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Abstract

The development of new strategies to combat bacterial growth is a focus of many studies. Zinc oxide nanoparticles (ZnO
NP) have been shown to possess great antibacterial activity. ZnO NP antibacterial activity is highly dependent on particle
size, with smaller sized NP achieving higher performance. Based on this property, in the current study, we have
demonstrated the formation and growth of small ZnO NP with 5 nm synthesized by a sol-gel method and characterized by
small-angle X-ray scattering (SAXS). The radius of the ZnO NP increased throughout the synthesis, being more pronounced
in the beginning of the synthesis (10-20 min) and continuing to grow more slowly until 180 min. The surface of the ZnO NP
was modified by (3-glycidyloxypropyl) trimethoxysilane (GPTMS) dispersed in water without significant changes to the
ZnO NP size. GPTMS-ZnO NP stability studies realized by zeta potential, SAXS, and UV-vis spectroscopy demonstrated
that GPTMS-ZnO NP dispersed in water were stable for 62 days when stored at 5 °C and for 35 days when stored at room
temperature, with no size increase detected. ZnO NP dissolve in acidic pH, are stable at alkaline pH, and form fractal
aggregates at pH 7. The GPTMS-ZnO NP antibacterial activity against ESBL-producing Escherichia coli and
carbapenemase (KPC)-producing Klebsiella pneumoniae was assessed. The GPTMS-ZnO NP had excellent antibacterial
activity. To date, there are no studies on GPTMS-ZnO NP antibacterial activity against multiresistant Enterobacteriaceae.
Thus, this study indicates that GPTMS-ZnO NP have great potential to combat multiresistant enterobacteria.

Graphical Abstract

Grow and stability studies of zinc oxide nanoparticles. The radius of ZnO NP increased more pronouncedly in the beginning
of the synthesis. The GPTMS-ZnO NP had high size stability. GPTMS-ZnO NP have great potential to combat multiresistant
Enterobacteria.
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e ZnO nanoparticles increased more pronounced in the synthesis beginning and continues to grow more slowly until

180 min.

e ZnO nanoparticles modified with GPTMS were stable in water for at least two months with no size increase.
e ZnO nanoparticles are stable at alkaline pH, origins fractal aggregates at pH 7 and dissolves at acid pH.
e ZnO nanoparticles had excellent antibacterial activity against Multiresistant Enterobacteriaceae.

1 Introduction

The inappropriate use of antimicrobials leads to the selec-
tion of multiresistant strains. The World Health Organiza-
tion (WHO) estimates that, by 2050, infections by resistant
microorganisms could cause 10 million deaths per year
worldwide and become an important public health problem
[1, 2]. Among the species that are multiresistant, Enter-
obacteriaceae has gained attention because it has numerous
genera and species, with a complex structure that produces
toxins, including resistance genes and other virulence fac-
tors. Some species are part of the human microbiota, but
sometimes can cause disease. Commonly, the most clini-
cally isolated bacteria are strains of Escherichia coli,
Klebsiella pneumoniae, and Enterobacter aerogenes [3].
The advanced resistance mediated by beta-lactamases
impairs the treatment of these infections, since they are
treated mainly by beta-lactam antibiotics, such as cepha-
losporins and carbapenems [4]. The extended-spectrum
beta-lactamases (ESBL) mediate resistance to third gen-
eration cephalosporins and penicillin and are presented
worldwide in the Enterobacteriaceae species [5]. carbape-
nemase (KPC), which are beta-lactamases capable of
hydrolyzing carbapenems and inactivating the classes of
fourth-generation cephalosporins, are routinely found in

hospital and health establishments [3, 6, 7]. Thus, one of the
main research challenges is to develop antibacterial drugs
that are able to combat these multidrug-resistant strains,
including the Enterobacteriaceae, such as ESBL-producing
Escherichia coli (ESBL-E.coli) and KPC-producing Kleb-
siella pneumoniae (KPC-K.pneumoniae)

Based on this problem, new strategies have been studied
to overcome the areas in which antibiotic actions fail.
Advances in the nanotechnology field enable the develop-
ment of nanoparticles with different sizes, morphology, and
shapes, which allow for interactions between the nano-
particles and bacterial cells and the development of new
biocidal agents. Compared to organic NP, inorganic NP
have many advantages, such as better stability, greater
durability, less toxicity to the user, less microbial resistance,
and good selectivity [8].

Among all inorganic materials, ZnO NP have attracted
attention due to their highest photocatalytic efficiency and
greater biocompatibility. Additionally, ZnO NP have
greater selectivity and better durability and heat resistance,
and have been studied extensively for their antibacterial
activity. [8—14]. The ZnO NP antibacterial activity involves
the production of reactive oxygen species (ROS), Zn>"
liberation, and disruptions in the bacterial cell membrane.
Since ZnO NP act in a non-specific way, [15, 16], this
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makes them promising alternatives for combating
multidrug-resistant bacteria because it acts in different
pathways of antimicrobial organic drugs. In this way, the
main mechanisms of antibiotic resistance are almost irre-
levant. Besides, the mechanisms do not require, necessarily,
the ZnO NP to be internalized by the cell. For all these
reasons, the use of ZnO NP result in a low probability of
bacterial resistance [9].

ZnO NP can be obtained by several synthesis routes.
Among all of them, the sol-gel method has advantages
because it produces small nanoparticles, it is a practical and
economical approach, and it is easily transferred to large-
scale production [8, 17, 18]. However, there is a crucial
point: the ZnO NP produced by the sol-gel route are
unstable in water, leading to aggregation and increased size.
To overcome this limitation, researchers have used an
organosilanes surface modifier because they covalently bind
to the hydroxylated surface of ZnO NP, creating a protec-
tion barrier that allows for the dispersion of the NP in an
aqueous medium [8, 19, 20].

The antimicrobial activity of ZnO NP can be improved
when the size is decreased [8, 10]. Thus, knowing the for-
mation and growth mechanisms of ZnO NP, as well as
maintaining the nanoparticle size after their synthesis, are
very important to provide optimized antibacterial activity.

Here, we report studies on the formation and growth of
ZnO NP and stability studies about their size after surface
modification with (3-glycidyloxypropyl) trimethoxysilane
(GPTMS). We evaluate the antibacterial activity of 5nm
diameter GPTMS-ZnO NP against multiresistant ESBL-E.
coli and KPC- K. pneumoniae. The nanoparticles are very
small, and studies about GPTMS-ZnO NP against these
strains cannot be found in the literature, which makes our
research highly innovative and relevant.

2 Materials and methods

2.1 Materials

Zinc acetate dihydrate, (Qhemis-Brazil); lithium hydroxide
monohydrate (Vetec-Brazil); absolute ethanol (Synth-Bra-
zil);  (3-Glycidyloxypropyl) trimethoxysilane,(GPTMS)
(Sigma-USA); Muller Hilton broth (HIMEDIA-India);
Resazurin (Sigma-USA); Muller Hilton Agar (HIMEDIA-
India).

2.2 ZnO NP synthesis

2.2.1 Precursor

The Zn4O(Ac)g tetrameric precursor was prepared through
refluxing of an ethanolic solution containing 0.05M zinc
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acetate at 80 °C for 2h. At the end of the reaction, the
transparent precursor was stored at —10 °C.

2.2.2 Ethanolic ZnO NP colloidal suspensions

The ZnO NP were prepared by a sol-gel method proposed
by Spanhel and Anderson with some modifications [18].
ZnO NP were obtained by the hydrolysis and condensation
reactions through the addition of LiOH in different hydro-
lysis ratios, r = ([OH ] / [Zn*"]) in a ZnsO(Ac)s precursor.
The reaction was conducted at 50 °C under an ultrasound
bath for 3h (GPTMS-ZnO-3h). For the GPTMS-ZnO-24h
sample, the reaction was conducted at an ultrasound bath at
50 °C, followed by 21 h of magnetic stirring at 50 °C This
process produced the GPTMS-ZnO-3h and GPTMS-ZnO-
24h ethanolic ZnO NP colloidal suspensions that were
stored at —10 °C to maintain colloidal stability.

2.2.3 Surface modified ZnO NP

The ZnO NP with a modified surface were obtained by
adding 0.1 M GPTMS and 0.2M LiOH to 10 mL of the
ethanolic ZnO NP colloidal suspension. The reactions were
performed in an ultrasound bath for 30 min at room tem-
perature for both samples, GPTMS-ZnO-3h and GPTMS-
Zn0-24h ethanolic ZnO colloidal suspensions. This resulted
in the formation of a white precipitate, which was separated
by centrifugation (4000 rpm, 10 min) and vacuum dried at
room temperature. This process produced the GPTMS-
Zn0O-3h and GPTMS-ZnO-24h powders that were then
dispersed in Milli-Q water at 5 mg/ml and stored at 4 °C to
maintain colloidal stability.

2.3 Characterization techniques
2.3.1 Small angle X-ray scattering (SAXS)

The SAXS curves for ZnO NP with and without a surface
modifier were obtained at the SAXS-1 beamline at the
Brazilian synchrotron source-LNLS (Campinas, Brazil).
The SAXS analyses were carried out at a line containing a
monochromator (A= 1.488 A), a vertical detector located
about 0.9 m from the sample, and a multichannel analyzer
to record the scattering intensity, 1(q), as a function of the
scattering vector, . Data analyses were performed using the
software package SASFIT [21]. It is important to highlight
that the SAXS data were normalized according to the
acquisition and transmission time of each sample, and the
dispersed intensity of the sample holder and the solvents
used (ethanol and water) were subtracted from the total
intensity. For ZnO NP growth studies, the precursor was
previously prepared following the processes described in
section 2.2.1. An ethanolic LiOH solution was prepared
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at 0.1 M. Both the LiOH solution and the precursor were
placed in a capillary in a volume necessary to result in
r=[OH7]/ [Zn2 1= 1.0. Later, this capillary was added to
the Linkan oven, which allowed for the temperature to be
controlled at 50 °C for 180 min.

2.3.2 Zeta potential

The zeta potential of the ZnO NP dispersions in water at
5 mg/mL was measured with a ZetaSizer Nano ZS Zen3600
(Malvern Instruments) using acid-base titration. The mea-
surements were made in triplicate and the pH was adjusted
with solutions of HCI (0.1 M) and NaOH (0.1 M), within
the pH range 3-11.

2.3.3 UV-vis spectroscopy (UV-vis)

The absorption spectra of ZnO NP dispersed in water were
collected using a Cary Win 4000 UV-vis spectro-
photometer. The UV-vis spectra were corrected from the
absorption spectrum of water. The spectra were obtained
between 340 and 400 nm, with a wavelength step of 1 nm,
using an immersion probe with a 2 mm optical path and an
average counting time of 0.2 s per point. To access data on
stability, the ZnO NP dispersed in water were stored at
room temperature for 62 days and at 5 °C for the maximum
period in which the ZnO NP excitonic peak was found.

2.4 Antibacterial activity

The determination of the minimum inhibitory concentration
(MIC) of ZnO NP was performed against strains of enter-
obacteria with different sensitivity profiles. For this, we
used a strain of Escherichia coli ATCC 25922 and clinical
strains from the collection of a private laboratory network of
Campina Grande with known sensitivity profiles, such as
ESBL-producing Escherichia coli and KPC-producing
Klebsiella pneumoniae. To determine the MIC, the broth
microdilution technique was used, as described by the
Clinical Laboratory and Standards Institute MO7-A10 [22].
To perform the test, the inoculum was standardized in a
spectrophotometer at a wavelength of 625 nm to obtain the
correct optical density of turbidity control, which must vary
from 0.08 to 0.10 to obtain the standard McFarland solution
of 0.5, resulting in a suspension containing approximately 1
to 2 x 108 CFU mL ™. To obtain a final concentration of 5 x
10° CFU mL ™!, a dilution of 1:20 was performed in the
suspension that was obtained.

One hundred microliters of ZnO NP dispersed in water
were added to the microplate wells containing 80 uL of the
Mueller Hinton broth and 20 pL of the adjusted inoculum,
resulting in a final concentration of 5 x 10° CFU mL ™. The
plates were incubated at 35 +2 °C for 20 h. The MIC was

defined as the lowest concentration that inhibited visible
microbial growth, confirmed after the addition of 20 pL. of
resazurin in each well of the plate. The analyses were per-
formed in triplicate. In parallel, the viability of the strain
(growth control) and the sterility control of the medium was
performed. From the results obtained by the MIC, the
minimum bactericidal concentration (MBC) was deter-
mined. With the aid of the platinum loop, 1 uL was removed
from the well and seeded in Petri dishes with Mueller
Hinton agar. The plates were incubated at 35+2 °C for
24 h. After this, it was possible to observe whether there
was bacterial growth.

3 Results and discussion

3.1 SAXS studies

The ZnO NP sizes can directly influence their antibacterial
activity [8, 10]. For this reason, the SAXS technique was
chosen to study the influence of the size dependence on two
synthesis parameters: the hydrolysis ratio and reaction time,
which can influence the size of the nanoparticles synthe-
sized by the sol-gel route [18, 23, 24].

Figure 1 shows the SAXS curves in a log:log plot of the
scattering intensity I (q) versus the scattering vector (q) of
ZnO NP with different hydrolysis ratios r=1.0, 1.4 dis-
persed in water. The SAXS profiles for samples of r=1.0
and 1.4 were relatively similar. The plateau observed in low
q values correspond to the Guinier region, characteristic of
the scattering of a diluted particle system [25].

Through the SAXS curves, which presented the plateau
at lower q values, it was possible to apply a mathematical

r = OH}/[Zn?H;
— 1.0
—~~ —_— 14
=
i
>
7
c
o
-+
k=
0,1 1

q (nm-)
Fig. 1 SAXS curves of ZnO NP synthesized with different hydrolysis

rations r=[OH] / [Zn2 *1=1.0 and 1.4. These ZnO NP were
modified using GPTMS and dispersed in water
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Table 1 Time and storage dependent UV-Vis radius of GPTMS-ZnO
NP, calculated by the Brus equation

Samples Storage Storage Radius (nm)
temperature (°C) time (days)
GPTMS- 5 0 3.1
Zn0O-3h 62 4.1
room temperature 0 3.1
14 33
GPTMS- 5 0 4.0
Zn0-24h 62 53
room temperature 0 4.0
35 4.5

model to calculate the radius of gyration (Rg) that corre-
sponds to the radius of the particles or aggregates, which
can be calculated according to Eq. (1). The SAXS curves
were also adjusted by a homogeneous sphere shape factor
using LogNor radius distribution. In this way, the radius of
the sphere (R sphere) was obtained. The Rg of the ZnO NP
synthesized with a hydrolysis ratio of 1.0 and 1.4 were 5.2
and 3.7, respectively, and Rsphere of the ZnO NP synthe-
sized with a hydrolysis ratio of 1.0 and 1.4 were 4.7 and 3.5,
respectively (support information, Fig. 1, and Table 1).

1(g) = 1(0) (-#¢%) (1)

where I (0) is the scattering intensity given by the relation
between the electron density given between the phases (p0-
pm), number (N), and mean volume (V) of the particles, as
shown in Eq. (2).

1(0) = N(p0 — pm)*V (2)

ZnO NP obtained with hydrolysis ratio 1.4 resulted in a
turbid dispersion and ZnO NP synthesized with hydrolysis
ratio 1.0 resulted in a translucid dispersion. Do Kim et al.
statically showed that the optimal size control of ZnO NP
produced by the sol-gel route was obtained with the
hydrolysis ratio of 1.0. In this way, we choose this para-
meter for next experiments [26]. Because the time reaction
can influence the ZnO NP size, we changed this parameter,
as reported in our previous study. GPTMS-ZnO-3h had a
Rg of 5.2 nm and Rsphere of 4.7 nm, while GPTMS-ZnO-
24h had a Rg of 5.5 and Rsphere of 4.5 [8].

It is important to highlight that the SAXS curve profiles
of ZnO NP synthesized in 3 and 24 h with » = 1.0 were very
similar, with no significant differences in relation to the
sizes of the nanoparticles formed. Thus, the reaction mon-
itoring was carried out for 3 h, following the procedure
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previously described in the methodology (section 2.3.1).
In addition, it is important to note that the analyzed ZnO NP
are without GPTMS, since the surface modification is a step
performed after the ZnO NP synthesis.

Figure 2A shows the SAXS curve evolution of the ZnO
NP time dependence (180 min). To better illustrate this,
some curves have been selected and are shown in Fig. 2B.
The curves show characteristics of diluted particle systems;
thus, at low values of g, there is the presence of a plateau
corresponding to the Guinier region where the scattering
intensity can be accompanied by Egs. (1) and (2). There is a
change in the curve patterns according to the reaction time.
The Guinier region displace to smaller q values according to
an increase in the reaction time, showing an increase in the
ZnO NP sizes that are formed.

Figure 3 shows the time evolution of I1(0) and Rg. An
increase in I(0) is observed throughout the reaction. 1(0) is
related to the number and nanoparticle size, as shown in
Egs. (1) and (2). The Rg increased throughout the synthesis,
indicating that the individual nanoparticles increase in size
or aggregate, forming larger structures. This increase was
more pronounced in the 10 to 20 min of the reaction time,
going from 1.50 nm to 2.55nm. After that, the ZnO NP
continue to grow more slowly. For example, in 120 min, the
Rg was 3.9 nm, while in 180 min, it was 4.1 nm.

During all the reaction time, I(0) of the SAXS curves
increases and the same profile was obtained with the Rg.
This result indicates that the number of ZnO NP increases
as the nucleation process occurs. However, probably, the
equilibrium between ZnO NP and precursor species is not
established, which favors the formation and growth of new
ZnO NP [27].

Caetano et al. studied the formation, growth, and aggre-
gation of ZnO quantum dots. The results showed that first,
the nucleation and growth of the ZnO particles occurred,
which was triggered by the consumption of zinc oxyacetate
precursor. In an intermediate stage, there was the compact
growth of aggregates and the primary particles coalesce. The
next stage showed growth of the fractal aggregates and
finally, there was a second stage of nucleation and growth of
the fractal aggregates, which demonstrate that after the
nucleation step, the particles can continue to grow through a
coalescence or aggregation process [27].

The SAXS results allowed us to select the hydrolysis
ratio to continue the studies, in addition to providing
information on the formation mechanisms and growth of
ZnO NP synthesized by the sol-gel method, which allow us
to monitor the stages of formation and growth of the
nanoparticles [27, 28]. Exploring the mechanisms by which
the ZnO NP increase in size is relevant since, in a previous
study, it was shown that size directly influences anti-
bacterial activity. Smaller ZnO NP (less than 10 nm) had
better antibacterial activity than 30nm ZnO NP [8].
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In summary, the hydrolysis ratio directly influences the size
of the nanoparticles formed. In addition, the size of the ZnO
NP increases as the reaction time increases for a period of
180 min; however, the growth is more pronounced in the
first minutes of the reaction. The increase in the Rg follows
the increase in 1(0), indicating that new particles are formed
during the entire reaction time of 180 min, probably because
there is no equilibrium between the precursor species and
the ZnO NP.

3.2 Stability studies

Although the SAXS technique is accurate for assessing
nanoparticle size, the absorption spectrum in the UV-vis

region is simpler to assess stability over a period of months.
It is also possible to evaluate ZnO NP size by UV-vis.
Thus, the size evolution during the long-term stability stu-
dies of ZnO NP can be determined from the absorption
spectra in the UV—vis region using the effective mass model
derived by Brus [29] (Eq. (3)). Through the method pro-
posed by Nidelijkovi [30], the wavelength limit (A.) was
determined by the intersection of the tangent to the exci-
tonic peak up to the wavelength threshold. From A, it was
possible to calculate the average size of NP since the limit
wavelength is related to the band gap (Eg = hc / Ac), where
h is the Planck’s constant and c is the speed of light. Finding
the Eg value was possible to obtain the nanoparticle radius.
Thus, we used the UV-vis spectra to evaluate the stability
of ZnO NP modified with GPTMS and dispersed in water
through the displacement of the ZnO NP excitonic peak.

A
Ex(on) = Epur + gz \ 1= T

s Lo (3)

1 - 1.786¢%
4rege, R?

%
m,

E; =band gap energy of quantum dot; Ep,x =band gap
energy of bulk semiconductor (Epx=34eV); h=
Planck’s constant (6.62 x 10734] -s); m; = effective mass
of excited electron (m; = 0.24); m; = effective mass of
excited hole (m; =0.45); gy = permittivity of vacuum
(8.854 x 1074 F); ¢, = relative permittivity (3,7) and R =
quantum dot radius

Figure 4 shows the stability study of the GPTMS-ZnO-
3h sample. It was possible to observe that after 28 days of
storage at 5 °C (Fig. 4A), the UV-vis absorption spectra
shifted to greater wavelengths; however, the displacement
was not very significant. In addition, longer storage times
decreased absorbance. For storage at room temperature
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(Fig. 4B), the ZnO NP excitonic peak was detectable for up
to 14 days but after this period, the nanoparticle dispersions,
which were previously transparent, gave rise to white pre-
cipitates. In addition, there was a loss of nanoparticle
luminescence.

Figure 5 shows the stability study of the GPTMS-ZnO-
24h sample. For storage at 5 °C (Fig. 5A), the ZnO exci-
tonic peak was observed for 62 days. For 28 days, there was
no wavelength shift, showing that the ZnO NP remained
stable. However, after 62 days, there was a small decrease
in absorbance, followed by the presence of noise and a
small shift to higher wavelengths. At room temperature
(Fig. 5B), it was possible to observe the ZnO excitonic peak
up to 35 days of storage and after that period, a white
precipitate formed and was followed by a loss of ZnO NP
luminescence.

@ Springer

The ZnO NP colloidal ethanolic suspensions are stable
for at least two months. These results are not showed. After
the surface modification with GPTMS, we demonstrated
that precipitates are formed with luminescence loss. Some
hypothesis could explain the precipitates formed for both
samples and the luminescence loss when storage at room
temperature: i) other species are formed such as Zn(OH),
and/or ii) ZnO NP aggregation, increasing in size and lost
the luminescence. The ZnO NP synthesized in this work are
quantum dots. In the quantum confinement, the particles
have all the three dimensions confined in the 1-10 nm scale
and there is the emission of a photon with a wavelength
determined by the dimensions of the nanoparticles [31, 32].
Thus, size is highly related to photoluminescent properties
and if ZnO NP increase in size higher that 1-10 nm in all
the three emissions, there are the luminescence loss.
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GPTMS-ZnO NP dispersed in water at different pH values, and images under UV excitation (Aex. = 365 nm)

However, it is important to highlight that our goal with the
stability tests was evaluete the stock conditions to ensure
that the samples that were used for antibacterial activity
were ZnO NP with small size.

The temperature directly influences the stability of the
modified ZnO NP. For GPTMS-ZnO-3h, the stability time
was reduced by approximately four times when stored at
room temperature (62 days at 5°C and 14 days at room
temperature). As for the ZnO-GPTMS-24h sample, the time
at which it remained stable at room temperature was about
twice smaller in relation to storage at 5 °C (62 days at 5 °C
and 35 days at room temperature).

We applied Eq. (3) to determine the ZnO NP radius for
the sample stored at different times and temperatures, as
shown in Table 1. The ZnO NP modified with GPTMS and
dispersed in water had excellent stability when stored at
5°C, and could be used for two months without significant
changes in the nanoparticle size. Besides, when stored at
room temperature, ZnO NP remained stable for 14 days
(GPTMS-ZnO-3h), which was extended to 35 days when
we increased the sol-gel synthesis time (GPTMS-ZnO-
24h). It is worth mentioning that for the ZnO NP modified
with GPTMS and stored at 5 °C and at room temperature,

for a period of 14 days, there were no significant wave-
length shifts, i.e, the size remained almost unchanged. This
result corroborates with those presented by Rissi et al. [19],
who evaluated the stability of ZnO NP stored at 5 °C, and
can be explained by the ability of surface modifiers to
protect ZnO NP and decrease their aggregation [8, 33, 34].

We selected the ZnO NP synthesized in 24 h to proceed
with the studies for two main reasons. The first is because it
had a stability greater than that of the 3h sample. A
hypothesis for the improvement in the stability when ZnO
NP were synthesized in 24 h is that in 3 h, we observed no
equilibrium between the precursor species and the ZnO NP
because the ZnO NP continued to grow as new particles
were formed (Fig. 3). This precursor species can cause
instability. However, when higher reaction times were used,
the precursor species can be consumed, resulting in higher
stability. In addition, in our previous study, it was demon-
strated that GPTMS-ZnO-24h had better antibacterial
activity, with lower MIC values for S. aureus and E. coli
compared to GPTMS-ZnO-3h [8].

Figure 6A shows that the zeta potential value found for
pH 11 was approximately — 25 mV. When the ZnO NP are
modified with GPTMS, the dispersion in water has a pH of
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Table 2 MIC and MBC of GPTMS-ZnO NP against strains of E. coli
ATCC (25922); ESBL- producing E. coli and KPC -producing
K. pneumoniae

Strains MIC (pg/mL) MBC (ug/mL)
E. coli ATCC 625 2500
ESBL- E. coli 625 2500
KPC - K. pneumoniae 1250 2500

approximately 11. Visually, the sample is transparent,
suggesting that the nanoparticles are well dispersed. Thus,
the route used for the surface modification resulted in
GPTMS-ZnO NP being stable at alkaline pH. However, as
the pH decreases, there is an increase in the zeta potential
and the isoelectric point (IP) is reached at pH 8.3. This is
due to the increase in the attraction forces. Thus, near the IP,
the agglomeration of the NP tends to increase [35].

For pH smaller than that found at the IP, the zeta
potential starts to be positive (+10 mV). For the colloidal
suspension with pH values close to that of the isoelectric
point, it was possible to view the formation of aggregates
[35, 36]. Figure 6B shows that the SAXS curves at pH 7 are
characteristic of an aggregate particle system. At small q
values, we did not observe the plateau corresponding to the
Guinier region. On the other hand, at small q values, a linear
decay occurs (I(g) < g~ %, in which the value of o was —2.1)
that result in the formation of fractal aggregates with fractal
dimensions characteristic of structures formed by cluster-
cluster aggregation that is limited by the reaction [37]. For
high values of q, it is possible to observe a second linear
regime that obeys the Porod law, with a linear decay of -4
indicating the formation of NP with smooth and well
defined surfaces [27].

When pH is close to 6, the zeta potential decreases again,
reaching a zero value. It is important to note that, for the
nanoparticle dispersion at pH 6, the dispersion becomes
transparent again (Fig. 6A. This second point, at which the
zeta potential was zero, can correspond to the instability of
ZnO NP at acidic pH values as a result of their dissolution
[38, 39]. Figure 6C shows the UV—vis absorption spectra of
the GPTMS-ZnO NP dispersed in water at different pH
values, and the images after excitation at 365 nm with a UV
lamp. It is possible to observe the excitonic peak char-
acteristic of ZnO NP and their luminescence at pH 11 and
pH 7. However, at pH 6, the excitonic peak of ZnO dis-
appears, and there is loss of luminescence, confirming that
ZnO NP dissolve under acidic pH conditions.

3.3 Antibacterial activity
GPTMS-ZnO NP were tested against a standard strain of E.

coli and isolated clinical samples of multiresistant enter-
obacteria ESBL-E.coli and KPC- K. pneumoniae by a

@ Springer

microdilution method. The results are summarized in
Table 2. The results show that the GPTMS-ZnO NP have
the same MIC for E. coli ATCC and ESBL- E. coli. The
same profile was obtained for the MBC. However, for the
K. pneumoniae, the MIC was obtained at a higher con-
centration of 1250 ug/mL. For all tested bacteria, the bac-
tericidal activity was observed at 2500 ug/mL (i.e., at a
higher ZnO NP concentration).

The exact mechanism of ZnO NP antibacterial activity
remains unknown. However, it occurs in a non-specific way
by one or more mechanisms: i) reactive oxygen species
(ROS), such as hydroxyl anion superoxide (O,-), hydroxyl
radicals (HO,-), and peroxide hydrogen (H,0,), ii) release
of Zn** zinc and internalization of ZnO NP, causing the
destruction of cellular components, damaging the metabolic
system of amino acids, and ultimately leading to the cellular
envelope being damaged and/or ruptured [8, 15, 40].

Organosilanes are precursors of organosilanols or orga-
nosilsesquioxanes. They can be used as surface modifiers
due to its link with oxides by silyation thought a rapid
covalent bond formation [41]. Therefore, some researchers
have modified ZnO NP surface with organosilanes, making
them stable in water. A study conducted by Rissi et al. have
showed that ZnO NP modified with GPTMS formed cap-
ping layers interacting by covalent Zn—O-Si bonds with the
ZnO surface [19]. The surface modification can be used to
improve the ZnO NP stability [8]. However, it is important
to highlight that the surface properties of nanomaterials can
change the interaction with the cell and thus, increase or
decrease the antibacterial activity [42].

The surface modification performed in our study using
GPTMS not enhanced its antibacterial activity as showed in
a previously work published by our group. Contrary, ZnO
NP without surface modification had a smaller MIC values
against S. aureus and E.coli. Even with the small decrease
in the antibacterial activity, the surface modification using
GPTMS resulted in the interaction with S. aureus cells,
causing disruption in its cell wall [8]. We have used the
same route in this present study. On the other hand, recently
Busila et al. have showed that as higher concentration of
GPTMS used higher was the antibacterial activity of ZnO
NP. However, the researchers attribute the increase in
antibacterial activity due to the decrease of nanoparticles
size with the use of higher amount of GPTMS [43]. Besides,
Farouk et al. showed that the GPTMS molecule did not had
an antibacterial activity [44]. Therefore, the most important
parameter achieved using GPTMS is maintaining the ZnO
NP size because smaller nanoparticles have better anti-
bacterial activity.

Our results show that ZnO NP have excellent anti-
bacterial activity against ESBL-E.coli. Hameed et al. [15]
studied the antibacterial activity of ZnO NP undoped
and doped with neodymium (Nd) against ESBL-E.coli.
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Better antibacterial activity was obtained for the Nd doped
ZnO NP. The authors suggest that this can occur due to its
small crystallite size (33 nm) compared to undoped ZnO NP
(45 nm). We have found a smaller MIC for ESBL-E.coli.
compared to that found by Hameed et al., (800 pg/mL)
which can be explained by the smaller crystallite size of our
ZnO NP (5nm). In our previous study, we demonstrated
that the ZnO NP antibacterial activity was size-dependent
when we used standard strains of S.aureus and E. coli [8]. It
has been demonstrated that all the antibacterial mechanisms
of ZnO NP were size dependent. This can occur because,
with smaller ZnO NP, more particles are needed to cover
the bacteria cells and a greater number of ROS is released
[45]. A considerable number of studies showed that Zn**
liberation was size dependent [46—48]. Besides, smaller
ZnO NP have higher interfacial areas and can easily interact
with the bacterial membrane [49]. Thus, ZnO NP
with a very small size can result in optimized antimicrobial
activity [9].

On the other hand, Ansari et al. used ZnO NP with a size
of 19.8 nm to evaluate the antibacterial activity of ZnO NP
against ESBL- E. coli and K. pneumoniae. The authors used
110 clinically isolated samples. The results showed that the
MIC values were found to be between 500 and 8000 and the
MBC values were between 2000 and 16,000 pg/ml. There
were different MIC values that were found. However,
38.1% of ESBL-producing isolates of E. coli have an MIC
of 1000 pg/ml and 46.3% had an MBC of 4000 pg/ml, while
for K. pneumoniae, 57.8% have an MIC of 1000 pg/ml and
49.9% have an MBC of 4000 pg/ml [5]. Therefore, even
with small ZnO NP sizes, compared to Hameed et al., the
highest MIC values were found at higher ZnO NP con-
centrations. However, the study conducted by Ansari et al.
used a lot of clinical isolates and also observed MIC values
of 500 pg/ml, albeit in smaller numbers of clinical isolates
(22%). Research conducted by Ali et al. [50] used aloe vera
extract functionalized with ZnO NP with a size of 350 nm
against ESBL-producing clinical isolates of E. coli. The
MIC value was found to be at 2220 pug/ml, which serves as
one more indication that size is an important parameter to
optimize antibacterial activity.

Reddy et al. [51] studied the antibacterial activity of ZnO
NP against K. pneumoniae. The MIC was found to be at
40 pg/ml. With higher concentrations of ZnO NP, there was
an increase in the amount of nucleic acids and protein
released from the cells. The -cytotoxic activities of
K. pneumonia were evaluated using a human esopharyngeal
carcinoma cell line (HEp-2). ZnO NP-treated K. pneumo-
niae were five-fold less infectious for the HEp-2 cell line.
Although the MIC values found in our study were higher
for K. pneumoniae, contrary to Reddy et al., we used a
KPC-producing resistant strain. Studies about the MIC of
ZnO NP against KPC-K. pneumoniae are scarce. However,

Misra et al. [52] synthesized iron doped ZnO NP impreg-
nated in kaolinite (ZnO/K) to evaluated their photocatalyst
(PCD) disinfection potential against multidrug-resistant
Enterobacter sp. The strain was resistant to 9 antibiotics,
including 6 antibiotic groups (penicillin, carbapenem,
cephalosporin, ansamycin, sulfonamide). The results
showed that the complete disinfection of Enterobacter sp in
the water waste was achieved in 120 min by a visible light
aided PCD process. The percentage of reduction was not
dependent on concentration because, with 150 ug/mL, 7 log
reductions have been achieved. On the other hand, with
values higher than 150 ug/mL and up to 500 pg/mL, the
reduction percentage decreases.

Rojo et al. [53] evaluated clinical characteristics and the
profile of resistance associated with KPC- K. pneumoniae.
The study showed 100% resistance to beta lactams,
cephalosporins, and quinolones. Among the carbapenems,
87.25% resistance was found for ertapenem and 56.25% for
imipenem. Schmidt-Malan et al. [54] showed high levels of
resistance to antimicrobials of KPC- K. pneumoniae. Only
5% of KPC-positives were susceptible to imipenem. In
addition, only 3 and 2% of KPC-K. pneumoniae studied
were susceptible to cefepime and ceftriaxone, respectively,
and 4% were susceptible to ceftolozano-tazobactam. A
recent study performed MIC analyses using the KPC-
K.pneumoniae isolates with 21 antimicrobial agents, and the
isolates showed resistance to most of them [55].

The bactericidal activity was determined to be the lowest
concentration at which there was no appearance of colonies
when transferred from the liquid medium to the solid. On
the other hand, for the bacteriostatic activity, the colonies
appear even if there was no growth in the MIC assays [8].
Independent of the strain used, the GPTMS-ZnO NP
showed just bactericidal activity at a high concentration of
2500 pg/mL. (MBC). Thus, we suggest that GPTMS-ZnO
NP had excellent bacteriostatic activity for ESBL-E. coli
using small nanoparticle concentrations (MIC) - Table 2.

The scarcity of results regarding the use of inorganic
nanoparticles against the enterobactericeae family and the
results obtained led us to believe that the values obtained for
MIC in relation to KPC-K. pneumoniae and ESBL-E. coli,
besides being promising, is an alternative to combat bac-
terial resistance.

4 Conclusions

The radius of ZnO NP increased throughout the synthesis,
more pronouncedly in the beginning of the synthesis
(1020 min) and continued to grow more slowly until
180 min. The GPTMS-ZnO NP had high size stability under
different storage conditions, while maintaining their size.
The ZnO NP dissolved in acidic pH and were stable at
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alkaline pH and produced fractal aggregates at pH 7. Thus,
in the current study, we can conclude that the surface
modification of ZnO NP allowed the nanoparticles to be
dispersed in water, maintaining their size for months. Pro-
ducing small nanoparticles and ensuring that they remain
almost unchanged in size is very important to ensure opti-
mal antibacterial activity. Multiresistant Enterobacteria is a
global health problem. Studies on ZnO NP activity against
multiresistant Enterobacteria are scarce, and GPTMS-ZnO
NP were not found in the literature, which makes this pre-
sent study innovative. GPTMS-ZnO NP have great potential
to combat multiresistant Enterobacteria. However,
GPTMS-ZnO NP had had higher bacteriostatic activity
against ESBL-producing Escherichia coli than KPC-
producing Klebsiella pneumoniae.
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