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ABSTRACT: Plasmonic nanoparticles (NPs) have been exten-
sively investigated as active materials for application in the
optoelectronics, photocatalysis, and electrochemistry fields. In
particular, doped metal oxides have attracted significant interest
because of their optical and electrical properties. In this study, we
investigated the influence of aluminum, gallium, and indium on the
doping process of zinc oxide (ZnO) NPs. Physicochemical
characterization revealed that, upon doping, ZnO NPs exhibited
enhanced optoelectronic properties, including absorption in the
near-infrared region. Lattice defects, such as vacancies and
interstitials in the ZnO NPs crystal lattice, were also introduced
by doping, changing the optical properties, and generating
emission in the green-yellow, blue-violet, and orange-red band

regions. We also investigated the ability of the ZnO NPs to induce cell death in human tumor cell lines and in a healthy cell line in

vitro.
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Bl INTRODUCTION

The unique electronic properties of the plasmonic nano-
particles (NPs), including the surface plasmon resonance, have
attracted attention in areas including optoelectronics, photo-
catalysis, and electrochemistry.”” Doped metal oxides, in
particular, have attracted attention because of their optical and
electrical properties.”* Among the oxide materials, zinc oxide
(ZnO) is one of the most effective NPs for photovoltaics,
catalysis, and sensing applications.”’

The collective in-phase oscillation of electrons in NPs
induces a dipole between the negative electron cloud and a
positive core of the metal stimulated by incident light, an effect
known as surface plasmon resonance (SPR).”” The SPR in
noble-metal NPs such as gold and silver nanoparticles (AuNPs
and AgNPs) can be tuned by controlling their size and shape.®
On the other hand, when it comes to ZnO, the SPR effect is
influenced by the type of replacement metal, as well as the
concentrations and synthetic routes employed. Aneesiya and
Louis synthesized copper (Cu)-doped ZnO nanostructures via
the coprecipitation method and obtained NPs with plasmonic
bands between 500 and 800 nm depending on the molar
concentration of Cu.’ Vallejo et al, on the other hand,
synthesized Cu- and cobalt (Co)-doped ZnO NPs for
application in the degradation of methylene blue. The
synthesis was performed by the sol—gel method, resulting in
better dispersed NPs with a plasmonic band at 650 nm."
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Sutka et al. reported the solvothermal synthesis of ZnO doped
with Co and Ga, resulting in a magnetic NP with a plasmonic
band in the IR region.'' In this sense, the doping procedure is
the most important parameter to be controlled for the creation
of metallic conductivity in semiconductors.'” Plasmonic
semiconductor ZnO NPs may be obtained by the substitution
of zinc (Zn) or oxygen (O) atoms in a process known as n-
type (extra electrons) or p-type (extra holes) doping. n-type
doping is most commonly used in plasmonic semiconductors,
which represents the addition of one more valence electrons to
the host crystal lattice, capable of tuning the optoelectronic
properties of the semiconductor.’> For ZnO NPs, n-type
doping is usually achieved using aluminum (Al), gallium (Ga),
or indium (In), providing electrical conductivity and SPR
bands in the IR spectrum, remaining transparent in the visible
region.“’s’14

Fluorescent ZnO quantum dots (QDs) have been used in
the diagnostics of cancer cells upon imaging fluorescence using
a continuous-wave laser."> In vivo studies have shown an
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Figure 1. Schematic representation of the sol—gel synthesis of ZnO QDs.

excellent ability of the ZnO QDs to deliver doxorubicin and S-
fluorouracil in the tumor microenvironment of neoplasms.'*"'°
In fact, ZnO nanocarriers increase the chemotherapeutics
efficiency and cell death in cervical, breast, and lung cancer,
with low cytotoxic effects in healthy cells.'*™"*

In this paper, we report a new two-stage synthetic route for
the fabrication of high-quality plasmonic-doped ZnO NPs. In
the first stage, the growth of ZnO QDs was controlled by time
and temperature in the sol—gel synthesis, thus avoiding the
formation of fractal aggregates in high temperatures and,
consequently, the quenching of luminescence. In the second
stage, ZnO QDs were treated at high temperature and pressure
(solvothermal treatment), replacing the Zn** ions by the
dopant atoms in the host crystal lattice, which changes their
size and morphology and, consequently, their optoelectronic
properties, resulting in plasmonic-doped ZnO NPs."” Finally,
we investigate the cell viability of colorectal carcinoma cells
(HTC-116) and healthy hepatic cells (HEPA-RG) to
determine the appropriate concentration of ZnO NPs for
future drug-delivery studies. Our results show that pure ZnO
NPs and high concentrations of ZnO NPs doped with Al and
Ga (80—100 ug/mL) impaired the proliferation of colon
cancer cells during the period of 24 h without effects in healthy
hepatic cells.

B EXPERIMENTAL SECTION

ZnO NP Synthesis and Characterization. Initially, the zinc
oxyacetate precursor was prepared using a well-established method
proposed by Spanhel and Anderson.”® The Zn,o(Ac)s tetrameric
precursor (herein referred to as the ZnAc precursor) was first
prepared from an ethanolic dispersion (Synth, Brazil) by refluxing the
solution containing 0.05S M ZnAc,2H,0 (Sigma-Aldrich, Brazil) for 2
h at 80 °C. In the following, the precursor was cooled to room
temperature and stored at —10 °C. The doped ZnO QDs were
synthesized in an ethanolic medium by the sol—gel method. First, the
ZnAc precursor was added to the Al. The Ga and In [AI(NO;)y
9H,0, Ga(NO,);xH,0, and In(NO;);-«H,0, all purchased from
Sigma-Aldrich, Brazil] dopants and hydrolysis and condensation
reactions occurred under basic catalysis (LiIOH-H,0O, 98%, Vetec,

Brazil) at 0.5 M, which was added under magnetic stirring at 40 °C
and for 40 min. The concentrations of the dopants ranged from 2.5 to
20% compared to Zn®*.

The solvothermal treatment of doped NPs was performed using a
modified methodology proposed by Cimitan et al.*' The synthetic
route employed here was carried out by synthesizing the doped QDs,
which were then inserted into a reaction autoclave in which the
temperature and time were varied. Briefly, 100 mL of the QDs
suspension was transferred into a Teflon-lined stainless-steel
autoclave. The autoclave was sealed, and the treatment conditions
were varied in terms of the temperature (150—200 °C) and time (8—
18 h). The powders obtained after the solvothermal treatment were
centrifuged, washed with distilled water and ethanol several times, and
finally dried in a vacuum at 60 °C for 4 h.

Absorption spectra of the ZnO QDs suspensions in ethanol were
measured using a UV—vis spectrophotometer (Hitachi U-2900).
Diffuse-reflectance (DR-UV—vis) UV—vis spectra were recorded on a
PerkinElmer Lambda 900 with a spectrometer equipped with a diffuse
reflectance sphere. X-ray diffraction (XRD) patterns were obtained
using a Bruker D8 Advanced diffractometer with Cu Ka radiation (4
= 1.54062 A). High-resolution transmission electron microscopy
(HR-TEM) images were collected in a JEM 2100 JEOL microscope
operating at 200 kV. Scanning electron microscopy (SEM) was
performed using an Zeiss SEM microscope equipped with a field
emission gun (SEM-FEG). Fourier transform infrared (FTIR)
spectroscopy was performed in a Nicolet 6700/GRAMS Suite
equipment at 4000—400 cm™'. {-potential measurements were
performed at 25 °C with ZnO NPs dispersed in aqueous solution
using a Malvern Zetasizer Nano-ZS equipment, which uses a 4 mW
He—Ne laser operating at 633 nm at an angle of detection of 173°.
For {-potential analyses, the suspensions at 10 pg mL™' of each
material were prepared in deionized water and the culture medium
Dulbecco’s modified Eagle medium (DMEM) and measured
immediately after 15 min of sonication. Photoluminescence (PL)
spectra were measured in a Jobin Yvon Fluorolog spectrofluorimeter,
under excitation from a xenon lamp. IR spectra of KBr pellets (1 mg
sample to 80 mg KBr) were collected using a Nicolet 6700/ GRAMS
Suite spectrometer, with a resolution of 3 cm™" and 128 scans. X-ray
photoelectron spectroscopy (XPS) measurements were performed on
an ESCA+ SCIENTA OMICRON spectrometer using monochro-
matic Al Ko (1486.6 eV) radiation. The high-resolution XPS spectra
were recorded at a constant pass energy of 20 eV with 0.05 €V step™".
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Table 1. Average Particle Size of ZnO QDs (2r) Calculated from Equation 1

excitonic peak

excitonic peak

excitonic peak

(nm) size (nm) (nm) size (nm) (nm) size (nm)
ZnO:Al 2.5% 3.65 2.98 + 0.12 Zn0:Ga 2.5% 3.69 347 + 0.10 ZnO:In 2.5% 3.66 3.00 + 0.07
ZnO:Al 5% 3.63 2.83 + 0.09 Zn0:Ga 5% 3.69 347 + 0.15 ZnO:In 5% 3.63 2.82 + 0.13
ZnO:Al 10% 3.61 2.68 + 023 Zn0:Ga 10% 3.66 3.00 + 0.22 ZnO:In 10% 3.60 2.62 + 0.26
ZnO:Al 20% 3.61 2.68 + 0.18 Zn0O:Ga 20% 3.66 3.00 + 0.31 ZnO:In 20% 3.58 2.51 £ 0.37
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Figure 2. Optical absorption spectra (DR-UV—vis—NIR) of (a) doped ZnO NPs with 5% AI’** treated at different temperatures for 8 h, (b) doped
ZnO NPs with 5% AI®* treated at different times (8, 15, and 18 h)/180 °C, and (c) doped ZnO NPs with 2.5, 5, 10, and 20% [A**]/[Zn?*] at 180

°C/8 h.

A charge neutralizer (CN10) was used to exclude the surface charging
effects. The binding energy of the spectra was corrected using the C
1s hydrocarbon component of the fixed value of 284.8 eV. The XPS
data were analyzed using CasaXPS software (Casa Software Ltd.,
UK).

Cell Culture. HTC-116 and HEPA-RG were cultured in the
complete medium [DMEM supplemented with 10% fetal bovine
serum (FBS), 1% sodium pyruvate, 1% nonessential amino acids, 1%
antibiotic and antimycotic (Life Technologies), and 4-(2-hydrox-
yethyl)-1-piperazineethanesulfonic acid (Sigma)] at 37 °C under a
tension of 5% CO,. Cells were detached from the plate surface using
0.05% trypsin—ethylenediaminetetraacetic acid (Gibco) for the
following assays.

Cytotoxicity Analyses. Interaction of the NPs with the cells was
analyzed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) colorimetric assays.”> The MTT salt reduces to
formazan crystals in mitochondrial metabolism, reflecting the activity
of living cells as an indicator of the viability. The treatment was
performed by adding the particles in a culture medium (1 X 10* cells
well™"), using a flat-bottom plate of 96 wells for 6 and 24 h. ZnO NPs
(a), ZnO NPs doped with gallium (ZnO:Ga 5%) (b), ZnO NPs with
aluminum (ZnO:Al 5%) (c), and ZnO NPs with indium (ZnO:In
5%) (d) were used as controls. As a positive control (maximal lysis),
cells were exposed to dimethyl sulfoxide (DMSO). Cells were
incubated in a solution of MTT for 3 h at 37 °C in 5% CO,. The
supernatant was then removed and the formazan crystals were
solubilized with DMSO for further reading at 580 nm.

Bl RESULTS AND DISCUSSION

The ZnO NPs synthesis via the sol—gel method starts with
ZnO QDs nucleation and growth at the expense of zinc
oxyacetate consumption by LiOH, forming small oligomers. In
the following, aggregation of the oligomers leads to crystalline
quartzite primary colloidal particles (Figure 1).*> According to
Caetano et al,,”* primary particles aggregate and form a third
type of colloidal particle with a multimodal size distribution of
approximately 2 nm, which increases in size with time by a
predominant aggregation mechanism. According to Zukoski
and Bogush,” colloidal NPs are usually stabilized by steric/
electrostatic repulsions, which prevents nucleation of the
primary NPs. However, there are some kinetic parameters,
including high temperatures, that directly influence the
nucleation kinetics and can deplete the optoelectronic
properties because of fast formation of the fractal aggregates.

The particle size and optical properties of doped ZnO QDs
were investigated by UV—vis spectroscopy. The absorbance
spectrum is capable of showing %uantum confinement of the
excitons in semiconductor NPs.”” The method suggested by
Nedelijkovi¢ et al.>’” uses the intersection of peaks with the
wavelength axis to determine the cutoff wavelength. ZnO QDs
colloidal suspensions show a well-defined excitonic peak near
365 nm, typical for ZnO QDs. The wavelength limit (4.) is
related to the energy of the band gap (E, = h./4.). By using the
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Figure 3. Optical absorption spectra (DR-UV—vis—NIR) of doped ZnO NPs with (a) 2.5% Al*, Ga*, and In?, (b) 5% AI**, Ga**, and In*, (c)
10% AP*, Ga*, and In’*, and (d) 20% AI**, Ga*, and In*" treated for 8 h at 180 °C.

model proposed by Brus et al,”® it was possible to estimate the
average size of the NPs. The model is based on confinement of
the first excited electronic state, which can be approximated by

eq 1:
o[ 1 1
7 +
2er“\ mF¥my  my*mg

0.124¢3 1 1
- = > + — -1
h*(4nee,) my, "My (1)

where E; = 3.4 eV is the particle energy gap (bulk), h is the
Plank constant; r is the particle radius, e is the electron charge,
& is the vacuum permittivity, the relative permittivity € = 3.7,
m, is the free electron mass, the effective electron mass m* =
0.24, and the effective hole mass m,* = 0.45. The average
particle size (2r) calculated from eq 1 is shown in Table 1.

Subsequently, the colloidal ZnO QDs suspension was
transferred to a 100 mL Teflon-lined stainless-steel autoclave
for solvothermal treatment. The solvothermal treatment
conditions were varied according to the temperature (150—
200 °C) and time (8—18 h). The precipitates were centrifuged,
washed with ethanol, and dried at 60 °C. The influence of the
temperature and time on the treatment of ZnO QDs was
investigated using AI’* ions. AI*" is the best dopant element
because of its small ionic radius and low cost. The substitution
of Zn>* ions with AP** in the crystal lattice is capable of
increasing the electrical conductivity because of the increase of
charge carriers into the NPs.””*°

According to Chen et al.,*! parameters such as the
temperature and time are capable of affecting the incorporation
of the dopant in the lattice. The doping process is divided into
four steps, namely, surface adsorption, lattice incorporation,
lattice diffusion, and lattice ejection. However, it is energeti-
cally favorable that dopants be adsorbed only on the host

1.8¢

4meeyr

__ pbulk
Eg = Eg +

k
m,"my

surface instead of being incorporated into the semiconductor
matrix.”” In this latter case, control of the temperature is
required for the dopants to be incorporated into the crystalline
matrix of NPs.

The plasmonic properties of doped ZnO NPs with 5% AI**
treated at different temperatures for 8 h were assessed by DR-
UV—vis—NIR spectroscopy and are shown in Figure 2a
(because of experimental limitations, the spectra had been
collected in the range from 300 to 1300 nm, which is typically
employed for these nanomaterials). Typical UV-absorption
bands of ZnO NPs at about 310—350 nm can be seen for all
samples. The spectra showed the plasmonic band by the
influence of AI** ions, which can be clearly seen through strong
absorption in the near-infrared (NIR) range (900 nm < 4 <
1500 nm). It is possible to observe that an increase in the
temperature (above 160 °C) leads to an appreciable increase in
the NIR range.

Figure 2b shows the DR-UV—vis—NIR spectra of doped
ZnO NPs with 5% AI** treated at different times (8, 15, and 18
h) at 180 °C. The samples presented no significant difference
in terms of absorption; thus, 8 h of treatment was chosen for
the next experiments. The spectra displayed the same typical
UV-absorption bands of ZnO NPs at about 310—350 nm and
absorption in the NIR range at 900 nm < A < 1500 nm. Figure
2¢ shows the doped ZnO NPs with 2.5, S, 10, and 20% [AI**]/
[Zn**] at 180 °C/8 h. QDs containing 5% and 10% AI**
showed the highest absorption in the NIR for 4 > 900 nm. It is
expected that the plasmonic band intensity of the NPs
increases with the concentration and temperature. However,
we observed a decrease in the band intensity above 160 °C,
and with 20% [AI**]/[Zn?*], there was also a decrease in the
plasmonic band intensity. Melnikov et al. reported that the
thermal stability of the AI(NO;);-H,O salt decreases above
160 °C, forming oxides and decreasing the doping.g’3 In
addition, Della Gaspera et al. noted that the increased
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concentration of the dopants provides a loss of crystallinity,
decreasing the absorption intensity."

To investigate the optoelectronic properties of ZnO NPs
containing the dopants, different concentrations of AI** with
other cations (Ga*" and In**) were compared (all treated at 8
h/180 °C). Figure 3a shows the DR-UV—vis—NIR spectra of
doped ZnO NPs with 2.5% AI**, Ga’*, and In**. The spectra
show the typical UV-absorption bands of ZnO NPs at about
310—350 nm and absorption in the NIR range from 900 to
1500 nm, which was more intense for the sample containing
AP**, Figure 3b shows the DR-UV—vis—NIR spectra of doped
ZnO NPs (5% of dopants), which presented practically the
same absorption intensity in the NIR range (between 900 and
1500 nm) for the samples containing AI** and In** and a lower
absorption intensity for Ga®*. Figure 3¢ shows the DR-UV—
vis—NIR spectra of doped ZnO NPs doped with 10% Al**,
Ga*, and In*". The sample containing AI*" exhibited the
highest absorption intensity in the NIR range. The DR-UV—
vis—NIR spectra of doped ZnO NPs with 20% dopants (Figure
3d) show practically the same intensity in the NIR range for all
of the samples and a typical UV-absorption band between 310
and 350 nm.

In contrast to the results obtained by Della Gaspera et al.,*
in which the intensity of the plasmon band and the doping
efficiency were higher for In > Ga > Al, our results
demonstrated that the absorption in the NIR region (900—
1500 nm) was higher for Al > In > Ga. An efficiency doping is
related to the ionic radii of the trivalent cations [0.8 A (In),
0.62 A (Ga), and 0.535 A (Al)] with an ionic radius of Zn* of
0.74. The similarity between the dopants and host cation size,
in the case of Zn?*, favors substitution in the lattice, promoting
more efficient doping compared to the other cations. However,
the highest absorption for doped ZnO NPs with AI**
(compared with In®*) may be related to the solvothermal
treatment of doped ZnO QDs, which may have increased the
replacement of AI’* ions in the crystalline lattice. After the
optimization studies, we decided to use 5% concentration of
the dopant metal, and a treatment temperature of 180 °C for 8
h, for all NPs.

Figure 4 shows the diffractograms of doped ZnO NPs at 5%
with the different metals and nondoped ZnO NPs. The XRD
peaks correspond to the diffraction planes from (100), (101),
(102), (110), (103), and (200) of the ZnO NPs lattice, which
is typical of the wurtzite phase.'” The XRD peaks of nondoped
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Figure 4. XRD patterns of ZnO NPs doped with 5% AI**, Ga**, and
In’* at 180 °C/8 h.

ZnO NPs showed a strong orientation at (002), indicating that
the growth pattern, in this case, is along the direction of the ¢
axis, which represents the formation of ZnO nanorods.** The
results are consistent with the TEM analyses. Both ZnO NPs
and ZnO:Al exhibited the most elongated diffraction plane
(002), thus presenting rod-shaped structures, which was less
evident in Al doping. We observed a small-intensity inversion
in the (110) and (103) planes, in which the (103) diffraction
plane presented higher-intensity peaks in the ZnO nanorods,
whereas for the doped nanorods, the peaks corresponding to
the diffraction from the (110) plane are more intense. These
small changes in the structural morphology can lead to ZnO
nanorods with different formats, as can be observed in the
TEM images. Also important to note is that the crystallinity
was maintained even after doping.*

The NP morphology was investigated by TEM analysis, and
the images are presented in Figure S. The NPs exhibited

(c) (d) §

Figure 5. TEM images of ZnO NPs doped with 5% AP** (a), Ga**
(b), and In** (c) and pure ZnO NPs (d) treated for 8 h at 180 °C.

different morphologies, such as spherical, angular, triangular,
and nanorod. It can be seen that the NPs doped with 5% Al
presented a mixed morphology with the predominance of
angular shapes (slightly elongated) and average sizes in the
range of 30 nm (as analyzed by the Image] software; Figure
5a).”> Doping with 5% In also produced NPs of mixed
morphology, with some triangular and hexagonal shapes and in
the range of 25 nm (Figure 5b), similar to nanostructures
reportd by Della Gaspera et al.* The doping with 5% Ga
resulted in the predominance of spherical NPs with sizes in the
2536nm range (Figure Sc), as was also reported by Ghiloufi et
al.

It was also observed that the solvothermal treatment of
nondoped NPs altered not only their crystalline properties but
also their morphology, changing from spherical to nanorods
(Figure Sd). This result corroborates the XRD data, which
presented a longitudinal growth pattern toward the ¢ axis. The
nanorods were ca. 60 nm in length, with a diameter of 15 nm.
Some papers have reported the formation of morphologically
different NPs based on changes in the synthesis parameters,
including the type of solvent and temperature, as well as in the
absence/presence of base.’”’® For example, Xu et al.
investigated the effect of the organic solvent on the properties
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of ZnO NPs produced via a solvothermal method. ZnO NPs
with different shapes including spheres, fibers, pyramids, and
rods were obtained. In our study, because the same reagents
and concentrations were employed in all syntheses, the
differences in the particles’ shape was probably driven by the
presence of different dopant elements. However, a direct
correlation between the differences in the NP shapes and their
doping is not straightforward. It has been reported, for
example, that noncrystalline regions may merge during the
synthesis, leading to different NP morphologies.”

Figure 6 shows the emission spectra (PL) of bulk doped
ZnO NPs (5% AP**, Ga*, or In**) and nondoped ZnO NPs,

ZnO:Al 5% Exc 375 nm
4.0x10° Zn0:in 5% 630 nm
Zn0:Ga 5%
3.5x10° = =———2Zn0 puro
3.0x10°
440 nm
£ 25x10° o 420mm
g -
1] 5
E 20x10
1.5x10°
1.0x10°
5.0x10°

Wavelength (nm)

Figure 6. PL spectra of ZnO NPs doped with 5% AP** (a), Ga** (b),
and In** (c) and pure ZnO NPs (d) treated for 8 h at 180 °C.

which were excited at 375 nm. It is important to observe that
the emission at 630 nm (orange region) was higher for the
ZnO:Ga sample. The emission at 420—440 nm (violet-blue
range) was higher for the sample doped with AI’*. The
uncommon optical properties of the semiconductors in
different wavelengths can be obtained by introducing defects
in the ZnO NPs crystal lattice, during the synthesis process.
According to Hou et al,*® in addition to intrinsic defects, the
addition of dopants in the lattice determines its electrical and
optical properties. The intrinsic defects can be vacancies or
interstitial defects in the ZnO NPs crystal structure. The band
emission in green-yellow is related to the oxygen vacancies
(Vo),""** the blue-violet emission is assigned to Zn interstitials
(Zn;) and Zn vacancies (V,),*”** and the orange-red emission
is related to the oxygen interstitials (O;) or charged Vq.*"*

{-potential measurements were performed in ZnO NPs
dispersed in water or a culture medium for evaluation of
protein—corona formation on the particles’ surface. In the
former, xanthan gum was used as a dispersion agent. The
average { potentials of doped ZnO NPs were estimated at
—40.5 + 0.8 mV (ZnO:Al 5%), —42.1 + 1.0 mV (Zn:Ga 5%),
—47.0 + 0.9 mV (ZnO:In 5%), and —45.9 + 0.9 mV (ZnO
nanorods). The average { potentials for the dispersion of NPs
in a culture medium with xanthan gum were —13.3 + 0.9 mV
(ZnO:Al 5%), —18 + 1.0 mV (Zn:Ga 5%), —16.1 + 0.9 mV
(ZnO:In 5%), and —13.5 + 0.8 mV (ZnO nanorods). The
strongly negative { potentials for all of the samples are related
to surface hydroxyl (OH) groups present on the NPs surface.
The decrease in the {-potential values for the samples
dispersed in the culture medium may be related to the
formation of a protein corona because serum proteins
dynamically associate with the particle surface.*

The synthesis of ZnO NPs by sol—gel is an interesting
method because of its simplicity, low cost, and repeatability.
However, the formation of acetates and other byproducts may
occugoduring the process, which can bind or adsorb to the
NPs.

Figure 7 shows the IR spectra (FTIR) of NPs doped or not
with 5% of the different metals. The presence of a broad

ZnO:Al 5%
s
s
@
(%)
=
g Zn0:Ga 5%
E
z
® Zn0
[

OH, 3500- 3400 -COO0,
1600 - 1400
L l L l v l Ld
4000 3000 2000 1000

Wavenumber (cm_1)

Figure 7. FTIR spectra of ZnO NPs doped with 5% Al**, Ga®*, and
In** and pure ZnO NPs treated for 8 h at 180 °C.

absorption band around 3400—3500 cm ™" is attributed to the
hydroxyl stretch (OH—) vibrations. In the range of 1400—
1600 cm™!, the bands are attributed to the symmetrical and
asymmetrical modes of the acetate group (COO—-)." "

XPS peak deconvolution of the doped ZnO NPs (Al, Ga,
and In) and pure ZnO nanorods is shown in Figures S1—S4.
The Zn 2p XPS peak (Figure S1IA—D) has split spin—orbit
components into 2p;,, (1044.4 ¢V) and 2py) (1021.3 eV) in
Zng; 40505 with an energy difference of 23 eV, indicating that
the Zn atom in all of the samples is in the form of Zn**. The O
Is binding energy was deconvoluted into three peaks at
approximately 530.3, 531.8, and 533.3 eV. The component at
530.3 eV corresponds to the O* ions inserted into the
wurtzite structure. The binding energy at 531.8 eV can be
attributed to O loosely adsorbed on the oxide surface and also
to O ions in the O-deficient regions within the ZnO NPs
matrix (Figure S2a—d).>" The ZnO nanorods and ZnO:Al and
ZnO:Ga samples, but not the ZnO:In sample, exhibited a peak
corresponding to the C=0 bond, which refers to the synthesis
of ZnO QDs, prepared by the refluxing of zinc acetate in
ethanol. The Al 2p XPS spectra (Figure S3a—d) showed a
single peak of the photoelectron at approximately 74 eV in
Zny; 5O366Algs, which corresponds to the AI’* charge state.
The binding energy of the Ga 2p levels was 117.7 and 1144.6
eV for Ga 2p;,, and Ga 2p, /, in Znys 5O, ,Ga, ;. According to
Ramana et al.,>” these binding energy values indicate that Ga is
in the Ga®* state. The XPS spectrum of In is also characterized
by the two peaks with binding energies at 444.4 and 452 eV in
Zny,;046Iny; that can be attributed to the state of In*
(Figure S4a—c).”® Therefore, XPS confirmed the results for
DR-UV—vis—NIR and TEM, showing that doping with the
respective metals occurred.

Some papers from the literature point to the cytotoxicity of
ZnO, ZnO:A], and ZnO:Mg NPs.>"*° In a review paper,
Pandurangan and Kim addressed the toxicity of ZnO against
several cell lines, such as BEAS-2b (bronchial epithelial cells
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Figure 8. Cytotoxicity analysis of ZnO NPs in colon cancer cells (HCT-116) by methyltetrazolium reduction (MTT). HCT (1 X 10° cells well™*)
was exposed to (a) pure ZnO NPs, (b) ZnO NPs doped with AI** (ZnO:Al 5%), (c) ZnO NPs doped with Ga** (ZnO:Ga 5%), and (d) ZnO NPs
doped with In*" (ZnO:In 5%) to verify their toxicity in different concentrations of NPs (5—100 ug mL™") and after 6 and 24 h of incubation.

from a normal human lung), A549 (epithelial cells from human
lung carcinoma), C2C12 (cell line from mouse muscle
myoblast), 3T3-L1 (mouse embryonic fibroblast cell line),
HaCaT (human keratinocytes), SK Mel-28 (human melano-
ma), RKO and Caco-2 (human colon carcinoma cell lines),
H1355 (human lung carcinoma cells), HepG2 (human
hepatocellular carcinoma cells), and LoVo (human colon
carcinoma cells). Khashan et al. also investigated the toxicity of
Al:ZnO using human triple-negative breast cancer (MDA-MB-
231). However, studies based on doping with other metals are
scarce.

We investigate the toxicity of ZnO NPs against HCT-116
and HEPA-RG because the literature reports a possible
accumulation of ZnO NPs in the digestive tract,”® in addition
to the evaluation of possible toxicity in the liver, because this
organ acts as a biological filtration system that retains 30—99%
of administering NPs from the bloodstream.”” In vitro tests
were performed using ZnO NPs concentrations between S and
100 ug mL™". Pure ZnO NPs had the highest toxicity in all
concentrations tested (5—100 pg mL™') compared to other
experimental groups, in which we observed a reduction in the
NP toxicity after the incorporation of metal elements, as shown
in Figure 8a. ZnO NPs doped with AI**, Ga*', and In** were
innocuous to tumor cells at concentrations below 60 ug mL™".
After 24 h of incubation, only high doses (60—100 pg mL™")
of doped NPs exhibited significant toxicity (Figure 8b—d).

Similar results were found by Wang et al.>® and Pandurangan
et al,” who examined the cell viability and phenotypic changes

after exposure with ZnO NPs in oral and cervical cancer cell
lines. Unlike our findings, a high cytotoxicity of low doses of
ZnO NPs (<30 pg/mL) after 24 h was observed. The
concentration of the NPs tested here did not interfere in the
cell viability, reinforcing our hypothesis that high doses of ZnO
NPs can be safely manipulated to achieve antitumor activity
because they present a lower risk for inducing tolerance.
Therefore, metal elements loaded into ZnO NPs structures
seem to inhibit activity and, in this case, reduce its cytotoxic
potential because MTT assays indicated higher toxicity for
pure samples. Murdock et al. reported that the presence of
serum in the culture medium favors the dispersion and stability
of oxide and metal NPs.” The authors also observed that the
presence of proteins on the NPs’ surface decreases the
adhesion of NPs to cells, suggesting surface modification and
decreasing the toxicity. In our studies, all NPs showed a
significant decrease in the { potential in the presence of a
culture medium and serum, indicating protein—corona
formation. The differences in the toxicological effects, in this
case, are intrinsically linked to the different chemical
compositions of the NPs,”" as well as the higher toxicity
occurring at higher concentrations, because of the surface
modification provided by the adsorbed proteins.*’

Moon et al.’" described the ZnO NPs ability to induce cell
death as a consequence of reactive oxygen species (ROS)
induced by Zn" ions. In cancer cells, ROS inhibited
antiapoptotic molecules, like inhibitors of apoptosis proteins
and hypoxia-inducible factor. However, ROS production
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Figure 9. Cytotoxicity analysis of ZnO NPs in HEPA-RG by methyltetrazolium reduction (MTT). HEPA-REG (1 X 10° cells well™') was exposed
to (a) pure ZnO NPs, (b) ZnO NPs doped with AI** (ZnO:Al 5%), (c) ZnO NPs doped with Ga*" (ZnO:Ga 5%), and (d) ZnO NPs doped with
In** (ZnO:In 5%) to verify their toxicity at different NP concentrations (5—100 ug mL™") during 24 h.

supported ZnO NPs migration through neoplasm cells in a 3D
tumor cell culture, enhancing the apoptosis process in a cancer
environment via caspase 3/7 activation.’°

Because the NPs’ size, shape, and surface functionalization
influence their migration in the body, the so-called
permeability and retention effect (EPR effect) aid the
accumulation of structures with a molecular weight higher
than 40 kDa in hypervascularized tissues (like lung, liver,
kidneys, spleen, and tumor microenvironments).”> The ZnO
NPs described here increased the viability of HEPA-RG in all
concentrations after 24 h of exposure (Figure 9). This is
relevant because it is essential that nanocarriers can be
captured by neoplastic cells easier than other cell lines in the
organism.

In the body, white blood cells represent the first barrier to be
overcome by nanomaterials.””®° Previous studies have shown
that low concentrations of ZnO NPs in immature immuno-
competent cells do not induce an alteration in functional
responses and phenotypic changes but may act as antineo-
plastic agents, triggering antitumor activity in vitro and in
vivo.”” However, to advance in the clinical trials, a deep
understanding of the NP cytotoxicity in other cell lines that
constitutes the tumor environment, such as macrophages,
lymphocytes, cancer-associated fibroblasts, and vascular
endothelial cells, is required. In monocytes, ZnO NPs
nanostructures have shown the ability to polarize macrophages
to Ml-like phenotype, inducing expression of costimulatory
proteins (like MHC-II, CD80, and CD86) and production of
proinflammatory cytokines.”> Such properties could modulate

tumor associate macrophages (TAMs) and restore a classical
immune response in tumor sites. Unfortunately, the interaction
between human activated T cells and ZnO NPs is more intense
than that for unactivated cells, increasing myeloid cell death by
ROS production.’” Our results exhibit the feasibility for future
conjugation of ZnO NPs with target molecules, favoring their
internalization by specific cell lines to increase activity in
neoplastic cell receptors. Here, ZnO NPs produced side effects
in tumor cells (HCT-116), but at low concentrations, the
conjugation with metals did not promote any increment in the
cytotoxic activity, requiring further studies to adsorb antibodies
or aptamers on the NPs’ surface.

ZnO NPs represent an important class of nanocarriers that
can be tailored for advanced drug delivery and cancer therapy
because it has been reported by Puvvada et al. that used ZnO
NPs for taxol delivery in human breast cancer cells in vitro and
in vivo.”® Hu et al. reported on a ZnO nanostructure
combining graphene and folic acid for photodynamic
therapy,” in which an increased specificity of the photo-
dynamic therapy was achieved against cancer cells, reducing
the cytotoxicity to normal tissues.”” Beyond cancer therapy,
ZnO NPs structures hold antibacterial activity after inducing
ROS formation against Gram-positive and Gram-negative
bacteria.”” We believe that ZnO NPs are excellent structures
to combine the usual treatments against chronic and infectious
disease in a single therapeutic platform.
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Bl CONCLUSIONS

We designed a new synthetic route for plasmonic-doped ZnO
NPs with absorption in the NIR. We have controlled the
kinetic growth of the NPs during the sol—gel process, avoiding
the formation of compact aggregates, which may quench the
luminescence of bulk ZnO NPs. The treatment of ZnO QDs
using high temperature and pressure (solvothermal treatment)
replaced the Zn®* ions by dopant atoms into the host crystal
lattice, promoting SPR. The plasmonic ZnO NPs-based
semiconductors represent an alternative in the use of
conventional metals, allowing their use as theranostic tools
with a cheaper and large-scale synthesis. Furthermore, we
anticipate the cytotoxic potential of doped ZnO NPs, which is
important for their use in biological applications.
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