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Abstract

This book chapter will comment on fluorescent reporter proteins and
nanocrystals’ applicability as fluorescent markers. Fluorescent reporter proteins in
the Drosophila model system offer a degree of specificity that allows monitoring
cellular and biochemical phenomena iz vivo, such as autophagy, mitophagy, and
changes in the redox state of cells. Titanium dioxide (TiO,) nanocrystals (NCs) have
several biological applications and emit in the ultraviolet, with doping of europium
ions can be visualized in the red luminescence. Therefore, it is possible to monitor
nanocrystals in biological systems using different emission channels. CdSe/CdS
magic-sized quantum dots (MSQDs) show high luminescence stability in biological
systems and can be bioconjugated with biological molecules. Therefore, this chapter
will show exciting results of the group using fluorescent proteins and nanocrystals
in biological systems.

Keywords: nanocrystals, fluorescent proteins, fluorescent markers, magic-sized
quantum dots, titanium dioxide

1. Introduction

Several types of tools have been developed in order to monitor biological pro-
cesses through fluorescence images. Some of these tools are the use of fluorescent
proteins and nanomaterials. This book chapter will comment in particular on green
fluorescent protein and luminescent nanocrystals.

The green fluorescent protein (GFP) of Jellyfish Aequoria victoria and fluo-
rescent homologous proteins of different colors isolated from other sea creatures
have led to the development of fluorophores that have been widely used in recent
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decades. In the biological area, fluorescent antibodies are a powerful tool for
analyzing the subcellular location of proteins of interest. In addition, a gene
encoding a fluorescent protein can be introduced into a model organism, resulting
in the expression of functional fluorescent proteins, which can then be detected by
fluorescence microscopy, flow cytometry, and other fluorescence-based methods.
Fluorescent proteins have revolutionized biological and biomedical research,

for example, it is possible to monitor the activity of a gene promoter by placing a
fluorescent protein under its control. By using this tool, the spatial and temporal
patterns of gene activation were revealed, as well as it was possible to trace the
specific fates of cell populations or even to visualize the different shapes that cells
can assume during development. Perhaps the most sophisticated area is the con-
struction of genetically modified fluorescent sensors for the detection of ions, small
molecules, and various types of enzyme activity [1-3].

One of the best and most used in vivo models to investigate biological phe-
nomena is the fruit fly. The fruit fly Drosophila melanogaster is a well-established
model organism in nanotoxicology studies [4]. Drosophila has a short life cycle, low
maintenance cost, and a considerable amount of conserved genes and physiologi-
cal mechanisms with humans [5, 6]. The complete sequencing of the Drosophila
genome combined with genetic editing techniques allows the construction of
reporter lines (for example, GFP) fused to specific genes [6]. One of the main tools
that make the fruit fly an excellent model organism is the possibility of express-
ing genes of interest in specific tissues through the UAS-GAL4 binary expression
system. This system consists of two factors: the GAL4 transcription factor fused
to the promoter region of a gene of interest and the upstream activation sequence
(UAS). GAL4 is able to bind the upstream activation sequence (UAS), activating
the transcription of a target gene linked to UAS, allowing ectopic gene expression
[6]. Thus, the use of fluorescent reporter genes under the control of the UAS-GAL4
system allows a degree of specificity necessary to monitor cellular and biochemical
phenomena iz vivo in different tissues, such as autophagy, [7] mitophagy [8], and
changes in the redox state of cells [1]. Taken together, these features are essential
for studies that evaluate the effects of xenobiotics on development, however, it can
still be improved in the nanotoxicology area, mainly in the use of reporter lines for
the elucidation of cellular mechanisms responsible for toxicity and the subcellular
localization of nanocrystals.

The development of different nanoscale materials has increased for differ-
ent applications. Titanium dioxide (TiO;) nanocrystals (NCs) have been used
in several types of cosmetics, food, and the textile industry [9, 10]. This is
because this NC has a wide variety of properties that improve materials, such as
its bioluminescence and chemical stability [11]. Bioluminescent techniques are
widely used in biomedicine for studies of drug screening, molecular markers, and
monitoring of molecular reactions, among other applications [12]. Bioluminescent
NCs, such as TiO2, present an excellent opportunity to obtain ultra-sensitive and
enhanced analyzes and images, in addition to allowing the study of biolumines-
cence [13-15]. The use of bioluminescent imaging in vivo allows the visualization
of biological processes in intact living organisms, providing abundant quantitative
space-time information beyond the reach of conventional in vitro tests and fixed
material [15].

Doping is a technique that allows the incorporation of substitutional ions into
the crystalline structure of materials, generating exciting properties [16]. TiO,
nanocrystals (NCs) with europium ions incorporated in their structure can be
visualized in red fluorescence [17]. This acquired property makes it possible to
track luminescence, thus being able to be coupled to biomolecules and drugs for
studies of effects and tracking them, for example, which can assist in the studies of
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quantitative monitoring of molecular reactions and cellular behaviors, allowing a
better understanding of the functions dynamic and complicated biological
phenomena [18, 19].

Quantum dots (QDs) of cadmium chalcogenides (CdSe, CdS, and CdTe) absorb
and emit in the visible electromagnetic spectrum, and for this reason, they are used
in several applications of biological and biomedical marking, such as fluorescent
probes, biosensors, and others. In the area of biological labeling, the great appli-
cability of QDs occurs because they present several advantages over traditional
organic fluorophores, such as a long fluorescence life span, ~ 100 times greater,
which allows to distinguish it from the background b signal, seen that autofluores-
cence has a much shorter fluorescence life; absorption and emission spectra tun-
able; high photo resistance and chemo-degradation; and high fluorescence intensity
[20-22]. However, this comparison of the fluorescence intensity of the QDs was
performed in non-aqueous solvents, with unconjugated QDs, and in non-biological
media, since the fluorescence intensity may be lower when the QDs are conjugated
and used in biological labeling experiments [23].

Ultra-small PQs (USPQs) are nanocrystals with extremely small sizes, present-
ing strong quantum confinement effects, in which most of their atoms are located
on the surface [24]. A large number of atoms on the surface and the presence of
several pendant bonds lead to changes in the properties of nanocrystals, which can
be observed in the fluorescence spectra [25].

The quantum dots of magic-sized (MSQDs) are nanocrystals with extremely
small sizes (<2 nm) and that present physical property utterly different from
traditional QDs [26]. Although MSQDs have similar properties to USQDs, including
composition and size, some fundamental properties place these QDs in different
classes. The characteristic properties of MSQDs are thermodynamically stable
structures, wide luminescence range, high size stability over time, relatively narrow
absorption spectra and/or heterogeneous (discontinuous) growth [27-31]. The
structures are thermodynamically stable; they are formed from the arrangement
of a certain number of atoms, which gives it high stability. Nguyen et al. made
theoretical predictions of different types of CdSe MSQDs structures aligned with
the literature’s experimental results [32]. The term magic size is related to a (magic)
number of atoms in the structure that makes QDs extremely stable [32]. The broad
luminescence spectrum occurs due to MSQDs having internal atomic defects
(absence or extra presence of atoms) [27, 29, 32].

The development of new alternatives for the study of biomolecules in organic
systems has grown considerably. The high specificity and sensitivity of scientific
methodologies based on fluorescence clarify biological events [33]. Fluorescent
probes based on organic dyes have been shown to identify biomolecules [34, 35].
Silva et al. demonstrated that the biocompatibility of CdSe/CdS MSQRd could
be tuned in the synthesis, [36] present high luminescence stability in biological
systems [37], can be bioconjugated with several biomolecules aiming at the most
diverse luminescent probes [38-42] and in biosensors [43, 44].

This chapter shows recent results that the group has been working with fluores-
cent reporter proteins and the applicability of nanocrystals as fluorescent markers.
Nanocrystals of pure and europium doped TiO, and CdSe/CdS (MSQDs) will be
some of the exciting tools for marking in biological systems.

2. Fluorescent proteins and nanocrystals

This section will show the group results using GFP tagged proteins and nano-
crystals’ applicability as fluorescent markers.
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2.1 Drosophila lines expressing fluorescent proteins

In 2011, Albrecht et al. established a monitoring system that allows assessing the
status of chemically defined redox species (the redox pair GSH/GSSH and H,0,)
in subcellular compartments cytosol and mitochondria iz vive. They have fused a
probe sensitive to redox changes (ro-GFP2) [45-47] to the microbial H,O, sensor
oxidant receptor peroxidase 1 (Orpl) [46]. In a reduced state, this probe exhibits
excitation around 488 nm, while upon oxidation, roGFP2 gains excitability at
405 nm and loses excitability at 488 nm. In the present work, we used one of the
transgenic Drosophila lines described by Albrecht and collaborators, called mito-
roGFP2-Orpl [1] to exemplify how iz vivo sensors can be valuable for analyzing
the redox state and to propose its use for the analysis of nanomaterials biocompat-
ibility in vivo. In Figure 1 we show different dissected larval tissues of Drosophila

Figure1.

Drosophila lines expressing fluorescent proteins can be used as in vivo sensors of redox status. Different GAL4
drivers were used to express Mito-orp1-GFP in different Drosophila larval tissues. (A-F) The Drosophila GAL4
driver sgs3-GAL4 was used to express Mito-orp1-GFP2 in larval salivary glands. A- bright field image of a
Drosophila larval salivary gland. In (B) the Mito-orp1-GFP can be visualized in its veduced state, while in (C) a
weak signal is seen under 405 nm light. A greater magnification of the salivary gland shown in a can be seen in (D)
while in (E) the overlap of the Mito-orp1-GFP2 in its reduced (488 wm) and oxidized (405 nm) state is shown.
(G) Larval midgut showing the overlap of the Mito-orp1-GFPz2 in its veduced (488 nm) and oxidized (405 nm,)
state. The Mito-orp1-GFP2 in its veduced state is shown in (H) and (K) while the sensor oxidized fluorescence is
seen in (1) and (L). All images were acquived using ThermoFisher Scientific EVOS M7000 Imaging System.
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expressing the redox sensor mito-roGFP2-Orpl. Figure 1A shows the bright field
image of a dissected larval salivary gland, while in 3B we can see that there isa
high concentration of mito-roGFP2-Orpl in its reduced state, evidenced by green
fluorescence, and a low concentration of mito-roGFP2-Orpl in its oxidized state.
In 1D, a higher magnification image of the salivary gland in 1A is shown, while in
1E the merged image of 488 nm and 405 nm channels shows the balance between
reduced and oxidized mito-roGFP2-Orpl. In 1G, a portion of the midgut also shows
a higher concentration of reduced mito-roGFP2-Orpl. Figure 1H shows reduced
mito-roGFP2-Orpl distribution throughout the larval fat body. It is interesting to
notice that there is a clear difference in the concentration of reduced mito-roGFP2-
Orpl in cells within the same tissue, which is even more evident in the image in
greater magnification shown in 1 K. The samples in 11 and 1 L show the oxidized
mito-roGFP2-Orpl in the same larval fat body. As expected, our analysis of control
samples showed that most mito-roGFP2-Orpl proteins are in its reduced state,
exhibiting excitation around 488 nm. We are currently using this valuable tool to
analyze the effect of different nanocrystals on the redox balance in Drosophila as an
additional approach for the determination of biocompatibility iz vivo.

Figure 2 shows three different transgenic lines of Drosophila that can be used
to assist in the subcellular localization of fluorescent nanoparticles. Figure 2A-C
shows dissected tissues of the D1-GFP transgenic line (BL.66454). The D1-GFP
protein binds to chromosomes allowing the nuclei visualization. In Figure 2A we
can see a pair of larval salivary glands while Figure 2B-C shows different portions
of the larval gut. The progeny of the cross between the lineage mef2-Gal4 and
UAS-mito-GFP (BL. 8443) was used to visualize the larval muscles (Figure 2D-F).
This is because mef2-Gal4 drives Gal4 expression in muscles where it binds to the
regulatory sequence UAS-mito-GFP, which in turn regulates the expression of a

DI1-GFP

400 uM

=

Mef2-Gal4>
mito-GFP

Figure 2.

The expression of fluorescent proteins in Drosophila as a tool to visualize cellular subcompartments. (A-C)
D1-GFP expression in Drosophila larval tissues. A pair of larval salivary glands is shown in a while (B) and
(C) shows different portions of the larval gut. (D-F) L3 larvae expressing Mito-GFP in muscles. (G-I) shows
salivary glands expressing LamC-GFP localization at the nuclear envelope of cells.



Bioluminescence - Technology and Biology

mitochondrial import sequence fused to the fluorescent protein GFP, allowing the
visualization of mitochondria in the muscle tissues. Figure 2G-I shows salivary
glands of the LamC-GFP transgenic lineage (BL. 6837) which allows for the visu-
alization of the nuclear envelope of cells. In these examples, we showed 3 different
Drosophila transgenic lines in the green band (GFP) that can be used to assist in
the subcellular localization of fluorescent nanoparticles, however, it is essential to
notice that hundreds of lines are available. Data on the genome and the wide range
of reporter lines of Drosophila can be found on Flybase (https://flybase.org/).
Reporter lines of Drosophila can be purchased in collections such as Bloomington
Drosophila Stock Center (BDSC) at Indiana University. These different tools allow
the investigators to choose from a great variety of cell types, subcellular compart-
ments as well as the fluorescence band that best adapts to the nanoparticles of
interest.

2.2 Nanocrystals as luminescent markers (nanomarkers)

Figure 3 shows exciting results on pure and europium (Eu) doped TiO, NCs.
TiO, NCs absorb and emit in the ultraviolet, but when incorporating the europium
ions in its crystalline structure, by replacing some titanium ions, it shows lumines-
cence in red. The colors emitted by the pure and Eu doped TiO, NCs (Figure 3a),
and the crystalline structure in the anatase phase (Figure 3b) are illustrated. Also,
in Figure 3c, the emission spectra of these nanocrystals are observed.

In order to investigate whether TiO, and TiO,:Eu nanocrystals could be tracked
on adult Drosophila after exposure during development TiO, and TiO,:Eu nanocrys-
tals were mixed in standard Drosophila culture medium at the final concentration of
100 mM.. The larvae were carefully staged and transferred as L1 (first instar larvae)
to medium containing TiO, and TiO,:Eu. The control contained only a standard
Drosophila culture medium. The animals developed through all larval stages during
the following 3 days. At this stage, the larvae actively feed until they become pupae.
After pupal metamorphosis, the animals emerged as adults were dissected and
its abdominal fat body was analyzed through fluorescence microscopy under UV
light to analyze the TiO, bioaccumulation and under red light to detect TiO,:Eu.

All samples images were acquired using the same light intensity and exposure

time. Figure 4 shows the tracking data of TiO, and TiO,:Eu in the fat body of adult
animals after exposure during the larval stage. It is possible to observe that the fat
body spheres of the control animals (Figure 4A and C) show intrinsic fluorescence
when excited with ultraviolet light, however when the animals were exposed to TiO,
the intensity of fluorescence was significantly higher (Figure 4B and D).

In order to distinguish between intrinsic fluorescence from fat body and TiO,
fluorescence, the pixel intensity was measured and compared among all fat body
spheres of control images and TiO, treated samples. As we can observe in the
graphic in Figure 5a there was a drastic increase in fluorescence due to the presence
of TiO,. The fat body spheres of the control animals (Figure 4E and G) also showed
intrinsic fluorescence when excited with red light; however, when the animals have
exposed to TiOy:Eu the intensity of fluorescence was higher (Figure 4F and H). The
pixel intensity analysis showed that the presence of TiO,:Eu caused a significant
increase in fluorescence (Figure 5b). The observation that the NCs of TiO, and
TiO,:Eu could be detected in the fat body of newly emerged adult animals indicates
that the bioaccumulation of nanocrystals during larval development persisted until
the beginning of the adult stage. Surprisingly, we observed that animals dissected
on the second day of its emergence no longer had fat bodies fluorescent spheres
containing nanocrystals. This may indicate that one day following the emergence,
the animals were able to excrete the NC. The disappearance of nanocrystals may
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Figure 3.
(a) Photographic image of nanopowders, (b) anatase crystalline structure, (c) luminescence spectra of pure
and Eu doped TiO, NCs.

also be related to the rapid absorption of the fat body during the first days of life.
Similar results were described by Jovanovic et al. 2016, which observed that animals
that received TiO, during the larval stage did not have TiO, as adults [9].

The optical properties and illustration of CdSe/CdS are shown in Figure 6. The
aqueous solution and the illustration of the core/shell structure of CdSe/CdS MSQDs
with a surfactant are exemplified to facilitate understanding (Figure 6a, b). The
optical absorption and broad luminescence spectra are characteristics of magic-sized
quantum dots of CdSe/CdS (Figure 6c¢). In addition, one of the essential properties
of the CdSe/CdS MSQDs that allows its application in biological systems is entering
and staying inside cells. To test this capacity, we incubated a classical macrophage
cell line (RAW 264.7) with CdSe/CdS MSQDs of (200 ng/pL) and evaluated their
internalization by Flow Cytometry in different time points (1 to 60 minutes). Flow
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Figure 4.

In vivo fluorescence of TiO, and TiO,:Eu in adult Drosophila fat body. Drosophila tissues as the fat body
shows a well-known intrinsic fluorescence as observed in representative images of control animals (A) and (C)
at 405 nm E and G at 546 nm), however in the TiO, (B and D) and TiO,:Eu (F and H) treated animals it is
possible to observe a drastic increase in luminescence when compared to control. Scale bar represents s5oulM.

Cytometry is a unique methodological approach to determine cell staining as it
evaluates a considerable number of cells per second, one by one, and reports if cells
are fluorescent. Just after 1 minute, the MSQDs nearly 50% of cells were fluorescent,
and this percentual was growing to >97% after 60 minutes (Figure 6c¢, d).
Bioimaging assays are biological applications QDs since they can be biocon-
jugated with proteins, antibodies, and DNA [39, 48, 49]. In general, these tests
depend on the biocompatibility of QDs, which is obtained by functionalizing
the surface of these nanoparticles [39, 50-52]. The bioconjugation allows the
study and tracking of biomolecules in biological systems such as cell cultures
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Figure 5.

Indirect quantification of TiO, and TiO,:Eu fluorescence. (a) Pixel intensity analysis of fat body spheres of
TiO, treated Drosophila to control fat body spheres. (b) Pixel intensity analysis of fat body spheves of TiO,:Eu
treated animals compared to control fat body spheres.
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Figure 6.

(a) Photographic image of solution, (b) illustration of CdSe/CdS MSQDs, (c) optical absorption/luminescence
spectra of CdSe/CdS MSQDs (d, e) incorporation of MSQDs by RAW 264.7. The intracellular location was
determined by flow cytometry after incubation of CdSe/CdS MSQDs (200 ng/uL) with RAW 264.7 cell

line (1x10"4/mL) at different time points. Cells were washed in saline solution before acquisition to exclude
extracellular MSQDs. At least 5000 events were acquired in a FacsCalibur flow cytometer.

and laboratory animals [53, 54]. The versatility of QDs associated with maltose-
binding protein for intracellular delivery of the drug beta-cyclodextrin [55].
Other studies have used the quantum dots for iz vivo multiphoton biologic
imaging. Kwon et al. conjugated iron selenide QDs with monoclonal human
epidermal growth factor receptor 2 antibodies to study xenograft breast tumor
model in mice [56].

The tracking and study of biomolecules labeled with QDs in vitro and in vivo
is a reality in several areas, allowing us to analyze the location and distribution
of bioconjugate in biological systems. Silva et al. demonstrated that the CdSe/
CdS MSQDs could be bioconjugated with several biomolecules aiming at the most
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Figure 7.

Fluorescence microscopy images showing the tracking of BaltPLA, in myoblast culture. (A) Cell control
(myoblasts only); (B) myoblasts treated with MSQDs (200 ng/uL) for 18 h; (C) myoblasts treated with
MSQDs (200 ng/uL)-BaltPLA, (100 ng/uL) for 18 h. scale 50 pm.

diverse luminescent probes [38-42] in biosensors [43, 44]. Dias et al. labeled a
phospholipase A2 isolated from Bothrops alternatus snake venom with CdSe/CdS
MSQDs to track it in myoblast culture, making it possible to identify the bioconju-
gate on the surface of the plasma membrane and in the nuclear region [39]. Figure 7
corroborates these data since it is possible to observe fluorescence markings only in
myoblasts treated with the bioconjugate MSQDs-BaltPla2.

3. Conclusion

In this chapter, we have shown that fluorescent reporter proteins in the
Drosophila model system are excellent tools to monitor cellular and biochemical
phenomena iz vivo, such as changes in the redox state of cells, as well asare a
valuable tools to assist in the subcellular localization of fluorescent nanoparticles.
We also showed that TiO, and Eu doped TiO, NCs fluorescence could be detected
in adult animals following exposure during development. Intracellular location of
CdSe/CdS MSQDs in RAW 264.7 cell line and tracking of BaltPLA, bioconjugated
in myoblast culture. Therefore, the use of fluorescent proteins and nanocrystals
in vivo are exciting tools as they provide abundant qualitative and quantitative
data and allow the visualization of biological processes in intact cells and living
organisms.
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