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ARTICLE INFO ABSTRACT

Keywords: Nanostructured Zn; 4YbyO (0.0 < x < 0.1) powders were prepared by the solution method using polyvinyl
Rare-earth doped alcohol (PVA) and sucrose. The effect of the ytterbium doping content on the structural, morphological, optical
Ytterbium

and antimicrobial properties was analyzed. X-ray diffraction (XRD) analysis revealed that the hexagonal wurtzite
structure was retained, and no secondary phases due to doping were observed. The crystallite size was under 20
nm for all the Zn;.4YbsO (0.0 < x < 0.1) powders. The optical band gap was calculated, and the results revealed
that this value increased with the ytterbium content, and the E, values varied from 3.06 to 3.10 eV. The surface
chemistry of the powders was analyzed using X-ray photoelectron spectroscopy (XPS), and the results confirmed
the oxidation state of ytterbium as 3+ for all the samples. Zn;.yYbsO (0.0 < x < 0.1) nanoparticles were tested as
antimicrobial agents against Staphylococcus aureus and Escherichia coli, resulting in a potential antimicrobial
effect at most of the tested concentrations. These results were used in an artificial neural network (ANN). The
results showed that it is possible to generate a model capable of forecasting the absorbance with good precision
(error of 1-2%).

ZnO nanoparticles
Antimicrobial activity

heart diseases such as endocarditis, and other severe conditions such
as osteoarticular, skin, soft tissue, and lung infections and infections due

1. Introduction

In recent years, some multidrug-resistant (MDR) microorganisms
have attracted attention in the nanotechnology field to study, assess and
develop new elimination strategies [1,2]. Different nanomaterials, such
as TiOy, MgO, Ag>0 and ZnO, have been studied as potential antibac-
terial agents [3-5]. However, ZnO is the most promising due to its
biocompatibility and low cost; previous reports have shown its bioac-
tivity against Staphylococcus aureus and Escherichia coli [6]. These bac-
teria are of great importance in human health. E. coli is the most studied
and extensively used prokaryotic organism; it is found virtually every-
where and is extremely common in human and some animal guts, and it
has been linked to food-borne illnesses and outbreaks [7,8]. Addition-
ally, S. aureus, which is widely found in humans as both a commensal
and pathogenic bacterium [9], is the leading cause of bacteria-related
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to contaminated medical devices [10].

Rare earth-doped nanomaterials, especially ZnO nanoparticles, have
shown interesting and improved physical and chemical properties. La-,
Ce-, Dy-, and Gd-doped ZnO nanoparticles have been used as antimi-
crobial agents against Pseudomonas aeruginosa, S. aureus, and Salmonella
paratyphi-B, among others [11-13]. In these works, the increase in
antibacterial activity was explained in terms of crystallite size and ox-
ygen vacancies. The authors reported that when ZnO was doped, the
crystallite size decreased, and the specific surface area increased.
Additionally, rare earth ions can be introduced in the ZnO lattice as
substitution ions, allowing the formation of oxygen vacancies. Accord-
ing to several reports, these are key factors that explain antimicrobial
activity [14,15]. These characteristics are direct consequences of the
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synthesis method used to prepare the nanoparticles.

ZnO nanoparticles have been prepared following a wide variety of
synthesis methods. Recently, Echinochloa frumentacea grain powder
extract was used to prepare ZnO nanoparticles annealed at 600 °C for 4 h
in an air atmosphere, resulting in particles with an average crystallite
size of 35-45 nm [16]. The ZnO nanoparticles obtained by the
microwave-assisted method at 500 °C exhibited a crystallite size of
approximately 30 nm [17]. A precursor powder from Pechini’s method
was calcined at 450 °C for 3 h to obtain 40 nm ZnO nanoparticles [18].
Additionally, a coprecipitation method was used to prepare ZnO nano-
particles calcined at 450 °C for 3 h, resulting in an average crystallite
size of 20 nm [19]. Additionally, the polymerization-solution method
has been used to synthesize nanoparticles [20-22]. In this method, a
polymer is used as a stabilizer agent, and sucrose is used as a chelating
agent. During the synthesis process, a highly exothermic reaction occurs
between the oxidant (metal nitrates) and the organic-fuel reductant
(sucrose) in the presence of PVA, allowing metal oxide formation [23].
The heat necessary to allow and maintain the exothermic reaction is
produced by chemical reagents, and an external source is required [24].

The objective of this work is to study the antimicrobial activity of
Zn; xYbsO (0, 1, 5, 10 at.%) nanoparticles against Staphylococcus aureus
and Escherichia coli. The effect of the ytterbium content on structural
parameters and stress was analyzed by X-ray diffraction (XRD) and the
Williamson-Hall method. The role of the chemical agents used in the
synthesis route was studied by Fourier transform infrared spectroscopy.
The effect of the synthesis route on the morphological properties was
observed by field emission scanning electron microscopy and high-
resolution transmission electron microscopy. The specific surface area
was obtained by the Brunauer-Emmett-Teller method. Optical analysis
was carried out using UV spectroscopy. X-ray photoelectron spectros-
copy was used for compositional analysis. Finally, the results of the
antimicrobial activity tests when using nanoparticles were used to build
an artificial neural network that can be used to plan future experiments.

2. Methods
2.1. Nanoparticle synthesis

In this work, Zn;4YbsO (0, 1, 5, 10 at.%) nanoparticles were syn-
thesized by a solution-polymerization method. All the chemicals were
purchased form Sigma-Aldrich. For the method, two starter solutions
were prepared. First, a solution with a 1:1 M ratio of PVA:sucrose (PVA
a.m.w.: 70000-1000) was dissolved in 50 ml of deionized water with
stirring at 50 °C (to dissolve PVA). At the same time, stoichiometric
amounts of Zn(NO3)26H>0 (98%) and Yb(NO3)35H20 (99%) were dis-
solved in 50 ml of deionized water to obtain Zn; x\YbyO precursor solu-
tions. After 1 h, the solutions were mixed and the pH was adjusted to 1.0
by adding citric acid (99.5%). Subsequently, the solutions were stirred at
80 °C until complete water evaporation. After that, the precursor pow-
ders obtained were dried at 200 °C for 4 h. Finally, the powders were
calcined at 450 °C for 3 h in an air atmosphere.

2.2. Nanoparticle characterization techniques

The crystal structure of the Zn; \Yb,O (0, 1, 5, 10 at.%) powders was
characterized by XRD using an Empyrean diffractometer (PANalyticalla)
with a Cu anode (A = 1.5406 f\). XRD patterns were obtained from a 20°
to 80° (20) with a 0.01° step size. Attenuated total reflection Fourier
transform infrared (ATR-FTIR) spectroscopy was employed to assess the
presence of organic matter in the ZnO structure. ATR-FTIR spectra were
recorded in the 4000-700 cm™! range using a Nicolet iS50 FTIR
(Thermo Scientific) spectrometer. The morphology of the Yb-doped ZnO
thin films was investigated using FESEM (TESCAN MIRA3 model). The
TEM/HRTEM/STEM analyses were carried out using aberration-
corrected STEM with a Jeol ARM200F (200 kV) FEG-TEM/STEM mi-
croscope equipped with a CEOS Cs-corrector on the illumination system.

Materials Science & Engineering C 123 (2021) 112004

High-angle annular dark field scanning transmission electron micro-
scopy (HAADF-STEM) images were obtained by aberration-corrected
STEM. The specific surface area (SBET) was determined using the BET
method in a Bel-Japan Minisorp II instrument. Optical properties were
investigated through absorption spectra were obtained using a Cary-300
UV-vis (Agilent Technologies) spectrometer equipped with a poly-
tetrafluoroethylene (PTFE) integration sphere. XPS (Thermo Scientific,
K-Alpha) was performed using a monochromatic Al K, source (hv =
1486 eV) to determine the bonding states of Zn1-xYbxO (0, 1, 5, 10 at.
%). All spectra were aligned to the C 1s signal located at 284.8 eV, which
is associated mainly with adventitious carbon. The Zn 2p, O 1s, and Yb
4d core levels were determined at 90° and a pass energy of 15 eV.

2.3. Effect of nanoparticles on bacterial growth

S. aureus and E. coli inocula were prepared in a nutrient broth me-
dium (Merck, Millipore), and the cultures were then incubated over-
night at 30 °C. From the initial fresh culture, a series of dilutions (up to
1075) were prepared; 5 pl of each dilution was used to inoculate petri
dishes containing agar and nanoparticles, which were incubated at 30 °C
for 24 h; afterwards, observations were performed by means of a pho-
todocumenter (UVP GelSolo, Analytikjena). To improve the nano-
particle dispersion, plates were prepared by placing a thin layer of
culture on a solid culture medium (nutrient agar) composed of nutrient
broth supplemented with 7.5 g/L agar and 0.4, 0.8 or 1 mg/mL of pre-
viously homogenized nanoparticles.

2.4. Quantitative determination of the effect of nanoparticles on bacterial
growth

Quantitative determination of the effect of nanoparticles on bacterial
growth was determined by monitoring the growth kinetics in a micro-
plate spectrophotometer (Varioskan Lux, Thermo Scientific). To this
end, overnight S. aureus (ATCC® 33594) and E. coli (ATCC® BAA-1025)
cultures were prepared. Tubes containing culture medium were pre-
pared and supplemented with 0.4, 0.8 and 1 mg/mL solutions of the
different nanoparticles. Assays were performed in triplicate, and the
initial OD600 was adjusted to approximately 0.1. Measurements were
normalized by placing only the cultures prepared with nanoparticles,
and a kinetic analysis was carried out by monitoring at 0, 2, 4, 6, 8, 10
and 24 h after inoculation.

3. Results and discussion
3.1. Powder XRD analysis

The XRD patterns of the Zn; 4Yb,O (0, 1, 5, 10 at.%) powders after
calcination in an air atmosphere at 450 °C for 3 h are shown in Fig. 1. All
the peaks in the XRD pattern match JCPDS card number JCPDS 36-1451
of bulk ZnO, with lattice parameters of a = b = 3.249 A and ¢ = 5.206 A
and space group P63mc. The reflection peaks observed for the (100),
(002), (101), (102), (110), (103), (200), (112) and (201) planes corre-
spond to a hexagonal wurtzite structure. For Zn; x\Yb,O (1, 5, 10 at.%)
powders, no secondary peaks were observed, indicating that the ytter-
bium content (at.%) is less than the solubility limits. The XRD results
show that all the powders obtained are polycrystalline. All the XRD
patterns were plotted at the same scale to compare effects.

To understand the effect of the ytterbium content in the preferred
orientation along the diffraction plane, the texture coefficient (TC) was
calculated. Using XRD data, the values of TCgx were obtained by
Harrys texture analysis [25]:

I(hkl) /1o (hkI)

TCom = N5 10k ) )

where I(hkD) is the XRD intensity of the nanoparticles obtained by the
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Fig. 1. XRD patterns of Zn;4Yb,O (0, 1, 5, 10 at.%) powders annealed at
450 °C for 3 h, prepared by the solution-polymerization method.

solution-polymerization method, Ip(hkD is the intensity of the standard
pattern JCPDS 36-1451 and N is the number of diffraction peaks
considered. If TC iy = 1, the sample exhibits randomly oriented crys-
tallites, and if TC gy > 1, then the particles have grown with a certain
preferred orientation. The TCs of Znj 4Yb4O (0, 1, 5, 10 at.%) are shown
in Fig. 2. These analyses showed that all the undoped and doped ZnO
particles exhibited the same behavior, which indicated a (100) preferred
orientation. According to the TC values of the ZnO particles, randomly
oriented crystallites were observed. The TC values for the (100) direc-
tion in Zn; xYbxO (0, 1, 5, 10 at.%) powders varied from 1.3 to 1.7, while
these values for (101) remained almost constant. The TC values for the
(002) direction decreased from 1.17 to 0.51 as the ytterbium content
increased. As stated in previous reports, increasing the doping level
prevents grain growth in the (002) direction [26,27]. The dopant creates
new nucleation centers, and as a result, the nucleation type changes
from homogeneous to heterogeneous, which allows changes in the
crystal structure [28,29].

The lattice parameters for Zn; \Yb,O (0, 1, 5, 10 at.%) powders were
calculated from the (100) and (002) interplanar distances (d) using the
following equation for the hexagonal crystal structure [30]:

1\? 4/W+k+hk P
_4 z 2
(dhkl) 3 ( a ) * (Cz> @

The 2(0) positions of (100) and (002) and the interplanar distance
are summarized in Table 1. These results demonstrate that the diffrac-
tion peaks of the doped samples have shifted toward higher angles when
compared with those of the undoped samples. This shift is due to the
differences in the ionic radii of Zn®t (0.74 nm) and Yb>* (0.868 nm).
This effect can be attributed to substitutions in the tetrahedral sites of
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Fig. 2. Histogram representing the TC of the (100), (002) and (101) planes of
Zn, xYb,O (0, 1, 5, 10 at.%) powders.

Table 1
2(0) position, interplanar distances (d) extracted from XRD analysis for Zn;.
xYbO (0, 1, 5, 10 at.%) powders.

Sample (at.%) 26 (°) position Interplanar distance (dni) (A) £5%

(100) (200) dio00 daoo
ZnO 31.540 34.153 2.835 2.624
ZnO:Yb 1 31.668 34.382 2.822 2.606
ZnO:Yb 5 31.744 34.357 2.817 2.608
Zn0:Yb 10 31.783 34.487 2.813 2.598

Zn?" in the ZnO matrix by Yb®', which allows lattice parameter
distortion and stress development. Similar results have been reported
when ZnO was doped with rare earth elements [31,32]. The calculated
lattice parameters are given in Fig. 3a. The values of the a and c lattice
parameters decreased as the ytterbium content increased. A similar
behavior has been reported recently and is caused by two principal
phenomena: the compressive hydrostatic pressure produced by rare
earth dopants on the ZnO surface and the ytterbium atoms trapped in the
nonequilibrium position, which are shifted toward an equilibrium po-
sition [33].

The effect of ytterbium content (at.%) on the average crystallite size
(D) was calculated using the Scherrer equation [34]:

0.91

- Peos(0) 3

where } is the wavelength of the X-ray (1.5406 A), 6 the diffraction angle
and f is the FWHM of the (101) plane of the XRD data. The 2(6) and
FWHM values used for this purpose are shown in Fig. 3b. The obtained
values were 20.5 10.1, 10.0 and 11.0 nm (+5%) for Zn; xYbxO (0, 1, 5,
10 at.%), respectively. The reduction in average crystallite size for Yb-
doped ZnO nanoparticles can be associated with the distortion lattice
in ZnO as ytterbium is incorporated, which decreases the rate of growth
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Fig. 3. Effects of ytterbium content on the a) lattice parameters a and c, b) shift of the (101) peak diffraction position and FWHM (degrees) in Zn; ,Yb,O (0, 1, 5, 10

at.%) powders.

of ZnO particles [35]. Additionally, Fig. 3b shows a shift in the peak
position of the (101) plane, which provides more evidence of ytterbium
incorporation into ZnO. Furthermore, the incorporation of ytterbium
decreased the crystallinity of the ZnO nanoparticles in conjunction with
the increase in the FWHM values (Fig. 3b), consistent with the XRD
results.

Previous results indicate a change in crystallite size and broadening
of the XRD peaks; together, these factors together strain. The strain was
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analyzed by the Williamson-Hall method using the following formula
[36]:

K
peos(0) = % + 4desin(0) @
where f is the FWHM of the diffraction peak, 0 is the diffraction angle, A

is the wavelength of the X-ray (A = 1.5406 A), K =0.9 is the geometric
factor, D is the crystallite size and ¢ is the effective strain. This equation
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Fig. 4. W—H analysis of Zn; \Yb,O (0, 1, 5, 10 at.%) nanoparticles calcined at 450 °C assuming UDM.
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represents the uniform deformation model (UDM); to use this model, it
must be assumed that the strain is uniform in all crystallographic di-
rections. Fig. 4 shows the W—H analysis for Zn; 4Yb,O (0, 1, 5, 10 at.%)
nanoparticles. From the linear fit, the strain was obtained from the
slope, and the crystallite size determined the y-intercept of the linear fit.
The values obtained for -¢ were 0.11, 0.14, 0.19 and 0.27 for Zn; xYbsO
(0, 1, 5, 10 at.%), respectively. The negative strain is related to
compressive strain, which is related to the lattice shrinkage observed.
Similar W—H analysis behavior was reported when ZnO nanoparticles
were doped with praseodymium and the doping concentration varied
from O to 0.02 (wt%) [37]. As the ytterbium content increased, € also
increased because of lattice defects [38]. The crystallite sizes were also
calculated, and the values were 11.21, 10.14, 8.78 and 8.61 (+5%) for
Zn; xYbsO (0, 1, 5, 10 at.%), respectively. These values are similar to
those obtained by the Scherrer equation. However, the W—H analysis
could be more accurate, as this study considers the effect of the crys-
tallite size and strain simultaneously.

In addition, another structural parameter was investigated to un-
derstand the ytterbium effect on ZnO nanoparticles and corroborate the
W—H analysis. From the lattice parameters (a and c), it was possible to
calculate the variation in the Zn—O bond length, the degree of distortion
and the unit cell volume using the following equations [39]:

a? 2
L= 1[5+ 0s5-die (5)
1/2
2
V= ﬁ; < )

where d = a?/3c? + 1/4 (positional parameter). The packing factors (c/
a) correspond to the ideal stoichiometric wurtzite structure (1.6333).
The degree of distortion (R, R = 1 represents no distortion) varies from
1, which indicates the presence of oxygen and/or zinc vacancies [40].
The results are shown in Table 2. The Zn—O bond length decreased as
the ytterbium content increased, resulting in strain. As a consequence of
the decrease in the lattice parameter, the unit cell volume diminished.
The R values obtained in all the samples indicate the presence of oxygen
and/or zinc vacancies. The maximum c/a value corresponds to the
Zng 95Ybg 050 sample.

3.2. Reaction mechanism and Fourier transform infrared (FTIR) spectral
analysis

The reaction mechanism during the synthesis process and the role of
each chemical are as follows. Sucrose and PVA were used due to their
relative ease for forming complexes. Sucrose was used as a fuel for the
reaction, and PVA was used as a polymeric stabilizer, as portrayed in
Fig. 5 [41,42]. PVA was used because of its biocompatibility and
biodegradability [43]. Sucrose was decomposed into glucose and fruc-
tose (Fig. 5a); thereafter, oxidation occurred, yielding saccharic acid.
Then, the saccharic acid reacted to form a metal complex as a precursor
for the particles (Fig. 5b). Further reactions occurred, where the sac-
charic acid underwent polyesterification with PVA and a complexed

Table 2

Geometric parameters of pure and Yb®*

-doped ZnO nanoparticles.

Sample (at. Bond R Volume (V) (10%)3 Atomic packing

%) length + 5% factor (c/a)
(Zn—0) A

ZnO 1.939 1.018 48.66 1.603

ZnO:Yb 1 1.930 1.020  47.90 1.600

ZnO:Yb 5 1.927 1.018  47.78 1.604

Zn0:Yb 10 1.924 1.021  47.48 1.600
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saccharic acid, resulting in the formation of a polymeric resin with
dispersed metal cations (Fig. 5c).

The FTIR spectra from 4000 cm ™' to 650 cm™ ! were measured to
evaluate the composition of Zn1-xYbxO (0, 1, 5, 10 at.%) nanoparticles
prepared using PVA/sucrose by the solution method and calcined at
450 °C. The comparison of the obtained spectra is shown in Fig. 6. All
the samples exhibited absorption bands at 3404, 1715, 1639, 1514,
1398, 1219, 838 and 679 cm ™. The bands at approximately 1639 cm ™
and 679 cm™! were attributed to Zn—O stretching modes in the ZnO
lattice [44]. The bands observed at approximately 3404 cm™! and 1715
ecm™! were attributed to the stretching vibrations of -OH (hydroxyl
groups) and C=O (carbonyl groups) [45]. For ZnO nanoparticles, the
—OH bands exhibited lower intensity=, which is related to the degree of
bonded bands. The absorption band located at approximately 1514
cm ! corresponds to the stretching vibration of C=C. At approximately
1398 cm’l, a band attributed to the bending vibration of C—O—H (from
sucrose) is observed. The band associated with the C—O stretching vi-
bration is observed at 1219 cm™!, which can be attributed to secondary
alcohol groups. The characteristic absorption band for the C—C
stretching vibration is located at approximately 838 cm™! [46].

3.3. FESEM and HRTEM analysis

To observe the effect of the synthesis route and ytterbium content
(at. %) on the surface morphology of the Zn; x\YbsO (0, 1, 5, 10 at.%)
nanoparticles, FESEM analyses were performed. The results are shown
in Fig. 7. The resulting morphology of the ZnO and Yb-doped ZnO
nanoparticles can be interpreted as follows: polyesterification occurred
during the synthesis process when the precursor solution was heated,
followed by combustion, where carbon dioxide and water were pro-
duced, as portrayed in Eq. (8). This led to the development of porosity in
the nanoparticles.

C,H» 0y, +120,-12C0, + 11H,0 8

After 1 mol of sucrose was decomposed, 23 mol of gases were
liberated. Consequently, the large volume of gases produced during the
synthesis process generated the observed microstructure. No significant
change in surface morphology was observed.

Complete analysis of the ZnO nanoparticles was performed using
TEM/HRTEM/STEM. Fig. 8a shows a low-magnification image of ZnO
nanoparticles, which was recorded to obtain a panoramic profile of the
ZnO nanoparticles. The inset in this image shows a relative frequency
histogram of the crystallite size distribution, where an average crystal-
lite size of 25 nm was obtained. This value is close to that obtained by
XRD analysis. Fig. 8b and c¢ show high-resolution TEM images of ZnO
nanoparticles. Fig. 8c shows the lattice fringes of ZnO with an inter-
planar spacing of d = 0.26 nm, which matches the interplanar distances
between the (002) crystal planes of ZnO. Fig. 8d illustrates a similar
distribution of Zn and O inside nanoparticles. Fig. 8(e-i) shows the
STEM images of the ZnO nanoparticles. The differences in the contrast in
the HAADF-STEM images are dominated by Rutherford scattering [47].
The scattering intensity is due to the atomic numbers of elements (Zn =
30 and O = 8) in the material. To acquire the mapping images, the k-line
spectra of the elements were used. The elemental mapping images of the
nanoparticles are presented in Fig. 8(g-i). The green and red color im-
ages correspond to O and Zn, respectively. The last image is an overlap
of the O and Zn images.

3.4. BET surface measurements

To study the specific surface areas and pore volume of the Zn; y\Yb,O
(0, 1, 5, 10 at.%) nanoparticles, gas sorption was analyzed by the BET
method. The nitrogen adsorption/desorption isotherms and pore size
distribution plots of the ytterbium-doped and undoped ZnO nano-
particles are shown in Fig. 9. All the isotherms exhibit a type IV curve
according to the IUPAC classification [48]. Additionally, a type H3
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Fig. 6. FTIR spectra of Zn; y\YbsO (0, 1, 5, 10 at.%) nanoparticles.

hysteresis loop is observed for all the particles, and this behavior is
related to mesoporous materials. The calculated surface areas are 24.91,
128.92, 56.53, and 94.31 m? g™, and the relative pore volumes are
0.067, 0.207, 0.085, and 0.158 cm® g~ for the Zn;.,YbsO (0, 1, 5, 10 at.
%) nanoparticles, respectively. The results show that ytterbium-doped
nanoparticles exhibited a higher surface owing to the smaller crystal-
lite size of undoped ZnO nanoparticles, which agrees with the previous
XRD and HTREM analysis results. Fig. 9b shows the Barret-Joyner-
Halenda (BHJ) pore size distributions of the Zn; 4Yb,O (0, 1, 5, 10 at.

%) nanoparticles. The mean pore sizes are 10.80, 6.42, 6.02 and 6.45 nm
for Zn; xYbxO (0, 1, 5, 10 at.%) nanoparticles, respectively. The average
pore diameters are all less than 50 nm, consistent with a mesoporous
material. The ZnO particles exhibited a lower surface area and pore
volume, which may be a consequence of nanoparticle agglomeration, as
seen in the FESEM results.

3.5. UV-visible absorption spectroscopy

To investigate the optical properties of Zn; 4YbO (0, 1, 5, 10 at.%)
nanoparticles, UV-visible absorption spectroscopy analyses were car-
ried out. The spectra were recorded in the wavelength range of 200-800
nm, and the results are shown in Fig. 10. The variations in the absor-
bance spectra were caused by defects in features such as the grain
structure, crystallite size, and oxygen vacancies, among others. The
samples exhibited an absorption edge at approximately 370-380 nm,
which is related to the optical transition of electrons from the valence
band (VB) to the conduction band (CB). The spectra of the doped ZnO
nanoparticles exhibited a slight blueshift with respect to those of the
undoped ZnO nanoparticles. The absorbance spectra were converted to
the Kubelka-Munk function as follows [49]:

(1 _Roo)2

2R, ©

F (Roo) =
where R is the absolute reflectance. Using Tauc’s relation (ahv) = A(hv
— Eg)", the band gap energy was calculated, considering a direct tran-
sition (n = 1/2) and o ~ F(R). Fig. 10b shows a slight increase in the
band gap with an increase in the yb3t doping content, which can be
ascribed to the Moss-Burstein effect [50]. This effect is related to a
change in the charge carrier density. A free charge carrier was released
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Fig. 7. FESEM images of a) ZnO, b) Zno_gngo.()]o, C) Zno'ngbo.oso and d) Zno'ngmO.

when Zn%" ions were substituted by Yb®" ions in the wurtzite structure.
Some wide energy band gaps were reported when ZnO nanoparticles
were doped with rare earth elements (REEs) [51,52]. According to the
literature, the band gap of defect-free ZnO is 3.37 eV, and the value
obtained in this work was lower than that of defect-free ZnO. This
finding may be associated with an increase in cation or anion vacancies
as a consequence of the synthesis method [52]. Some reports have
proposed that an increase in the band gap is attributed to the quantum
confinement effect due to crystallite size reduction as ytterbium is
incorporated into ZnO nanoparticles. However, the exciton Bohr ratio of
ZnO is 2.38 nm, and in this work, the smaller crystallite size was higher
than this value, so the quantum effect in Yb-doped ZnO nanoparticles
cannot explain the blueshift [53].

From the Eg values obtained above, the refractive index (n) was
calculated using three different models, Ravindra et al. [54], Hervé and
Vandamme [55] and Reddy and Anjayenulu [56], using the following
equations:

n = 4.084 — 0.62E, 10)
95 1/4
n= (E_) an
8
154 1
_ 12
" (Eg - 0.365) (12)

As shown in Fig. 11, the refractive index obtained is higher than 2 (n
> 2), and the band bap values are higher than 3 (E; > 3). According to
Naccarato et al. [57] and the n and E, values, the Zn; 4YbsO (0, 1, 5, 10
at.%) nanoparticles are classified as TMs (transition metals) with an
empty d shell (V°). These results show the potential application of these
nanoparticles as sensors and optoelectronic devices. The high refractive
index corresponds to ZnO and Zng 99Ybg 010 nanoparticles, whereas the
lower value corresponds to Zng1Ybp10O nanoparticles. The three
different models exhibited a similar pattern.

3.6. XPS analysis

The surface chemistry of the Zn; 4YbyO (x =0, 1, 5, 10) nanoparticles
was evaluated by XPS. For this analysis, the photoemission intensity was
analyzed by employing AAnalyzer® software [58]. Fig. 12 shows the O
1s, Zn 2p, Yb 4d and C 1s core levels for the Zn; ,YbyO powders ac-
cording to the Yb concentration. To correct the charge effect, the high-
resolution XPS spectra were aligned to the C 1s peak centered at 284.8
eV. The fitting process was carried out using Voigt-type profiles that are
a convolution of a Lorentz-type profile and a Gaussian-type profile. The
Zn 2p core level was fitted by employing a double Lorentzian-type
profile for photoemission signals with intrinsic asymmetry. Fig. 12a
shows the O 1s signals that were fitted with three singlet peaks related to
02~ jons coordinated with Zn?" ions in the ZnO crystal lattice, hydroxyl
groups (—OH) and near-surface oxygen (C—=O bonds). The hydroxyl
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nanoparticles.

groups are associated with functional groups from sucrose, which was
used as a fuel in the combustion reaction during synthesis. Fig. 12b il-
lustrates the Zn 2p spectra, where it is possible to observe the 2p3,» and
2p1,2 branches with a spin-orbit splitting of 23.1 eV. The spectra were
fitted using one doublet centered at 1021.45 eV, which was associated
with Zn" ions in the ZnO crystal lattice. Additionally, at high binding
energies, two singlet peaks (Gaussian-type profile) associated with

plasmon losses (1033.83 eV and 1040.0 eV) are observed, which are
characteristics of the wurtzite-type crystal structure [59]. Fig. 12c shows
the Yb 4d core level fitted with two doublet peaks with a spin-orbit
splitting of approximately 13.44 eV. The former, associated with Yb>*
ions, includes a 4ds,, branch and a 4ds,, branch centered at 185.46 eV
and 198.90 eV, respectively. The latter, with features centered at 192.13
eV (4ds,y) and 205.56 eV (4ds/), was related to a satellite peak
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(Table 3) [60-62].

3.7. Antibacterial assays

Antibacterial activity assays of Zn1-xYbxO (0, 1, 5, 10 at.%) nano-
particles were performed against S. aureus (gram-positive) and E. coli
(gram-negative). A difference in the antimicrobial effect was observed
between the two bacterial strains, with a greater effect observed for
S. aureus. Interestingly, the antimicrobial effect of the doped ZnO
nanoparticles decreased when compared to that of ZnO nanoparticles.
At a concentration of 1 mg/mL, all the treatments displayed the most
significant effect on reducing the biomass density for both bacterial
strains (Fig. 13). When the treatment was done with a dilution whose
concentration was 1 mg/mlL, the S. aureus was affected significantly,

regardless of the type of nanoparticles. Differently, E. coli showed
biomass development in all dilutions exposed to Zngp 9Ybg ;0 at the same
concentration. Finally, although the E. coli development in the biomass
was compromised by all the treatments when compared to the positive
control, the development of S. aureus was affected more drastically.

The effect of the nanoparticles on the bacterial growth over time was
also evaluated. Statistical analysis of the kinetics was carried out using
an independent-samples t-test. All assays were performed in triplicate,
and the significance level was set at P < 0.05. A statistical analysis
demonstrated that the use of nanoparticles decreased the aerobic
development and cell proliferation, resulting in a deficit in sigmoid
growth in both bacterial strains. The cellular biomass phenotype was
also quantified, and as the percentage of ytterbium content increased, a
negative impact on the antimicrobial properties was observed (see
Fig. 14).

To understand the antimicrobial effects of the Zn;.4Yb,O (0, 1, 5, 10
at.%), nanoparticles, different mechanisms, such as photocatalyst ac-
tivity, electrostatic interactions, metal ion release, membrane damage
and reactive oxygen species (ROS), have been proposed [63]. It has been
determined that the antimicrobial activity of ZnO nanoparticles princi-
pally follows the ROS mechanism described in the following reactions:

Zn—Yb—O+hvoe +h"
h* +H,0— "OH+H"

e +0,— "0,

‘0,” +H"=HO,

HO, +H* +e —H,0,

When nanoparticles are exposed to UV excitation, superoxide anion
radicals (°Og) are produced by the reaction of electrons with oxygen.
Afterwards, hydroxyl radicals (°OH) are formed by the attraction of
electrons from water due to a hole in the VB. Finally, hydrogen peroxide
(H205) is formed in the reaction between superoxide anions and
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Fig. 12. High-resolution spectra of a) O 1s, b) Zn 1p, and c) Yb 4d core levels for the Yb-doped ZnO powders.

Table 3
Atomic concentrations of Zn, O, and Yb present in the samples.
Sample Zn (at.%) O (at.%) Zn/0O Yb (at.%)
0 35.14 34.42 1.02 0
1 24.78 28.79 0.86 4.32
5 17.72 23.97 0.76 6.87
10 24.45 30.01 0.81 7.93

electron-hole pairs. This antimicrobial mechanism is shown in Fig. 15.
Additionally, superoxide anions and hydroxyl radicals cannot penetrate
the cell membrane, but they cause lipid, nucleic acid and carbohydrate
damage. Additionally, HoO; is capable of penetrating the bacterial cell
membrane, causing damage, preventing bacterial growth and eventually
eliminating the bacterial population. A decrease in the bacterial growth
due to the liberation of heavy metal ions such as Zn?>* and Yb%" used in
this research has been reported [64]. The Zn; 4\Yb,O (0, 1, 5, 10 at.%)
nanoparticles are positively charged, whereas the bacterial cells are
negatively charged; under these conditions, an electrostatic force oc-
curs, and metal ions enter the cells and interact with the -SH groups of
the surface proteins of bacterial cells [65]. Subsequently, most of the
proteins involved in biological processes are inactivated, resulting in
bacterial death.

Different rare-earth-doped ZnO nanoparticles have been reported to
have a better antimicrobial activity when compared to undoped nano-
particles [11,12,35]. Previous research has determined that rare earth
incorporation onto ZnO nanoparticles reduces the crystallite size and
consequently results in a larger amount of ROS production, thus
increasing the antimicrobial activity. Additionally, it has been reported
that, although unrelated to biocidal activity, ZnO nanoparticles doped
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with Nd3" have an enhanced antimicrobial activity, related to the
crystallite size [66]. This is a key factor; a small particle exhibits a higher
specific surface area, and more ROS are present. In this work, ytterbium-
doped ZnO nanoparticles exhibited smaller particle sizes than ZnO
nanoparticles.

To counteract the effect of the stress induced by ROS, bacteria have
tightly regulated genetic mechanisms, which correspond to the exten-
sively studied biogenesis systems of the Fe—S cluster located in different
operons. In bacteria, there are three Fe—S cluster synthesis machineries
that have been extensively described: SUF (sulfur mobilization), Isc, and
Nif; in terms of functionality, these systems may be redundant, but they
are biochemically distinct [67-69]. S. aureus relies on the SufCDSUB
machinery for the synthesis of Fe—S clusters from monoatomic Fe2*, S0,
and electrons [70]. Since S. aureus has a genetic system for protection
purposes only, this could be the reason for its susceptibility to adapt to
oxidizing conditions in the environment when compared to E. coli;
however, this hypothesis must be validated experimentally. In E. coli,
the participation of the ISC and SUF operons has been demonstrated by
means of a transcriptomic analysis in which the bacteria were exposed to
silver nanoparticles that induced a significant increase in the expression
of both systems [71]; this could result in an increase in tolerance to the
presence of ROS, as observed in the phenotypes obtained under the
evaluated treatments.

In the case of S. aureus, performed essays determined that the anti-
microbial activity depends more on the particle size, making it more
susceptible to the production of ROS (Fig. 14a) [72]. By analyzing XRD
results, it was inferred that the crystallite size of ZnO is twice the size of
ytterbium-doped ZnO nanoparticles, suggesting that the difference
observed in the antimicrobial effect can be caused by this variation. The
formulated nanoparticles attach to the cell membrane; therefore, small
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Fig. 13. Antimicrobial activity effect of nanoparticles on the bacterial growth phenotype.

nanoparticles cover a larger surface of the cell membrane increasing
ROS levels; consequently, antimicrobial activity is increased. In this
work, the Yb-doped ZnO nanoparticles exhibited a slightly improved
bioactivity (for S. aureus) when compared with ZnO nanoparticles. In
contrast, antimicrobial effects on E. coli are dose-dependent; this is due
to electrostatic interaction between bacteria-nanoparticles. It has been
widely reported that nanoparticles produce cell membrane damage and
eventual bacterial death [73]. XPS results show that the Zn/O ratio
decreases as ytterbium content increases, producing a larger amount of
Zn?" vacancies and consequently, a decreasing antimicrobial activity in
this strain. Additionally, it has been reported that a decrease in the
metal-doped ZnO bandgap is capable of improving antimicrobial
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activity [74]. UV-vis results depict the increase of Zn; x\YbsO (0, 1, 5, 10
at.%) nanoparticles bandgap in parallel to ytterbium increase, produc-
ing an observable decrease in antimicrobial activity.

3.8. ANNs and absorbance estimation

Machine learning (ML) is an area of artificial intelligence that has
been applied recently to areas such as biotechnology and material sci-
ence to discover patterns that are otherwise difficult to find and translate
into computer programs [75-77]. In this work, we used the supervised
learning approach. Supervised learning tries to discover the relationship
between input attributes and a target or dependent variable. This
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Fig. 14. Antibacterial rate of a) S. aureus and b) E. coli when are exposed to Zn; ,Yb,O (0, 1, 5, 10 at.%) nanoparticles.

approach requires instances in which the value of the target is known for
a given combination of values of the attributes. These cases are used to
train a model. The model represents a phenomenon that was embedded
in the dataset. Such a model can be used to predict the value of the
output attribute when the values of the features are known. There are
several types of supervised learning algorithms. To test the applicability
of such an approach in this problem, we used an ANN. ANNs are inspired
by the functioning of the human brain [78]. Fig. 16a shows the basic
structure of an artificial neuron. Vector xi denotes the attributes, and the
weights of the connections are given by wi, where the special case wy is
called bias. The function f(...) is called the activation function and can
take several forms. The value y is the output. Finally, an ANN is a group
of neurons organized in levels, as illustrated in Fig. 16b. The training
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process involves adjusting the set of weights using an optimization al-
gorithm, also called the solver.

The problem we are interested in solving here is as follows. Given
four attributes, is it possible to predict the inhibition of the growth of
certain bacteria? The attributes considered are treatment time, atomic
concentration, concentration of the nanoparticle and type of bacteria.
The response or target is the absorbance of the sample, which indirectly
indicates whether or not the nanoparticle under such conditions was
able to inhibit the growth of the bacteria. The dataset was composed of
630 samples in total. Table 4 shows the structure of the dataset.

The computational experiments were performed using Orange
Toolbox [79], which provides a graphical interface to define the work-
flow. Fig. 17 presents the setup used to gather the results. Regarding the
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Table 4

Attributes of the records gathered in the dataset.
Attribute Type Values
Time Real {0,2,4,6,8,10,24}
Type Categorical {1,2,3,4,5}
Concentration Real {400, 800, 1000}
Bacteria Categorical {1,2}

parameters for the ANN, four activation functions were used: ReLu,
Identity, Logistic and Tanh and the solver L-BFGS-B.

The performance of the method was evaluated by computing the
following metrics: root mean square error (RMSE), mean absolute error
(MAE) and coefficient of determination (R%). Table 5 presents the results
of the neural network for S. aureus, and Table 6 shows the results for
E. coli. The best result is marked in bold. In the case of S. aureus, it was
possible to obtain a good representation of the data (as indicated by R?
= 0.929) with 5 neurons and an error of approximately 1%. For E. coli,
the best result required 40 neurons, R = 0.97, and the error was
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approximately 2%. The error in both cases is acceptable.

4. Conclusions

In this work, pure and ytterbium-doped ZnO nanoparticles, Zn;.
xYbxO (0.0 < x < 0.1) were successfully synthesized by a solution-
polymerization method. The average crystallite size remained under
20 nm for all the samples. Results indicated that as ytterbium ions
increased, a slight decrease in structural parameters was observed and
compressive stress was developed. The optical band gap values blue-
shifted after ytterbium incorporation onto ZnO, which was explained by
the Moss-Burstein effect. Also, a variation in the Zn/O ratio, which is
related to vacancy formation with ytterbium incorporation onto ZnO,
was observed. The antimicrobial effect of Zn; 4YbxO nanoparticles was
supported by statistical data analysis. According with antimicrobial es-
says, two behaviors were observed: S. aureus is more susceptible to
particle size while E. coli bioactivity was improved by increasing
nanoparticles concentration. These results suggest that the antimicrobial
activity of the nanoparticles reported in this work mainly follows the
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Table 5

Neural network results for S. aureus. In all cases, @ = 0.0001, the solver used is L-
BFGS-B, and the maximum number of iterations was set to 200, except in the last
row, where it was 40.

Hidden neurons Activation RMSE MAE R?

100 ReLu 0.012 0.009 0.945
50 ReLu 0.013 0.010 0.934
150 ReLu 0.012 0.009 0.940
25 ReLu 0.013 0.010 0.929
15 ReLu 0.013 0.010 0.928
5 ReLu 0.013 0.010 0.929
5 Identity 0.042 0.030 0.288
5 Logistic 0.042 0.030 0.302
5 Tanh 0.017 0.013 0.884
5 ReLu 0.013 0.010 0.929
5 ReLu 0.013 0.010 0.929

Table 6

Neural network results for E. coli. In all cases, a = 0.0001, and the solver used is
L-BFGS-B.

Hidden neurons Activation Max iter RMSE MAE R?
150 ReLu 100 0.015 0.011 0.983
100 ReLu 100 0.018 0.013 0.976
75 ReLu 100 0.019 0.014 0.973
50 ReLu 100 0.020 0.015 0.969
25 ReLu 100 0.031 0.024 0.927
40 ReLu 100 0.020 0.015 0.97
40 Identity 100 0.084 0.064 0.47
40 Logistic 100 0.084 0.064 0.468
40 tanh 100 0.045 0.035 0.847
40 ReLu 90 0.022 0.017 0.965
40 ReLu 100 0.021 0.016 0.967

reactive oxygen species mechanism. The obtained results suggest that
the synthesized nanoparticles may offer a new approach for the treat-
ment of bacterial infection that may reduce some common side effects.
With the experimental results obtained in the laboratory, an ML model
was trained and evaluated. The model was built using an ANN and had
an acceptable performance (1-2% error). The resulting mathematical
structure can be used to better plan future experiments, saving time and
resources.
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