

In another study, meso-alkynylation of heme b cofactor was carried out, allowing
further conjugation with many molecules, including fluorophores. The authors showed
this modified porphyrin could be efficiently incorporated in the Tt-H-NOX protein, then
labeled with an azide-based fluorophore (rhodamine) [125]. This procedure offers more
flexibility where labeling is not in the protein chain, making it possible to explore fluo-
rescence imaging as well as Raman microscopy. In a recent study, a highly fluorescent
near-infrared compound, phosphorus corrole, was investigated as replacement of the native
heme of the CsH-NOX sensor from Caldanaerobacter subterraneus [126] (formerly known as
Thermoanaerobacter tengcongensis H-NOX or Tt-H-NOX sensor [127]). The authors showed
phosphorus corrole was able to replace its native heme cofactor, providing better properties
such as long wavelength emission and high quantum yield. Corrole-based compounds
exhibit some structural similarity with protoporphyrin IX, but they can be much better
emitters, which in combination with a robust protein scaffold can generate promising new
fluorescent systems [126]. Besides these cases, this same heme-based gas sensor was also
explored in other applications, such as cyanide sensor (TtH-NOX P115A mutant) [128] and
MRI probes using Mn(II/III) and Gd(III) porphyrins as a substitute to the native heme [129].
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4.3. Systems Applied in Cell Biology

An early study produced a sensory chimera (CskA) containing part of FixL [130], aim-
ing mostly to understand the essential elements for building a functional sensor. These in-
vestigators combined the oxygen-sensing heme domain of SmFixL from Sinorhizobium meliloti
with the histidine kinase domain of ThkA from the hyperthermophile Thermotoga maritima.
In that work, two out of five constructs showed oxygen affinity close to full-length SmFixL,
but none of them exhibited oxygen regulation of histidine kinase. Nonetheless, some
constructs showed even higher autophosphorylation activity if compared to ThkA [130],
indicating modulation of the enzymatic activity in the chimera. This frustrated attempt to
prepare an oxygen-regulated system illustrated the key role of the linkers to allow proper
interaction of the domains and likely allow regulation. Other attempts were more successful
in achieving signal regulation as described below.

In 2008, Moffat’s laboratory developed a chimeric protein by replacing the heme
domain of the oxygen sensor FixL with the light–oxygen–voltage-sensing domain (LOV
domain of YtvA from Bacillus subtilis) [131]. Their goal was to control reversibly the histidine
kinase activity of FixL using blue light instead of oxygen. Interestingly, they prepared
some protein constructs with remarkable regulation of enzymatic activity using blue light,
achieving over 1000-fold inhibition. This system was also investigated in E. coli, where
light irradiation was able to shut off 70-fold a gene reported based on this system [131].
This study opened exciting opportunities for a broad use of sensing systems. Another
independent laboratory prepared a chimera of FixL with CckA, this latter being a histidine
kinase sensor from Caulobacter crescentus, as a biological tool [132]. This system combined
the sensing unit of CckA with the histidine kinase of FixL and full-length FixJ along with a
fluorescent gene reporter responsive to phosphorylated FixJ. The use of this biological tool
allowed them to better understand the molecular signaling mechanism associated with the
asymmetric cell division of C. crescentus [132].

Another chimeric protein was developed using the heme PAS domain of DosP, an
oxygen sensor in E. coli, combined with a yellow fluorescent protein (Venus YFP) [133]. This
new protein, called ANA-Y (anaerobic/aerobic sensing yellow fluorescence protein), has a
coiled-coil linker optimized to provide suitable fluorescence response upon oxygen binding
to the heme domain. This system can report oxygen concentrations in the micromolar
range, which was employed as a genetic probe in synthetic biology to monitor initial
photosynthetic production of oxygen in cyanobacteria [133]. In the previous subsection
(see “Diverse Potential Applications of Heme-Based Gas Sensors: Chemical and Biological
Tools”), we also presented a CO probe based on a chimeric protein of CooA. This sensor
regulates bacterial processes involving the consumption of CO with the generation of H2
such as in the water–gas shift reaction (CO + H2O→ CO2 + H2). This process is catalyzed by
two enzymes, carbon monoxide dehydrogenase (CODH) and carbon monoxide-dependent
hydrogenase (CO-Hyd) under regulation by CooA [134]. Aiming to enhance the production
of H2 by Citrobacter amalonaticus Y19, an engineered strain was prepared containing a
plasmid carrying the cooA gene for overexpression [134]. This genetic alteration promoted
an expressive increase in H2 production (3.4-fold) by this bacterium, supporting this type
of biotechnological strategy.
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4.4. Biocatalysts

In 2018, Dr Frances Arnold was awarded a Nobel Prize in Chemistry for her contribu-
tion to the development of novel biocatalysts based on directed evolution [135]. Despite
that, biocatalysts have been developed not only based on directed evolution (random
mutations), but also with exchange of metal ions and incorporation of new cofactors that
have broadened our horizon. Indeed, enzymatic catalysis of reactions not reported to
be carried out by nature were developed by designing novel biocatalysts. Myoglobin, a
non-enzymatic hemeprotein, has been widely explored and converted into an outstand-
ing novel catalyst for many distinct biological and nonbiological reactions, as reviewed
elsewhere [136]. The same has been carried out for many other metalloproteins, including
other hemeproteins (e.g., cytochrome c, cytochrome P450). This may be a great opportunity
to explore many distinct heme domains found in the families of heme-based gas sensors.
As far as we are aware, there is only one case explored so far, as described below.

Aiming to explore and enhance potential catalytic properties of the heme-based gas
sensor Tt-H-NOX, its heme domain was studied and subjected to site-direct mutagenesis at
the distal tyrosine ligand [137]. Interestingly, this protein showed capacity to decompose
H2O2, which was strongly enhanced in the Y140H mutant and lowered in the Y140A
mutant. Their peroxidase activities were investigated using the ABTS (2,2′-azino-bis(3-
ethylbenzothiazoline-6-sulphonic acid)) substrate along with H2O2, where the WT protein
showed moderate activity but the Y140H mutant was significantly better (70% higher)
in degrading ABTS. Despite this protein showed a much lower turnover compared to
other known catalytic proteins, the authors claimed there is a comparable efficiency in
oxidizing substrates as in some native catalysts (e.g., but using different substrates, TtH-
NOX kcat = 0.06 s−1 for ABTS versus cytochrome P450BM-3 kcat < 0.008 s−1) [137]. This
study did not provide appealing catalytical results, but it highlighted the opportunities
ahead, taking advantage of the thermostability, easy production and structural robustness
of that heme-based gas sensor protein.

In another study, a multidomain protein containing one heme PAS domain showed an
unexpected oxidative N-demethylase activity based on the heme cofactor [138]. The PAS
domain is indeed a typical signal transduction unit employed by many types of sensors,
including heme-based gas sensors, which has never exhibited any reported catalytic activity.
Despite this protein might not be a true heme-based gas sensor, it has exposed the heme
PAS domain as a biocatalytic unit deserving further studies. This unique case highlights
the broad opportunities to explore biocatalysis using many other types of heme domains
from heme-based gas sensors.

As shown here, there are many opportunities to create novel tools and materials by
manipulating heme domains. One strategy to explore this is to replace the native heme by
another metalloporphyrin analogs, providing novel functions to the protein as described
before. To achieve this, engineered E. coli strains or growth conditions have been explored to
facilitate direct incorporation of heme analogs or production of hemeless proteins [139–142].
The engineered RP523 strain of E. coli was prepared, exhibiting disruption of biosynthesis
of the heme (hemB and hemC) along with the heme permeability phenotype [139]. This
feature allowed direct incorporation of metalloporphyrins once they were provided in the
cell culture medium [139], but oxygen sensitivity and the toxicity of cofactors are a concern
for its success. Another strategy was to use an E. coli BL21(DE3) strain containing a plasmid
bearing the heme transporter ChuA allowing the uptake of heme analogs provided in the
cell medium [141]. In addition to that, E. coli was grown in an iron-depleted medium to min-
imize heme biosynthesis, but up to 5% of the protein could still bear the heme. Alternatively,
it was shown that the hemeproteins overexpressed in E. coli BL21(DE3) employing the M9
medium are mainly hemeless, where the incorporation of exogenous metalloporphyrins
can be easily achieved by mixing with lysed cells [140]. These approaches are important
technical advances helping the success of using heme-based proteins.
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5. Final Considerations

Heme-based gas sensor proteins are a remarkable widespread superfamily of sensing
systems. These moderately old sensors always surprise us with their diversity, appearance
of new families and mechanisms of action. There is no doubt many more are still going
to be discovered. The multiple applications of these systems are just unfolding, covering
biological and chemical tools, biocatalysis and drug targets, making them a hot spot of
opportunities much beyond our necessity of understanding their molecular functioning.
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Abbreviations

BpeGReg Bordetella pertussis globin-coupled regulator
CckA Caulobacter crescentus histidine kinase protein A
c-di-GMP Cyclic dimeric (3′,5′) guanosine monophosphate
cGMP Cyclic guanosine monophosphate
CsH-NOX H-NOX sensor from Caldanaerobacter subterraneus, formerly known as TtH-NOX
CskA Chimeric sensory kinase A
CooA CO oxidation activator protein
CORM-2 CO-releasing molecule 2
DevS Differentially expressed in virulent strain sensor protein, the same protein as DosS
DevR Differentially expressed in virulent strain response regulator protein, the same

protein as DosR
DosC Direct oxygen sensor cyclase protein
DosP Direct oxygen sensor phosphodiesterase protein
DosS Dormancy survival sensor protein
DosT Dormancy survival sensor T protein
EcDOS Escherichia coli direct oxygen sensor protein, the same protein as DosP
FIST F-box and intracellular signal transduction proteins domain
FixL Rhizobial nitrogen fixation gene L protein
FixJ Nitrogen fixation gene J protein
FNR Fumarate and nitrate reduction protein
GAF cGMP-specific phosphodiesterases, adenylyl cyclase, and FhlA proteins domain
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GTP Guanosine-5′-triphosphate
HemAC-Lm Heme-containing adenylate cyclase from Leishmania major
HemAT Heme-based aerotactic transducer sensor protein
HIF Hypoxia-inducible factor
HNOB Heme NO-binding domain
HNOX Heme NO- and oxygen-binding domain
HTH Helix-turn-helix domain
HOLI Ligand-binding domain of hormone receptors
Hpk2 Histidine protein kinase 2 from Treponema denticola
YC-1 5-[1-(phenylmethyl)- 1H-indazol-3-yl]-2-furanmethanol
LBD Ligand-binding domain of the nuclear receptor
LOV Light–oxygen–voltage-sensing domain
MRI Magnetic resonance imaging
Mtb Mycobacterium tuberculosis
NifA Oxygen-responsive nitrogen fixation sensor protein A
NorR NO reductase regulatory protein
NosP Nitric oxide-sensing protein
PAS Per, period circadian protein, Arnt, aryl hydrocarbon receptor nuclear translocator

protein, Sim, single-minded protein domain
pGpG Linearized form of cyclic di-GMP, 5′-phosphoguanylyl- (3′ −> 5′)-guanosine
SAXS Small-angle X-ray scattering
SCHIC Sensor-containing heme instead of cobalamin domain
sGC Soluble guanylate cyclase
ThkA Thermotoga maritima histidine kinase A
TtH-NOX H-NOX sensor from Thermoanaerobacter tengcongensis
VcBhr-DGC Vibrio cholerae bacterial hemerythrin diguanylate cyclase sensor protein
Whib regulator originally associated to the gene locus involved with the conversion of

white multinucleoidal aseptate aerial hyphae into chains of mature grey
uninucleoidal spores

Whib3 NO and/or O2 sensor from Mycobacterium tuberculosis
YFP Yellow fluorescent protein
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Abstract: Simple biochemical concepts can be hard to grasp by non-specialists, even when they are
related to practical contexts in industry, day-to-day activities, or well-acknowledged pathological
conditions. This is especially important in instances where accurate communication of biochemi-
cal aspects for different types of stakeholders may be crucial. Examples include interacting with
policymakers to establish guidelines, with patients (and/or caregivers) to identify key concepts in
promoting awareness and adherence to therapeutic regimens, or with teachers and students for novel
approaches in critical thinking. Focusing on our own work in developing communication tools for
different purposes, in this review we will focus on some examples of how biochemical concepts can
be effectively translated into illustrations and graphical narratives. For this purpose, engagement
with target audiences in developing the materials themselves is key. We also discuss how specific
projects can be tailored for different purposes, as well as evidence that comic-book strategies are
effective in conveying biochemical and biomedical knowledge.

Keywords: metabolism; comics; biomedical knowledge; health communication; science communication

1. Introduction

Scientific concepts in Biochemistry, and the life sciences in general, can be hard to
understand, and the use of images to better convey information is common at all levels,
from very basic leaflets tailored to a lay audience to schoolbooks and the most advanced
scientific papers [1–6]. In fact, no Biochemistry or Molecular Biology textbook is devoid of
images (photos, graphs, diagrams, and schematics) to help guide the reader [7,8].

In many cases, sequential images are used to display a sequence of events, for exam-
ple relating to enzyme-mediated catalysis, the binding of ligands to receptors, signaling
cascades, or steps in embryo development. One of the challenges in both education and
outreach towards different types of audiences is translating biochemical concepts to a target
audience that may need assistance in grasping the most basic information. While classical
textbook images are effective at more professional levels, they may not be the ideal choice
to communicate with all audiences.

It is therefore unsurprising to note that science communication aiming at different
target audiences often uses illustrations, sketch notes, cartoons, and comics, with or with-
out an accompanying narrative [9–15]. In this review, we will discuss examples of how
biochemical concepts can be effectively translated into graphical narratives, providing
tools for both formal and informal education, as well as for more effective stakeholder
engagement. Importantly, we will also discuss the appropriate methodology needed to
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create effective comics-based materials. The considerations to take into account include
content selection, graphic considerations regarding style and representation, preparatory
interactions with a putative target audience to tailor the content to specific needs, and
the monitoring of impact to ensure that key messages are indeed transmitted. To the best
of our knowledge, this is the first review to simultaneously focus on all these aspects of
comics-based science communication.

2. Using Sequential Images and Comics in Science Communication

By combining words and images, comics, in particular, embody a reliable format to
effectively communicate biomedical knowledge [16] as well as for introducing scientific
information in the classroom [12,17]. Moreover, using narrative techniques and well-
designed characters and narratives can also potentiate effectiveness in terms of scientific
or health-related beliefs, attitudes, intentions, and behaviors [18–22]. Although some
understanding of the specificities and conventions of the language is needed, comics
seem to be approachable and able to reach and engage new audiences, also showing that
entertainment and education are not mutually exclusive [23]. On the other hand, the
narrative dimension contextualizes the scientific or health-related knowledge, both through
verbal and visual cues, and engages the reader at a personal level [14,16,23]. Importantly
comics have been clearly shown to be a successful tool in science communication, in some
cases outperforming other forms of communication dealing with the same content (text,
animations, etc.) [17,23–27].

In a biomedical context, examples include efforts dedicated to human immunod-
eficiency virus (HIV)/AIDS prevention programs [28,29], but later also sexual health
education [30–32], rheumatoid disease [33,34], cancer [35–37], mental health [38–43] and
metabolic disorders [44–47]. More recently, and concomitant with a gradual transition
from hard copies to digital media, several comics designed to promote healthier diets,
increased physical activity, and weight loss as preventive and therapeutic practices for
obesity, diabetes, and cardiovascular diseases have been produced [48–53].

3. Defining Representations, Topics, Characters, and Storylines

Several aspects can be considered when using comics or visual-related language via a
series of illustrations. These must be carefully considered and tailored towards the specific
goals of a given project, starting with the choices to show scientific content in a simplified
(not simplistic) manner.

For example, the use of analogies or metaphors is pervasive throughout scientific
discourse in general and to convey biochemical concepts in particular. As shown in Fig-
ure 1, ATP production in the mitochondria follows a well-understood process that involves
electron transport through several complexes coupled with proton pumping across the
inner mitochondrial membrane. The resulting electrochemical gradient (mitochondrial
membrane potential) is then used by the ATP synthase to phosphorylate ADP to ATP.
At the molecular level, the mechanism regarding ATP synthase activity is often repre-
sented as rotating paddles converting different forms of energy. On the other hand, to
convey the basic notions of what is at stake, the mitochondrial membrane potential can
be metaphorically represented as a hydroelectric dam and the organelle itself as a battery
(Figure 1C). Although these metaphors or analogies can also lead to misconceptions and
improper simplifications, they can nevertheless be useful, especially as a first approach or
in contacting audiences with limited scientific knowledge. In another example, discussing
the molecular basis of actin-myosin interactions leading to voluntary skeletal muscle con-
traction in sarcomeres can be done logically in the context of exercise (possibly also related
to the promotion of healthy lifestyles), for example, using the similarities with rowing as a
metaphor (Figure 2).
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Figure 1. Typical representation of the electron transport chain in the inner mitochondrial membrane
and the generation of an electrochemical gradient (A). The use of the gradient to synthesize ATP by
the ATP synthase can be depicted as a system of rotating paddles based on structural information (B).
More metaphorical is an analogy to show how a hydroelectric dam produced electricity (C).

Figure 2. The introduction of a common activity (rowing) to stress the movements of myosin and
actin filaments relevant in muscular contraction.

Another use of images to convey biochemical concepts includes the recently estab-
lished Graphic Medicine genre, which applies to comics paradigms and principles gen-
erated with Narrative Medicine. This approach aims to humanize medical care, focusing
on the experiences of those involved (patients, practitioners, family members, caregivers,
health care systems, community) [54–59], stemming from individual experiences [60–63].
However, while the stories may resonate with others under the same circumstances, their
goal is not necessarily to convey biochemical aspects related to a specific pathology or
explain a treatment regimen from a scientific/clinical standpoint. Therefore, in a more
educational context, this type of strategy may not be useful, as it introduces subjectivity
and can neglect paramount scientific information [55,57].

A similar discussion may be had in terms of visual style [64,65], as both realistic
depictions and cartoonish representations are possible. Indeed they are often combined,
for example, using human characters as patients and cartoons to anthropomorphize phe-
nomena (such as cancer, for example), cells, or proteins, thus equipping them with a clearer
sense of (metaphorical) agency [14,16,66–68]. The goal is to engage readers using different
strategies, leading to very different tools. The issues at stake are evident in three comics
that focus on DNA and its functions. While the subject matter is essentially the same and
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accurately depicted in each case, one [69] opts for a more realistic style characteristic of
classical textbooks (drawn photos of key researchers and detailed schematics of molecu-
lar events), another relies on the anthropomorphizing of important molecules (helicases,
transcription factors, repair enzymes) to better represent their actions [70]. Yet another
has human characters interact directly with molecular aspects [71]. These choices may
be related to the different goals of each approach: a thorough historical narrative on the
discovery of DNA, an accessible approach on DNA function for the general population,
and a textbook in Japanese comic (mangá) format to engage young readers, respectively.
Regardless of the choices made, the images should not distract the reader from the main
message. This can be the case with more expressionist styles drawings featuring unclear or
unnecessary details, a confusing color palette, over-complex visual analogies, or even page
layouts with an unintuitive reading experience.

On the other hand, the choices of what to communicate and how should actively
involve the potential end-users, in other words, adopt a participatory approach in co-
producing the content [72]. One has to start by identifying the main topics to communicate
and the target audience, and then try to work with said audience (in focus groups or
short interviews, preferably with some open questions) to establish a realistic knowledge
baseline [73–76]. A few questions may need to be answered, for example: what is the
background knowledge? In material focused on a specific medical issue, what do patients
know about their own condition? What do learners know about the topic? What are the
gaps in knowledge? What are audiences curious about knowing? Could it make a difference
in how they interact with a given technology, adherence to treatment, or lifestyle changes?
What do practitioners think would be useful information for patients (and caregivers) to
have in order to elicit behavioral changes? What do teachers and professors think would
be useful for the students’ perception and cognition?

Patients and other learners, even those with limited literacy, have their own experi-
ences and may have more developed and detailed knowledge than should be assumed,
although misconceptions are also common [14,16]. These mutual interactions may also
be useful if the goal is to create characters and narratives. If, for example, characters in
an educational comic, as well as their biographies/behaviors, are based on a composite
of different members of a target audience, there might be a better chance of other readers
from the same population identifying with the fictional characters. One example is shown
in Figure 3 and discussed in detail below [77].

It is important to note that this should be as open and as collaborative a process as pos-
sible, although financial, organizational, and time constraints will likely play a role. Ideally,
an initial effort should lead to a first draft that can then be shared for possible feedback and
eventually result in the refining of both visual and verbal narratives [75,76,78–80]. Did the
audience understand the key concepts and message accurately? Did they appreciate the
comic or think the story, characters, and script were convincing? Did they find something
off-putting, and why? Finally, distribution of the final product should not be considered
as the ending, but rather an evaluation of impact should be performed, if possible. Again,
the goal, in this case, is to determine how effective the comic (or whatever other tool) was
in a wider context, or if, for instance, its effectiveness varied with different segments of
the population (age, gender, culture, literacy levels). These two aspects can be carried out
using appropriately structured questionnaires (or interviews), which must nevertheless be
validated using appropriate methodologies and expertise [26,77].
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Figure 3. The use of characters with specific biographies and storylines to help convey both biochem-
ical information (the synthesis of fat from sugars) and to help convey information relative to nutrition
and healthier lifestyles (see text for discussion).
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4. Comics and the Communicating Biochemical Concepts in a Context of
Metabolic Disorders

Biochemical aspects related to metabolic disorders are a good place to start, as they
can be important in many relevant biomedical and educational contexts [38,81]. Previously
we faced the tensions of discussing accuracy versus aesthetics in our work on metabolic
disorders focusing on mitochondrial biology [47]. Is there a realistic limit for depicting
cellular mechanisms in a graphic narrative? What were the best strategies to bring mito-
chondria to ‘real-life’, convey the fundamental research, and engage in healthier habits?
The narrative is about a young woman diagnosed with a metabolic disorder, and transports
the reader to a realistic view of mitochondrial biology blended with the changing daily
routines of the character. The intent was to target different types of lay audiences, not only
patients but also children or at-risk segments, and students at different levels of education.
This is relevant both in conditions that are relatively well-known, such as diabetes, as well
as conditions where that is not at all the case, such as Nonalcoholic Fatty Liver Disease
(NAFLD). NAFLD has been the target of a few campaigns exactly because it is not only
underdiagnosed but a burden predicted to increase, especially in the developed world [77].

But, besides the obvious healthy lifestyle aspects related to both prevention and man-
agement of metabolic disorders (proper nutrition, regular physical activity, and exercise)
as well as regular monitoring (blood sugar and cholesterol levels, liver enzyme activity
etc.), what biochemical aspects can be conveyed to strengthen the message? In our work
focusing on type 2 diabetes patients at high risk for NAFLD [82], a few issues arose out of
conversations with researchers, practitioners, and patients who were interviewed for the
project, albeit at different levels [83]. Two of these issues can be cited because they involve
clear mechanistic biochemical insights: Why do people who avoid fatty foods (but not
sweets) have fat accumulation and obesity-related problems (de novo lipogenesis)? Why
does insulin sometimes “stop working” (insulin resistance)?

The advantage of excess sugars being converted to fat is clear from the standpoint of
efficient energy storage, but conveying even a simple version of the biochemical reactions
involved would likely confuse more than enlighten a lay audience [84]. One possible
solution (Figure 3) is using a well-known nutritional choice (the ingestion of a sugary
beverage) in parallel with a simple schematic showing that the liver can convert sugar to fat.
The narrative, in this case, involves an older relative explaining to a child why drinking that
particular beverage is, in a biochemical sense, equivalent to eating fatty foods [85,86]. The
older character functions both as an explainer and a positive role model [20], and it should
be noted that this particular character is aware of these issues because she suffers from type
2 diabetes. She is, in fact, a composite character based on the biographies and experiences
of some of the patients interviewed at the start of the project [83]. This is an example of
how more abstract notions may be interspersed with real-life situations different readers
can relate to.

On the other hand, the concept of insulin resistance is crucial to explain when interact-
ing with a lay audience [87,88]. First of all, the normal situation regarding the function of
pancreas-produced insulin to ensure proper blood sugar management must be explained
before its deregulation can be addressed. In this case, a possible solution is using cartoons
that embody cells and molecules with anthropomorphic characteristics, as well as with an
omnipotent narrator solution [82]. After explaining how the process usually works, insulin
resistance is then represented as a systems overload that, by burdening biochemical circuits
with an excess activity it can no longer cope with, causes a “rebellion” or a “strike”, leading
to several important health-related consequences (Figure 4).
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Figure 4. Anthropomorphizing biochemical elements such as molecules (Insulin) or cells/tissues
(from left to right: muscle fat, liver) as a communication tool, in this case to convey the concept of
insulin resistance using a “cells on strike” metaphor. See text for discussion.

5. Planning a Project: Monitoring Impact and Tailoring Strategies in Graphic
Narrative-Based Science Communication

Although comics-based science communication is not new, what is novel is the increas-
ing interest in scholarly research in this field, involving different types of analyses [89–92].
In addition, an important issue is whether concepts are in fact learned by a target audience.
Importantly, comics have been shown to be effective in this regard in different contexts,
notably in the classroom [12,42]. In our work, we previously showed that comics were
particularly effective compared to other methods in terms of conveying meaning and
complex biomedical concepts to diverse audiences. Specifically, readers with little previous
knowledge of the basic characteristics and biomedical applications of stem cells could grasp
complex notions (pluripotency, multipotency, differentiation, reprogramming) by interact-
ing with a tailored comic [26]. The methodology to assess this knowledge increase used
structured questionnaires given to participants before and after interacting with different
science communication materials on the same topics (texts, interviews, and animations,
besides the comic). However, this initial effort had two clear limitations. On the one hand,
the materials had been produced by basic researchers without any interaction with target
audiences to pre-validate the different approaches or introduce any clarifying changes. On
the other hand, impact monitoring was planned after the materials were produced, not
as an integral part of the project. It is extremely important that besides the issues already
discussed (choosing a type of narrative and graphic style), both issues should be considered
when planning a project.

In our current work on metabolic disorders, and as previously stated, we interacted
with patients [83] to better tailor the comic book produced [82]. Additionally, we also
planned to assess impact using two structured questionnaires before and after interaction
with the comic. While the data obtained suggest that the comic was indeed effective in both
increasing awareness related to NAFLD, explaining the biochemistry behind the pathology,
and transmitting key concepts such as insulin resistance (Alemany-Pagès et al., submitted),
it is worth noting that the COVID-19 pandemic greatly limited contact with users of an
online platform, thus selecting a specific segment of the possible target audience.

Additionally, although the biochemical aspects may be the same regardless of context,
the context does matter when communicating effectively. Besides an understandable
and approachable scientific content, if a message is to be received and acted upon, the
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audience must be able to fully identify with the situations depicted. These should not seem
“foreign” to them [14,16,20,74]. For example, when fictional elements are depicted related
to everyday life situations involving human characters, the types of people represented,
landscape, housing, clothing, social dynamics, eating habits, environment, etc., must be
considered [74,89]. In this case, one size might not fit all, and the same materials might
have to be changed to reach different audiences in different contexts (social backgrounds,
countries, local environment) effectively [77].

In conclusion, although more structured and planned projects meeting the criteria
noted above are certainly needed, comics-based narratives seem to be a valid tool in the
field of science communication, specifically in transmitting biochemical and biomedical
concepts.
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Abstract: In this contribution, we provide an overview of gold compound applications against viruses
or parasites during recent years. The special properties of gold have been the subject of intense
investigation in recent years, which has led to the development of its chemistry with the synthesis
of new compounds and the study of its applicability in various areas such as catalysis, materials,
nanotechnology and medicine. Herein, thirteen gold articles with applications in several viruses,
such as hepatitis C virus (HCV), influenza A virus (H1N1), vesicular stomatitis virus (VSV), coron-
avirus (SARS-CoV and SARS-CoV-2), Dengue virus, and several parasites such as Plasmodium sp.,
Leishmania sp., Tripanossoma sp., Brugia sp., Schistosoma sp., Onchocerca sp., Acanthamoeba sp., and
Trichomonas sp. are described. Gold compounds with anti-viral activity include gold nanoparticles
with the ligands mercaptoundecanosulfonate, 1-octanethiol and aldoses and gold complexes with
phosphine and carbene ligands. All of the gold compounds with anti-parasitic activity reported
are gold complexes of the carbene type. Auranofin is a gold drug already used against rheumatoid
arthritis, and it has also been tested against virus and parasites.

Keywords: gold nanoparticles; gold complexes; auranofin; biological targets; virus; parasites

1. Introduction

Through the ages in most major civilizations, gold has been the chemical element that
has attracted the most attention and desire, due to its unique characteristics such as its
bright yellow color, corrosion resistance and extraordinary physical properties. In the form
of amulets and medallions, it was used to ward off disease and evil spirits. In many cases,
potions containing gold powders were administered to ill patients. After the alchemists
learned to use aqua regia to dissolve gold, compounds as well as elemental gold were used
in medicinal treatments [1].

Nowadays, the properties of gold are interpreted with the application of the theory of
relativity, hence providing an explanation for a series of properties for the gold complexes
that differ from those of its congeners, such as a preference for linear coordination, a higher
stability of higher oxidation states, the formation of gold compounds and the establishment
of gold–gold interactions with a similar strength to hydrogen bonds [2,3]. All these facts
promoted the research in gold chemistry in different areas from nanotechnology and
material chemistry [4–6] to catalysis [7–15] and medicine [16–19].

Gold compounds are well-known for their biological and medicinal applications, for
instance, in rheumatoid arthritis, antibacterial, antivirus, and anti-parasite activity, as well
as in Alzheimer’s disease [18,20–26]. The mechanisms of action of gold compounds are
mostly unknown; however, several proteins have been studied as possible targets, such
as tyrosine phosphatases, aquaporins and P-ATPases, among others [17,26–29]. However,
the putative pharmacological targets of gold compounds are not the objective of this
review, and the reader should look elsewhere for this topic [17,18,22,27,29]. Herein, we
aim to reviewed recent applications of gold compounds against virus and parasites. It was
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observed that, after a search carried out in the Web of Science with the keyword “gold
compound”, 99,014 articles were published in the last 10 years (2012–2021), more than triple
the total in the previous period (2002–2011). Another fact to bear in mind is the steady
increase over time, especially in the field of medicine. Although there are many articles
and studies that overlap between the field of medicine and nanotechnology, specific papers
on gold compounds in these categories, plus catalysis, can be found (Figure 1).
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Figure 1. Number of articles indexed on the Web of Science obtained using the keywords “gold
compounds” and “nanotechnology”, “gold compounds” and “catalysis” and “gold compounds”
and “medicine”. (a) Graph referring to the decade of 2002–2011; (b) graph referring to the decade of
2012–2021; (c) graph referring to articles published using gold compounds in medicine from 2012
until now. Review articles were excluded.

Although the first widespread application of gold compounds was against pulmonary
tuberculosis, for which they do not provide an effective therapy, it is in the treatment
of rheumatoid arthritis that gold compounds have proved effective [30]. Auranofin, tri-
ethylphosphine (2,3,4,6-tetra-O-acetyl-β-1-D-thiopyranosato-S) gold(I) is the example of
this, as it continues to be used in the clinic today and is the subject of research [31,32].
Other gold compounds are also under investigation in the treatment of diseases such as
cancer, viruses such as human HIV and SARS-CoV-2 and parasitosis such as malaria and
amoebiasis (Figure 2).
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Figure 2. Number of articles indexed to Web of Science where gold compounds are investigated for
biological activity against cancer, parasitosis and viruses in last decade (2012–2021).

This paper will present a systematic review on the topic of “biological activity of gold
compounds against virus and parasites”. The information obtained from the database is
grouped and analyzed to examine the applications of gold molecules in diseases caused by
those two types of organisms.

2. Methodology

In this systematic review, the Web of Science was chosen as a database. The search
terms were “gold compound” and the target “virus” or “parasite”. The literature search
was carried out for the last two years (2020–2021).

The initial research was carried out by introducing the keywords in the database, Web
of Science, and the range date was 1 January 2020 to 30 December 2021. From the set of
articles obtained, review articles were excluded and then the titles and abstracts were read
in order to check if the study reported in the articles was within the theme of this review
article, then it could be included or excluded (Figure 3).
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Figure 3. Diagram of the method used to select the articles to be analyzed.

The analysis of the articles considered the type of compound studied and where the
biological activity was determined.
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3. Gold Compounds with Biological Activity against Virus and Parasites
3.1. Gold Compounds Used in Anti-Virus Studies

From the research carried out in Web of Science with the words “gold compound”
and “virus” for the years 2020–2021, 43 articles were obtained, and review articles were
excluded, leaving 30. These articles were analyzed by reading the title and abstract, leaving
six articles under analysis, which form the basis of this review.

Molecular gold(I) species were examined for the inhibition pf liver fibrosis and the hep-
atitis C virus (HCV). Four gold(I) complexes, auranofin, sodium aurothiomalate, Ph3PAuCl
and (PTA)AuCl (Table 1), were tested against HSC line Lx2, human hepatoma cells and
Huh—K2040 cells. Two of these molecules, Ph3PAuCl [24,33] and (PTA)AuCl [34], were
synthetized according to the references.

Table 1. Gold compounds with structures and biological effects against viruses and parasitosis.

Viruses/Parasitosis Gold Compound/Structure Ref

Fibrosis and hepatitis C virus
(HCV infection)

Gold complexes: auranofin; sodium aurothiomalate;
Ph3PAuCl; (PTA)AuCl;
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Cagno, V. et al. designed two compounds: in the first compound named MUST: OT 

NP (Table 1), the moiety was fixed on gold nanoparticles (4 nm gold nanoparticles (NPs) 

coated with a mixture of octane thiol (OT) and mercapto-undecane sulfonic acid (MUST) 

[35,48,49]); in the second compound, named CD1, the moiety was linked to the primary 

face of -cyclodextrins (CD) [50]. In previous study, it was demonstrated that gold nano-

particles coated with mercapto-undecane sulfonic acid (MUS) inhibit heparan sulfate pro-

teoglycan (HSPG)-dependent viruses irreversibly while retaining the low-toxicity profile 

[51]. These compounds display inhibitory activity in the absence of toxicity, with 50% ef-

fective concentrations, (EC50), values between 1.38 and 12.0 µM/m and for H1N1 stains. 

For vesicular stomatitis virus (VSV), the EC50 value is 0.053 µM/mL relative to compound 

MUS:OT-NP; for CD1, the EC50 determined was higher (for VSV, 45 µM, and for H1N1, 

between 6.28 and 53.2 µM). 

The antiviral action is irreversible for influenza A virus (H1N1), while for VSV, the 

inhibition is reversible. These results further broaden the spectrum of activity of MUS-

coated gold nanoparticles [35] (Table 1). 

Synthesized gold glyconanoparticles [37] (Table 1) were tested against the Influenza 

virus H1N1 (A/Puerto Rico/8/34) via a standard protocol [36]. The nanoparticles revealed 

low cytotoxicity towards the MDCK cells (higher than 100 µg/mL) and high antiviral ac-

tivity at concentrations of 3 and 6 μg/mL. The strongest antiviral activity was observed 

for the sample with a glycoligand composition GlcNAc:Man:Fuc = 20:75:5% mol. 

These preliminary data on the activity against the А/Puerto Rico/8/34 (H1N1) demon-

strated the prospects of their further investigation for the search for efficient drugs for the 

prevention and treatment of acute respiratory viral infections [36] (Table 1). 

Among more than 100 structurally diverse metal complexes, 36 gold(I) and (III) com-

plexes with different types of co-ligands, including N-heterocyclic carbenes (NHCs), al-

kynyls, dithiocarbamates, phosphines and chlorides, were selected for profiling as inhib-

itors of SARS-CoV-2. The inhibition can occur by means of one of two replication mecha-

nisms, namely the interaction of the spike (S) protein with the ACE2 receptor and the pa-

pain-like protease PLpro. The chloroauric acid (HAuCl4; oxidation state + 3) has moderate 

inhibition (about 47% inhibitory activity, the other gold compounds were poorly active or 

inactive) [40]. 

Based on previous results, the chosen inhibitor concentration was 10 µM for assays 

with SARS-CoV PLpro, while 1.0 µM was used for SARS-CoV-2 PLpro. Ten gold com-

plexes were tested against PLpro of SARS-CoV, and the values determined range from 0.3 

to 1.2 μM, and against SARS-CoV-2 PLpro, the values determined range from 0.1 to 1.5 

μM. These results confirm the high potential of gold compounds as protease-inhibiting 

antiviral drugs. For gold(III) dithiocarbamates, compounds 3 and 4 (Figure 4) had an IC50 

of 0.21 µM and 0.09 µM, respectively. These molecules were the most active SARS-CoV-2 

PLpro inhibitors identified in this study and show strong preference for the enzyme of 

SARS-CoV-2. Compounds 1 and 2 (Figure 4), with an IC50 of 0.35 µM and 0.33 µM, were 

stronger inhibitors for the SARS-CoV enzyme. 

The evaluation of structure–activity relationships indicated a preference for com-

plexes with good leaving groups (e. g. chloride) over compounds with firmly coordinated 

ligands such as dicarbene gold complexes of the type (NHC)2Au+, which were inactive. 

Exceptionally strong and selective activity against SARS-CoV-2 PLpro was obtained with 

the gold(III)-dithiocarbamato glycoconjugates, compounds (b) and (c) in Figure 4. Most of 

the gold complexes tested showed too strong toxicity; however, for four compounds, very 

low or missing toxicity against the Caco-2 cell line was noted, and these four complexes 

[47]

As a preliminary screen for anti-fibrotic activity, we used the Lx-2 cell morphology. Au-
ranofin and Ph3PAuCl with 2 µM and 5 µM concentrations were the only active compounds,
as they revert back to a quiescent state of the cells.

After being treated with auranofin (2 µM and 5 µM) and Ph3PAuCl (2 µM and 5 µM),
the HSC were lysed and type I collagen expression and the proteins STAT3 and SMAD2
were determined. As compared to DMSO-treated human hepatic stellate cells (HSCs),
auronafin treatment with concentrations of 2 µM and 5 µM resulted in 50% and 40% de-
creases in type I collagen expression, respectively. Ph3PAuCl also reduced type I collagen
expression, but less dramatically, with only a 10% and 20% reduction at 2 µM and 5 µM,
respectively. Next, two proteins, STAT3 and SMAD2, which play roles in type I collagen
were determined. At both 2 µM and 5 µM concentrations, auranofin showed a complete ab-
rogation of STAT3 phosphorylation, and also a dramatic increase in SMAD phosphorylation.
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Ph3PAuCl showed a 60% and 90% inhibition of STAT3 phosphorylation at concentrations of
2 µM and 5 µM, respectively, and also resulted in an increase in SMAD2 phosphorylation,
albeit to a lesser extent than auranofin. None of the gold compounds appeared to have a
significant impact on α-SMA protein levels. The auranofin 2 µM and 5 µM concentrations
show an 80% and 98% decrease, respectively, in type I collagen mRNA, while the α-SMA
mRNA levels decreased 80% and 96%, respectively. Meanwhile, for Ph3PAuCl, the decrease
in collagen-I mRNA expression is not noticeable, while α-SMA expression is nearly 70%
and 50% lower, respectively. A decrease in NS3 and NS5a expression in Huh7 K2040 cells
was observed after being treated with auranofin and Ph3PAuCl. Auranofin at 5 µM inhibits
60% of HCV-NS5a, while it causes 50% inhibition of HCV-NS3 and a complete abrogation
of STAT3 phosphorylation. In conclusion, these results indicate the inhibitory potential of
these drugs against HCV protein expression [24].

Cagno, V. et al. designed two compounds: in the first compound named MUST:
OT NP (Table 1), the moiety was fixed on gold nanoparticles (4 nm gold nanoparticles
(NPs) coated with a mixture of octane thiol (OT) and mercapto-undecane sulfonic acid
(MUST) [35,48,49]); in the second compound, named CD1, the moiety was linked to the
primary face of β-cyclodextrins (CD) [50]. In previous study, it was demonstrated that
gold nanoparticles coated with mercapto-undecane sulfonic acid (MUS) inhibit heparan
sulfate proteoglycan (HSPG)-dependent viruses irreversibly while retaining the low-toxicity
profile [51]. These compounds display inhibitory activity in the absence of toxicity, with
50% effective concentrations, (EC50), values between 1.38 and 12.0 µM/m and for H1N1
stains. For vesicular stomatitis virus (VSV), the EC50 value is 0.053 µM/mL relative to
compound MUS:OT-NP; for CD1, the EC50 determined was higher (for VSV, 45 µM, and
for H1N1, between 6.28 and 53.2 µM).

The antiviral action is irreversible for influenza A virus (H1N1), while for VSV, the
inhibition is reversible. These results further broaden the spectrum of activity of MUS-
coated gold nanoparticles [35] (Table 1).

Synthesized gold glyconanoparticles [37] (Table 1) were tested against the Influenza
virus H1N1 (A/Puerto Rico/8/34) via a standard protocol [36]. The nanoparticles revealed
low cytotoxicity towards the MDCK cells (higher than 100 µg/mL) and high antiviral
activity at concentrations of 3 and 6 µg/mL. The strongest antiviral activity was observed
for the sample with a glycoligand composition GlcNAc:Man:Fuc = 20:75:5% mol.

These preliminary data on the activity against the A/Puerto Rico/8/34 (H1N1) demon-
strated the prospects of their further investigation for the search for efficient drugs for the
prevention and treatment of acute respiratory viral infections [36] (Table 1).

Among more than 100 structurally diverse metal complexes, 36 gold(I) and (III)
complexes with different types of co-ligands, including N-heterocyclic carbenes (NHCs),
alkynyls, dithiocarbamates, phosphines and chlorides, were selected for profiling as in-
hibitors of SARS-CoV-2. The inhibition can occur by means of one of two replication
mechanisms, namely the interaction of the spike (S) protein with the ACE2 receptor and
the papain-like protease PLpro. The chloroauric acid (HAuCl4; oxidation state + 3) has
moderate inhibition (about 47% inhibitory activity, the other gold compounds were poorly
active or inactive) [40].

Based on previous results, the chosen inhibitor concentration was 10 µM for assays
with SARS-CoV PLpro, while 1.0 µM was used for SARS-CoV-2 PLpro. Ten gold complexes
were tested against PLpro of SARS-CoV, and the values determined range from 0.3 to
1.2 µM, and against SARS-CoV-2 PLpro, the values determined range from 0.1 to 1.5 µM.
These results confirm the high potential of gold compounds as protease-inhibiting antiviral
drugs. For gold(III) dithiocarbamates, compounds 3 and 4 (Figure 4) had an IC50 of 0.21 µM
and 0.09 µM, respectively. These molecules were the most active SARS-CoV-2 PLpro
inhibitors identified in this study and show strong preference for the enzyme of SARS-CoV-
2. Compounds 1 and 2 (Figure 4), with an IC50 of 0.35 µM and 0.33 µM, were stronger
inhibitors for the SARS-CoV enzyme.
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properties. Further animal studies are warranted to evaluate the safety and efficacy of 

auranofin for the management of SARS-CoV-2 associated disease [38]. 
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excluded, leaving 23. These articles were analyzed by reading the title and abstract, leav-
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Ouji et al. synthesized and characterized five hybrid molecules combining triclosan 

and gold(I) complexes, gold(I)-NHC-TC (Table 1), and evaluated them, in vitro, to deter-

mine the activities on Plasmodium falciparum and Leishmania infantum parasites [41,42].  

The antimalarial activity of the hybrid molecules was tested using P. falciparum strain 

F32-TEM and the IC50 determined range from 120 nM to 1465 nM. These values were de-

termined in comparison with the corresponding proligand, triclosan, and artemether, the 
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Figure 4. Gold complexes tested against SARS-CoV-2: (a) Gold(I) NHC complex; (b) and (c) are
Gold(III)-dithiocarbamato complexes.

The evaluation of structure–activity relationships indicated a preference for complexes
with good leaving groups (e.g. chloride) over compounds with firmly coordinated ligands
such as dicarbene gold complexes of the type (NHC)2Au+, which were inactive. Excep-
tionally strong and selective activity against SARS-CoV-2 PLpro was obtained with the
gold(III)-dithiocarbamato glycoconjugates, compounds (b) and (c) in Figure 4. Most of
the gold complexes tested showed too strong toxicity; however, for four compounds, very
low or missing toxicity against the Caco-2 cell line was noted, and these four complexes
were selected for the SARS-CoV-2 antiviral assays. Among these, the gold(I) NHC complex
(a) showed very promising activity at low micromolar concentration, and two gold(III)-
dithiocarbamato complexes (b) and (c), Figure 4,were strongly active at the highest applied
nontoxic dosage [40].

Auranofin inhibits SARS-CoV-2 replication in human cells (Huh7 cells) at a low mi-
cromolar concentration (EC50 1.4 µM). The treatment of cells with auranofin resulted in a
95% reduction in the viral RNA at 48 h after infection. Auranofin treatment dramatically
reduced the expression of SARS-CoV-2-induced cytokines in human cells. These data
indicate that auranofin could be a useful drug to limit SARS-CoV-2 infection and associated
lung injury due to its antiviral, anti-inflammatory and anti-reactive oxygen species (ROS)
properties. Further animal studies are warranted to evaluate the safety and efficacy of
auranofin for the management of SARS-CoV-2 associated disease [38].

Different gold nanoparticles (AuNP) coated with ligandsω-terminated with sugars
bearing multiple sulfonate groups (L-AuNPs) (Table 1) were tested against Dengue virus
(DENV). The ligands varied in length, in number of sulfonated groups, as well as their
spatial orientation induced by the sugar head groups. Two candidates were identified,
a glucose- and a lactose-based ligand showing a low EC50 (effective concentration that
inhibits 50% of the viral activity) for DENV-2 inhibition, moderate toxicity and a virucidal
effect in hepatocytes with a titer reduction in the median tissue culture infectious dose
log10TCI D50 2.5 and 3.1. Molecular docking simulations complemented the experimental
findings, suggesting a molecular rationale behind the binding between sulfonated head
groups and DENV-2 envelope protein [39].

3.2. Gold Compounds Used in Anti-Parasite Studies

From the research carried out in Web of Science with the words “gold compound”
and “parasite” for the years 2020–2021, 27 articles were obtained, and review articles were
excluded, leaving 23. These articles were analyzed by reading the title and abstract, leaving
six articles under analysis, which form the basis of this review.

Ouji et al. synthesized and characterized five hybrid molecules combining triclosan
and gold(I) complexes, gold(I)-NHC-TC (Table 1), and evaluated them, in vitro, to deter-
mine the activities on Plasmodium falciparum and Leishmania infantum parasites [41,42].

The antimalarial activity of the hybrid molecules was tested using P. falciparum strain
F32-TEM and the IC50 determined range from 120 nM to 1465 nM. These values were
determined in comparison with the corresponding proligand, triclosan, and artemether,
the antiplasmodial control drug. Globally, the presence of gold(I) can have opposite effects,
with an improvement in efficacy compared to the corresponding proligand; triclosan
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showed weak antiplasmodial activity with an IC50 value of 6000 nM, and the artemether
had an IC50 of 6.1 nM.

All the hybrid compounds and their carbene precursors were also screened in vitro
on both the promastigote and axenic amastigote stages of L. infantum, and the IC50 values
compare to reference drugs for Leishmaniosis, as well as triclosan and auranofin. The
results obtained against promastigotes of L. infantum show moderate or no activity with
an IC50 range from 5.51 µM to 63.87 µM. Looking at the activities against promastigotes
of the proligand/complex couples, there was just one clear enhanced addition of gold(I)
in the compound a (Figure 5). In the case of axenic amastigotes L. infantum, the IC50
was 0.21–1.54 µM. The data observed could not be totally established in relation to the
amastigote activity. These Au(I)bis(NHC-TC) series had similar activity to previously
reported cationic Au(I)bis(NHC) and neutral Au(I)(NHC)Cl complexes including aliphatic
and aromatic substituents [52,53], which suggests that no enhanced activity was found
by the addition of the triclosan moiety. For compound a (Figure 5), a selectivity index
(S.I.) value of 7.5 was determined, which was comparable to 6.0 for triclosan; these low S.I.
values mean that compound a has the same range of activity against normal mammalian
cells and P. falciparum. Concerning Leishmania, the S.I. value of amastigote/promastigote
ranged from 4.99 to 14.81 for the proligands, and from 5.50 to 26.65 for the complexes,
with increased selectivity in most cases by the coordination of the gold(I) on the NHCs.
Auranofin exhibited higher activity and selectivity (IC50(promastigotes) 4.32 µM; S.I. 2.67
and IC50 (amastigotes) 0.07 µM; S.I. 38.14) and on two stages of L infantum than all com-
plexes. The results obtained demonstrate that the incorporation of the triclosan derivative
in complexes could be related to a loss in selectivity, without increasing the activity.
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Figure 5. Gold(I)-NHC-TC hybrid molecule and triclosan compound screening against Leishmania sp.
and Plasmodium sp.

However, the cytotoxicity assays suggest a structure modulation to improve the
selectivity and the IC50 values too.

The synthesized molecules were also tested in the context of Plasmodium falciparum
artemisinin-resistance (strain F32-ART), and the results show no cross-resistance induced
between one gold(I) complex and artemisinin [41].

The same author as previously reported synthesized and fully characterized three fami-
lies of gold(I) NHC complexes which incorporated a covalently attached dihydroartemisinin
(DHA) derivative (Figure 6). The proligands (Ln-R) and the complexes (Au-bis(n-R) and
Au(n-R)Cl), as well as reference molecules (artemisinin, artemether, auranofin and the
proligand precursor DHA-C3), were screened in vitro against the P. falciparum, and the
cytotoxicity on Vero cells was evaluated to determine the selectivity of the most active
compounds. Among the 29 complexes compounds tested, an IC50 value range from 9 to
104 nM was obtained, and ten of them showed high antiplasmodial activities, with IC50
values less than 50 nM. Auranofin, used as a gold reference molecule, was not active against
P. falciparum parasites, with a higher IC50 value of 1.5 µM. It was possible to establish a
structure–activity relationship, and thus the potency of the complexes containing methyl or
benzyl groups on the NHCs increased with the length of the spacer, whereas no correlation
was spotted for the mesityl and the quinoline series. The selectivity indexes for the gold(I)
complexes were between 8 and 178, with molecules with aliphatic R groups (Me, iPr)
having the best selectivity with S.I. values of 143 and 178.
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Figure 6. Dihydroartemisinin derivatives and gold(I)-N-heterocyclic carbene (NHC) complexes.

Three hybrid molecules with the best selectivity indexes Au-bis(3-Me), Au-bis(4-Me)
and Au-bis(5-Me) were evaluated in vitro for their efficacy in the context of resistance to
artemisinins. The results obtained confirm the existence of a cross-resistance between
artemisinin and the hybrid molecules, which can be explained by the DHA part of the
hybrid, responsible for the quiescence entrance of the parasites and the lack of activity
of the NHC part at the mitochondrial level due to limited access or pharmacodynamic
properties. These data are in accordance with previously obtained results which high-
lighted the risks of parasite cross-resistance between artemisinins and endoperoxide-based
compounds [42,52,54].

The screening of various parasites—protozoans, trematodes, and nematodes—was
undertaken to determine the in vitro killing activity of a new gold(I) complexes, GoPI-
sugar (Figure 7). GoPI-sugar is a novel 1-thio-β-D -glucopyranose 2,3,4,6-tetraacetato-S
-derivative that is a chimera of the structures of GoPI and auranofin, designed to improve
the stability and bioavailability of GoPI (Figure 7). GoPI-sugar was found to efficiently kill
intra-macrophagic Leishmania donovani amastigotes and adult filarial and trematode worms.
Among new gold(I) complexes, the phosphole-containing gold(I)complex {1-phenyl-2,5-
di(2-pyridyl)phosphole}AuCl (abbreviated as GoPI) is an irreversible inhibitor of both
purified human glutathione and thioredoxin reductases. Table 2 includes the results of
biological activity of the GoPI-sugar compound against different parasites, expressed in
killing % activity, motibility % inhibition and 50% inhibition concentration (IC50) [43].
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Figure 7. Structures of gold(I) complexes screening against various parasites.

Miyamoto et al. synthesized several gold(I) phosphine complexes: nonacetylated and
paracetylated thioglucose-Au-PR3 complexes; thiomalic acid-Au-PR3 complexes; NHC-Au-
PR3 complexes; PR3-Au-Cl complexes; [PR3-Au-PR3]Cl; and PR3-Au(I)complexes (Figure 8)
to study their activity against Trichomonas vaginalis. A systematic structure–activity rela-
tionship demonstrates that the diversification of gold(I) complexes, particularly as halides
with simple trialkyl phosphines of the C1−C3 chain length or as bis(trialkyl phosphine)
complexes, can markedly improve potency against T. vaginalis and selectivity. All gold(I)
complexes effectively inhibited the two most abundant isoforms of the presumed target
enzyme, TrxR, but a subset of compounds were markedly more active against live T. vagi-
nalis than TrxR, suggesting that alternative targets exist. All of the tested gold(I) complexes
inhibited TrxR in T. vaginalis, with the most potent compounds exhibiting IC50 values of
<50 nM, little difference in the inhibition of two of the most abundantly expressed TrxR
isoforms, and good correlations between the inhibition of individual isoforms and the
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inhibition of total cellular TrxR activity. Two of the compounds with increased activity
against whole cells compared to TrxR were gold(I)-bis-phosphines [45].

Table 2. Biological activity (worm killing activity; motility inhibition; in vitro activity) of a gold
complex, GoPI-sugar, in different species [43].

Parasite Biological Activity of GoPI-Sugar a

Schistosoma mansoni [GoPI-sugar] = 5 µM 100% dead in day 1
[GoPI-sugar] = 2.5 µM 100% dead in day 5

Brugia pahangi (worms) [GoPI-sugar] = 10 µM 100% inhibition in day 3

Brugia pahangi (worms) IC50 1.7 µM day 6

Onchocerca ochengi (adults) 100% inhibition motility day 5

Tripanossoma b. gambiense (trypomastigotes) IC50 1.11 µM

Tripanossoma b. brucei (trypomastigotes) IC50 1.83 µM

Tripanossoma cruzi (amastigotes) IC50 0.56 µM

Leishmania infantum (amastigotes) IC50 2.38 µM

Leishmania donovani (Axenic amastigotes) IC50 1.45 µM

Leishmania donovani (intramacrophage amastigotes) IC50 0.42 µM

Acanthamoeba castellanii IC50 13.04 µM
a GoPI-sugar is 1-thio-β-D-glucopyranose-2,3,4,6-tetraacetato-S-dervative [55].
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Koko et al. synthesized a series of cationic gold(I) carbenes with various 4,5-diarylimida
zolylidene as ligands (Figure 9) to test their activity against Leishmania major, Toxoplasma
gondii and Tripanossoma brucei parasites [44].
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The results of this work are presented in Table 3. Ferrocene compound a–c (Figure 9)
showed the highest activities against L. major amastigotes and T. gondii and distinct selec-
tivity for T. gondii cells when compared with the activity against nonmalignant Vero cells.
The ferrocene derivatives (a–c) (Figure 9) are generally more active against the L. major
amastigotes and the T. gondii tachyzoites than the other tested anisyl gold complexes and
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the approved drugs atovaquone and amphotericin B. Compound f (Figure 9) showed the
highest selectivity for L. major promastigotes; thus, it was the most active compound against
L. major promastigotes of this series of compounds. The 3,4,5-trimethoxyphenyl analog
1b also exhibited a much greater selectivity for T. b. brucei cells when compared with its
activity against human HeLa cells [44].

Table 3. Biological activity of cationic gold(I) carbene against Leishmania major, Toxoplasma gondii and
Tripanossoma brucei parasites [44].

Parasite
Biological Activity of Cationic

Gold(I)-Carbene Complexes with
4,5-Diarylimidazolylidene Ligands a

Tripanossoma gondii
EC50 0.013 µM—Compound a 1

EC50 0.195 µM—Compound d 1

S.I. (Vero/T. gondii) 28.1—Compound a 2

Leishmania major promastigotes EC50 0.31 µM—Compound f 1

EC50 3.11 µM—Compound e 1

Leishmania major amastigotes

EC50 0.11 µM—Compound a 1

EC50 0.46 µM—Compound f 1

S.I. (Vero/T. gondii pro) 2.16—Compound d 2

S.I. (Vero/T. gondii amas) 3.321—Compound a 2

Tripanossoma b. brucei
IC50 0.000092 µM—Compound a 1

IC50 0.028 µM—Compound c 1

S.I. (HeLa/T. b.brucei) 168—Compound b 2

1 Best and worst values of effective concentrations EC50 relative to tested compounds, represented in Figure 9. 2

Selectivity index (S.I. IC50/EC50).

Minori, K. et al. synthesized a series of gold(I) and gold(III) complexes in order to test
them against Leishmania amazonensis and Leishmania braziliensis. One of the cationic Au(I)
bis-N-heterocyclic carbenes [(c), Figure 10] has low EC50 values (ca. 4 µM) in promastigotes
cells and no toxicity in host macrophages. Together with two other Au(III) complexes [(a)
and (b), Figure 10], the compound is also extremely effective in intracellular amastigotes
from L. amazonensis. Initial mechanistic studies include an evaluation of the gold complexes’
effect on L. amazonensis’ plasma membrane integrity [47].
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4. Conclusions

From research works presented here, most of the compounds used are Au complexes,
as opposed to nanoparticles of the same metal (see Table 1).

Gold nanoparticles have been used in many applications including drug delivery,
cancer diagnostics and therapy, medical imaging and non-optical biosensor [56]. The
nanoparticles used in the studies presented are similar to but also different from each other;
most of them have sulfur as a binding element to gold and then have aliphatic hydrocarbon
chains or cyclic monomers. Gold complexes have N-heterocylic ligands, carbenes or
phosphines, which are the most common Au complexes. Auranofin, the gold drug already
used against rheumatoid arthritis, was also tested against viruses and parasites.
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The mechanism of action of these compounds is almost entirely unknown, since the
number of compounds used for these studies is small, not allowing the establishment of a
structure–activity relationship.

Finally, this review demonstrates the diversity of structures and application of gold
compounds in viral and parasites diseases. Additionally, in order for the use of gold
compounds in the treatment of viruses or parasitosis to be considered, further studies are
needed, since different mechanisms of action might be involved. Putting it all together,
taking into consideration its role in biomedical sciences, the future of gold compounds
against virus and parasites could be bright.
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HCV hepatitis C virus
HSC (human) hepatic stellate cells
MUST mercapto-undecane sulfonic acid
OT octane thiol
CD β-cyclodextrins
ACE2 Angiotensin converting enzyme 2
S spike
PLpro papain-like protease
ROS reactive oxygen species
AuNPs gold nanoparticles
EC50 Effective concentration that inhibits 50% of the viral/cell activity
DENV Dengue virus
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Abstract: Metalloenzymes are the most proficient nature catalysts that are responsible for diverse
biochemical transformations introducing excellent selectivity and performing at high rates, using
intricate mutual relationships between metal ions and proteins. Inspired by nature, chemists started
using naturally occurring proteins as templates to harbor non-native metal catalysts for the sustain-
able synthesis of molecules for pharmaceutical, biotechnological and industrial purposes. Therefore,
metalloenzymes are the relevant targets for the design of artificial biocatalysts. The search and devel-
opment of new scaffolds capable of hosting metals with high levels of selectivity could significantly
expand the scope of bio-catalysis. To meet this challenge, herein, three native scaffolds: [1Fe-4Cys]
(rubredoxin), [3Fe-4S] (ferredoxin), and [S2MoS2CuS2MoS2]-ORP (orange protein) protein scaffolds
are case studies describing templates for the synthesis of non-native monomeric to mixed metal–
sulfur clusters, which mimic native Ni containing metalloenzymes including [Ni-Fe] Hydrogenase
and [Ni-Fe] CO Dehydrogenase. The non-native metal-substituted metalloproteins are not only
useful for catalysis but also as spectroscopic probes.

Keywords: designed metalloproteins; models of [Ni-Fe]-hydrogenase and [Ni-Fe]-CODH; orange-
protein and spectroscopic probes

1. Introduction

Nature has evolved in order to utilize metal ions and/or metal clusters within protein
scaffolds to build up metalloproteins that accomplish diverse chemical reactions enabling to
sustain of life [1–4]. The versatility of the metals and biological ligands available in proteins
is amazing. The same metal (with a set of conserved amino acids as ligands) may show
different electronic/physical properties, performing a wide range of biological roles in different
metalloproteins [5–7]. Nature utilizes a range of different metals and recruits the correct
metal into proper protein environments to execute selective functions [5–7]. The nuclearity
of metal-cofactors varies from monomeric to multimeric. Monomeric metalloenzymes
are well studied, such as cupredoxin [8], rubredoxin [9], cytochrome P450 [10,11], and
molybdenum-enzymes [12], which are involved in a variety of biochemical transformations,
and with relevant roles in electron transfer processes. Furthermore, many biochemical
transformations occurred by a variety of complex metalloenzymes such as nitrogen-fixing
nitrogenases [13,14], photosystem [15,16], hydrogenases [17,18], and carbon monoxide-
dehydrogenase (CODH) [19,20].

However, many enzymes show intrinsic promiscuity [21,22] for various forms of
chemical reactions, whereas other activities are obtained by only a small alteration of their
active site or protein environment [23]. The diversity of promiscuous enzymatic activity
can be expanded by the incorporation of a variety of metallic ions at the active sites of
metalloproteins, catalyzing a wide range of chemical transformations [2,24–26]. Handling
of the metal-binding site of metalloprotein is usually aimed for two main reasons: (i) to
replicate the active site of other native metalloenzymes, and (ii) to design spectroscopic
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probes for elucidating the structure and function of native metalloenzymes. Herein, three
native protein scaffolds, [1Fe-4Cys] (rubredoxin) [9], [3Fe-4S] (ferredoxin) [27,28] and
[S2MoS2CuS2MoS2]-ORP (orange protein) [29,30] polypeptides are considered as templates
and have proven a handy platform for the synthesis of non-native metal–sulfur or mixed-
metal–sulfur clusters with novel functions. The protein-assisted metal–sulfur cluster synthesis
was started in the 1980s to investigate the structures and functions of metalloproteins [31–33]
and then explored in many metalloproteins [34–36]. Indeed, Rubredoxin (Rd) is the simplest
and smallest iron–sulfur protein possessing one Fe that is replaced by a series of non-
native metal ions to study the biochemical properties of Rd [9] and to design the model
compounds, such as Ni-Rd, that are considered as a model of [Ni-Fe]-Hydrogenase [37,38].

In the case of [3Fe-4S]-ferredoxin, the vacant Fe-site is filled up by a variety of metal
ions to yield a wide range of hetero-metal–sulfur cubane clusters ([M,3Fe-4S]). Interestingly,
designed [Ni,3Fe-4S]-ferredoxin mimics the native [Ni-Fe] carbon monoxide dehydro-
genase [39]. The third protein, ORP, Ref. [29] is used as a template for the synthesis
of hetero-metal-clusters as spectroscopic probes by replacing the diamagnetic CuI from
[S2MoS2CuS2MoS2]3− of ORP, enlarging the scope of the initial studies [40]. Therefore,
this review focuses on non-native metal ions that are incorporated in active sites by chemi-
cal manipulation of protein template, aiming at the synthesis of derivatives that may be
described as either model enzymes or spectroscopic probes.

2. Covalently vs. Non-Covalently Coordinated Metal-Cofactors

In metalloenzymes, metal cofactors are bound to certain amino acid residues, which
are necessary to drive the many biochemical transformations. Naturally occurring met-
alloproteins possess a native metallocofactor that can be attached to protein templates
through covalent or non-covalent interactions by a group of side chain amino acid residues.
The covalently attached metallocofactors are commonly found in many metalloproteins
such as rubredoxin [9], ferredoxin [27], molybdoenzymes [12], nitrogenase [13], and hy-
drogenase [17]. In contrast, non-covalently attached metallocofactors are observed in a
very limited number of metalloproteins, such as orange protein (ORP) [29] and Mo-Fe
protein [41]. However, covalent anchoring metallocofactors are more strongly embedded
in protein scaffolds than non-covalent anchoring metallocofactors, but both types of metal-
cofactors are directly tuned by protein scaffolds. Furthermore, unlike covalent assembly,
non-covalent (supramolecular) assembly can allow the entry and exit of the guest molecule
in the host cavity reversibly. The designed information of molecular structure is stored
in the host-cavity (protein template) that builds the guest structure through non-covalent
interactions, including hydrogen-bonding, ion-pair, and hydrophobic interactions [42,43].
Inspired by Nature, the non-native metal ions have been recruited into protein scaffolds by
non-covalent or covalent chemical ways to design artificial metalloenzymes.

3. Iron–Sulfur Proteins

Iron–sulfur ([Fe-S]) clusters are the utmost ancient and ubiquitous biological inorganic
cofactors that are involved in a wide range of biochemical processes, including electron
transfer, gene regulation, and catalysis [44–46]. [Fe-S] clusters show a variety of frameworks
in biology and the most common structural types are [1Fe-4Cys] in rubredoxin [9], [2Fe-2S]
in plant ferredoxin [4,47], and [4Fe-4S] in bacterial ferredoxin [48]. In addition, [3Fe-4S]
type clusters are found in biology, structurally related to [4Fe-4S] cores, namely in ferre-
doxins and several complex metalloproteins [27,28]. Apart from the classic [Fe-S]-clusters,
the unique, bigger, and highly complex [Fe-S]-clusters are found in many proteins such
as shiroheme-[4Fe-4S]-cluster in sulfite reductase [49–51], [Mo-7Fe-9S] (FeMo-cofactor)
and [8Fe-7S] (P-cluster) clusters in nitrogenase [52], a unique H-cluster in [Fe-Fe] hydro-
genases [53], a hetero-metal cluster in [Ni-Fe] hydrogenase [17] and [Ni,4Fe-5S] cluster
in carbon monoxide dehydrogenase [54]. Furthermore, a complex [8Fe–9S] cluster in
the ATP-dependent reductase from Carboxydothermus hydrogenoformans [55] and a non-
cubane [4Fe-4S] cluster in the heterodisulfide reductase from methanogenic archaea are
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observed [56]. Due to structural/functional variability, iron–sulfur clusters are attractive
templates to be used for the design of artificial metalloproteins/enzymes, aiming at the
elucidation of the structure and function of the intricate systems and possibly other per-
formances such as catalysts. Therefore, in this review, we are focusing on two types of
iron–sulfur proteins, mononuclear-rubredoxin, and trinuclear-[3Fe-4S]-ferredoxin.

3.1. Overview of Rubredoxin

Rubredoxins (Rds), a small (5.6 kDa) and simplest case among iron–sulfur proteins,
are observed mainly in anaerobic bacteria and archaea [9,57] and one group of eukaryotes
(photosynthetic algae and plants) [58,59]. The active site of Rd possesses one iron atom,
tetrahedrally ligated by four cysteine residues from two –CX2C–Xn–CX2C–segments in a
polypeptide chain (Figure 1). A variation of this binding site contains two adjacent cysteine-
binding modes (–CX2C–Xn–CC–) in a protein, namely desulforedoxin [60]. Based on metal
composition, Rds are mainly two types which are single Fe-centre systems (rubredoxins
and flavo-rubredoxins) and complex Fe-centre systems, wherein the Rd center is coupled
with other types of iron centers (rubrerythrins, nigerythrins, desulfoferrodoxins, and
desulforedoxins) [9,61]. The biological functions of Rds are still unclear, but it presumes
to participate in the e− transfer process cycling between ferrous and ferric forms, in many
biochemical processes, which are fatty acid metabolism, detoxification of reactive oxygen
species [62,63], and carbon fixation [64]. The redox potentials of all types of Rds fall in the
range from −0.1 V to +0.1 V (vs. NHE) in spite of the same prosthetic group, FeS4 [9,61]. It
is well established that the redox potential of Rds is highly influenced by many parameters,
which are Fe-S bonds, hydrogen bondings [65,66], variation in solvation, electrostatic
interaction, and dipole moment. The crystal structures of reduced and oxidized Rds reveal
that the average Fe-S bond distance in the oxidized Rd is smaller than the reduced Rd
(dFe

III−S = 2.25–2.30 Å vs. dFe
II−S = 2.30–2.40 Å) (Figure 1) [67].
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Furthermore, the protein fold of Rd is remarkably stable under aerobic conditions, in
a wide range of pH, solvents, and temperatures, and also stable toward mutagenesis [68].
The native iron in Rd can be replaced by a wide range of metal ions, including 57FeII, CoII,
NiII, CuII, ZnII, CdII, HgII, GaIII, InIII, and MoVI [9,38,69–72]. A series of non-native metal
substituted Rd variants have been studied to explain the structural, electronic, and magnetic
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properties of metal ions in active sites and are also useful as model systems. Indeed, The
Cu-Rd derivative enlarges our knowledge of the redox chemistry interplay between CuI

and CuII in a sulfur-rich protein environment [70,71]. Interestingly, cysteine-rich CuII-Rd is
a remarkably stable compound under dark and argon, indicating thermodynamically unfa-
vorable to “Cu-thiol-auto-reduction” [71]. In addition, molybdenum was also incorporated
in apo-rubredoxin to afford the insertion of molybdenum in a cysteinyl coordination sphere,
which is of interest as a model complex for resting or active state of molybdoenzymes,
which hold a remarkable place in bioinorganic chemistry, because they perform a series of
metabolic reactions in the carbon, nitrogen, and sulfur biocycles. However, the designed
MoO2-Rd derivative promotes the oxygen atom transfer reactions, such as the oxidation of
arsenite to arsenate [72]. Among these, designed Ni-Rd is mostly studied as a model of
[Ni-Fe]-hydrogenase [37,38,73].

3.1.1. Ni-Substituted Rd: Model of [Ni-Fe]-Hydrogenase

Nature designed an efficient enzyme, Hydrogenases, that reversibly cleave hydrogen,
a clean and alternative chemical feedstock to non-renewable energy sources. Hydrogenases
have three distinct families, which are [Fe-Fe], [Ni-Fe], and Fe (only) hydrogenases [17,74].
Among them, the bimetallic active site in [Ni-Fe]-hydrogenases are covalently ligated by
four cysteine residues. Two cysteines bridge the two metal centers (Ni and Fe), and the other
two cysteines are terminally coordinated to the Ni-atom. In addition, unusual biological
ligands, CO and CN− are bonded to Fe-atom in the active site and make them fascinating
examples of ‘organometallic’ cofactors [75–77] (Figure 2A). The Ni-atom is believed to
be the center of activity for hydrogen evolution. The extensive study of Hydrogenases
has a central focus on structure/function aspects for a future protein-based H2-evolving
technology. Parallelly, the bio-inspired small synthetic model systems have extensively
progressed for hydrogen conversion catalysts but are not yet comparable to the naturally
occurring enzymes [78–81]. It is known that the protein matrix plays a vital role in tuning
the activity of the inorganic active site, but direct enzymological studies may be hampered
by biological complications/complexities due to its large size with complex catalytic cofactor
and toxicity toward the dioxygen molecule. Therefore, size scale intermediates between
native enzymes and organometallic model compounds can provide many advantages for
both regimes [82–84]. In this perspective, small stable proteins such as rubredoxin and
its metal substituted derivatives are available for modeling the active site of bacterial
[Ni-Fe]-Hydrogenases.

Ni-substituted Rd (Ni-Rd), an air-stable derivative (Figure 2B), is one such model
showing identical structural features at the primary coordination sphere of Ni-fragment
of native [Ni-Fe]-hydrogenase (Figure 2A) and native-enzyme-like activity including the
evolution of hydrogen, deuterium-proton exchange, and inhibition of hydrogen-evolving
activity by carbon monoxide [38]. The characterization of hydrogen-evolving Ni-Rd ac-
tivity has been significantly expanded during the last decade [85–87]. The first study
by Moura and Co-workers reported that recombinant Ni-Rd from Desulfovibrio exhibited
lower hydrogen-evolving activity, but recently, Shafaat and Co-workers have reported that
recombinant Ni-Rd from Desulfovibrio desulfuricans ATCC 27774 displays light initiated
H2 production with a high turnover frequency of about 20–100 s−1 at 4 ◦C in solution
upon electrochemical study. The electrocatalytic over-potential is about 550 mV, which
is comparable to native [Ni-Fe]-hydrogenase at the same condition [85,87]. Furthermore,
the covalent attachment of Ni-Rd to the graphite electrode, coupling through amide bond
formation shows stable H2-evolving activity for many weeks with a higher turnover num-
ber of about 6700, but it shows lower turnover frequency due to the slower interfacial
electron transfer (ET) rates that modulates the catalytic rate [88]. Ni-Rd is an ideal candidate
for studying the molecular mechanism of the native [Ni-Fe]-hydrogenase. A combined
experimental and theoretical data indicate that the proton-coupled electron transfer is a
vital step for catalysis where Cys-thiolates act as the site for protonation, suggesting a
similar mechanism as native [37,86]. The secondary coordination sphere of metalloprotein
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plays a significant role in the catalytic cycle. In order to understand the effect of the protein
environment on the H2-activity of Ni-Rd, a group of mutated Rds is generated, which influ-
ences the H2-evolving activity, suggesting the modulation of the H-bonding network at the
vicinity of the active site. The result indicates that Cys35 is the primary site for protonation
during catalysis [73]. Moreover, Ni-Rd is generated in vivo, and it is indistinguishable
from chemically substituted Ni-Rd, presenting a structural and functional replica of native
enzymes [89].
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Figure 2. The Ni-Rd model shows identical structural features at the primary coordination sphere
of Ni-fragment of native [Ni-Fe]-hydrogenase. (A) Crystal structures of [Ni-Fe]-Hydrogenase from
Desulfovibrio vulgaris Miyazaki F (PDB:1H2R), highlighted the [Ni-Fe] active site with cysteine coordi-
nation and (B) Crystal structure of Ni-Rd from Desulfovibrio gigas (PDB:1R0J), highlighted the Ni-site
with cysteine coordination.

Ni-Rd is also extended to design hybrid catalysts for light-driven H2 evolution, namely
“solar fuel”, which is an emerging research area [90–93]. In order to meet this, a ruthenium-
based chromophore is covalently connected to mutated Ni-Rd through free Cys31 residue
to build a hybrid enzyme, Ru,Ni-Rd, that is capable of photo-induced hydrogen produc-
tion [87,94]. The hydrogen generation rate highly depends on the distance between Ru
and Ni centers in Ru,Ni-Rd suggesting the intramolecular electron transfer in catalysis.
A series of Rd variants are designed as probes where free cysteine residue is located at
different positions 17, 31, 38, and 45 to understand the impact of chromophore attachment
site on hydrogen evolving activity of Ru,Ni-Rd [87]. The hydrogen production efficiency
is lowest when the Ru-chromophore is the longest distance from the Ni-active site. This
approach is ideal for the manufacture of solar fuels [87]. The modification of metal-site
in rubredoxin will be considered great progress and a breakthrough in the biosynthetic
inorganic chemistry field. Therefore, the outstanding results and progress in this research
would certainly have a great impact on the future as a potential alternative fuel source.

3.1.2. Spectroscopic Probes-M-Rd

A number of metal-substituted Rd derivatives are available and are also useful for
the study of various spectroscopies due to their rich optical and magnetic nature in order
to understand the structure and function of Rds [9]. Indeed, the non-native 57Fe-Rd is
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employed as a Mössbauer probe for the study of the oxidation state of the Fe center as
well as the covalent nature of the Fe-S bond. Mössbauer spectroscopy study indicates
larger Fe-S covalency nature in Desulforedoxin over Rd [95,96]. The other spectroscopic
probe is NMR, which gives the information about the cysteine coordination at Fe-site in
Rd but paramagnetic Fe causes broadening of 1H-NMR [97]. In order to overcome this
paramagnetic NMR, the native Fe in Rd is replaced by a diamagnetic ZnII [98,99]. The
NMR study of Zn-Rd shows well-defined as well as well-resolved NMR peaks that indicate
a similar structure to the native structure [100,101]. Likewise, Cd substituted Rd is more
advantageous for 113Cd-NMR study to gain more structural information [102,103]. The
Cd-Rd is extensively used as a 113Cd-NMR probe for studying the metal–cysteine ligation
in various metalloproteins [104]. The potential redox value of Rds is highly affected by the
six conserved H-bonding interactions which are observed between cysteine–sulfur and
vicinal amide-protons [85]. The NMR study of 113Cd-substituted Rd-Cp and WT-Rd-Cp
shows a large 1H chemical shift of amide proton in the vicinity of the active site (NH—S),
suggesting the variation of the redox potential [105]. The small M-Rd derivative is an
efficient NMR probe to study the Fe-S—HN interaction in other [M,Fe-S] proteins.

Interestingly, the native Fe-Rd is also chosen as a paramagnetic NMR probe to be useful
for the protein–protein interaction study [98]. Indeed, two proteins, Fe-Rd and cytochrome
c3 (cyt c3), are considered binding partners. The paramagnetic probe Fe-Rd maps the interface
of the target protein, cyt c3, by NMR study. The NMR study identifies the heme methyl
groups in cyt c3 that participate in the binding surface interface of the Rd-cyt c3 complex [98].
This is a valuable approach to extending the study to other protein partners.

3.2. Overview of [3Fe-4S] Ferredoxin

Widespread distribution and multiple roles of iron–sulfur clusters with variable struc-
ture and oxidation states have been increasingly disclosed. [Fe-S]-proteins show diverse
functions, which are electron transfer, nitrogen fixation, photosynthesis, enzymatic catal-
ysis, signaling, respiration, gene regulation, and DNA repair and replication [106–110].
Ferredoxins (Fds) are an important class of [Fe-S] proteins and have different sub-classes
according to their composition of iron–sulfur, including [2Fe-2S], which is known as plant–
Fd [111,112], and [3Fe–4S] and [4Fe–4S] centers are known as bacteria ferredoxin [27,28].
Like Rd, the redox chemistry of [3Fe-4S] is also highly influenced by pH because it has an
inherent tendency for protonation [7,113]. This protonation chemistry has been found in all
[3Fe-4S]-ferredoxin such as [3Fe–4S] ferredoxins from P. furiosus [114], D. gigas (Fd II) [115],
and beef heart aconitase [116], and [7Fe-8S] ([3Fe– 4S] and [4Fe-4S]) ferredoxins from A.
Vinelandii (Fd I) [117], and D. africanus (Fd III) [118]. The structure of the cuboidal [3Fe-4S]
cluster is an open-faced crown-like structure (Figure 3) with three inorganic µ2-S atoms,
which are active centers for protonation [113]. This chemistry is flourished for the synthesis
of hetero-metal cluster synthesis by introducing the non-native metal into the open-faced
site (below).

A common [4Fe–4S] cluster is covalently attached to a protein scaffold with a typical
cysteine binding motif: –Cys–X2–Cys–X2–Cys–Xn–Cys– or Cys-X-X-Cys-X-X-Cys. The
other type, the [3Fe-4S] cluster, differs in only one Fe-center missing at the corner site of
the cubane [4Fe-4S] cluster [119] and is generally bound in a polypeptide chain with three
cysteine residues. Interestingly, both trimeric cuboidal and terameric cubane clusters are
reversibly interconverted. The first protein-bound [3Fe-4S] cluster was found in aconitase
in 1984 [120]. The [3Fe-4S] is an inactive form of aconitase, and it is easily interconverted to
form an active [4Fe-4S] cluster [120]. Indeed, an easy interconversion between [3Fe–4S] and
[4Fe–4S] clusters is observed in Pyrococcus furiosus ferredoxin, where one cysteine out of
four is replaced by aspartate residue (Figure 3) [121]. In addition, in Desulfovibrio africanus
ferredoxin III, one of two [4Fe–4S] clusters coordinates with three Cys residues, and it readily
converts to the [3Fe-4S] cluster [122]. The fourth iron is ligated by abiological water and
hydroxide ligands [123] or protein-derived carboxylate ligands [124].
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This conversion has suggested a possible route of recruiting other metal ions into the
[3Fe-4S] core to yield a series of novel heteromeric [M,3Fe-4S] type clusters. The construction
of [M,3Fe-4S] clusters is preceded by reactions with exogenous metal ions. Indeed, the
first result was the formation of the [Co,3Fe-4S]2+ cluster that was recognized in 1986 [125].
Since that time, the [3Fe-4S] core has served as a precursor of the formation of [M,3Fe-4S].
Therefore, a series of metal ions are incorporated into the [3Fe-4S] core to yield various
hetero-metal–sulfur clusters [M,3Fe-4S] within the protein environment [36,126–128].

3.2.1. Ni-Incorporated in [3Fe-4S]-Fd: Model of Ni-Containing CODH

CO dehydrogenases (CODHs) catalyze the reversible and selective oxidation of CO
to CO2 [129,130]. Nature evolves two types of CODHs: (1) Mo-Cu containing CODHs
found in aerobic organisms [131,132], and (2) [Ni-Fe] containing CODHs found in anaer-
obic organisms [133,134]. Anaerobic bacteria such as Carboxydothermus hydrogenoformans
(CODHCh), Moorella thermoacetica (CODHMt), and Rhodospirillum rubrum (CODHRr) use CO
as a carbon source [135]. The crystal structures of the active sites of [Ni-Fe]-CODH have
been reported and harbor a [Ni,4Fe-4S–OHx], [Ni,4Fe-5S] (µ2-sulfide covalently bridges
the Ni-atom and the distal Fe-atom) and [Ni,4Fe-4S] cluster (Figure 4) [135,136].
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(PDB file 3B53).

A wide range of metal substituted [3Fe-4S]-ferredoxin derivatives are reported. Among
them, [Ni-3Fe-4S] ferredoxin can be considered as a simplified protein-based model of the
native [Ni-Fe]-CODH [39]. Indeed, Pyrococcus furiosus ferredoxin (Pf -Fd), a small e− transfer
protein contains a cubane [4Fe-4S] cluster that facile interconverts to [3Fe-4S] cluster under
suitable experimental conditions due to the presence of non-cysteinyl ligation (mainly
asparted) at the specific one Fe site [121,137–139]. The apo-pf -Fd protein has been recruited
with a [Ni,3Fe-4S] cluster that mimics the active site core of the native CODH. Recently,
Lewis et al. reported that the [Ni,3Fe-4S] cluster is reconstituted in pf -Fd to generate a
protein-based simplified model for [Ni-Fe]-CODH that shows reversible e- transfer process
and binding of both CO (as substrate) and CN− (as inhibitor) of CODH [39].
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3.2.2. Spectroscopic Probes-[M,3Fe-4S] Ferredoxin

A wide range of non-native metals such as Cu [140], Mn [127], Ni [36,115], Co [115,125,127],
Zn [118,141,142], Cd [115,118] and Ag [143] are incorporated into the vacant space in
the cuboidal [3Fe-4S] core for the studies of the optical, electronic, magnetic, and redox
properties of mixed metal cluster, [M,3Fe-4S]. Indeed, [Cd,3Fe-4S] cluster shows the ground
state spin value of S = 2 whereas [Cu,3Fe-4S] shows S = 1/2 [128]. Furthermore, the redox
potentials of [Cd,3Fe-4S]2+/+ and [Cu,3Fe-4S]2+/+ couples are -470 mV and +190 mV (vs. NHE)
respectively [128], suggesting that the ground spin state and redox potential are functions
of the incorporation of metal ions in the [3Fe-4S] fragment. The [3Fe-4S]0 core has two sites,
including a delocalized FeII•FeIII pair and a localized FeIII site. Upon addition of ZnII ion in
[3Fe-4S] fragment, the formation of [Zn,3Fe-4S]+ shows unusual hyperfine interaction with
spin state of 5/2 using Mossbauer spectra. In contrast, Mossbauer spectra of three FeII sites
in [Ni,3Fe-4S]+ show the same quadrupole splitting with the same isomer shifts suggesting
that three FeII sites are delocalized rather than localized FeII sites [141]. Therefore, small
[M,3Fe-4S] derivatives are efficient spectroscopic probes that can be applied to other cubane
iron–sulfur proteins.

4. Overview of Orange Proteins

Orange protein (ORP), a monomeric small (~12 kDa) protein possesses a novel hetero-
metallic cofactor of the type [S2MoS2CuS2MoS2]3− that was first isolated from sulfate-
reducing bacteria, Desulfovivrio gigas in 2000, and still, the function is unknown [29,30].
Now, the ORP encoded gene is found in many anaerobic bacteria [47,144]. The mixed
metal–sulfur cluster is non-covalently attached to the protein matrix through hydrophobic
and electrostatic interactions [29]. The ORP-Cu cluster is stable in solution for a long
time, but the cofactor can be released from the host cavity by disrupting the non-covalent
interaction in an irreversible process due to the self-rearrangement to yield a larger cluster
that cannot be fit into the protein cavity [145]. Unfortunately, the holo-ORP is crystalized
as apo-ORP without a metallocofactor, and the crystal structure of apo-ORP is shown in
Figure 5 [146]. Furthermore, NMR data of apo-ORP [147,148] reveal a metal cluster-binding
region in D21–A27, H53–N58, and L72–F81 amino acid residues. However, the exact metal
cofactor binding region of ORP remains uncharacterized yet. This unusual mixed metal–
sulfide cofactor in ORP is the result of the Mo/Cu antagonism that was first found in
ruminants [149] and is now being utilized in Wilson’s diseases and various states of cancer
for the applications of anticopper therapies [149,150].
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Protein-assisted syntheses of metal-cluster methodologies are quite inspired by the
large experience of the Mour’s group acquired in the past on self-assembly of iron–sulfur
centers and hetero-metal sites in iron–sulfur proteins (described above) [125,142]. During
the reconstitution procedure, firstly CuCl2 was added, followed by TTM (Tetrathiomolyb-

74



BioChem 2022, 2

date; MoS4
2−), and the [Cu(TTM)2]3−-ORP was obtained with the exact composition of

Mo:Cu stoichiometric ratio of 2:1, but in reverse additions, different mixed metal–sulfur
composition were obtained. This result can be concluded since TTM has a tendency to
absorb protein by either non-covalently interaction or charge interaction with positive
charge amino acid; consequently, TTM does not go smoothly towards the protein cavity
site. Therefore, the addition of TTM, followed by the addition of CuCl2, makes TTM sulfur
ligands bind more copper ions resulting in the formation of different types of non-native
Mo/Cu composition that is not allowed into the apo-ORP cavity. We can also propose that,
in the first step of metal-cofactor formation, copper goes into the cavity region of apo-ORP
and promotes the entry of TTM due to the nature of Mo-Cu antagonism, suggesting a
driving force for this process. In an alternative way, we can propose that the apo-ORP
protein does not promote a specific cavity, but upon the addition of CuCl2 and TTM into
apo-ORP, the protein makes a cavity for the accommodation of the discrete a native mixed
metal–sulfur cluster. The simple inorganic cofactor, [S2MoS2CuS2MoS2]3− [151], in the solu-
tion is no longer stable and itself rearranges to afford a bigger cluster, but in the presence of
a protein matrix, the cluster is stable for long days. Apart from vitro reconstitution, for un-
derstanding the cluster assembly in vivo in ORP, the ATCUN tag (Amino terminus Cu and
Ni binding motif) [152] is inserted at N-terminus in the ORP (Ala1Ser2His3-native amino
acid residues). The NMR spectrum of that event indicates that metal-cofactor formation
has occurred through inter-molecular protein–protein interaction [30].

A series of metal derivatives replacing the native copper with iron, cobalt, nickel, and cad-
mium ions were reported. All derivatives, [S2MoS2FeS2MoS2]3− (ORP-Fe), [S2MoS2CoS2MoS2]3−

(ORP-Co), [S2MoS2NiS2MoS2]3− (ORP-Ni) and [S2MoS2CdS2MoS2]2- (ORP-Cd), were syn-
thesized using the apo-ORP as template [40]. These substitutions of the diamagnetic CuI

ion ([S2MoS2CuS2MoS2]3−) gave origin to either paramagnetic or NMR active derivatives.
Therefore, the ORP-Fe cofactor is also interested as a minimal model of Fe-Mo-co in nitroge-
nase [13] and other derivatives such as [S2MoS2FeS2MoS2]3− (ORP-Fe), [S2MoS2CoS2MoS2]3−

(ORP-Co), and [S2MoS2NiS2MoS2]3− (ORP-Ni) are EPR probe whereas [S2MoS2CdS2MoS2]2−

(ORP-Cd) is NMR probe. This work represents the power of the protein matrix to determine
the final shape and structure of metal-cofactor in situ formation. Moreover, host molecules
encapsulate a variety of guests but the specific size and shape into the plastic cavity through
non-covalent interactions.

Spectroscopic Probes ORP

The metal cofactor of ORP contains CuI and MoVI, which are EPR inactive metal
species and have no satisfactory NMR reporters that can help to investigate the location
of metal-cofactor in the protein cavity. The 3D structure obtained by NMR spectroscopy
displays that the mixed metal cluster is located inside the ORP protein cavity by non-
covalent interactions, including H-bondings, electrostatic and hydrophobic interactions
with an array of amino acid residues [146,148]. However, the exact binding locations of
the metal cofactor in apo-ORP remain elusive. The amino acids are crucial for stabilizing
the mixed metal–sulfur center within the protein cavity, and their identification is crucial
for understanding the structure and the function of the metalloproteins. Therefore, the
biophysical characterization of the binding pocket within the protein is important and
different types of spectroscopic tools are now available for a diagnostic. Therefore, the metal
cofactor is manipulated by substituting the diamagnetic CuI atom with paramagnetic or
interesting NMR active metal reporters or coordinating the metal core with a small organic
thiol ligand (1H or 19F NMR). In order to achieve our aims, we have reported a few synthetic
inorganic semi-model compounds, where Mo-Cu cluster coordinated nonbiological thiols
and fluorinated thiols are characterized by 1H-NMR and 19F-NMR respectively [153,154].
In addition, reconstitution of the NMR active cadmium atom into [S2MoS2CuS2MoS2]3− is
originated a 113Cd-NMR active compound, [S2MoS2CdS2MoS2]2− [153]. The 19F-NMR of
Mo/Cu-thiol complexes shows a higher chemical shift, which is advantageous for the NMR
probe as an alternative to 1H-NMR, circumventing the narrow window of observation of
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protons and also the large number of protein-bearing protons that mask the protons in
synthesized compounds. Thus, our synthetic strategy of synthesis was directed toward
19F-NMR, because 19F-NMR has no background signal, a broad window of chemical shifts
(+400 to −400 ppm), and high sensitivity compared to 1H-NMR. Moreover, because the
chemical shift of 19F-NMR is highly influenced by the local environment at the active site,
the 19F-NMR may be tuned by the vicinity of amino acids in proteins.

Transition metal ions (such as iron, cobalt, and nickel) have been used extensively
as spin probes for the study of metalloproteins by means of NMR and EPR spectroscopy
techniques. In this respect, the diamagnetic CuI ion in [S2MoS2CuS2MoS2]3− is replaced by
a variety of paramagnetic metal ions (M = FeI/II, CoI/II and NiI/II) to obtain paramagnetic
probes of ORP [40].

5. Conclusions

Enzymes are complex molecules that may or not contain metals at the catalytic site,
where chemical transformations occur with amazing selectivity and at high rates. Of the
known enzymes, one-third contain metals coordinated by the side chains of amino acids of
the polypeptide chain and/or cofactors. In this case, the substrate is activated at the metal site.

Due to the chemical complexity of the system (large molecular mass, multiple subunit
composition, and intricate architectural structures involving metals), the study of model
compounds, retaining functional, structural (or both) characteristics has the advantage of
working with a smaller size problem, more suitable for biophysical studies enabling to an
inorganic chemistry approach for revealing the metal active site properties. Metalloenzymes
use a wide range of metals in a variety of structural arrangements and geometries, most in
parallel with inorganic compounds, but others are still a challenge for synthetic chemistry.
Iron contained in iron–sulfur centers and in hemes are the most ubiquitous, but several other
transition metals have specific roles, such as Ni, Mo, Cu, Zn, and others. Modeling efforts
also represent an opportunity for further exploring new applications and functionalities.

The chemical design of models for metalloprotein active sites can be based on small
inorganic compounds and now extend to peptides, protein-based synthetic analogs, and
simple proteins that are used as templates (or scaffolds). As explained in this short review,
we use as case studies three native scaffolds that provide very rich sulfur environments,
used as templates for the synthesis of non-native metal clusters that can be mono, multi,
and mixed metal–sulfur clusters, which mimic native metalloenzymes involved in key
biological steps. Another advantage is the design of metal sites that can be quite useful as
spectroscopic probes.
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Abbreviations

Rd Rubredoxin
ORP Orange Protein
Fd Ferredoxin
CODH Carbon monoxide dehydrogenase
cyt-c3 cytochrome c3
Pf Pyrococcus furiosus
Dg Desulfovibrio gigas
Dd Desulfovibrio desulfuricans
Ch Carboxydothermus hydrogenoformans
Rr Rhodospirillum rubrum
Mt Moorella thermoacetica
TTM Tetrathiomolybdate
EXAFS Extended X-ray absorption fine structure
PDB Protein data bank
ET Electron transfer
NHE Normal hydrogen electrode
NMR Nuclear magnetic resonance
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Abstract: Signaling pathways that integrate a large set of inputs (both extra- and intracellular) to
control cell proliferation are essential during both development and adult stages to guarantee organism
homeostasis. Mobs are small adaptor proteins that participate in several of these signaling pathways.
Here, we review recent advances unravelling Mob4 cellular functions, a highly conserved non-
catalytic protein, that plays a diversity of roles in cell proliferation, sperm cell differentiation and is
simultaneously involved in synapse formation and neural development. In addition, the gene is often
overexpressed in a large diversity of tumors and is linked to poor clinical outcomes. Nevertheless,
Mob4 molecular functions remain poorly defined, although it integrates the core structure of STRIPAK,
a kinase/phosphatase protein complex, that can act upstream of the Hippo pathway. In this review
we focus on the recent findings of Mob4 functions, that have begun to clarify its critical role on cell
proliferation and the development of tissues and individuals.

Keywords: cell proliferation; neurogenesis; spermatogenesis; hippo pathway; STRIPAK; Mob4

1. Introduction

Tissue homeostasis requires a fine balance between cellular proliferation, differentia-
tion and cell death. Throughout evolution, several mechanisms have evolved to ensure
the fine-tuning of cell proliferation in multicellular organisms. The Mps-one binder (Mob)
family of genes encodes for a highly conserved group of proteins with a central role in
regulating some of these mechanisms [1,2]. Mob1p, initially identified in S. cerevisiae, was
the first Mob gene to be identified and described to be a part of the mitotic exit network
(MEN) through its interaction with Dbf2-like kinases [3,4]. In the last twenty five years,
Mob homologues have been identified in several model organisms. In eukaryotes, the Mob
family is divided into four classes—Mob1, Mob2, Mob3 and Mob4—with non-overlapping
functions. Seven Mob genes are encoded in the human genome, all with a high degree
of sequence similarity [5,6]. Molecularly, Mob proteins act as adaptor proteins without
catalytical activity, that can bind kinases and modulate their activity.

Mob1, the first Mob identified in metazoans, functions as a core component of the
Hippo signaling pathway [7], which regulates cell proliferation and organ size [8,9]. In-
terestingly, the other members of the Mob family can also modulate the activation of the
Hippo signaling pathway. For example, Mob2 displays an antagonist function of Mob1 by
negatively restricting Hippo signaling [10,11]. On the other hand, in response to apoptotic
stimuli and cell–cell contact, Mob3 protects against the induction of apoptosis, thereby
sustaining cell proliferation and tumor growth [12]. Finally, Mob4, the focus of this review,
can compete with Mob1, thereby restricting Hippo signaling.

The Hippo signaling pathway is a major regulator of cell proliferation, organ size,
cellular homeostasis and regeneration. The pathway is evolutionarily conserved and is
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modulated by a variety of signals such as cell–cell contact, ligands of G-protein coupled
receptors, cell polarity, mechanical cues and cellular energy status [13]. The core of the
Hippo pathway is composed of a kinase cascade wherein MST1/2 kinases phosphorylates
and activates the complex formed by LATS and Mob1, that in turn phosphorylates and
inactivates the oncoprotein YAP/TAZ (yes-associated protein 1/tafazzin) that promotes
the expression of cell proliferative and antiapoptotic genes [13].

The Hippo pathway is negatively regulated by a large protein complex named STRI-
PAK (Striatin-interacting phosphatase and kinase) complex. Core members of STRIPAK
include the catalytical (PP2A-C), scaffolding (PP2A-A) and regulatory (Striatins or PP2A-
B′′′) subunits of the serine/threonine protein phosphatase 2A (PP2A), MST3/4 kinases
(mammalian sterile 20-like kinases 3 and 4) and the adaptor proteins CCM3 (cerebral cav-
ernous malformation 3), Mob4 and STRIP1/2 (Striatin-interacting proteins 1 and 2) [14–16].
The STRIPAK complex regulates several signaling pathways through the modulation of
the phosphorylation levels of its interacting proteins [17,18]. The diversity of proteins
associated with STRIPAK highlights its key roles across various biological systems [19,20].
Importantly, Mob4 as a core component of the STRIPAK complex, can restrict Hippo
signaling through this second mechanism.

2. MOB4: From the Gene to the Function

Initially named as Phocein [21], it was soon renamed Mob4 because of the high
homology it displays with other Mob proteins. The Mob4 gene has been referred in the
literature as Mob1, 2C4D, CGI-95, class II mMOB1, Mob1 homolog 3, Mob3, Mps-one
binder kinase activator-like 3 (MOBKL3) and preimplantation protein 3 (PREI3). In this
work, we follow the HUGO Gene Nomenclature Committee (HGNC) and use Mob4 as the
product of the gene ID 17261 (NCBI Entrez Gene: 25843).

Structurally, the canonical Mob fold consists of a four-helix bundle at its core, with
three short α-helices at the N-terminal extension (amino acids (aa) 1−61) [22]. Of note,
Mob4 share a high structural homology with Mob1, even at the N-terminal, a region where
the various Mob proteins diverge.

The human Mob4 gene is predicted to generate alternatively spliced transcriptional
variants, producing three predicted protein isoforms: a canonical isoform with 26 kDa
(isoform 1) and two smaller variants (Figure 1). One variant results from an alternative
exon, containing a different start codon and thus generating a smaller protein with a
different N-terminal with 22.3 kDa (isoform 2), and a second variant lacking an in-frame
exon generating an isoform with 23.5 kDa (isoform 3) but sharing the N- and C-termini with
the canonical isoform. Like all Mob proteins, Mob4 is highly conserved across evolution;
for example, there is 80% aa identity and 88% similarity between Drosophila melanogaster
Mob4 (dMob4) and its human ortholog (hMob4).
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Figure 1. hMob4 gene structure and predicted encoded proteins. (A) hMob4 genetic locus at 2q33.1.
hMob4 gene is predicted to generate three different isoforms: the canonical isoform 1 contains 225 aa;
Isoform 2 loses the first 32 aa in respect to the canonical isoform 1; Isoform 3 lacks an alternate
in-frame exon (exon 2, light blue), generating a smaller isoform (aa 20–40 missing). (B) Comparative
alignment of the three Mob4 protein isoforms. Dark and light blue regions correspond to exon 1 and
2, respectively. Identical aa are indicated by asterisks.

3. Neuronal Functions of Mob4

Mob4 was initially identified on screenings in neural cell libraries as a potential
interactor of Striatins, by the groups of Ariane Monneron and of David Pallas, indepen-
dently [21,23]. These initial biochemical studies led to the characterization of Mob4 as a
core component of the STRIPAK complex (Figure 2) and indicated that Mob4 had a putative
role in neuronal function. In agreement with this idea, it was found that mammalian Mob4
is highly expressed in melanized dopamine neurons as well as in the central and peripheral
human nervous system [21,24]. In addition, it is highly enriched in dendritic spines, the
actin-rich protrusions emerging from dendrites [24–26].
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Figure 2. Representative scheme of core mammalian STRIPAK complex. The STRIPAK complex
is assembled on a tetramer of Striatin (here represented by STRN3), the scaffolding (PP2A-A) and
catalytic (PP2A-C) subunits of phosphatase PP2A, a kinase (MST3 or MST4), and adaptor proteins
interacting at different regions of the complex, like Mob4. Mob4 connects STRIP1 to STRN3 (adapted
and modified from [22]).

Immunogold labeling detected Mob4 in close vicinity to endocytic-like membranes in
the neuronal dendritic spines, suggesting vesicular trafficking functions [24,25]. Immunocy-
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tochemical studies also confirmed that Mob4 is strictly somato-dendritic, extending down
to the neuronal spines [21]. Noticeably, Mob4 was detected in cell bodies and dendrites
but not in axons [21], similarly to what has been described for striatin. In addition, im-
munoreactivity for Mob4 was only detected in neurons, not in glial cells. Recent studies in
zebrafish confirm that Mob4 is highly expressed in the central nervous system; Mob4 was
detected in the full extension of the neuroectoderm and in the brain in the initial stages of
zebrafish development. Prior to hatching, Mob4 expression is almost limited to the brain,
and its expression remains enriched in the brain after hatching [27]. A neural role for Mob4
was first demonstrated by genetic studies in Drosophila, where it was shown to be a key
regulator of neuronal structure and development [26]. Importantly, these studies showed
that Mob4 is an essential gene, as Drosophila individuals lacking Mob4 do not survive past
the larval stages. The selective somatic downregulation of Drosophila Mob4 resulted in a
disrupted neuronal morphology. Neurons that developed without Mob4 showed abnormal
branching patterns and hyperbranching, and established incorrect connections to target
cells. In addition, the lack of Mob4 resulted in severe defects in microtubule organiza-
tion, synaptic development and axonal transport. Finally, mutant Drosophila individuals
displayed a defective neuronal transport of cargo from the cell body to the synapses [26].
dMob4 mutants had neuromere clusters that were smaller in size, although with shorter
neurites and a higher thickness of neurite bundles.

Synapses are highly specialized structures that process and transmit information in the
brain. These cell–cell communication hubs are thought to be under constant modification
during development and by experiences throughout life. Most excitatory synapses localizes
to dendritic spines, small actin-rich protrusions on the surface of dendrites. The association
of mammalian Mob4 with endocytic-like membranes and neuronal spines suggests a
function on endocytosis and vesicular trafficking [24,25]. Intracellular traffic depends
on cytoskeleton functioning as rails for the cargo. dMob4 mutants have a disorganized
microtubule cytoskeleton [26], indicating a possible association of Mob4 function with
cytoskeleton organization and stability.

Recently, the role of Mob4 in vertebrate neurodevelopment has been highlighted by
studying the consequences of Mob4 depletion in zebrafish embryogenesis using morpholi-
nos [27]. The authors found that the knockdown of zfMob4 using translation-blocking
morpholinos in young embryos lead to severe neurologic defects. Zebrafish embryos at 24 h
post fertilization lacked the midbrain–hindbrain boundary and showed reduced eye size.
Mob4 morphants were also shown to be significantly smaller than their control morpholinos
siblings. Notably, these differences are not found in the axial trunk but only in the head [27].
This suggests that Mob4 has important functions in the neurodevelopment of the brain
but not the spinal cord. In addition, the authors have observed that, in these morphant
embryos, not only is the hindbrain and eye regions smaller, but the rate of cell division is
severely diminished in the hindbrain and eye regions, arguing that the reduced hindbrain
size and eye size are a consequence of impaired cell divisions [27]. Altogether, these results
strongly indicate a Mob4 involvement in the process of cell proliferation during neurode-
velopment in vertebrates. In agreement with these observations for Mob4 and supporting
such functions in neurons, it has been shown that the STRIPAK complex promotes the
organization, development and maturation of striatal neurons. In fact, the dysfunction of
STRIPAK has been linked to a range of clinical neurological conditions [28]. For example,
knockdown of Striatin, that binds directly to Mob4, blocks dendrite formation [29], an
observation that suggests that the knockdown of Mob4 affects neuronal morphology at
least in part by affecting STRIPAK function.

Taking these observations altogether, Mob4 seems to be required for the regulation of
neuronal functions at different levels. Firstly, by being required for the assembly of a normal
microtubule cytoskeleton [26]. Second, biochemical studies indicated Mob4 to be involved
in endocytosis and vesicular trafficking [24–26]. It seems therefore that Mob4 contributes
both to postnatal synaptogenesis and to the dendritic-activity-dependent plasticity in the
adult. It is noteworthy to recall that Mob4 is highly conserved throughout the animal
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kingdom. For this reason, it is tempting to speculate that a deficient Mob4 function may be
related to mechanisms of neurological diseases in humans.

4. Mob4 and Cytoskeleton

Recent reports indicate that Mob4 has important roles in cytoskeletal regulation.
Studies on Drosophila cells reported Mob4 to be involved in mitotic spindle microtubule
focusing [30], while studies on the fly nervous system showed Mob4 to be important
for the organization of microtubule networks within postmitotic neurons [26]. A recent
report shows that in Zebrafish, Mob4 function is required for the incorporation α-actin
into organized sarcomeres in skeletal muscle [31]. In this work, the authors found an
interaction between Mob4 and the actin-folding chaperonin TRiC (TCP-1 ring complex,
also called chaperonin containing TCP-1), suggesting that Mob4 affects TRiC to control
actin biogenesis and thus myofibril growth. This report supports a previously described
Mob4 molecular interaction with TRiC [14].

The proper folding of proteins is essential for cellular function, and protein misfolding
is believed to be the primary cause of many neurodegenerative disorders. In eukaryotes,
the folding of misfolded or unfolded proteins is mediated by molecular chaperones, one of
which is the protein complex TRiC. Chaperonins are required for the proper folding, trans-
port and degradation of proteins. TRiC chaperonin display limited substrate specificity and
assists the folding of many key structural proteins, such as the cytoskeletal proteins actin
and α- and β-tubulin [32–34]. The importance of TRiC complex in protein folding was
first shown in Caenorhabditis elegans where individuals with reduced TRiC function display
defective microtubule cytoskeletons [35]. Co-immunoprecipitations assays had shown that
Mob4 and TRiC are part of a multiprotein complex and that a direct interaction between
Mob4 protein and TRiC was demonstrated to occur in nematodes [14,36]. Recently, Berger
et al. showed that Zebrafish Mob4 mutants also display deficient microtubule networks,
which is in line with the fact that a main folding substrate of TRiC is tubulin. Therefore, it
is possible that such defective microtubule networks are the cause of the observed compro-
mised neuronal connectivity in zebrafish Mob4 mutants. In line with these observations,
neuronal neurite formation is strongly affected in TRiC-deficient zebrafish [32,33].

Additionally, Berger et al. also found that in zebrafish, Mob4 protein, co-localized
with the marker α-actinin at the sarcomere’s Z-discs. Importantly, whereas the loss of Mob4
function led to a smaller amount of myofibrils, increased Mob4 expression induced an
increase in the amount of organized myofibrils. These findings indicate that Mob4 function
might be required for the regulation of the number of organized myofibrils. Lack of Mob4
function results in reduced numbers of myofibrils and impaired movement due to skeletal
muscle defects.

As Mob4 functions within the protein complex STRIPAK, Berger and colleagues looked
for similar defects in strn3-deficient mutants. In fact, the authors found that strn3-deficient
mutants featured both neuronal and muscle defects. These observations confirm not just
Mob4 as a core component of STRIPAK in Zebrafish but also imply a role for the STRIPAK
complex in sarcomerogenesis. Unexpectedly, zebrafish TRiC mutants still develop into
almost normal larvae that, nonetheless, still show highly specific skeletal muscle defects,
resulting from the defective folding of α-actin at Z-disks in the skeletal muscle, with the
result of a reduced sarcomere assembly.

The work of Berger et al. highlights the fact that Mob4 function involves at least
two different protein complexes, STRIPAK and TRiC. The former has a large diversity of
cellular functions, and the latter is required for actin and tubulin biogenesis. Mob4 and strn3
mutants featured both neuronal and muscle defects, given that neuronal axons are formed
by polar arrays of microtubules, while the major protein components of smooth-muscle
thin filaments is actin. This supports the idea that STRIPAK and TRiC may interact through
Mob4 to coordinate the growth of the myofibril and of the microtubule network during
neural development.
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5. Cell Proliferation Function of Mob4

From a physiological point of view, Mob4 plays important roles in the control of cell
proliferation. As previously mentioned, the downregulation of zfMob4 results in a severe
decrease in the number of mitotic cells in the brain and in the developing eye [27]. The
control of stem cell number also seems to be one function of Mob4, as studies on planarian
indicated that mob4 function limits body size through limiting stem cell numbers [37].
Planarians have been highly studied for their ability to regenerate body parts after injury
and keeping body proportionality [38]. The inhibition of Mob4 in planaria dramatically
increased posterior length after injury, affecting the polarity along the apical posterior
axis [37].

This an important step forward in deciphering the molecular mechanisms that allow
animals to reconstruct body parts while simultaneously integrating newly regenerated
tissues into pre-existing old ones after injury. The process of regeneration in planarians is
complex and involves the coordination of multiple cellular signaling pathways essential for
normal physiological functions, such as organ size, cell proliferation cycle, asymmetric cell
divisions, programmed cell death, and cell/tissue polarity determination [39]. One such
signaling pathway is the evolutionarily conserved Wnt pathway, known to be involved in
a myriad of processes namely cell proliferation, differentiation, and apoptosis, as well as
in stem cell maintenance [40]. In planaria, the Wnt signaling pathway is the key regulator
of the head–tail polarity, and it is at the core of the decision-making process to regenerate
a head or a tail [41,42], as reviewed in [39]. The regionalization of the planarian Antero-
Posterior axis is controlled by constitutive localized expression of Wnt ligands (expressed
posteriorly) and of Wnt inhibitors (expressed anteriorly). The results obtained by Schad
and Petersen support a model in which Mob4 regulates wnt pole cell numbers by limiting
stem cell formation, and wnt pole cells in turn control tail proportionality along the antero-
posterior axis [37]. These results therefore indicate that Mob4 is involved in the scaling
of tail size with respect to body size via the regulation of wnt1. Considering that Mob4 is
constitutively expressed, even in the absence of injury, the recovery of normal proportions
through regeneration may involve a mechanism that establishes a balance of local signaling
processes. These results suggest that the suppression of wnt signaling by Mob4 (through
STRIPAK) is a critical pathway regulating scaling and whole-body proportionality in
planarians. Interestingly, in planaria, the members of the Hippo pathway do not seem to
be required for keeping antero-posterior tissue proportionality, suggesting that Mob4 and
STRIPAK exert their action independently of the Hippo signaling pathway (Figure 3). On
the other hand, a crosstalk between the Hippo pathway and the Wnt pathway has been
previously described [43], and Hippo plays an important role in the regulation of the cell
cycle, which is equally crucial for planarian regeneration.

Importantly, Mob proteins have been demonstrated to be involved in defining cell
polarity both in humans and in Tetrahymena [44,45]. The importance of cell polarity in a
number of physiological processes, including cell differentiation, cell migration, asymmetric
cell division, cancer progression and immune response, has been extensively described and
reviewed in [46]. In Tetrahymena, a unicellular organism, the single Mob protein encoded
in the genome, is required for correct division-plane placement by establishing the anterior–
posterior axis. The downregulation of Mob in Tetrahymena induces the misplacement
of the division plane with consequent abscission failure; daughter cells fail to separate
and form trails of interconnected abnormal cells [44]. Interestingly, the authors found that
the Mob protein accumulates at the future site of cell division prior to constriction start,
thereby defining the anterior and posterior ends of the future new daughter cells. This
finding highlights the importance of Mob in cell polarity inception through a cell-intrinsic
mechanism and how polarity is coupled to growth in Tetrahymena. Likewise, in human
HeLa cultured cells, the downregulation of Mob1 also results in abscission failure and,
importantly, cell polarity is affected in such a way that it allows cells to become motile [45].
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Figure 3. Hippo signaling pathway regulation by Mob proteins. When active, the Hippo pathway
blocks cell proliferation. The core of Hippo pathway is a kinase cascade wherein MST1/2, together
with SAV1, phosphorylates and activates the complex formed by LATS and Mob1 that, in turn,
phosphorylates and inactivates the oncoprotein YAP/TAZ. Active YAP/TAZ (non-phosphorylated)
migrates to the nucleus and promotes cell proliferative and antiapoptotic gene. MOB family proteins
interact with Hippo pathway at different levels regulating its activity. Mob2 negatively regulates
the Hippo pathway by competing with Mob1 for LATS1/2 binding. Mob3 appears to be an MST1
suppressor. Mob1, beside interacting with LATS1/2, can also form a complex with MST1 with tumor-
suppressing functions. Mob4 forms a complex with MST4 that antagonizes Mob1-MST1 functions.
Mob4 also takes part in the STRIPAK complex, a complex that acts upstream of the Hippo signaling
pathway and therefore modulates MST1 activation. The core Hippo pathway is indicated by the
traced square. See text for references.

Finally, a role for Mob4 in cell proliferation and tissue formation has also been de-
scribed in the filamentous fungi Sodaria macrospora, where the downregulation of SmMob3
(the Mob4 homologue in Sodaria) results in impaired vegetative growth accompanied by a
sexually sterile strain unable to undergo self-fusion and fusion [47]. On the other hand, in
Caenorhabditis elegans, mob-4-deficient mutant individuals do not show an obvious abnormal
phenotype under the normal growth conditions. Nevertheless, longevity and thermotoler-
ance are affected in these individuals [48]. These observations, together with a previous
report showing that C. elegans YAP-1 overexpression shortens these individuals’ life span
(whereas yap-1 deficiency prolongs life span) [49] suggests that in contrast to humans and
Drosophila, in which Mob4 activates YAP1 [50], in worms, Mob4 does not act upstream of
YAP-1. Taken together, these observations led to suggestion that in C. elegans, the Hippo
pathway is not conserved [49].

89



BioChem 2023, 3

Mob4 may be involved in cell proliferation through its function within the STRIPAK
complex or independently of it. STRIPAK negatively regulates the Hippo signaling pathway,
thereby participating in the control of cell proliferation [28,51,52]. The deletion of the amino-
terminal residues of Mob4 abolishes the assembly of STRIPAK [22] while the disruption
of the sites responsible for Mob4 and STRN3 interaction causes aberrant Hippo signaling
regulation. Thus, Mob4 can affect cell proliferation by participating in STRIPAK assembly
and Hippo pathway activity.

Given the role of Mob4 in regulating cell proliferation it is not surprising that Mob4
may be involved in cancer initiation/progression. Cancer development, due to excessive
cell proliferation, is highly associated with the activation of oncogenic pathways [53–55]
or the deregulation of genes with tumor- suppressing functions [56–59]. In most human
cancers, there is a moderate/high protein expression of Mob4, and a higher expression
of Mob4 is associated with a poor prognosis for renal and liver cancers (https://www.
proteinatlas.org, accessed on 1 December 2022). The Hippo pathway, per se, is an important
regulator of cell proliferation and tissue growth, and mice mutant in Hippo components
(Sav (Salvador), MST1/2, Lats (Large tumor suppressor kinase) and Mob1) are prone to
develop malignant growths [60–63]. In addition, it has been described that the different
Mob family members behave either as tumor suppressors or oncogenes. For example, the
complete loss of Mob1, a component of the Hippo pathway, in mice promotes tumorigenesis
and embryonic death [60]; Mob2 has recently been reported as a tumor suppressor in
glioblastoma [64]; and in contrast, Mob3 has been found to be upregulated in glioblastoma
multiforme, and it is proposed as an oncoprotein by suppressing MST1 activity [12].

Interestingly, Mob4 can also bind to the protein kinase MST4 forming a complex that
antagonizes the complex formed by Mob1 and the kinases MST1/2 [50] (Figure 3). But
while MST1-Mob1 acts as a tumor suppressor, MST4-Mob4 is oncogenic by activating YAP
signaling and promoting cell proliferation. In fact, Mob4 can alternatively pair with either
MST4 or MST1 due to the high structural similarities of both Mobs and of both MST kinases.
Mob4 can therefore sequester MST1, consequently inhibiting the Hippo pathway and
promoting cell proliferation [50], thus acting as an oncogene. It is worth remembering that
simultaneously, on an alternative mechanism and as a component of STRIPAK complex,
Mob4 negatively regulates the Hippo signaling pathway and therefore acts as a tumor
suppressor gene.

6. Mob4 and Spermatogenesis

Spermatogenesis is the process by which germinal stem cells give rise to haploid sper-
matozoa. In Drosophila, spermatids morphogenesis generally occurs within a syncytium,
with all spermatid nuclei remaining interconnected via an extensive network of cytoplas-
mic bridges. As spermiogenesis progresses, the syncytium (or cyst) is then resolved into
individual cells in a process referred to as sperm individualization. Although with some
differences in the control of hormonal regulation and in testicular structure, the different
stages of spermatogenesis are highly conserved from fly to human. Importantly, many of
the genes involved in Drosophila spermatogenesis were shown to be conserved in humans.

Santos et al. recently described a requirement for Mob4 during spermatogenesis in
Drosophila: males without Mob4 function in the gonads are sterile, while females are fully
fertile. In the lack of Mob4 function, cyst elongation still occurs, meaning that spermatids
are capable of elongating an axoneme, but spermatid individualization was observed to
fail. Consequently, the migration of sperm into the seminal vesicle does not occur, and
consequently, males are sterile. In order to determine what defects in spermiogenesis cause
spermatid individualization failure, the authors have examined the ultrastructure of the
developing axoneme and found that the mitochondrial derivatives fail to form correctly.
Importantly, defects in the axonemal structure were also found. These defects include the
loss of microtubule doublets, and most interestingly, the stereotypical 9 + 2 microtubule
doublets of the axoneme is affected, with the axoneme suffering a large radial expansion [65].
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The use of a GFP:Mob4 transgene reveals that Mob4 has dynamic sub-cellular localiza-
tion in different cell types throughout spermatogenesis. During meiosis, Mob4 accumulates
in the reticulum surrounding the meiotic spindle structures. Post-meiotically, Mob4 tran-
siently accumulates at the basal side of the nuclei in the vicinity of the basal body at the
early canoe stage of spermatid differentiation. The dynamic behavior of Mob4 throughout
different stages of spermatogenesis is suggestive of multiple roles in the parafusorial mem-
branes and associated microtubules during meiosis, and at the basal body or transition
zone in the initiation of axoneme elongation.

As mentioned, spermatogenesis is a highly conserved process, and the genes involved
in spermatogenesis usually have their function conserved across species. Mob4 seem to
follow the trend as the insertion of the human Mob4 paralog gene into Drosophila was
capable of rescuing all the meiotic defects in mob4 mutant, including full fertility [65],
suggesting that human Mob4 and Drosophila Mob4 are functional orthologs.

Considering that Mob4 is a component of STRIPAK, one may wonder if the defective
spermatogenesis results from lack of STRIPAK function, or is an isolated function of Mob4.
To answer this question Santos et al. looked for a function of Strip and Cka (two other
components of STRIPAK) in Drosophila testes. They found that, like for Mob4, either Strip
or Cka downregulation in testes results equally in male sterility; on the other hand, Strip
or Cka downregulation did not seem to affect female ovaries and are not required for
female oogenesis. In addition, the investigators also showed that similar failures in sperm
individualization to Mob4 are observed after the downregulation of either Strip or Cka,
suggesting that STRIPAK complex activity is required for spermatogenesis, and that Mob4
is probably acting through STRIPAK.

7. Other Mob4 Functions

A different set of studies indicated that Mob4 is also required for mitosis progression.
In Drosophila S2 cultured cells, Mob4 was found to associate with centrosomes and kine-
tochores, and its downregulation resulted in the formation of monopolar spindles and
defective mitosis [30]. Moreover, in human cells, Frost and collaborators showed that the
downregulation of Mob4 causes an increase in DNA content, abnormal spindle formation
and mitosis failure, triggering cell death [66]. In addition, the authors found that Mob4,
together with the STRIPAK complex, bridges the centrosome with the cis-Golgi and the
outer nuclear membrane [21,66] (Figure 4). The disruption of these bridges may be the
cause of the defective mitotic progression.
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Human Mob4 may also have a role in DNA damage signaling since its downregu-
lation results in γH2AX phosphorylation in cells [67], which is an early marker for DNA
damage [68]. Moreover, the Ser147 of human Mob4 is a possible target of ATM kinase sug-
gesting a possible role for Mob4 within the DNA damage response [69]. Other MOB family
members are also involved in the DNA damage signaling. For example, Mob2 can interact
with RAD50 promoting the assembly of the MRN DNA damage sensor complex this way
activating ATM kinase, a well-known protein orchestrating DNA damage response. In
addition, Mob2 competes with Mob1 for NDR1/2 binding (NDR–Nuclear Dbf2-Related
Kinase), and NDR-mediated phosphorylation is important in the G2/M DNA damage
checkpoint by promoting the degradation of the CDC25A phosphatase [70].

Apoptosis is a process important for the maintenance of cell numbers, and its regu-
lation has been previously associated with Mob4 and Mob1 due to their association with
MST1 kinase. MST1 modulates oxidative-stress-induced neuronal death [71], and several
studies have reported how the MST1 phosphorylation of FOXO proteins enhances their
nuclear translocation, promoting the transcription of apoptosis-related genes [72,73]. A
neuronal-specific isoform of YAP (the end target of the Hippo pathway), YAPdeltaC, acts
as a neuronal apoptosis protector that decreases with progression for amyotrophic lateral
sclerosis (ALS), whereas the full-length YAP remains constant during the late and severe
stage of the disease [74].

Specific connections between Mob proteins and neurodegeneration can be established
through their interaction with NDR/LATS kinases. It was found that all four Drosophila
Mob genes can genetically interact with tricornered (Trc) (Drosophila homologue of NDR
kinases) [75]. Trc is required for morphological changes, such as the outgrowth of epidermal
hair and dendritic tiling in sensory neurons and Wts (Drosophila homologue of LATS) plays
a role in dendritic maintenance in sensory neurons [76–78]. Mob2 has been directly associ-
ated with neuronal functions. In neuronal cell lines, Mob2 is required for sustaining neurite
formation [79]. Mob2 expression is required to regulate the growth of Drosophila larval
neuromuscular junction [80] and for normal neuronal distribution in mice developmental
cortex [81]. In addition, human Mob2 has been identified as a specific protein of cerebral
amyloid angiopathy (CAA), a condition in which amyloid plaques are deposited on the
walls of cortical and blood vessels of the brain [82]. On the other hand, increasing evi-
dence shows a potential role for Mob3 in neurodegenerative diseases. The human Mob3A
gene was identified as a target for the nuclear respiratory factor 1 (NRF1) [83]. NRF1 is a
master transcription factor that promotes the transcriptional activation of genes required
for mitochondrial biogenesis and proteosome function. The deregulation of NRF1 target
genes has been shown in neurodegenerative disease models where proteosome capacity
is diminished [84]. On a second study, human Mob3 proteins were found to bind to the
oligomeric Aβ42, a hallmark protein complex of Alzeimer’s disease, suggesting the poten-
tial involvement of Mob3 proteins with this condition [85]. Therefore, Mob4 is not the only
Mob with a role in the control of cell proliferation and apoptosis, which is relevant for the
clearance of excessive neural cells during normal development [86]. Finally, very recently,
Guo et al. [87] suggested a new function for Mob4, through its role within STRIPAK, in the
regulation of autophagy in Drosophila muscle tissue.

In summary, Mob family proteins have important functions in the control of cell
proliferation. Mob4 displays a range of essential functions that spans from neuronal devel-
opment to spermatogenesis and the control of cell proliferation, both in vertebrates and
in Drosophila (Figure 5). These functions are likely exerted through different mechanisms.
Mob4 can act as a scaffold on the assembly of the STRIPAK complex (Figures 2 and 3), thus
participating in axonal transport, dendritic development and synapse assembly. But Mob4
also appears to act independently of STRIPAK by interacting with the TRiC complex or
directly with MST1. Most human cancers show a moderate/high protein expression of
Mob4, and renal and liver cancer patients with a high expression of Mob4 show a reduced
survival probability compared to those with low expression, suggesting that Mob4 is an
unfavorable prognostic marker for renal and liver cancers. Therefore, elucidating the
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underlying mechanisms of Mob4 action and regulation may be of help to identify novel
therapeutic targets and diagnostic markers for cancer and neurodegenerative diseases.
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Abstract: The Molecular Genetics Mobile Lab or “Laboratório itinerante de Genética Molecular”
(Lab-it) was funded in 2008 by Leonor Cancela to promote the learning of molecular genetics which
had been introduced at that time into high school biology programms. The project aimed to introduce
hands-on laboratory activities in molecular genetics to complement the theoretical concepts taught in
school. These included the development of experimental protocols based on theoretical scenarios
focusing on themes of forensics sciences, biomedical applications, diagnostic methods, and ecological
research using basic molecular biology techniques, such as DNA extraction, polymerase chain reaction
(PCR), electrophoresis, and restriction enzyme application. In these scenarios, the students execute
all the procedures with the help of the Lab-it instructor and using the Lab-it equipment, followed
by a discussion of the results with all the participants and the school teacher. These approaches
help the students to consolidate the concepts of molecular biology and simultaneously promote
discussions on new advances in the area and choices for university careers. In addition to practical
sessions, Lab-it also promotes seminars on topics of interest to the students and teachers. Since 2008,
18 high schools have participated in the region of Algarve, averaging each year about 400 students
participating in practical activities. In 2021, despite the COVID pandemic, 9 schools and 379 students
were involved in Lab-it practical sessions and 99% of them considered the activity to contribute to
better understanding the molecular biology methods approached in theoretical classes and expressed
high interest in those sessions.

Keywords: education; molecular genetics; lab-it; laboratory hands-on sessions

1. Introduction

With the introduction of biochemistry and molecular biology concepts in biology
high school teaching programs all over the world [1–4] and particularly in Portugal, teach-
ers have been reporting difficulties in teaching students the concepts associated with the
flow of genetic information in cells and the molecular biology methods currently used for
biotechnology applications [5–8]. Students have reported difficulties in understanding the
correlation of biomolecules like deoxyribonucleic acid (DNA), messenger ribonucleic acid
(mRNA), and proteins with cell functions, and basic concepts like genes, proteins, and
genetic phenotypes are often not fully understood [6,8]. Biochemistry and molecular biol-
ogy concepts are somehow abstract because they occur at the molecular level of biological
systems. Available information indicates that students find problems to understand those
concepts due to the degree of complexity and poor contextualization related to the flow of
genetic information due to the increased number of concepts approached by the scientific
program of biology classes and the time available to students to learn it [4,6,7]. In addition,
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misconceptions related to the teacher’s preparation and lower degree of training updates
were identified as contributing factors [1,7,8]. To complement formal learning taking place
within the framework of classes and based on the description of theoretical concepts by the
teacher, the introduction of practical projects associated with these subjects has proven to
help students understand their complexity [8–10].

To optimize the teaching of molecular biology concepts included in the high school
biology program in Portugal, several teachers started to contact the universities to help
them refresh their know-how in those topics. Attending to this, in 2008, Leonor Cancela,
professor of molecular genetics at the University of Algarve, started the project called
The Molecular Genetics Mobile Lab or “Laboratório itinerante de Genética Molecular”
(Lab-it) to help schools and biology teachers in the Algarve region to explain molecular
biology concepts to their students. Attending that the equipment necessary to execute
molecular biology experiments was not accessible to schools, the idea was to equip an
itinerary laboratory, the Lab-it, with the equipment and reagents necessary to execute
molecular genetics experiments in loco, in each participating school. The Lab-it could then
visit every high school in Algarve to allow biology students to execute the experiments
based on hands-on molecular biology techniques like DNA extraction, PCR, electrophoresis,
and enzymatic restriction analysis of DNA fragments. The experimental procedures were
contextualized in four theoretical scenarios, namely (i) criminal forensic investigation,
(ii) prenatal genetic screenings, (iii) molecular detection and diagnostic of patients infected
with bacteria carrying multi-resistance to antibiotics, and (iv) molecular identification of
bacteria and fungi species from environmental samples. This study presents the results
obtained from high school students that participated in Lab-it sessions in the year 2021. The
aim was to understand in which measure the Lab-it activities developed by the students
contributed to improve (i) their comprehension of molecular genetics principles, (ii) their
level of success in the implementation of hands-on protocols by the students, and (iii) in
which measure the Lab-it activities contributed to motivating students to continue their
academic training and apply to university, in particular, to follow molecular genetics and
biochemistry areas.

2. Materials and Methods
2.1. Educational Contextualization of Students

The Lab-it project develops its activities in the Algarve region, in the south of Portugal.
In 2021, the project was implemented in 9 of the 18 high schools contacted. Although more
schools were interested in collaborating, the COVID-19 pandemic imposed restrictions
on some schools, which prevented them from joining the project. A total of 379 students
participated in 33 Lab-it sessions. Portugal’s education system is organized into three
stages, basic, primary, and secondary education and the students that took part in the
practical sessions belonged to the secondary education stage, namely the last two years
of high school, 11th and 12th grades. All the students had chosen to study biology when
entering the secondary education level.

2.2. Methodology of Practical Session

The Lab-it practical sessions were organized with a maximum of 16 students each,
with a duration of 3 h. Each activity starts with a presentation of molecular genetics
concepts associated with the flow of genetic information within the cells, discussing DNA
hereditary properties, three-dimensional structure, composition, and information on genetic
hereditary transmission mechanisms. Additionally, students were also introduced to basic
concepts associated with methods like DNA extraction, polymerase chain reaction (PCR),
electrophoresis, restriction enzyme analysis, and interpretation of results. Students were
provided with examples of how to interpret results from a PCR after electrophoresis,
contextualizing the polymorphisms evaluated (homozygotes/heterozygotes or presence-
absence of bacteria and fungi by ribosomal gene detection) and molecular context of
the target gene amplified for each scenario. After the presentation, students learn the
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composition of a PCR reaction and correlate it with DNA replication mechanisms. This
is followed by learning how to use micropipettes. After that, each group of students
assembled the PCR reaction in a tube (a maximum of four groups with four elements
each) and applied it to the thermocycler for amplification. All the practical steps were
executed by the students after the initial explanation by the Lab-it organizer. After a small
break, the principles of electrophoresis were discussed with the students as well as the
equipment to be used. Correlation between the interpretation of the results discussed at
the beginning and the fundaments of the technique were approached at this point. The
students prepared the samples and applied them to an agarose gel for electrophoresis.
During the time that electrophoresis was running, we discussed with the students any
doubts regarding the practical sessions, new technical approaches used in research, and
options for university courses. After electrophoresis, the agarose gel was observed in an
Ultraviolet transilluminator, and the results were discussed. Altogether, this process allows
students to contextualize experimental approaches and observe the application of these
methods to answer the questions in the scenarios chosen (Table 1).

Table 1. Description of Lab-it scenarios applied during practical sessions.

Scenario Title Techniques Used Objectives

1 Who committed the
crime?

Pipetting with
micropipettes,

Centrifugation, PCR,
electrophoresis

Amplification of
polymorphisms in two genes

(PLAT and AMELX) to
contribute to genetic profile of

a crime suspect

2

Where are the
Pseudomonas? A case
of Multi-resistance

infection in Algarve

Pipetting with
micropipettes,

Centrifugation, PCR,
electrophoresis,

restriction enzyme
cut selection

Amplification of 16S ribosomal
subunit fragment by PCR from
samples of patients to identify
Pseudomonas sp. polymorphism
with EcoRI restriction enzyme

analysis

3

Prenatal screening
analysis for

hereditary disease
and gender

determination

Pipetting with
micropipettes,

Centrifugation, PCR,
electrophoresis

Screening for the presence of
Alu fragment insertion in CFTR
gene and gender determination

through amplification of
AMELX fragment

4
Microbial ecology:

Looking for bacteria
and fungi

Pipetting with
micropipettes,

Centrifugation, PCR,
electrophoresis,

restriction enzyme
cut selection

Amplification of DNA
fragments of 16S and 18S

(specific for fungal species)
subunits to confirm presence

and absence within the
ecological niche and EcoRI

restriction analysis for
fragments amplified

The implementation of molecular biology techniques is included as part of four distinct
scenarios (Table 1). These scenarios allow students to assimilate the molecular biology
principles within a practical application example.

For human biology scenarios, the students amplify two polymorphisms common in
the human genome that should favor the understanding of concepts like DNA heredity of
polymorphisms and consequences to the homozygotic and heterozygotic state of the human
genome analyzed. The first polymorphism that we have used was a common Alu insertion
in an intron of the gene that encodes for plasminogen activator, tissue type (PLAT) [11].
This was used in scenarios 1 and 3 (Table 1). In the first scenario, it was used in the context
of a polymorphism specific to an individual, which could be involved in the identification
of suspects at a crime scene [11]. For the third scenario, this polymorphism was used as
a theoretical example for a possible Alu insertion into an exon of the gene cystic fibrosis
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transmembrane conductance regulator (CFTR), as described previously [12], but based on
the amplification of Alu insertion in gene PLAT. Mutations in this gene are responsible for
the majority of cystic fibrosis cases in the world [13], and this context allowed students to
think about the hereditary recessive polymorphisms that can lead to diseases. Additionally,
for scenarios 1 and 3 (Table 1), we have used primers specific to the Amelogenin X-linked
gene (AMELX), which allowed the identification of chromosomes X and Y [13] and could
be used in scenario 1 for gender identification of the alleged suspect and scenario 3 for
prenatal gender determination.

For scenarios 2 and 4 (Table 1), the students amplified fragments of 16S ribosomal
RNA (16S) using primers (8F and 1542R) for molecular detection of bacteria as described
by Galkiewicz and Kellogg (2008) [14]. The context of scenario 2 theoretical objective
was to detect bacteria in patients suspected of being infected by a multi-resistance strain
of Pseudomonas sp. The students used samples of DNA isolated from oral epithelium
cells, which allowed the detection of bacteria. Additionally, we have analyzed several 16S
sequences of several bacteria strains within the fragment amplified by primers (8F and
1542R) [14] and identified an EcoRI restriction enzyme recognition site (5′-GAATTC-3′)
in most oral epithelium common bacteria strains, producing two fragments (840bp and
660bp). It was also possible to observe that Lactobacillus sp. and Pseudomonas sp. do not
have this EcoRI recognition site. This fact allowed the students to do a restriction analysis
for possible detection of Pseudomonas sp. as a theoretical multi-resistance strain and because
Lactobacillus sp. are easy to detect in the oral epithelium [12], this assay could be easily used
to simulate scenario 2 application (Table 1). This allowed students to understand how to
differentiate bacterial strains using a restriction enzyme digestion.

The same principle was used for bacterial detection in scenario 4, but in this context,
the main objective was to detect bacteria strains from different ecological niches. Because
the EcoRI restriction enzyme recognition site is absent in Lactobacillus sp. and Pseudomonas
sp. we can promote the discussion with the students for differentiation of these strains
in theoretical niches of scenario 4. Additionally, we used the primers nu-SSU-0817-5′ and
nu-SSU-1536-3′ for 18S ribosomal RNA (18S) genes fragment amplification as described by
Borneman and Hartin (2000) [15]. The amplification of fungal microbial species within the
context of scenario 4 allowed students to think about microbial diversity, prokaryote, and
eukaryote, in several niches and the potential of molecular biology techniques for detection
and characterization of these ecological niches.

2.3. Data Collection and Statistical Analysis

The inquiry that was prepared for the students was composed of 19 questions. The
questions were subdivided into four sections, the first one (two questions) asking about
age and high school identification, the second (nine questions) related to the execution
and opinion about the activities and methods developed by the students, the third (five
questions), related with options of the students concerning possible choices of university
courses, and the fourth section (two questions) was about the impact of COVID-19 disease
on their motivation to understand nucleic acid detection methods and interest in biological
sciences. The inquiry was available on an online platform (https://www.survio.com/pt/,
accessed on 31 December 2021). The access to the inquiry was done through a site address
or quick response code (QR code) and was answered by the students at the end of each
practical session. The inquiry was anonymous. From the 19 questions asked, in this paper,
we present the results obtained for 15 questions. The answers presented are essentially
related to the practical sessions attended by the students, options for university courses,
and the impact of the COVID-19 disease.

For this study, we applied a univariant analysis for which we have divided the answers
into two types, classification from 1–10 and parts of a whole. For the answers requiring a
classification ranging from 1 to10, data was presented through a box and violin graphics,
allowing distribution of answers analysis, and reported along with the average classifi-
cation, coefficients of variation (determined by the relative standard deviation) [16], and
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respective confidence intervals (CI) at 95%. The parts of a whole analysis were represented
by pie charts or bar graphics and results were reported as percentage or number of answers
to each category. The confidence interval at 95% was presented along with the graphics
presented. The CI at 95% was calculated based on the hybrid Wilson/Brown method [17].

3. Results

In 2021, Lab-it visited a total of nine high schools in the Algarve region, south of
Portugal, and a total of 379 students participated in 33 practical sessions. Of the 379 students
that took part in those sessions, 367 answered the inquiry. The student’s ages ranged from
16 to 20 years, with 42.0% ≥ 18, 54.8% = 17, and 3.3% = 16 years old, respectively.

The students were asked to classify from 1–10 how (i) interesting and (ii) motivating
were the practical sessions. The students considered the session very interesting with a
mean score of X = 9.10 (CV = 12.8%) and motivating X = 8.8 (CV = 16.0%), (Figure 1).
When asked about the duration of the practical session (3 h) 76.6% considered that was
adequate, 11.4% would like more time and 12.0% preferred less time (Figure 1). Regarding
Lab-it practical implementation 69.6% and 29.8% considered “very good” and “good”,
respectively (Figure 1).

BioChem 2022, 2, FOR PEER REVIEW 5 
 

 

For this study, we applied a univariant analysis for which we have divided the an-
swers into two types, classification from 1–10 and parts of a whole. For the answers re-
quiring a classification ranging from 1 to10, data was presented through a box and violin 
graphics, allowing distribution of answers analysis, and reported along with the average 
classification, coefficients of variation (determined by the relative standard deviation) 
[16], and respective confidence intervals (CI) at 95%. The parts of a whole analysis were 
represented by pie charts or bar graphics and results were reported as percentage or num-
ber of answers to each category. The confidence interval at 95% was presented along with 
the graphics presented. The CI at 95% was calculated based on the hybrid Wilson/Brown 
method [17]. 

3. Results 
In 2021, Lab-it visited a total of nine high schools in the Algarve region, south of 

Portugal, and a total of 379 students participated in 33 practical sessions. Of the 379 stu-
dents that took part in those sessions, 367 answered the inquiry. The student’s ages ranged 
from 16 to 20 years, with 42.0% ≥ 18, 54.8% = 17, and 3.3% = 16 years old, respectively. 

The students were asked to classify from 1–10 how (i) interesting and (ii) motivating 
were the practical sessions. The students considered the session very interesting with a 
mean score of X = 9.10 (CV = 12.8%) and motivating X = 8.8 (CV = 16.0%), (Figure 1). When 
asked about the duration of the practical session (3 h) 76.6% considered that was adequate, 
11.4% would like more time and 12.0% preferred less time (Figure 1). Regarding Lab-it 
practical implementation 69.6% and 29.8% considered “very good” and “good”, respec-
tively (Figure 1). 

 
Figure 1. Opinion of students regarding the application of practical activities of Lab-it. 

Regarding the most positive aspects of the practical sessions, the preferred option 
(292 answers) was the opportunity to have a hands-on experience with Lab-it equipment, 
followed by the application in experiments that related to themes studied in biology 

Figure 1. Opinion of students regarding the application of practical activities of Lab-it.

Regarding the most positive aspects of the practical sessions, the preferred option
(292 answers) was the opportunity to have a hands-on experience with Lab-it equipment,
followed by the application in experiments that related to themes studied in biology classes
(200 answers) (Figure 2). Students could answer more than one option or write their option
if they wanted to add any comments. In addition, it was asked if students would change
anything about the practical session. Results showed that 218 students did not change
anything and 133 would like to apply more techniques (Figure 2).
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Figure 2. Compilation of opinions about what were the most positive aspects of Lab-it activities and
what would students change in the sessions.

When inquiring the students if what was applied in the scenarios and techniques used
in the practical session were in line with the biology discipline program, 73.3% considered
“very good” and 24,0% “good” (Figure 3). Only 2.7% answered that it was “sufficient “, and
none of them choose “not good (Figure 3). In addition, 99.2% considered that the practical
sessions contributed to a better understanding of the techniques and methods of molecular
biology applied (Figure 3), and 98.9% of the students believed it would be important to
do more practical activities like Lab-it sessions to better understand class subjects given in
high schools (Figure 3).
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Figure 3. Students’ opinions about the correlation between the practical application of molecular
biology methods and theoretical subject approaches in biology classes.

Another question concerned the student’s options of continuing to university and
choice of courses. 89.9% of the students indicated they were planning to apply to the
university (Figure 4). Of those, 40.6% would apply to biological sciences courses and 31.3%
were considering going to a course in this area (Figure 4). About 28.1% did not plan to
apply to a course in this area (Figure 4). Regarding the students that answered yes or
maybe to the question of continuing into biological sciences, it was asked to classify from
1-to 10 how the Lab-it session contributed to their choice and on average answered X = 7.8
(CV = 24.8%), (Figure 4).
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session could have contributed to students’ choice towards going into a biological sciences area.
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Attending that the Lab-it practical sessions were done following severe COVID-19
restrictions, it was asked to students to classify from 1–10 if the SARS-CoV-2 pandemic
changed the way that they studied, on average answered X = 7.7 (CV = 29.8%), (Figure 5).
It was also asked if the COVID-19 pandemic increased their interest in the biomedical
sciences area and students classified as X = 6.0 (CV = 47.7%), (Figure 5).
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Figure 5. Impact of COVID-19 pandemic on students’ interest in biomedical sciences and habits of
study.

4. Discussion

The Lab-it project aimed to contribute to improving the teaching of molecular biology
and biochemistry concepts to high school students in the region of Algarve, south of
Portugal. The objective of the present study was to understand if the technical approaches
done in Lab-it sessions within specific scenarios contributed in a significant way to increase
the understanding of the molecular concepts discussed in the high school biology program,
from the point of view of the students. For that, an inquiry was prepared with questions
focused on specific items that could allow us to understand if the Lab-it sessions had
contributed to fulfilling the proposed objectives.

The first two questions were done with the objective of understanding if the activity
was appealing and could bring attention to molecular genetics concepts. Results suggested
an increased interest and motivation to learn concepts developed in the practical activity
(Figure 1), contributing to improve motivation and interest, as described before when
students attended practical classes [18–20]. In addition, it was asked to students about the
application and duration of Lab-it sessions and student opinions were highly positive as
represented in Figure 1. The most significant results of this inquiry are related to the fact that
students believe that the Lab-it practical session to be an extremely positive contribution to
understanding the molecular biology and would like to have similar activities for other
subjects (Figure 3), in agreement with what was previously believed about the importance
of practical work in molecular genetics and sciences in general [9,10,21]. These results are
in agreement with previously published studies which showed that complementing the
teaching of theoretical concepts with practical methods can be a significant contribution to
students’ comprehension of molecular genetics and biochemistry concepts [18,19,22,23]. In
line with this, the opinion of students confirmed that practical activities were a positive
aspect to understand molecular genetics. When asked about the most positive aspects
of the practical session, students indicated to be the possibility of hands-on use of Lab-it
equipment and be able to apply concepts thought in biological theoretical classes to answer
specific questions (Figure 2). In addition, when asked which aspects they would change in
the Lab-it activity, the majority answered that they would like to include the use of more
techniques (Figure 2) [18,19] thus confirming their interest in hands-on experiments.
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The analysis of the possibility to apply to university courses showed us that the vast
majority of students were planning to continue their studies into the university (89.9%)
and of this, 40.6% were planning to apply to a course in biological sciences (Figure 4).
These results showed that the student population which attends science and technology
courses at the upper secondary education level is highly motivated to proceed to study
at the university. In addition, students that would like to go to biological sciences course
or were thinking about it were asked to classify from 1–10 what was the impact of Lab-it
activity in their decision. The students on average classified as 7.8 with a CV of 24.8%,
suggesting that most students classified >5 (Figure 4), indicating that Lab-it activities had a
positive impact in motivating them to continue their studies in this area.

The Lab-it practical sessions were done during the COVID-19 pandemic after restric-
tions to presential classes were lifted. Attending to that, we asked students to classify from
1–10 how this context affected studying habits, and on average students classified as X = 7.9
(Figure 5), suggesting a significant impact of the SARS-CoV-2 pandemic in schools. These
results are in agreement with what was published before [24,25]. Students were also asked
to classify if this pandemic context led to an increase in their interest in biomedical sciences
and students on average classified as 6.0 with a CV of 47.7%, suggesting that their opinion
regarding this question was dispersed and not consensual (Figure 5).

This study describes, from the students’ point of view, the impact of Lab-it sessions
on comprehension of molecular genetics concepts and clearly shows how these activities
can motivate students and contribute to a better understanding of molecular genetics and
biochemistry concepts. However, this study had some limitations, in particular by lacking
the possibility of a follow-up of the students after participation in Lab-it to evaluate its
impact on the continuation of their training. We propose in the near future to follow some
of the students that participated in Lab-it sessions and evaluate how their comprehension
of basic molecular genetics concepts contributes to their success in the final exams and
facilitates their integration into the university courses in this area and compare it with
students that did not benefit from similar activities. In addition, it would be important to
inquire from the high school teachers that collaborated with Lab-it about the differences
found in student’s progress and motivation before and after the participation in the Lab-it
project. It will be necessary to develop a practical method to quantify this impact. This
study would also benefit from a compilation of results of inquiries to the teachers that
collaborated with Lab-it. This is planned for future studies.

5. Conclusions

The main objective of this study was to understand, from the student’s point of view,
the importance of Lab-it practical sessions implemented for their scientific training, and to
obtain evidence of the positive points and changes that could be done to improve it. We can
conclude with these results that students have a highly positive impression of the execution
of practical activities, with a focus on learning to use Lab-it equipment to better understand
the technology involved and apply this know-how to solve specific questions through
hands-on experiences. They even suggested the inclusion of additional techniques. It was
important to understand also if the model of those sessions was contributing to increasing
the understanding of molecular genetics and biochemistry concepts approached in biology
classes and we can conclude that students considered it highly relevant and important to
better understand the subjects taught in their biology program. Results also showed that
the students were highly motivated to apply to a university and a considerable percentage
found that participating in Lab-it practical sessions help them to decide to choose an area
of biological sciences. This study represents an initial step to a follow-up study about the
impact of Lab-it activities in high schools and how they could influence students’ learning
skills and choices for progressing into university studies.
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Abstract: Skin is one of the organs most tested for toxicity and safety evaluation during the process
of drug research and development and in the past has usually been performed in vivo using animals.
Over the last few years, non-animal alternatives have been developed and validated epidermis
models for human and rat skin are already available. Our goal was to develop a histotypical
canine skin analog, suitable for non-animal biocompatibility and biosafety assessment. Canine
keratinocytes were seeded in an air-lift culture using an adapted version of the CELLnTEC protocol.
Corrosion and irritation protocols were adapted from human EpiSkinTM. For histological analysis,
sample biopsies were fixed in neutral-buffered formalin, and paraffin slices were routinely processed
and stained with hematoxylin and eosin. A canine multilayer and stratified epidermal-like tissue
(cEpiderm), confirmed by histological analysis, was obtained. The cEpiderm tissue exhibited normal
morphological and functional characteristics of epidermis, namely impermeability and an adequate
response to stressors. The cEpiderm is a promising canine skin model for non-animal safety testing
of veterinary pharmaceuticals and/or cosmetics, significantly contributing to reducing undesirable
in vivo approaches. cEpiderm is therefore a valid canine skin model and may be made commercially
available either as a service or as a product.

Keywords: histotypical skin culture; skin analog; skin; epidermis; non-animal testing

1. Introduction

Skin analogs or skin equivalents are extensively used in research and the testing of
various products in different industries such as cosmetics, pharmaceuticals and skin care
companies [1]. These analogs can also have applications in the treatment of acute and
chronic wounds such as burns or diabetic wounds, additionally they aid in the research of
new ways of treatments for various diseases such as melanoma and psoriasis [2,3].

Skin analogs have become quite popular because they are a sustainable and practical
alternative compared to the use of live animals or mammalian skin explants, and they
can also reduce significant errors and inaccuracies principally with regard to differences
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between species since the biochemistry and physiology of the skin varies from species to
species [4].

Initially in vitro skin analogs consisted of a two-dimensional layer of cultured cells,
mainly keratinocytes to represent the epidermal and outer layer of the skin, or fibroblasts
that represented the dermal layer and were used mainly for toxicity assessment. However,
these skin models lack the ability to mimic the penetration and absorption of different
chemicals and materials of the live skin [5]. The development of new technologies and
research has increased, especially in the case of human epidermal models capable of
mimicking the in vivo skin, its morphology, its biomolecular and metabolic properties [6].
Skin analogs based on air-lift organotypic cultures have been developed, creating a three-
dimensional skin model capable of simulating the permeability and absorption capacity
of the in vivo skin. These 3D models may also incorporate components of a dermal
layer, such as fibroblasts, or other skin cells, introducing complexity and versatility to
these biosystems.

The skin barrier function is very complex and difficult to be artificially replicated
because of the lack of skin equivalents including appendages, vasculature and lipids, thus
the gold standard is still the use of in vivo testing. However, human skin equivalents
are already being used by pharmaceutical and cosmetic companies, mainly in the pre-
liminary phases for product development to screen the potential toxicity of unknown
materials [7]. Most of the reconstructed human epidermal models commercialized today
include EpiSkin®, SkinEthic®, and Epiderm®, while living skin equivalents are commer-
cialized by GraftSkin®, EpidermFT®, and Phenion®. These human skin analogs are the
standards used in the testing of irritation, corrosion and sensitization tests used in most
companies and they may serve as models for the development of new skin analogs, for
instance for animal skin analogs, since they are approved and regulated and follow the
OECD test guidelines for chemicals [2,8–10].

Indeed, animal skin models are needed for the development of pharmaceutical and
cosmetic products for veterinary use, yet there are no canine skin equivalents commer-
cially available. Although, some methodologies were described to maintain canine skin
biopsies in culture [11,12], to isolate dermal fibroblasts and keratinocytes and to obtain a
3D multilayer epidermis using natural canine skin explants [4,13,14], there is a lack of an
easily standardizable methodology using culture-developed canine epidermis to test the
efficacy and the biosafety of veterinary products. Thus, the aim of this study was to develop
a canine epidermis analog based on CPEK (canine progenitor epithelial keratinocytes)
expansion and differentiation in culture at the air–liquid surface. Tissue patches developed
by this strategy are highly reproduceable and useful as a skin surrogate for veterinary
product development.

2. Materials and Methods

For the development of the cEpiderm, epidermal keratinocyte progenitor cells supplied
by CELLnTEC (Bern, Switzerland) were used. The 3D keratinocyte Starter Protocol [15]
was followed with some adaptations. Briefly, 2 × 106 cells were seeded in uncoated in-
serts (VWR Internacional, Carnaxide, Portugal), in DMEM (Sigma-Aldrich, Darmstadt,
Germany) supplemented with 10% fetal bovine serum (FBS; Biowest, Nuaille, France),
5 ng/mL insulin (Sigma-Aldrich, Darmstadt, Germany) and 10 ng/mL epithelial growth
factor (EGF; Sino Biological, Eschborn, Germany). The culture medium inside and out-
side the inserts was changed every 2–3 days until confluence was reached, which typ-
ically occurred 7–10 days after seeding. After the confirmation of the confluence, the
culture media was changed, inside and outside the insert, for differentiation medium
(CnT-PR-3D, CELLnTEC). The following day, the inserts were air-lifted to promote differ-
entiation, and changing of the medium under the insert was carried out every 2–3 days
until an epidermis-like tissue was obtained (see Figure 1).
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Figure 1. Schematic representation of the keratinocyte differentiation process. Microscopic pho-
tographs of the cell culture in the upper boxes showing the cell density (at seeding time and after
10-day culture) and a histological image of the differentiated tissue in the side box (stained with
eosin-hematoxylin).

For histological analysis, tissue patches were collected and fixed in 10% neutral-
buffered formalin (VWR Internacional, Carnaxide, Portugal) and processed for examination
by standard light microscopy techniques (Olympus Iberica, Llobregat, Spain). Paraffin
(Panreac AppliChem, Darmstadt, Germany) sections were cut at 3 µm and stained with
hematoxylin-eosin (Harries Hematoxylin modified solution for clinical diagnosis, Panreac
AppliChem, Darmstadt, Germany; Eosin Y, Merk, Darmstadt, Germany) [16].

To assess cell barrier impermeability, 1% Triton-X100 (Sigma-Aladrich, Darmstadt,
Germany) was added on top of the epidermal tissue and incubated over 4 h at 37 ◦C [14],
and subsequently cell viability was measured with CCK-8 (Sigma Aldrich, Darmstadt,
Germany) [17].

Corrosion and irritation tests were performed using a validated methodology for hu-
man skin models [8,9]. Briefly, stimuli were performed using 5% SDS (Himedia, Einhausen,
Germany) and glacial acetic acid (Fisher Chemical, Porto Salvo, Portugal) for the irritation
and the corrosion tests, respectively. PBS (phosphate buffer saline, in mM: Na2HPO4
10.0; KH2PO4 1.8; NaCl 137.0; KCl 2.7; pH 7.4) was used as control. Tissue patches were
incubated with the stimuli for 42 min at room temperature for the irritation test, and
3 min and 60 min at 37 ◦C for the corrosion tests. After incubation, the inserts were washed
with PBS to remove any traces of the stimuli, and CCK-8 was added to assess cell viability
according to the supplier’s instructions [8–10,17].

3. Results and Discussion

An air-lift keratinocyte’s histotypical culture was produced and morphological, histo-
logical and functional assessments were performed to evaluate its canine epidermal-like
(cEpiderm) properties.

3.1. Morphological and Histological Characterization of the cEpiderm

The tissue patches obtained were constituted by a multilayer of canine keratinocytes,
3–4 cell layers thick, generating a stratified epidermal-like tissue, confirmed by histological
analysis (Figure 2).

The epidermal-like tissue (Figure 2A) exhibited cohesive keratinocytes (single layer
of keratinized cells) comparable to those observed in the squamous epithelial cells of skin
epidermis (Figure 2B). The keratinocytes in the histotypical model are cuboidal or slightly
flattened cells that are attached to adjacent cells via desmosomes, which is also a feature of
canine epidermis.
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Figure 2. Micrographs of a section of the canine epidermis-like culture (A) and a canine skin
biopsy (B), both routinely processed and stained with hematoxylin and eosin (400× amplification).
Legend: (a) insert porous membrane; (b) keratinocyte layers of the histotypical culture; (c) cell
junctions; (d) keratinocyte nucleus; (e) stratum corneum-like layer; (f) stratum corneum; (g) epidermis;
(h) dermis.

Our results are in a good agreement with those observed by Yagihara and collaborators
(2011), whereby using inserts coated with type-I collagen allowed for the observation that
CPEK cells cultured at an air–liquid interface became stratified and formed characteristic
epidermis layers [18].

3.2. Functional Characterization of the cEpiderm

Exposing the cEpiderm apical side to 0.1% Triton X-100 evoked a 45% reduction in cell
viability (Figure 3A), revealing a good impermeability performance, an important feature
of a functional epidermal-like tissue [9].
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Figure 3. Cellular viability accessed in permeability (A), irritation (B), and corrosion (C) tests. PBS
was used as control; Triton: 0.1% Triton X-100; SDS: 5% SDS; AA: acetic acid (glacial).

For functional irritation response, the cEpiderm slices were exposed on the apical
side to 5% SDS. The negatively charged detergent induced a loss of cell viability of 95%
compared to controls (Figure 3B). Histological evaluation of the biopsies revealed that
SDS acted by disrupting the structure of cEpiderm patches, causing detachments of the
keratinocytes (Figure 4, upper panel).

For this test, a known irritant (SDS) was used and the cEpiderm response was similar
to the reference tables, corresponding to a loss of cell viability above 50% [8,10].

After a corrosion insult with acetic acid (glacial), the cell viability declined to 0% after
3 min of exposure, remaining at 0% after 60 min (Figure 3C). Histological evaluation has
shown that the cell patches remain attached but show a progressive disruption of the tissue,
characterized by a loss of integrity at the tissue surface (see arrows in Figure 4, lower panel).
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Figure 4. Micrographs of sections of the cEpiderm untreated (Control) and upon irritation (5% SDS)
or corrosion (acetic acid) insult. Arrows point to tissue disruption.

Acetic acid (glacial) is a known subcategory 1A corrosive chemical which causes
an acute massive loss of cell viability (>95%) [9,10], consistent with the response of the
cEpiderm model.

The cEpiderm responded as expected to corrosion, irritation and permeability assess-
ment tests, and in accordance with the observations in equivalent human in vitro tests [8].
These are good indicators of cEpiderm’s functional barrier and response to stressors [10],
suggesting that it is suitable to be used in biosafety and biocompatibility screening studies.
This canine epidermis model presents the properties to be used for other common tests in
drug and cosmetics development, but also for other stimuli assessment (e.g., phototoxic-
ity, response to UV-lights), permeability and/or skin sensitivity (evaluating the epithelial
immune activation). Considering the above, the canine epidermis model described in
this paper has the potential to greatly contribute to the reduction of animal testing in the
development of veterinary products. On the other hand, the cEpiderm skin model lacks a
circulation system, thus having limited applicability to evaluate angiogenesis, a process
involved in wound healing in vivo [5].

One limitation of this work was the absence of reference tables for the irritation and
corrosion in vitro tests for canine skin or epidermis, such as those already available for
human skin models [19]. In the future, guidelines for corrosion and irritation tests appliable
for in vitro canine epidermis should be defined, so the cEpiderm may be validated as a
canine skin surrogate.

4. Conclusions

A stratified epidermal-like tissue, cEpiderm, which responds to irritation and corro-
sion insults, according to the OECD guidelines for human skin models, was successfully
developed using commercially available keratinocytes (CPEK) grown in air-lift uncoated
inserts. The cEpiderm has a high repeatability potential and is suitable for large-scale use.

The use of species-specific histotypical models for epidermis may contribute to more
accurate safety results and to a significative reduction in animal testing in the development
of veterinary pharmaceuticals and cosmetic products. The high standardization potential
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of this epidermis model makes it suitable for the future development of guidelines for
animal-free canine skin testing.
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Abstract: Nitric oxide (•NO), a diffusible free radical, is an intercellular messenger, playing a crucial
role in several key brain physiological processes, including in neurovascular coupling (NVC). In the
brain, glutamatergic activation of the neuronal nitric oxide synthase (nNOS) enzyme constitutes its
main synthesis pathway. However, when oxygen (O2) supply is compromised, such as in stroke,
ischemia, and aging, such •NO production pathway may be seriously impaired. In this context,
evidence suggests that, as already observed in the gastric compartment, the reduction of nitrite
by dietary compounds (such as ascorbate and polyphenols) or by specific enzymes may occur in
the brain, constituting an important rescuing or complementary mechanism of •NO production.
Here, using microsensors selective for •NO, we show that nitrite enhanced the •NO production in a
concentration-dependent manner and in the presence of ascorbate evoked by N-methyl-D-aspartate
(NMDA) and glutamate stimulation of rat hippocampal slices. Additionally, nitrite potentiated the
•NO production induced by oxygen-glucose deprivation (OGD). Overall, these observations support
the notion of a redox interaction of ascorbate with nitrite yielding •NO upon neuronal glutamatergic
activation and given the critical role of NO as the direct mediator of neurovascular coupling may
represents a key physiological mechanism by which •NO production for cerebral blood flow (CBF)
responses to neuronal activation is sustained under hypoxic/acidic conditions in the brain.

Keywords: nitric oxide; nitrite; ascorbate; hippocampal slices

1. Introduction

Although the human brain represents only 2% of body weight, it consumes approxi-
mately 20% of the oxygen (O2) and 25% of glucose utilized by the body and receives nearly
15% of the cardiac output [1]. These high energetic and metabolic demands of the human
brain, associated with its very limited reserve capacity, imply a continuous and tightly
regulated cerebral blood flow (CBF) to assure a proper supply of metabolic substrates,
namely O2 and glucose, as well as the clearance of metabolic waste byproducts [2]. In
this context, it is important to note that even a small reduction in CBF has a deleterious
impact on brain function [3,4]. As such, a mechanism termed neurovascular coupling
(NVC), which involves a tight network communication between all the cells that comprise
the Neurovascular Unit (neurons, glia and cerebrovascular cells), ensures a fine temporal
and regional regulation of the CBF according to neuronal activity to fulfill the metabolic
needs [5]. Recently, strong evidence has emerged that the highly diffusible free radical,
nitric oxide (•NO), plays a pivotal role in the NVC [6–8]. In the Central Nervous Sys-
tem (CNS), •NO is also involved in other brain physiological processes, such as learning
and memory formation, synaptic plasticity, mitochondrial respiration and modulation of
neurotransmitter release [9–13].

The canonical pathway for •NO synthesis in mammalian cells is carried out by a
family of enzymes, the nitric oxide synthases (NOS) [14]. These enzymes catalyze the
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oxidation of L-arginine to L-citrulline and •NO, using NADPH and oxygen (O2) as co-
substrates [14]. There are three major isoforms of NOS: neuronal NOS (nNOS or NOS 1),
endothelial NOS (eNOS or NOS 3) and inducible NOS (iNOS or NOS 2), all of them
present in the CNS. Both nNOS and eNOS are constitutively expressed and activated by
Ca+2/calmodulin-dependent signaling, producing nanomolar concentrations of •NO for
seconds or minutes [15]. iNOS is induced in glial cells following immunological or inflam-
matory stimulation, and its activity is Ca2+-independent, producing high concentrations of
•NO for hours or days [15].

•NO signaling in the brain is intimately associated with glutamatergic neurotrans-
mission [16]. In neurons, the activation of N-methyl-D-aspartate receptor (NMDAr) by
glutamate binding leads to the influx of Ca+2 that, upon binding to calmodulin, activates
nNOS, which is physically coupled to NMDAr by the scaffolding protein postsynaptic
density-95 (PSD-95) [17]. In addition, at the capillary level, glutamate may activate the
NMDAr in the endothelial cells and thus leads to eNOS activation.

As NOS requires O2 to work properly, in situations where a decrease in O2 supply
occurs, such as stroke, ischemia, and aging, the activity of constitutive NOS is compro-
mised, and thereby, the enzymatic •NO production can significantly decrease, leading
to an impairment of NVC and other central •NO functions. However, in recent years,
some studies point to nitrite as a key bioprecursor of •NO in the brain, particularly under
acidic and hypoxic conditions [18–21], as it was already verified in the gastric compart-
ment [22,23]. In this context, it was demonstrated that acute nitrite enhanced basal CBF
in a rat model [24] and also recovered NVC to its original magnitude in a rat model of
somatosensory stimulation under conditions of NOS inhibition [25].

Notably, nitrite concentration in the body may be enhanced through the diet, namely
by ingesting green leafy vegetables, which are rich in nitrate [26]. Nitrate is quickly
absorbed across the upper gastrointestinal tract [27,28]. Although much of the nitrate may
be excreted in the urine, up to 25% is taken up by salivary glands, where it is concentrated
and released into the oral cavity. Here, nitrate is reduced to nitrite by oral commensal
bacteria [29]. In the stomach, a nitrite may be reduced to •NO [30,31]. Components of
the diet, such as ascorbate and polyphenols, may enhance nitrite reduction [22,23]. The
remaining nitrite is absorbed in the small intestine, and through circulation, it can reach
several organs [18], including the brain, where increased nitrite levels are observed in the
cerebrospinal fluid [32]. A growing body of evidence supports that the reduction of nitrite
to •NO may be a possibility in the brain, namely by powerful reducing agents such as
ascorbate and polyphenols [20,33], especially under low oxygen tension. In accordance,
Presley and colleagues showed that a high-nitrate diet increases regional brain perfusion in
older subjects in specific brain areas [34].

In this work, using microsensors with a high degree of selectivity to •NO, we explore
the non-NOS production of •NO via nitrite reduction in rat hippocampal slices stimulated
with NMDA and glutamate and also subjected to oxygen-glucose deprivation (OGD).

2. Materials and Methods
2.1. Materials and Reagents

NMDA was purchased from Hello Bio (Bristol, UK). Ortho-phenylenediamine (O-PD),
Nafion®, ascorbic acid, L-glutamic acid and sodium nitrite were from Sigma-Aldrich. A
Carbox gas mixture (O2/CO2) was obtained from Linde, Lisbon, Portugal. All solutions
were prepared in MilliQ water, bi-deionized water ultrapure with resistivity higher than
18 MΩ.cm (Millipore Corporation, Burlington, MA, USA).

For hippocampal slice assays, we used artificial cerebrospinal fluid (aCSF) with the
following composition (in mM): 124 NaCl, 2 KCl, 25 NaHCO3, 1.25 NaH2PO4, 1.5 CaCl2,
0.1 MgCl2 and 10 D-glucose. In order to improve the viability of the slices, a modified aCSF
was used for slice dissection and recovery. The composition of this aCSF was (in mM):
124 NaCl, 2 KCl, 25 NaHCO3, 1.25 NaH2PO4, 1.5 CaCl2, 1 MgCl2, 1 reduced glutathione
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(GSH), 0.2 ascorbate and 10 D-glucose. Both aCSFs were continuously bubbled with Carbox
for oxygenation and pH buffering (pH 7.4).

2.2. Electrochemical Instrumentation

All recordings were performed using a Compactstat Potentiostat (Ivium, Eindhoven,
The Netherlands). For •NO and O2 hippocampal recordings, a two-electrode circuit was
used with the microsensor as the working electrode and an Ag/AgCl (3M NaCl) as a
reference electrode. The working electrode was held at a constant potential of +0.7 V or
−0.8 V vs. Ag/AgCl for •NO and O2 measurements, respectively.

2.3. Carbon Fiber Microelectrode Fabrication and Surface Modification

Carbon fiber microelectrodes (CFM) were essentially fabricated as previously de-
scribed [35]. Briefly, a single carbon fiber (∅ = 30 µm, Textron, Lowell, MA, USA) was
inserted into a borosilicate glass capillary (Science Products GmbH, Hofheim, Germany).
The capillaries were pulled on a vertical puller (Harvard Apparatus Ltd., Cambourne,
UK), and then the protruding carbon fibers were cut under a microscope to obtain a tip
length of 150–200 µm. The electrical contact was provided by injecting a small portion of a
conductive silver paint (RS Pro, Corby, UK) into the capillary, followed by the insertion
of a copper wire with the outer insulation previously removed from the extremities. The
microelectrodes were tested for their general recording properties in phosphate-buffered
saline (PBS) medium by fast cyclic voltammetry (FCV) at a 200 V/s scan rate between –1.0
and 1.0 V vs. Ag/AgCl for 30 s (EI400 potentiostat, Ensman Instruments, Bloomigton,
USA). The microelectrodes that passed in FCV evaluation (stable background current and
sharp transients at reversal potentials) were modified in a two-step protocol with Nafion®

and O-PD to improve their analytical properties for •NO measurements. First, the tips of
the CFMs were immersed in Nafion® solution (5% in aliphatic alcohols) for ten seconds,
followed by drying at 180 ◦C for 5 min. High temperatures seem to enhance the adherence
of Nafion® film to the carbon fiber surface [36]. After cooling, the process was repeated. On
the day of the use, the CFMs were coated with O-PD by electropolymerization at a constant
potential of +0.7 V vs. Ag/AgCl for 30 min.

2.4. Carbon Fiber Microelectrodes Calibration

Each •NO microelectrode was evaluated for •NO sensitivity and selectivity towards
nitrite and ascorbate by constant voltage amperometry at +0.7 V vs. Ag/AgCl.

The CFMs for O2 measurement were evaluated regarding their sensitivity towards
O2. After deoxygenation of PBS (40 mL) by bubbling nitrogen in a sealed vessel, several
additions of 200 µL of an O2-saturated solution, which corresponds to 6.22 µM of O2, were
performed. The sensitivity of the CFMs for O2 was determined based on the slope of the
calibration curve.

2.5. Rat Hippocampal Slices

All animal procedures used in this study were performed in accordance with the Eu-
ropean Union Council Directive for the Care and Use of Laboratory Animals, 2010/63/EU,
and were approved by the local ethics committee (ORBEA) and the Portuguese Directorate-
General for Food and Veterinary. Male Wistar rats with ages between 6–7 weeks were
decapitated under deep anesthesia. The brain was quickly removed and placed in ice-cold
modified aCSF saturated with Carbox. The hippocampi were dissected, and transverse
slices with a thickness of 400 µm were obtained with a McIlwain tissue chopper (Campden
Instruments, London, UK). The separated slices were transferred into a prerecording cham-
ber containing modified aCSF at room temperature and continuously bubbled with Carbox.
Slices were maintained under these conditions at least 1 h prior to use, allowing for good
tissue recovery.
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2.6. Nitric Oxide and Oxygen Recording

Individual slices were placed in a recording chamber (BSC-BU with BSC-ZT top;
Harvard Apparatus) and perfused with normal aCSF at 32 ◦C (temperature controller
model TC-202A; Harvard Apparatus) bubbled with Carbox. The electrodes were inserted
into the pyramidal cell layer of the CA1 subregion of the rat hippocampal slice, a region
that is easy to identify and with a high expression of glutamatergic receptors and nNOS.
The hippocampal slices were stimulated with NMDA (100 µM) or glutamate (5 mM) added
to the perfusion aCSF for 2 min.

For OGD studies, slices placed in the recording chamber were perfused with aCSF
without glucose and saturated with a gas mixture of 95% of nitrogen gas (N2) and 5% CO2
for 10 min. Then, reoxygenation was performed by replacing the perfused medium with
normal aCSF saturated with Carbox.

To measure the pH variation during OGD, a pH microelectrode (∅ = 100 µm, Unisense,
Denmark) and an O2 microelectrode were inserted in an antiparallel orientation into the
pyramidal cell layer of the CA1 subregion of the rat hippocampal slice.

2.7. Data Analysis

Using the OriginPro 7.5 software (OriginLab Corporation, Northampton, MA, USA),
the recorded •NO signals were individually analyzed in terms of (1) the •NO peak am-
plitude of the signal; (2) the signal area, calculated as the time integral of the •NO signal;
and (3) the •NO signal width as the time in seconds from the stimulation point to return to
basal levels.

All statistical analyses were performed using GraphPad Prism 5 software (GraphPad
Software, San Diego, CA, USA). Data are presented as mean ± SEM. Statistical analysis
of the data was performed using one-way analysis of variance (ANOVA) followed by the
post hoc Bonferroni’s multiple comparison test. Differences were considered significant at
p < 0.05.

3. Results
3.1. Nitric Oxide Concentration Dynamics in Rat Hippocampus Slices Evoked by NMDA
Stimulation of Neuronal Activity: The Modulatory Role of Nitrite

The hippocampal slices were stimulated with NMDA, the synthetic and specific
agonist of the NMDA receptor (NMDAr), present in the perfusion medium for a 2 min
period in the absence (control) and presence of three different concentrations of nitrite
(100 µM, 500 µM and 2 mM). Ascorbate (500 µM) was always present in the aCSF during
all the perfusions. This concentration of ascorbate was selected on the basis of our previous
studies showing the functional coupling of ascorbate and nitric oxide dynamics in the
rat hippocampus upon stimulation of NMDAr that induces the release of ascorbate from
stimulated neurons, achieving a local extracellular concentration of about 500 µM [33,37].
Stimulation of the NMDAr causes a local oxygen tension drop (data not shown) and
induces a biphasic •NO production in the CA1 subregion (Figure 1A). As observed in
Figure 1A, the first component of the signal temporally coincides with the period of
neuronal stimulation. Notably, in the presence of nitrite and in a concentration-dependent
manner, both components of the •NO signal exhibit a greater amplitude (Figure 1A,B) and
a greater area (Figure 1A,C). Regarding the •NO signal width, no significant differences are
observed between the control condition and the presence of nitrite (Figure 1A,D).
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Figure 1. Nitrite enhances the production of •NO evoked by perfusion of NMDA (100 µM) for
2 min (shade area) in the presence of ascorbate (500 µM). Recordings were performed in the CA1
subregion of rat hippocampal slices. Ascorbate is present in the perfusion medium. (A) Representative
amperometric recording of the •NO production in the absence (control) and presence of different
nitrite concentrations (100 µM, 500 µM and 2 mM). (B) Amplitude, (C) area and (D) duration of the
biphasic •NO signal. The first and the second components of the signal correspond to the first and the
second peak of the biphasic •NO signal, respectively. Each bar represents the mean ± SEM. Statistical
significance: * p < 0.05, ** p < 0.01 and *** p < 0.001 as compared with the control.

3.2. Nitric Oxide Concentration Dynamics in Rat Hippocampus Slices upon Stimulation of
Neuronal Activity by Glutamate

Hippocampal slices perfused with aCSF containing ascorbate 500 µM were also stim-
ulated with glutamate, the endogenous agonist of glutamate receptors, in the absence
(control) and presence of nitrite (100 µM). It was found that, in the presence of nitrite, the
signals corresponding to the production of •NO have a greater amplitude (Figure 2A,B), a
greater area (Figure 2A,C) and a longer duration (Figure 2A,D). The •NO concentration dy-
namics are distinct from that obtained with the artificial NMDA receptor agonist (NMDA),
notably the absence of a biphasic signal, likely reflecting more complex mechanisms of
activation that translate into different kinetics of •NO production by the neuronal •NO
isoform associated with the NMDA receptor.
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Figure 2Figure 2. Nitrite enhances the production of •NO evoked by perfusion of glutamate (5 mM) for 2
min in the presence of ascorbate (500 µM). Recordings were performed in the CA1 subregion of
rat hippocampal slices. Ascorbate is present in the perfusion medium. (A) Representative amper-
ometric recording of the •NO production in the absence (control) and presence of nitrite (100 µM).
(B) Amplitude, (C) area and (D) duration of the •NO concentration dynamics. Each bar represents
the mean ± SEM. Statistical significance: * p < 0.05 as compared with the control.

3.3. Evaluation of pH and Nitric Oxide Production in Rat Hippocampus Slices in Transient
Oxygen-Glucose Deprivation (OGD)

The production of •NO via the reduction of nitrite may be particularly relevant under
hypoxic and acidotic conditions, a situation in which the enzymatic •NO synthesis might
be impaired as •NO synthases use O2 as a substrate. Therefore, using both a pH microelec-
trode and a selective CFM for O2 measurement, pH and O2 variations were simultaneously
monitored in rat hippocampal slices subjected to hypoxia for 10 min, followed by reoxy-
genation. It is observed that, upon OGD conditions, the pH value gradually decreases from
7.4 during the hypoxia period, reaching a minimum of approximately 7.17 (Figure 3A).
About 1.5 min after the start of reoxygenation, the pH gradually increases until it reaches
the normal value of 7.4 (Figure 3A).

Also, •NO and O2 were simultaneously measured under OGD conditions in the
absence (control) and presence of nitrite (100 µM, 500 µM and 2 mM) followed by re-
oxygenation. In the absence of added nitrite, we observe a signal detected by the •NO
microsensor during OGD and a further residual signal following NMDA (100 µM) stimula-
tion for 2 min (Figure 3B). Both signals increase as a function of the nitrite concentration in
the perfusion media, from 100 µM (Figure 3C), 500 µM (Figure 3D) to 2 mM (Figure 3E).
In order to verify if this signal corresponded to •NO production, the experiments were
repeated under an applied potential of 0.4 V to the CFM, a potential at which oxidation
of •NO does not occur. Under these conditions, the signal almost disappears (Figure 3F).
Figure 4 shows the quantification of the variations shown in Figure 3. It is of note that the
signals obtained upon stimulation with NMDA (Figure 3B–E) under OGD conditions are
smaller as compared with •NO production observed in hippocampal slices not subjected to
OGD (Figure 1).
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Figure 3. Nitrite enhances •NO production during OGD for 10 min and by perfusion of NMDA
(100 µM) for 2 min after reoxygenation. Recordings were performed in the CA1 subregion of rat
hippocampal slices. Ascorbate (500 µM) is present in the perfusion medium. (A) Representative
recording of pH inside of the rat hippocampal slice during OGD for 10 min. Simultaneous recording
of •NO (blue line) and O2 (red line) in the (B) absence of nitrite (control), presence of (C) 100 µM
nitrite, (D) 500 µM nitrite, (E) 2 mM nitrite and (F) absence of nitrite at 0.4 V.
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Figure 4. Quantification of •NO production during OGD in the presence of nitrite and by perfusion
of NMDA (100 µM) for 2 min after reoxygenation. Recordings were performed in the CA1 subregion
of rat hippocampal slices. Ascorbate (500 µM) is present in the perfusion medium. (A) Amplitude
and (B) area of the •NO signal evoked by OGD. (C) Amplitude and (D) area of the •NO signal evoked
by perfusion of NMDA (100 µM) for 2 min after reoxygenation. Each bar represents the mean ± SEM.
Statistical significance: * p < 0.05, ** p < 0.01 and *** p < 0.001 as compared with the control.

4. Discussion

While the synthesis of •NO by NOS is O2 dependent, the nitrate–nitrite–•NO pathway
is gradually activated as tensions of O2 drop, seeming to play a key role in vasodilation [38],
modulation of mitochondrial respiration [39], hypoxia [40] and also in the tissue protection
in ischemia-reperfusion [41].

Although the one-electron reduction of nitrite to •NO by dietary reductants is well
established in the gastric compartment [22,23], this pathway of •NO production has been
poorly explored in the brain environment. In this context, it is worth mentioning that
ascorbate is a powerful reducing agent that exists in abundance in the brain, particularly in
the cerebral cortex and hippocampus, where it may reach concentrations around 10 mM in
neurons [42–44]. Moreover, there is evidence for functional coupling of ascorbate and •NO
dynamics in the rat hippocampus upon stimulation of NMDAr [33], triggering ascorbate
release from neuronal cells to the extracellular fluid during glutamatergic activity, probably
by the glutamate–ascorbate heteroexchange mechanism [45–47], with ascorbate concen-
trations of up to 500 µM reported in the cerebrospinal fluid [42–44] and the extracellular
neuronal environment [37].

Under hypoxic or ischemic conditions, such as in stroke, ischemia and aging, the
NOS activity is impaired, the local pH drops and the reduction of nitrite to •NO may
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constitute an important rescuing or alternative mechanism to the classical NOS pathway
under these conditions [19,40]. The hippocampus seems to be the cerebral area most
susceptible to hypoxic injury [48,49]. Importantly, several years ago, Millar proposed the
reduction of nitrite to •NO in the extracellular space by ascorbate released from neurons
under increased activity as a regulatory mechanism of vascular oxygen delivery according
to the local metabolic needs of neurons [20]. Indeed, as neuronal stimulation causes local O2
drop to very low tensions [50,51] (creating a “hypoxia-like” transient status), the reduction
of nitrite to •NO by extracellular ascorbate concomitantly released from neurons is known
to be favored under these conditions [52]. Although some studies showed that, under
hypoxia, the pH might drop to values near 6.4, causing severe brain acidosis [53–55]. Here,
we observed that OGD for 10 min induced a mild brain acidosis in the CA1 region of rat
hippocampal slices, as the pH fell from 7.4 to 7.17. This may be justified by differences
regarding the model of this study, the age of the animals and the OGD time.

In agreement with Millar’s hypothesis, here we show that during conditions simu-
lating ischemia-reperfusion conditions (transient OGD) and in the absence of neuronal
nitric oxide synthase (nNOS) activation, a transient increase of •NO is observed in a nitrite
concentration-dependent manner and in ascorbate-containing perfusion media (Figure 3).
Residual nitrite contained in the slices might account for the •NO signal under control
conditions (Figure 3B). In agreement with these results, it has been reported that there is
a protective action of nitrite during ischemia and ischemia-reperfusion in several organs,
including in the brain [56–58], and this protection is attributed to its reduction in •NO.

These observations strongly support nitrite as the source of •NO under conditions in
which nNOS might be inoperative due to diminished O2 bioavailability. Moreover, it is
of note that, following OGD and under normal conditions, the stimulation with NMDA
induces •NO transients that, although expected, are quantitatively smaller as compared
with the OGD for each of the recordings (Figure 3B–E).

Expectedly, different kinetic traces are obtained with NMDA and glutamate that likely
reflect the complexity of the pathways leading to NMDAr activation by glutamate as
compared with NMDA, but, as in the case of NMDA stimulation, the glutamate-dependent
•NO transients are dependent on the concentration of nitrite in the perfusion medium.

It should be mentioned that controls in the absence of ascorbate in the perfusion
media in all the experiments induced little quantitative effects of NO concentration dy-
namics. As mentioned before, our previous studies supported a functional coupling of
ascorbate and •NO dynamics in the rat hippocampus upon stimulation of NMDAr that
induces the release of ascorbate from stimulated neurons [33,37]. In fact, considering the
millimolar range of ascorbate in neurons, the concentration of ascorbate released into the
extracellular medium upon glutamatergic stimulation could be extremely high and, thereby,
further increasing ascorbate concentration via its addition to the perfusion medium did not
translate into an increase of nitrite reduction. Furthermore, some specific enzymes, such
as hemoglobin [39,59], xanthine oxidoreductase [60,61], complexes of the mitochondrial
electron transport chain [62–64] and even the NOS [65], seem to acquire a nitrite reductase
activity, particularly at low O2 tension, and may be involved in the •NO production from
nitrite. Thus, we wanted to make sure the presence of enough ascorbate to reduce nitrite in
all the several conditions, including those of OGD where ascorbate release from neurons is
not coupled to NMDAr activation.

The concentrations of nitrite used in this study (100 µM, 500 µM and 2 mM) might be
considered exceedingly high concentrations. However, in our model of study, hippocampal
slices were perfused with the aCSF that contains nitrite, with a nitrite gradient along the thickness
of the slice being expected. Because the recordings are performed in the core of the slice, we
chose these concentrations to ensure that an adequate concentration of nitrite reached the core of
the slice, local to where the microsensors were inserted. Moreover, these concentrations permit
to clearly evaluate whether the effect of nitrite was concentration-dependent.
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5. Conclusions

Overall, this work strongly suggests that nitrite is a precursor of •NO in the brain in a
way that is functionally dependent on glutamate NMDAr activation via the NMDAr–nNOS
pathway but also under conditions in which nNOS might be impaired, notably hypoxia.
Given the critical role of •NO as the direct mediator of neurovascular coupling (NVC [7], a
process critical for brain structure and function [66]), the mechanism of •NO production
from nitrite via its reduction to •NO by ascorbate may represent a key physiological
mechanism that participates in the regulation of brain homeostasis by improving the NVC
and CBF and could acquire a particular relevance in situations where NVC is compromised,
such as ischemia, neurodegeneration and aging. Therefore, the nitrite–•NO pathway may
open avenues to the development of new and innovative therapies to improve the impaired
NVC observed in several conditions, including neurodegenerative diseases, aging and
diabetes [55,66,67].
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Abstract: Researchers at Universities generate and convey the knowledge acquired through com-
munications in specialized (inter)national journals and congresses. An effort to share the scientific
achievements with the general public is extremely important. For this purpose, we have launched
the UALGORITMO, a journal freely accessible online, written in lay Portuguese language by Re-
searchers of the University of the Algarve, to summarize recent communications published in peer
reviewed journals. After submission, the manuscripts are revised by High Schools Students of the
Algarve, under the guidance of a schoolteacher, for further simplification of the language and general
improvement of the manuscript and figures. The revised manuscripts by the authors are edited and
published, with an acknowledgment and a presentation of the reviewers at the end of each article. To
maximize the outreach, the articles include a summarized biography of the authors, and links to their
research centers and teaching courses. We believe that the UALGORITMO is a valuable instrument
to promote scientific literacy and culture amongst all communities.

Keywords: outreach; layman; high school education; public engagement; science communication;
scientific literacy

1. Introduction

Universities have as their principal mission to generate and share knowledge, but
these institutions also have to contribute to the education of all surrounding communities.
Thus, the scientific dissemination and communication to the general public contributes to
the latter vocation of the Universities, as it presents the value of the scientific production
in simpler terms, as well as the potential benefits of these research activities for each
individual in the society and for the society as a whole. In academia, most of the research
activities are funded by governmental, charity, and/or philanthropic organizations, which
strongly value the importance of the communication of the scientific results originated
with their support, not only in renowned and specialized meetings and peer reviewed
journals, but also through the direct engagement in public and lay outreach actions [1].
Scientific outreach is also very important to convey scientific literacy to the public and
may be considered as an educational tool that can be used across students’ communities
to enrich their curricular training, and to encourage them to engage in future scientific
careers [2–4].
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In fact, science communication is not only essential for sharing exciting new scien-
tific achievements to the public, but also has an important role in providing knowledge,
understanding and appreciation of science, both to the general public and non-scientist
decision-makers, for taking better consensual decisions about individual and collective
lives, health, and happiness [5]. Moreover, with the exponential scientific progress hap-
pening continuously in all research and engineering domains, for science communication
to be efficient, scientists and other science conveyers have to communicate the right
message obtained from the most reliable and accurate sources of information to the right
audience with the most appropriate and accessible tools [3–6]. Bearing this idea in mind,
in recent years, numerous scientific communication journals have been directed to a
variety of readers, such as full-time researchers, to help them to keep up to date with all
scientific publication of interest, science conveyers, teachers, and students of all ages, as
well as families.

The strategies developed by scientists for public outreach are numerous, such as
presentations of the research activities during open days at the institutions, lectures to lay
public, interventions and interviews in traditional news media or novel social platform
media, publications of books or videos for lay public, and through both institutional and
personal websites. The strategies may also vary according to the scientists’ age and status.
Indeed, studies across several countries have indicated that older scientists are generally
more incline to participate in outreach activities than younger colleagues [7]. Perhaps
this situation is due to the fact that older scientists are likely to hold leadership positions
with more time to spare for events that are beyond the scope of the research activities,
while younger scientists are more focused and involved in working on their research
projects and career progression. Moreover, older scientists prefer the presentations in
traditional news media and books, while younger scientists would rather participate in
events in direct contact with the public [1]. In any case, the most commonly reported
obstacles by scientists for engaging in outreach events with the public are the lack of
time necessary for these activities, the absence of specific funding, and no institutional
incentive for these activities [8]. In addition, scientists often perceive themselves as
poorly trained, and with little confidence in their communication skills, to efficiently
participate in outreach activities and to exhilarate the public [3,7]. Interestingly, the
most consistent factors to encourage scientists to take part in outreach activities are
the conviction that they will enjoy the activity, be efficient in the transmission of their
message and information to the public, and of course, have the time to engage in these
activities [7].

The University of Algarve has a long-lasting track record of interactions and
engagement with the public, in particular to primary and secondary schools of the
Algarve through diversified initiatives. Indeed, the University of Algarve organizes
free open days and site visits to the University, and summer classes for students
and teachers of primary and secondary schools. Lectures and other activities jointly
coordinated with schools, and adapted to the requests and needs of the school students
and teachers, are also organized either at the University campuses or at the schools.
The University of Algarve and its research centers have also obtained funding for the
development of an Itinerant Mobile Molecular Genetics Laboratory (Lab-IT), which
proposes hands-on practical laboratory sessions at secondary schools using basic
molecular biology techniques. The Lab-It also promotes molecular genetics knowledge
and disseminates applications of molecular biology in biomedical, pharmaceutical,
forensic, biotechnological, and environmental sciences, amongst other domains. In
addition, the University of Algarve collaborates closely with the Ciência Viva Center
of the Algarve (http://www.ccvalg.pt/, accessed on 15 December 2021), which was
the first interactive Center of the Portuguese Ciência Viva Centers network, dedicated
precisely to the dissemination of scientific and technological knowledge to lay public,
in particular to the youth community. The Ciência Viva Center of the Algarve has
a permanent exposition on local sea resources and wildlife, environment and green
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energy, and activities related to biology, physics, and chemistry, which are often closely
involved with projects developed at the University of Algarve, with the participation
of its researchers. Finally, researchers of the University of Algarve are frequently
invited to share their new findings or to comment on novel scientific advances in
mainstream and specialized national media. Here, we describe the UALGORITMO, a
journal freely accessible online created as a novel outreach instrument of the University
of Algarve.

2. The UALGORITMO, a Collaboration between the University and Secondary
High Schools

The UALGORITMO was developed as an instrument to disseminate all recent
research, technological, and art activities of the University of Algarve, using an ap-
proach previously unexplored that is complementary to the other outreach strate-
gies already implemented at the University. The UALGORITMO is a journal that is
freely accessible online and downloadable in a PDF format in several websites, such
as https://www.ualg.pt/en/ualgoritmo-magazine (accessed on 15 December 2021),
https://ualgoritmo.wixsite.com/website (accessed on 15 December 2021), amongst
others. The UALGORITMO publishes concise communications in layman Portuguese
language about the main results or activities previously described by researchers of
the University of Algarve in mainstream indexed journals. Communications on any
research topic are freely submitted via email by the authors to the editor of the UAL-
GORITMO, who verifies that the main author of the work previously published in
a mainstream journal is a researcher from the University of Algarve, and that the
submitted communication only presents the results of the mainstream publication.
Thus, the UALGORITMO contains review articles, formatted in a rather classical way,
as many other magazines or journals with the same objective. Indeed, each article
has a title, presents the authors and their affiliations, has an attractive graphical ab-
stract designed to help the readers quickly gain an insight about the topic presented,
a Portuguese abstract and its English version, an introduction, a section summariz-
ing the results, and a conclusion to the communication. A reference to the original
manuscript(s) serving as a base for the manuscript in the UALGORITMO, and pre-
viously evaluated and approved by expert researchers in peer-reviewed journals is
also indicated.

As the communications published in the UALGORITMO are intended for lay public
and not for expert scientists, the authors are instructed to submit a manuscript writ-
ten in a very accessible language, using everyday terms. Noticeably, scientists are
good at presenting their knowledge/work to their peers, but they fail or have more
difficulties when it comes to communicating to a lay public [3,7]. Thus, to maximize
the impact of this project, we implemented a revision process of the manuscripts sub-
mitted to the UALGORITMO by students (of the 10th to 12th year grade) from sec-
ondary high schools in the Algarve, under the coordination of at least one schoolteacher
(Figure 1).

The role of the reviewers is to evaluate whether manuscripts under review are
written clearly, and whether the message of the authors is understandable by them,
who are a representative group of lay people. The reviewers are also asked to signal
the sections in the text that are unclear and that should be revised by the authors.
Additionally, reviewers may give suggestions to simplify the text and improve the
communication impact of the manuscript by making it more accessible to non-scientific
audiences. The reviewers may also suggest the addition in the article of the definitions
of terms that are less common or unknown from the general public. The definitions
appear in a glossary, on a left side margin in the final published version of the article,
close to the place in the main text where the terms are used for the first time. Next, the
report and suggestions of the high school reviewers are communicated to the authors
to give them the possibility to make the necessary changes to the original text. The
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revised version by the authors is resubmitted to the high school reviewers for a final
approval before publication. In a way, the high school students are introduced to a
journal review process during the revision of the UALGORITMO manuscripts, and this
activity has been perceived as a novel and enjoyable experience by them (Table 1 and
Figure 2).
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terms that are less common or unknown from the general public. The definitions appear 
in a glossary, on a left side margin in the final published version of the article, close to the 
place in the main text where the terms are used for the first time. Next, the report and 
suggestions of the high school reviewers are communicated to the authors to give them 
the possibility to make the necessary changes to the original text. The revised version by 
the authors is resubmitted to the high school reviewers for a final approval before 
publication. In a way, the high school students are introduced to a journal review process 
during the revision of the  
UALGORITMO manuscripts, and this activity has been perceived as a novel and 
enjoyable experience by them (Table 1 and Figure 2). 

Table 1. Summary of the inquiry reports from high school students after the reviewing process 1. 

 Grade (%) 
Affirmations to be Graded from 1 to 5. 1 2 3 4 5 

1—I enjoyed participating in the review process. 1 being equivalent to “not 
really”, and 5 to “it was an excellent experience” 0 0 10 28 62 

2—I found the process very difficult. 1 being equivalent to “not really”, 
and 5 to “extremely complicated!” 

31 41 24 3 0 

3—If there are more opportunities to participate in this type of reviews, I 
want to participate. 1 being equivalent to “not really”, and 5 to “for sure” 0 10 7 28 55 

4—The original text of the manuscript was clear and well written. 1 being 
equivalent to “not clear”, and 5 to “very clear” 

0 21 17 48 14 

Figure 1. The UALGORITMO is an instrument for outreach activities to layman readers. (a) Articles
published in peer reviewed journals (left) are the raw material for manuscripts submitted to the
UALGORITMO (right); (b) The manuscripts from the authors (scientists), who often use a professional
language difficult to understand by laymen, are reviewed for clarification of the text by secondary
high school students under the coordination of a schoolteacher.

Table 1. Summary of the inquiry reports from high school students after the reviewing process 1.

Grade (%)
Affirmations to be Graded from 1 to 5 1 2 3 4 5

1—I enjoyed participating in the review process. 1 being equivalent
to “not really”, and 5 to “it was an excellent experience” 0 0 10 28 62

2—I found the process very difficult. 1 being equivalent to “not
really”, and 5 to “extremely complicated!” 31 41 24 3 0
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Table 1. Cont.

Grade (%)
Affirmations to be Graded from 1 to 5 1 2 3 4 5

3—If there are more opportunities to participate in this type of
reviews, I want to participate. 1 being equivalent to “not really”, and
5 to “for sure”

0 10 7 28 55

4—The original text of the manuscript was clear and well written.
1 being equivalent to “not clear”, and 5 to “very clear” 0 21 17 48 14

5—The scientific activity of the article is clearly exposed, and I
understood everything. 1 being equivalent to “I didn’t understand
anything”, and 5 to “very clear”

3 14 17 45 21

6—I liked the work presented. 1 being equivalent to “I didn’t like it”,
and 5 to “I loved it, it was super cool”. 0 3 14 38 45

7—I learned a lot from reading the communication I reviewed.
1 being equivalent to “I already knew all about that”, and 5 to “I had
no idea about these things”

0 10 31 34 24

8—In my opinion, the topic of the communication will interest many
secondary high school students and many other people who are not
scientists. 1 being equivalent to “I don’t think so”, and 5 to “yes,
without a doubt”

0 7 21 48 24

9—After reading the communication I reviewed, I wanted to know
more about the topic. 1 being “I wasn’t very interested”, and 5 being
“I thought it was fantastic and I’m curious to see where this will end
up in the future”

0 21 10 38 31

10—After reading the communication I reviewed, I felt like directing
my future studies in that direction. 1 being equivalent to “no, it’s not
for me”, and 5 to “studying and/or working in this area would
be fantastic”

21 14 45 14 7

11—After reading the communication I reviewed, I wanted to know
more about the research activities of the University of Algarve.
1 being equivalent to “no, it’s not for me”, and 5 to “yes I’m curious
to know about the other things that are done at the University
of Algarve”

3 3 28 41 24

12—After reading the communication that was revised, I wanted to
know more about the educational training at the University of
Algarve. 1 being equivalent to “no, I’m interested”, and 5 to “yes I
want to know more”

3 24 31 21 21

1 The results presented are based on 29 inquiry reports. However, the inquiry reports are heterogenous, since
some have been filled individually by each student involved in the reviewing process, while others represent the
consensus of the whole reviewing group’s opinion.

A small description and a picture of the reviewers are presented at the end of each arti-
cle, as an acknowledgment for their valuable contribution to the revision of the manuscripts.
The articles published in the UALGORITMO also contain a small biography of each author,
and links to the websites of the research centers to which they belong, and links to the
courses in which they teach at the University. To strengthen the outreach potential of
the UALGORITMO, a website (https://ualgoritmo.wixsite.com/website, accessed on 15
December 2021) has been created to present all the articles published with the information
about the authors and the reviewers, and direct website links to the secondary high schools
which have participated in the revision and the Ciência Viva Center of the Algarve, which
has largely contributed to the first contacts made with secondary high schools and for the
launch of the UALGORITMO project.
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Figure 2. Graphical representation of the results from the inquiry after the review process. The results
presented in Table 1 have been re-organized in such a way that answers 1 and 2 in one hand, and
the answers 4 and 5 to in the other hand, which reflect nuances of the same answer were combined
(*), are represented by black and orange histograms, respectively. The neutral answer 3 is indicated
by blue histograms. The histograms represent the percentage (%) of answers. The summary of each
affirmation and answers (A1 to A12) from the inquiry are presented below the graph.

3. The UALGORITMO, Designed to Maximize the Outreach

We believe that the reviewing process and the publication of the UALGORITMO
maximizes the interaction between the University and all communities. Indeed, the
first step of the outreach is the active and in-depth involvement of the high school
students in the reviewing process, which implies understanding the work performed
at the University of Algarve. The choice for the collaboration with secondary high
school students, of the 10th to 12th year grade for the reviewing process was made
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because these students have sufficient scientific culture to understand the message of
the manuscript and to provide a real input in the improvement and the clarification
of the text for a larger audience. Of interest for the University, these students are only
few years away, or months even, from leaving high school and make a choice for the
next step towards their future education and professional activities. Surprisingly, many
students who participated in the review process were unaware of the many courses
and training provided by the University of Algarve, and they were also delighted to
discover the research areas undertaken at the University during the revision process
(Table 1 and Figure 2). Thus, the collaboration in the revision of the manuscripts for the
UALGORITMO is an opportunity to introduce the educational structure and activities of
the University of Algarve to these high school students, and perhaps provide them with
paths that they did not envision before being in contact with the scientific activities and
courses of the University of Algarve.

In a second phase, we believe that the students will be inclined to announce their
contribution to the revision of the UALGORITMO manuscripts to family and friends,
with a regain of interest in the divulgation, when the UALGORTMO is published online.
This would propagate the outreach beyond the reviewers’ circle, and perhaps motivate
other readers to be in contact with the University’s activities through the UALGORITMO.
Although the UALGORITMO is freely accessible online by virtually anyone, printed
versions of the journal are also sent to the teachers who participated in the reviewing
process and to all libraries of the secondary high schools of the Algarve, which we believe
will constitute another level of dissemination of the University’s activities.

We have also encouraged the participation of Master’s or Doctoral students from
research groups, in writing the communications for the UALGORITMO, even if they
were not authors of the original peer reviewed article. In addition to the authorship in
the UALGORITMO publication, we expect that these University students will find in
this process a way to train their writing skills, and to be incentivized for future scientific
outreach actions. Moreover, the involvement of the research students will certainly alleviate
the writing task of the senior author by reducing the time spent in the preparation of the
manuscript, and this liberates Senior authors for the development of other activities. Of
course, we also believe that these students will communicate their participation in the
publication to friends and family, and even mention this activity in their curriculum vitae,
which may be considered as a form of outreach, particularly if the reader of the curriculum
will have the curiosity to discover the UALGORITMO. Additionally, the Professors at the
University may also recommend the publications in the UALGORITMO to their pupils and
junior students for an easy immersion in the research thematic. Of interest, the abstract
written in English was introduced to give the opportunity to non-Portuguese readers to
learn about the research topic addressed by the authors, and to find the original peer-
reviewed article using the DOI presented in the reference section. This, in a way, provides
another layer of dissemination of the original scientific report.

Finally, the launch of each new edition of the UALGORITMO is announced to the
researchers and students at the University and to secondary high schools, and has taken
place during meaningful events, such as the meeting of the Advisory Board for University
of Algarve Training Offer, which has the strategic objective to bring the Algarve Academy
closer to regional schools. This advisory board is constituted by representatives of the
Councils of the Algarve, the General Direction of Schools and the Employment and the
Vocational Training Institute. Thus, the launch of the UALGORITMO has also repercussions
through the academic and regional communities present at this event.

Overall, the strategy surrounding the preparation, edition, launch, as well as the
accessibility of the UALGORITMO contributes to maximize the impact of this journal to
fulfil the scientific outreach expected.
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4. The Reviewing Process of the Manuscripts and the High School
Educational Mission

The rules for the revision of the UALGORITMO manuscripts were purposely left
simple to provide a maximal autonomy to the reviewers. In essence the only rule is
that the reviewers have to be students of the 10th, 11th, or 12th year grade and super-
vised by a teacher. Consequently, reviewing groups were composed, organized, and
managed in very different ways according to schools and supervisors. Curiously, some
reviewing groups were constituted by only one or two students, while others gathered a
larger number of students, some of which were composed by up to three different class-
rooms engaged in different educational fields, such Biology/Geology and Portuguese,
or Languages/Humanities and Biology/Geology. An interesting heterogeneous group
was formed with students from different year grades (11th and 12th), as well as different
educational fields and classrooms, such as Languages/Humanities, Sciences/Technology,
and Socioeconomical Sciences. Some teachers have opted for the revision of manuscripts
related to the fields that they teach, while others have not directed their choice to any
particular field. This heterogeneity in the composition of the group of reviewers may
explain the fact that some students are not inclined to continue their educational training
in paths related to the topics that they have reviewed in the manuscript, although they
enjoyed reading about the topic (Table 1 and Figure 2). Indeed, it is unlikely for a student
engaged in Languages/Humanities to wish to continue in Sciences, for example.

Thus, multiple revision strategies were implemented by the reviewers, but we will
briefly exemplify the modus operandi adopted by two groups. The first example comes
from a reviewing group composed of a unique classroom, in which the teacher first in-
structed all students to the reviewing process. Next, each student received a copy of the
manuscript for an individual reading to identify the central idea/message of the article.
Then, all students together reviewed the article and discussed the concepts and definitions,
explored the scientific question, highlighted the significant passages and information that
complemented the central idea. In addition, the students collaborated to search for related
articles and check whether these articles described data in agreement with the message
presented in the manuscript under review. During the reviewing process, the students also
learnt the bases for the construction of argumentative texts, and finally they reported to the
authors the changes necessary in the text and whether relevant aspects were missing in
the manuscript. The second example of the reviewing strategy involves two classrooms,
Science/Technology and Languages/Humanities. Here, the revision process started with
Science/Technology class, which was divided into several groups for independent analysis
of the manuscript. After the initial analysis, each group presented a proposal for changes in
the texts, definitions to be added to the glossary, and novel illustrations. All proposals from
each group were then analyzed by the entire class to identify all unknown concepts and
expressions. Next, a structured revision proposal combining all changes suggested, was
communicated to the second group of reviewers composed of the Languages/Humanities
students. This second group of reviewers proceeded the revision as described for the first
group and sent their own comments back to the first group for a final agreement on changes
to be proposed to the authors.

The program of the XXI Portuguese Constitutional Government in the law decree
55/2018 (https://dre.pt/dre/detalhe/decreto-lei/55-2018-115652962, accessed on 15 De-
cember 2021) and in the directives Profile of Students Leaving Mandatory Schooling (in
Portuguese Perfil dos Alunos à Saída da Escolaridade Obrigatória, termed PASEO hereafter,
approved by the dispatch 6478/2017, https://dre.pt/dre/detalhe/despacho/6478-201
7-107752620, accessed on 15 December 2021), has established the priority to implement
student-centered educational policies in secondary high schools, by creating conditions for
a balance between knowledge, understanding, creativity/originality, and a critical/creative
attitude. The objective is for high schools to prepare students to develop skills that will
allow them to understand and integrate new knowledge, to communicate efficiently and to
solve complex problems that they may face due to globalization and accelerating technolog-

135



BioChem 2022, 2

ical developments. Undoubtedly, the diverse methodologies adopted by the reviewers for
the revision of manuscripts to be published in UALGORITMO have allowed the students
to develop practically all the skills listed in PASEO.

In addition, through its articles, the UALGORITMO may also be envisioned as an
instrument to facilitate the very important and continuous actualization of the scientific
knowledge and competencies that schoolteachers have to renew and acquire in order to
efficiently transmit to their students the scientific literacy and skills needed to face ongoing
and future societal challenges [9].

5. Discussion

The UALGORITMO is a free digital journal dedicated to the outreach of scientific,
technologic, and artistic activities of the University of Algarve for the lay public. For a
maximum impact of outreach by the UALGORITMO, the texts of the manuscripts submitted
by the authors are tendentially written with simple day-to-day Portuguese language and
revised by students at secondary high schools for further clarification. To simplify both the
writing and the revision processes in the UALGORITMO project, we have opted for short
manuscripts that summarize a main publication of the authors in a peer reviewed journal.
Indeed, to summarize a published work is much easier and less time consuming for the
authors than to write an original publication, and it is well reported that time is an issue for
scientists to engage in outreach activities [8]. In addition, since the reviewers do not have to
validate any science exposed in the manuscript, their task is easier, and they can concentrate
their effort on the simplification of the text. In this respect, the project UALGORITMO is in
line with other international science communication initiatives and outreach for society,
such as “Atlas of Science” (https://atlasofscience.org/, accessed on 15 December 2021)
and “Frontiers for Young Minds” (https://kids.frontiersin.org/, accessed on 15 December
2021), in which the articles published are written by scientists. However, in the “Atlas
of Science” published layman’s summary articles are not reviewed, and in “Frontiers for
Young Minds” the manuscripts are revised by children and young people. The participation
of the researchers of the University of Algarve and high school students to the preparation
and revisions of the manuscripts to the UALGORITMO has been very enthusiastic and
dynamic and has already allowed the publication of four volumes since its launch in
October 2019. The UALGORITMO is freely available online to the general public on
several websites either dedicated to the UALGORITMO project itself and at the University
website, or on social networking sites for scientists, such as ResearchGate, dedicated to the
community and researchers and students interested in science. Although the published
articles have been read and downloaded thousands of times on the various websites where
they are available, there is a lack of an instrument that can precisely determine their impact
on the general public and students interested by science. In the future, to expand further
the outreach, it would be interesting to develop complementary summaries of the work
presented by the authors in short audio or video supports that would be available at the
UALGORITMO website and other social media sharing platforms.

Apart from fulfilling the purpose of disseminating science and arts generated at the
University of Algarve, the UALGORITMO contributes to the exposition and discovery of
the University from a larger population. This is a very positive and important aspect since
the University of Algarve was only founded a little over 40 years and has not yet reached
the prestige of other Universities in Portugal, some of which have multiple centuries of
existence. Furthermore, the University of Algarve is located in the far south of Portugal,
far from the strong economic and cultural national cities that exert an attraction for many
people, including students of secondary education of the Algarve who consider these places
as their next path for future higher education. However, these students often disregard
the University of Algarve because they are simply unaware of the activities developed at
this University. The results obtained during this relatively short time of interaction with
the secondary high schools for the purpose of revision of the manuscripts submitted to
the UALGORITMO, clearly reveals this fact through the answers to the enquiries that
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the students have given. Interestingly, the results of these enquiries also indicate that
a substantial proportion of these students have interest in discovering more about the
University of Algarve. This is another very positive aspect of the UALGORITMO as a
mean for outreach, developed in close collaboration with high school students, because it
encourages a genuine curiosity for other activities developed at the University of Algarve,
and it facilitates the access to websites containing all the information about research and
teaching. In the future, it would be of interest to evaluate whether the UALGORITMO had
an impact in the high school students’ community for their ingression at the University of
Algarve. Similar initiatives to the UALGORITMO could be adopted by other national or
foreign universities that are outside the main educational scope to promote their visibility
both at a local and national level.

Finally, we believe that the UALGORITMO also serves the high school education
objectives delineated by the Portuguese educational system, since the reviewing processes
of the manuscripts for the UALGORITMO involve methods and techniques that support
students in building a genuine scientific, technical, and technological knowledge and cul-
ture, through the interpretation and communication of information and critical and creative
thinking, which additionally contribute to values such as citizenship and engagement,
curiosity, reflection, and innovation. Moreover, the UALGORITMO project is also very
pertinent because students, acting as reviewers of articles, become more aware of how
science is advanced and transmitted, and may be inspired to be involved in research in
their future professional careers. On the other hand, they actively contribute to the dissemi-
nation science and its understanding by the public, by turning the message of a scientific
article into an article that simplifies the scientific language, in a language more accessible to
everyone, which allows for the promotion of scientific literacy in the community in general.
This aspect is particularly important in Portugal, since studies carried out on the scientific
literacy of the Portuguese population showed that decades ago the scientific knowledge of
the Portuguese used to be lower than the average of the populations of other European
countries. However, in recent years Portugal has been one of the few countries of the
Organisation for Economic Co-operation and Development (OCDE) with clear improve-
ments in youngsters’ scientific literacy, which results from a Portuguese policy to improve
teachers’ qualification with a reinforcement of their scientific education programmes and
implementation of lifelong training options for their career development and progression,
and from an increasing effort of outreach engagement by scientific communities [10–13].
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