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Abstract: Quantum dots (QDs) have different properties: high electron density, magnetic moment,
phosphorescence, photoluminescence (fluorescence), and strong optical absorption. The layer or
ligands on the QDs surface has a vital role because they allow the stabilization and practical uses on
different matrixes. Ligand exchange is a commonly carried out methodology to incorporate functional
groups that alter the solubility, introduce electron transfer partners, integrate biological receptors, or
improve the properties of the QDs surface. CdSSe QDs were synthesized using a microwave system
using thioglycolic acid (TGA) as a sulfur source and cover agent. The TGA ligand was interchanged
with cysteine (Cys), glutamic acid (GA), glutathione (GTO), glutaraldehyde (GLT), and lysine (Lys).
The viability and response of the CYP1A1, CYP1A2, and CYP3A4 isoenzymes were directly measured
in HEP-G2 cells after exposure to CdSSe-TGA, CdSSe-Cys, CdSSe-GA, CdSSe-GTO, CdSSe-GLT, and
CdSSe-Lys. CdSSe and CdSSe-GTO (10 mg/L) decrease viability by around 65%. The response of the
cytochrome isoenzymes is based on the organic ligand on the surface of the CdSSe QDs. Changes
in CYP 1A1 could be related to carcinogenic xenobiotics. Fluorescence microscopy shows CdSSe
QDs on and inside HEPG2 cells. The results confirm that apoptosis and necrosis are the principal
mechanisms of decreased viability.
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1. Introduction

Quantum dots (QDs) are nanoparticles with 1-10 nm diameters. Depending on their
composition, properties include high electron density, magnetic moment, phosphorescence,
photoluminescence (fluorescence), and strong optical absorption. QDs have excellent
optical properties, such as narrow emission and wide excitation bands in the visible
spectrum, and exhibit quantum confinement of excitons [1]. They have excellent resistance
to chemical degradation, high quantum fluorescence yield, and photodegradation. The
optical properties can lead to various applications, from solar cells to LED lights. Quantum
dots have been used in biotechnology, catalysis, electronics, photo-electronics, magnets,
quantum computing [2]. They also have been used against bacterial and viruses [3].

Dermal contact, ingestion, and inhalation are the frequent routes of exposure to nano-
materials. When the nanomaterials are ingested, they are delivered into the gastrointestinal
(GI) tract. Inhalation results in trapped nanoparticles in the mucus and trans-located into
the Gl tract. The acidic environment can broken-down the material generating toxic com-
pounds. Translocation of QDs across intestinal epithelial cells to blood circulation may
result in transport to and uptake by organs like the brain, liver, kidney, spleen, and bone
marrow [4]. Oxidative stress induction by reactive oxygen species is the principal mecha-
nism of the cytotoxicity of QDs [5]. It has been suggested that the quantum confinement
effect could further lead to cytotoxicity because QDs within specific diameters may have
a similar size to certain cellular components and proteins, bypassing natural mechanical
barriers [6]. In addition, QDs, due to their small crystal sizes, can cross cell membranes.
Small nanoparticles have been reported to be highly carcinogenic [7]. Physicochemical
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properties such as size, charge, core composition, and stability of the outer surface are the
factors that determine QDs toxicity. Internalization strategies such as coating QDs with
cationic ligands, transferrin, and cell-penetrating peptides can produce endocytosis-based
delivery [5,8].

Cadmium sulfide/selenide (CdSSe) QDs are semiconductors with band-gap energy
and fluorescence emission within the visible spectrum that can be modulated by controlling
their crystal size. Previous research suggests that the toxicity of QDs depends on different
properties such as size, chemical composition, and surface coating components [9]. Without
the presence of coating agents, the cytotoxicity of the CdSSe core can be correlated with the
liberation of toxic metals, free ions (Cd?*), due to deterioration of QDs lattice caused by
oxidation or under low pH [9,10].

Cadmium-based nanoparticles have an inorganic core and organic shell [6]. The
organic shell or surface ligand is vital in synthesizing, stabilizing, and practical uses in dif-
ferent matrixes [11]. The ligands stabilize chemical, optical, and electronic properties [11,12].
For example, long chains of fatty acids help to avoid crystal growth, solubility in organic
solvents, and passivation of the uncoordinated atoms on the surface of the QDs [13]. De-
spite these advantages, long-chain ligands are unsuitable for many applications and can
be exchanged for another ligand, which can vary the chain length, solubility, and weight.
Cadmium has been shown to bind to the thiol group of glutathione, causing its depletion in
cells [14]. In addition, cadmium ions bind to sulthydryl groups of mitochondrial proteins
and cause injury [15].

The process of exchanging the native ligand for new ligands is called ligand exchange.
In this process, the original ligand is desorbed, and the selected ligand is bonded to the
surface of the QDs. Ligand exchange is commonly carried out to incorporate functional
groups that alter the solubility of the QD, improve the exposure of the surface of the QDs,
integrate biological receptors, and introduce electron transfer partners [13]. In addition,
the QDs surface is frequently modified to enable intracellular delivery and attach targeting
biomolecules (i.e., antibodies) [1]. In the exchange of ligands, a negatively charged X-type
ligand binds to the cadmium atoms on the surface of the QDs [12].

On the other hand, the L-type ligands are neutral and linked to the QDs as Lewis bases
by donating a pair of electrons. Therefore, l-type ligands can only replace native L-type
ligands; similarly, X-type ligands can only be replaced by X-type ligands. The specific
exchange occurs to maintain the charge balance [12].

In this research, the CdSSe-TGA cover was interchanged with small organic molecules,
and their effect on the viability and activity of the CYP1A1, CYP1A2, and CYP3A4 isoen-
zymes of HEPG2 cells was evaluated. The results confirm that the CYP-isoenzymes activity
changes with the organic covers on CdSSe QDs.

2. Materials and Methods
2.1. Synthesis of CdSSe QDs

Thioglycolic acid (TGA) was mixed with cadmium sulfate solution in an alkaline
medium to allow the Cd-complex formation and avoid the generation of oxides. TGA is
the stabilizer, sulfur source, and capping agent. The solution pH was lowered to 6.2, and
the reduced selenide solution was added to the reaction mixture (selenium powder was
reduced with sulfite to produce Se~2). The pH was set at 6.8, and the reaction mixture was
transferred into a Teflon™ vessel (CEM Corporation, Matthews, NC, USA). The solution
was introduced in a MARS 6 Microwave system (CEM Corporation, Matthews, NC, USA),
and the synthesis was performed at 150 °C for 45 min (30 min of ramping time and 15 min
of hold time).

The QDs suspension was precipitated with 2-propanol and centrifuged for 15 min.
Next, the pellet was washed with 2-propanol and centrifuged for 5 min. Finally, the pellet
was reconstituted in deionized water.
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2.2. Functionalization of CdSSe QDs

Ligand exchange was performed using cysteine, glutamic acid, glutaraldehyde, glu-
tathione, and lysine. Synthesized CdSSe QDs covered with thioglycolic acid (original
nanoparticle) were added to a centrifuge tube (1000 mg/L final concentration). Phosphate-
buffered saline (PBS) was added to stabilize the pH to 7.0. A 0.5 mL aliquot of 50%
glutaraldehyde solution was added for functionalization with glutaraldehyde. (2.5% final
concentration). The mixture was shaken in a Rotamix™ (ATR Biotech, Laurel, MD, USA) at
30 rpm and 25 °C for 24 h. The QDs were recovered by precipitation and centrifugation
with 2-propanol. The QDs covered with glutaraldehyde (CdSSe-GLT) were resuspended in
deionized water.

The same procedure was used for the other ligands, maintaining the ligand concentra-
tion of 2.5% and 1000 ppm of CdSSe QDs in PBS. All QDs were recovered and resuspended
in deionized water and labeled CdSSe-Cys (cysteine), CdSSe-GA (glutamic acid), CdSSe-
GTO (glutathione), and CdSSe-Lys (lysine). The dry weight was calculated by adding
1.00 mL of each QDs in a previously weight vial (in triplicates) and dried in the oven for 24 h.
Then, the vials were placed in a desiccator for 15 min and weighed to obtain the QDs con-
centration (mg/L).

2.3. Characterization of QDs

The QDs were optically characterized using a UV-VIS 1800 spectrophotometer (Shi-
madzu, Columbia, MD, USA) and a spectrofluorometer RF 6000 (Shimadzu, Columbia,
MD, USA). The ligands (functional groups) on the CdSSe QDs surface were analyzed with
an FT-IR Cary 630 (Agilent Technologies, Santa Clara, CA, USA). The structural characteri-
zation was evaluated using high-resolution transmission electron microscopy (HRTEM) on
a JEM-ARM200CF (JEOL, Tokyo, Japan).

2.4. HEP-G2 Cells Culture

The human liver cancer line (HEP-G2) was grown according to the supplier’s protocol.
The cells were cultured in Eagle’s Minimum Essential Medium (EMEM), supplemented
with 10% fetal bovine serum and gentamicin, and incubated in a 5% of CO;, and 95%
humidity environment at 37 °C in a Forma Steri-Cycle CO; Incubator (Thermo Scientific,
Waltham, MA, USA).

2.5. Cell Viability

The CellTiter-Glo® (Promega, Madison, WI, USA) Luminescent Cell Viability Assay is a
homogeneous method to determine the number of viable cells in culture. The homogeneous
assay procedure involves adding a single reagent (CellTiter-Glo® Reagent, G7571 Promega,
Madison, WI, USA) directly to cells cultured in 96-multiwell plates. After cell lysis, the
luminescent signal is proportional to the amount of ATP present and the number of viable
cells in the media.

The viability of the HEP-G2 cells exposed to CdSSe QDs with different concentrations
and ligands was evaluated using the described kit. 96-well plates were seeded with 100 uL
media at 10* cells and incubated for 24 h to allow the attaching of the cells. Media with the
specific concentration (0.001 to 10 mg/L) of each QDs with different covers was added to
each well (all experiments were done five to six times). After 24 h, 100 pL of the CellTiter-
Glo® Reagent was added to each well, and the contents were mixed for 2 min on an
orbital shaker to induce cell lysis. The plate was incubated at room temperature for 10 min
to stabilize the luminescent signal. The luminescence was recorded using a Fluoroskan
Ascent FL (Thermo Scientific, Waltham, MA, USA). Cd*? (ions solution) was used for
comparative purposes.

Additionally, a RealTime-Glo™ (Promega, Madison, WI, USA) Annexin V Apoptosis
and Necrosis kit (JA1012 Promega) was used to monitor the apoptosis (phosphatidylserine
on the outer layer of the cell) and the necrosis processes (release of the DNA to media). In
96-well plates, HEP-G2 cells (10 cells/mL), CdSSe QDs (2.5 mg/L), and Cd*? (2.5 mg/L)
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were mixed with the detection reagent and incubated for 72 h. Luminescence signals
(apoptosis) and fluorescence (necrosis, 485 nm of excitation, and 525-530 nm of emission)
were monitored.

2.6. Activity of Cytochrome P450 Isoenzymes

The CYP1A1 (Luciferin -CEE, V8752, Promega, Madison, WI, USA), CYP1A2 (Luciferin-
1A2, V8422), and CYP3A4 (Luciferin-PFBE, V8902) enzyme kits gave good luminescence
signals with the HEPG2 cells, and they were selected to ensure reliable results. 96-well
plates were seeded with 100 uL of media with 10° HEP-G2 cells, and the plates were incu-
bated for 24 h. Media with 5.0 mg/L of CdSSe-Cys, CdSSe GA, CdSSe-GTO, CdSSe-GLT,
CdSSe-Lys, and CdSSe QDs (TGA) were added to each well (all experiments were done
five to six times) and incubated 24 h. The same procedure was repeated for additional 24 h
to allow the production or inhibition of the specific isoenzymes. The same procedure was
done using omeprazole and rifampicin as inductors. I was performed to evaluate if the
QDs generate interferences in the induction process.

After 48 h, the media was exchanged with fresh media or buffer (based on the isoen-
zyme) containing the CYP substrates: Luciferin-CEE (1A1 isoenzyme), luciferin-1A2 (1A2
isoenzyme), and luciferin-PFBE (CYP 3A4 isoenzyme). After two to six hours (based on
the isoenzyme), the luciferin detection reagent was added. Then, the luminescence was
recorded using a Fluoroskan Ascent FL (Thermo Scientific, Waltham, MA, USA).

2.7. Statistical Analysis

A One-Way ANOVA in an IBM SPSS statistical program was used to determine any
statistically significant differences among the interest groups with a significance level of
0.95%. In addition, the one-way ANOVA was used to determine differences in the viability
assays among cells and cells exposed to unfunctionalized and functionalized QDs. Also, it
was used to determine differences in the response of CYP isoenzymes among the cells and
cells exposed to different QDs concentrations with and without inductors.

3. Results
3.1. Characterization of Functionalized and Non-Functionalized CdSSe QDs

The optical characterization by absorption and emission spectroscopy is essential for
the applications of these nanomaterials. The absorption spectrum can give the position of
the exciton. The exciton is due to the electronic transition from the valence band’s upper
level to the conduction band’s lower level [16,17]. There was a typical absorption peak for
all QDs at ~520 nm (Figure 1, inserted). This absorption ensures that these nanomaterials
can absorb photons at visible wavelengths. The original CdSSe QDs with TGA ligand
has a second absorption peak at 216 nm (Figure 1). The same peak was red-shifted at
260, 236, 276, and 230 nm for the CdSSe-Cys, CdSSe-GA, CdSSe-GLT, and CdSSe-Lys QDs,
respectively. The peak was not observed for CdSSe-GTO because the electronic transitions
of the 7t and n electrons of the functional ligand groups generate absorption bands in the
same UV region. Glutathione is the largest ligand, almost three times the other ligands.
As we discuss below in the IR characterization, the TGA should be linked to the CdSSe
core through the carboxylic and thiol groups, probably due to the small size of the ligand.
The cysteine also has the same groups of TGA, and it can be linked to the QDs for the
carboxylic and thiol group (small ligands). Glutaraldehyde is a small ligand and can be
linked to the CdSSe core by the two aldehyde groups. These two ligands have the largest
red shift compared to TGA. Lysine and glutamic acid are the largest amino acids, and the IR
suggested that only a carboxylic group links them to the CdSSe core generating the smallest
red shift. The results suggest a reordering in the CdSSe surface after ligand exchange, and
the exciton is slightly affected by the ligand size [10,12,13].
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Figure 1. UV-VIS absorption spectra of functionalized and non-functionalized CdSSe QDs.

The CdSSe QDs synthesized by microwave irradiation at 150 °C have an emission
spectrum with a principal fluorescence peak centered at 540 nm and a significant crystal
defect between 650 and 850 nm (Figure 2). The emission peak indicates energy released
during the electron recombination in the conduction band and the hole in the valence
band [16]. In our lab, we produce CdSSe QDs with defects that show more photodegrada-
tion capacity related to reactive oxygen species production. For that reason, QDs with a
significant defect were selected. Comparing the emission wavelengths of the functionalized
and non-functionalized CdSSe QDs, there were no drastic changes in the principal emission
peak at 540 nm. The main difference after functionalization is in the crystal defect; the
decrease in the intensity (ratio between 540 and 750 peaks) suggests changes on the crystal
surface [18]. Apparently, during the removal of the TGA, there was a reorder of the unit
cells, and then the new ligands were attached. There is a relation between the absorption
and emission spectrum. The largest ligands (aspartic acid and lysine) produce the smallest
red shift and the smallest reduction in the defects on the CdSSe. The cysteine that generates
the largest red shift produces the most considerable reduction of the defects. The change in
the pattern of glutaraldehyde can be due to its reactivity producing the highest reorder on
the CdSSe surface [19].
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Figure 2. Fluorescence spectra of functionalized and non-functionalized CdSSe QDs. The excitation
wavelength was 380 nm.



Micro 2023, 3

396

The changes on the surface suggested by the UV-Vis and fluorescence spectrum did
not modify the crystal sizes Figure 3. HR-TEM confirms the nanometric size of the CdSSe
QDs with and without functionalization. Energy-dispersive X-ray spectroscopy of CdSSe
QDs functionalized, and non-functionalized confirms the composition of Cd, S, and Se.

() : | B 7 o ()

Figure 3. HR-TEM images of the (a) CdSSe, (b) CdSSe-GTO and (c) CdSSe GLT QDs.

Figure 4 shows the infrared spectra for the CdSSe QDs and the functionalized QDs.
Each figure (a to f) show the pure ligand (blue lines) spectrum and the ligand on the
surface of the CdSSe QDs (orange lines). Figure 4a shows the thioglycolic acid with three
bands: the S-H (thiol) at ~2640 cm ™!, the C=O (carbonyl) at ~1650 cm~!, and C-O at
~1550 cm~!. The missing of the thiol band, the shift (to the right) of the carbonyl, and the
intensifying of the C-O band indicate that TGA is linked to the CdSSe surface by the thiol
and the carboxylic group. Figure 4b shows four bands of the cysteine: the NH, (amine)
at ~2850 cm 1, S-H (thiol) at ~2640 cm 1, the C=O (carbonyl) at ~1700 cm !, and the C-O
at 1500 cm~!. The missing of the thiol, the carbonyl shift, and the intensifying of the C-O
indicate the same link to the CdSSe QDs like TGA. Figure 4c shows three bands for the
glutamic acid: the NH, (amine) at ~2950 cm ™!, the C=0 (carbonyl) at ~1650 cm~ !, and the
C-O at 1500 cm 1. The carbonyl shift and the intensifying of the C-O indicate a link to the
CdSSe through the carboxylic acids. The presence of a weak band at ~2950 cm ™! of the NH,
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Thioglycolic acid

in the functionalized QDs confirms the ligand exchange. Figure 4d shows the bands for
the principal groups of glutathione. The spectrum of glutathione on the CdSSe QDs shows
that bands of the amines (~2950 cm 1) did not change, the band of the thiol (~2300 cm 1)
is missing, and there are shifts and increase in the intensities of the bands C=0 and C-O
(1500-1250 cm~!) indicating the same link pattern. For glutaraldehyde (Figure 4e), the
OH band (~3150 cm™!) is characteristic of this compound in aqueous samples. The two
bands of the C-O at ~1650 shift and increase, showing the link through the carbonyl groups.
Figure 4f shows three bands for lysine: the amines at ~2900 cm~ ! the carbonyl, and C-O
between 1400 and 1550 cm~!. The shift of the C=0 and C-O bands indicates the link
through the carboxylic, and the presence of the amines confirms the ligand exchange.
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Figure 4. FT-IR spectra of the functionalized and non-functionalized CdSSe QDs. Blue spectra are
the pure ligands. Orange spectra are the ligands on the QDs surface. Y-axis has been removed
for comparison purposes. The changes in the spectra (compared to TGA) and the presence of the
characteristic bands for each pure ligand on the surface of QDs confirmed the ligand exchange
(functionalization).
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3.2. Microscopic Analysis of the HEP-G2 Cells

Figure 5 shows the HEP-G2 cells after 4 h of exposure to non-functionalized CdSSe
QDs. Figure 5a shows a slight fluorescence that is increased with the intensity of the
excitation wavelength and in the dark (Figure 5b) (BX43 microscope with fluorescence,
Olympus, Tokyo, Japan). The HEPG2 cells fixed in a coverslip (with no treatment) generated
that the cells were not completely adherent and had their characteristic form. The intensity
and blur of the fluorescence suggest that the QDs are on the surface and inside of the cells.
The same patterns were observed for the QDs with the interchanged ligands.

(a) (b)

Figure 5. Fluorescence microscopic images of HEP-G2 cells exposed to 10 mg/L of CdSSe QDs
covered with TGA (40x). (a) low light and (b) dark. Excitation wavelength 365 nm (50 nm) and
emission above 450 nm.

3.3. HEPG2 Cell Viability

The viability of the HEPG2 cells exposed to functionalized and non-functionalized
CdSSe and a Cd*? solution is shown in Figure 6. CdSSe-Cys, CdSSe-GA, CdSSe-GLT, and
CdSSe-Lys QDs do not affect viability during the first 24 h. CdSSe-GTO QDs have almost
the same toxicity as the original CdSSe QDs covered with TGA. The loss of viability is
based on the QDs concentrations. High concentrations cause a high loss in viability [20].
Cd*? is the most cytotoxic compound; there is a decrease in viability at concentrations of
~1 mg/L. After 24 h of exposure, it is expected that the CdSSe QDs functionalized and
non-functionalized start to degrade, and the release of the cadmium ions should increase
their toxicity. Changes in the pH due to the pH in different compartments are responsible
for the long-term toxicity of nanomaterials [5,21,22]. Glutathione is a tripeptide composed
of three amino acids (cysteine, glutamic acid, and glycine) and is the most abundant thiol
compound in the cytoplasm [23]. Glutathione is an antioxidant, a detoxifying agent, and
a free radical scavenger. As a typical compound inside the cells, the CdSSe-GTO can be
translocated more easily inside cells, increasing their toxicity.

Figure 7 shows that apoptosis and necrosis processes are responsible for the CdSSe
QDs (TGA) and cadmium toxicity. The gap between the apoptosis and necrosis process
for CdSSe QDs is 8 h. Also, these results confirm a negligible effect on viability in the
first 24 h, and the necrosis process starts around 32 h. In contrast, the apoptosis effect
of the Cd*? starts at ~10 h, and there is a 22 h gap until the necrosis process starts [4,24].
These results confirm the decrease of the viable cells at 24 h (Figure 6). The plots for blank
cells confirm that there are other processes different from apoptosis or necrosis in their
death (information by the manufacturer). Apoptosis of cells has been observed for other
nanoparticles [25].
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Figure 7. Luminescence (apoptosis) and fluorescence (necrosis) of HEPG2 cells exposed to CdSSe
QDs (TGA ligand) and Cd*2 (2.0 mg/L). Fluorescence was recorded using 485 nm of excitation and
525-530 nm of emission.

3.4. Response of the CYP-450 Isoenzymes

The activity of the CYP1A1 of HEPG2 cells (Figure 8) was measured with and without
an inductor (Omeprazole) in the presence of the functionalized and non-functionalized CdSSe
QDs. The response of the isoenzyme without inductor in the presence of CdsSe (TGA), CdSSe-
Cys, CdSSe-GA, CdSSe-GTO, CdSSe-GLT, and CdSSe-Lys QDs shows no statistical differences
(Figure 8). In the presence of the inductor, there was six times increase in the activity for
all CdSSe QDs, suggesting a good response by the HEP-G2 cells. The CdSSe QDs covered
with cysteine, glutathione, and lysine do not change the enzymatic activity. These ligands are
natural compounds inside cells and should not be recognized as xenobiotics.
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Figure 8. Response of the CYP 1A1 (luciferin-CEE substrate) isoenzymes of HEPG2 cells exposure to
functionalized and non-functionalized CdSSe QDs.

On the other hand, CdSSe QDs covered with thioglycolic acid and glutaraldehyde
decrease the activity of the CYP 1Al, indicating they are recognized as xenobiotics and
interfere with the activity of the isoenzyme. Glutamic acid is one of the ligands attached to
the CdSSe core by one carboxylic group exposing the other carboxylic residue. The CdSSe
core surrounded by carboxylic interferes with the activity of this isoenzyme. The ligands
that generate modifications in the CYP 1Al response have been reported to be carcinogenic
xenobiotics [26].

A similar pattern was observed for the CYP 1A2 isoenzyme (Figure 9). There were
no differences among all CdSSe QDs. In this case, all cell ligands (cysteine, glutamic acid,
glutathione, and lysine) do not interfere with the enzymatic activity. However, CdSSe is
covered with thioglycolic acid, and glutaraldehyde decreases the enzyme’s activity. Some
authors suggest that the activity of these complex enzymatic changes with the organic
residues on the surface of nanoparticles [9].

Although the manufacturer proposes rifampicin as an inductor for the CYP 3A4
isoenzyme, there were no changes in the activity with the inductor for any CdSSe QDs and
blank cells (Figure 10). All CdSSe QDs, functionalized and non-functionalized, interfere
with the activity of this isoenzyme (without an inductor). The induction or inhibition is
commonly related to the production of the enzyme by feedback signals [27,28]. Or, the
compounds can act as competitive inhibitors for the active sites on the enzymes [28]. But,
QD:s can interfere directly with enzymatic activity. In the QDs, the electron/hole pair can
produce ROS or interfere with the movement of electrons during the enzyme activity. The
electron can be donated, or the hole can take an electron during the redox activity of the
enzymes. In both cases, the flux of electrons is disturbed, decreasing the capacity of the
isoenzyme to degrade the luciferin-PFTBE substrate.
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Figure 9. Response of the CYP 1A2 (luciferin-1A2 substrate) isoenzymes of HEPG2 cells exposure to
functionalized and non-functionalized CdSSe QDs.
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Figure 10. Response of the CYP 3A4 (luciferin-PFTBE substrate) isoenzymes of HEPG2 cells exposure
to functionalized and non-functionalized CdSSe QDs.

4. Conclusions

Although the composition and crystal size are the principal parameters to change
the optical and structural properties of the QDs, the ligands on the surface are the key
for practical uses for many industrial and medical applications. Therefore, it is crucial
for medical applications and environmental concerns to understand how these ligands
influence the toxicity and response of detoxifying systems such as the cytochrome P450.

The FT-IR analysis confirmed that the thioglycolic residues on the original CdSSe
QDs were interchanged by cysteine, glutamic acid, glutathione, glutaraldehyde, and lysine.
And their interaction with HEPG2 cells was confirmed by fluorescence microscopy. The
apoptosis followed by necrosis is responsible for the observed cytotoxicity. CdSSe-TGA
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and CdSSe-GLT affected all three isoenzymes. And all CdSSe QDs with different ligands
affected the activity of the CYP3A4. Although competitive inhibition is an option, the
interference of the electron/hole pair (on the surface of the CdSSe QDs) in the electron flux
for the redox reaction of the CYP system is possible.
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