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Abstract

Antimicrobial resistance represents a serious concern to public health, being responsible for hospital infections, affecting
mainly immunosuppressed patients. Thus, nanotechnology appears as an alternative to solve this problem, through the appli-
cation of metallic nanoparticles with antimicrobial activity. The present work aims to synthesize and characterize AgNPs
from Klebsiella pneumoniae (AgNPs-KP) and Aloe vera extract (AgNPs-AV), evaluating the antimicrobial activity against
Klebsiella pneumoniae carbapenemase (KpC) and the cytotoxicity in the L.929 cell line. AgNPs were prepared by the biosyn-
thetic method using Klebsiella pneumoniae and were characterized by XRD, FTIR and SEM-EDS. Antimicrobial activity
was tested using the MIC and MBC. The cytotoxicity was evaluated by the MTT method and neutral red. The production of
ROS and nitrogen RNS tests were performed in the L929 cell line. Thus, it was possible to confirm the production of AgNPs-
KP, through morphological, structural and elemental analysis. AgNPs from Klebsiella pneumoniae had potent antimicrobial
activity in low concentration against antimicrobial resistant pathogens with MIC 9.76 ug mL~! and MBC 9.06 ug mL~".
Moreover, AgNPs-KP in concentrations of 10, 30 and 100 pg mL~"! did not show cytotoxic properties for the L929 fibroblast,
where only the cytotoxic effect was observed in high concentrations (300 ug mL™"). AgNPs-KP did not produce ROS about
the analyzed concentrations and RNS production was only in the highest concentration of 3000 ug mL~". Therefore, AgNPs
biosynthesized by Klebsiella pneumoniae have potential medical applicability as a promising antimicrobial agent, using a
simple and low-cost method, correlating nanomedicine as nanostructured materials.

Keywords Green Nanotechnology - Nanomaterials - Metallic nanoparticles - Bacterial resistance - KpC

1 Introduction health, given the need for more expensive drugs and longer
hospital stays [2, 3]. For example, WHO announced at World

Antimicrobial resistance (AMR) is one of the main problems  Antimicrobial Awareness Week 2020 that the overuse of

faced by human health, occurring when bacteria, viruses,
fungi, and parasites change over time and no longer respond
to medicines making infections harder to treat and increas-
ing the risk of disease spread [1]. Thus, these agents are
responsible for the increase in patients’ mortality in hospi-
tals, promoting a significant increase in the cost of human
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antimicrobials during the Covid-19 pandemic caused by
SARS-CoV-2 could accelerate the emergence and spread of
bacterial resistance.

There is an urgent need to develop new effective alterna-
tives to solve the problem of resistance, associating nano-
technology with health science, to combine the synergistic
effects of nanomaterials with their specific properties [4-8].
Recently, the application of nanomaterials with antibacte-
rial activity, such as silver (AgNPs) [9, 10] and zinc nano-
particles [11], has been attracted due to the flexibility on
the application of these nanoparticles (such as on surfaces
infected for bacteria) and due to the possibility to obtain
low-cost materials using green synthesis (biosynthesis).

The synthesis process of metallic nanoparticles through
physicochemical methods involves the use of a series of
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toxic reagents and non-renewable sources, a fact that moti-
vates the need to propagate more sustainable methodologies
[12]. Thus, green nanotechnology and sustainable develop-
ment have been used to combinate eco-friendly environmen-
tally technologies, for example, the microorganisms have
been explored such as biocatalysts potential for the AgNPs
synthesis, showing a series of advantages, such as consider-
able yield, non-toxic characteristics, and low cost [13].

Noteworthy that the AgNPs synthesized from bacterial
strains showed greater antibacterial activity in comparison
with metallic nanoparticles synthesized by physicochemical
methods, due to the presence of proteins that can interact
with biomolecules, resulting in greater biocompatibility,
which can act mainly in cell lysis, through a change in mem-
brane potential, loss of cytoplasmic material and inhibition
of the respiratory chain [14-17].

The porosity and high specific area of the silver nano-
particles allow them to cross cell membranes, being easily
absorbed and capable of causing damage to cells. Therefore,
to enable a new alternative with a potential medical appli-
cation, it is necessary to analyze the cytotoxic potential of
nanoparticles [18-22].

In this context, the present work aims to synthesize and
characterize silver nanoparticles using biosynthesis process
from Klebsiella pneumoniae (ATCC 700603) and Aloe vera
extract, evaluating the antimicrobial activity against resistant
pathogens Klebsiella pneumoniae carbapenemase (KpC) and
the cytotoxicity in the 1.929 cell line (murine fibroblasts).

2 Materials and Methods

2.1 Preparation of Klebsiella pneumoniae Bacterial
Culture

Klebsiella pneumoniae (ATCC 700603) was cultivated in
Mueller-Hinton broth (MHB, HiMedia®) and incubated for
18-24 h at 37 +2 °C in a bacteriological incubator of the
Molecular Biology Laboratory of the Franciscan University
(UFN).

2.2 AgNPs Biosynthesis

Silver nanoparticles were prepared from Aloe vera extract
with AgNO; (and 1073 mol L) such as metallic precursor,
according to the literature [23] (Method 1). Thus, 5 mL of
Aloe vera extract were added with 5 mL of AgNO;, followed
the addition of the 5 mL of NH,OH 37% solution, under
magnetic stirring (120 rpm, 25 °C) during 90 min until pre-
cipitation. After 24 h, the supernatant was discharged, and
bottom product was submitted to drying (80 °C) in an oven
overnight. The sample was labeled AgNPs-AV. Figure 1

@ Springer

shows a schematic representation of the biosynthesis pro-
cess of silver nanoparticles.

Silver nanoparticles also were prepared by the bio-
synthetic method (Method 2), using MHB containing the
Klebsiella pneumoniae and metallic precursor (10~ mol
L! AgNO;, 99.9%, Sigma Aldrich®), at the ratio of 1%
(v/v), according to the literature [24]. After, the solution was
placed under radiation (75 W/30 min), where the appearance
of brown color in the reaction suggested the formation of
AgNPs, followed by contact with a water bath system (56 °C
for 30 min) for precipitation to occur. Thus, discarding the
supernatant, the precipitate was dried (60°C for 24 h) and
labeled AgNPs-KP.

2.3 Characterization

XRD analysis was used to investigate the crystallinity of
AgNPs, using Bruker D2 Phaser Diffractometer with cup-
per tube (K, -, =0.15418 nm), in range of the 5°-70°, with
acceleration tension and applied current of 30 kV, and
30 mA, respectively. FTIR was used to identify the func-
tional group using a Perkim Elmer spectrometer (Spectrum
One model) at transmittance mode operation at range of
4000-450 cm™!, with 4 cm™! resolution and 32 runs. Scan-
ning Electron Microscopy coupled to Energy Dispersive
Spectroscopy (SEM-EDS) was used to verify the morphol-
ogy of the AgNPs using Phenom Prox Scanning Electron
Microscope (Thermo Fisher Scientific model), operating
at 15 kV voltage and 100 pm of amplitude with around
2550 x magnification. Dynamic light scattering (DLS)
was used to evaluate the diameter of the AgNPs-KV using
NanoBrook Omni equipment (Brookhaven Instrument Cor-
poration, New York) equipped with red laser diode (35 mV,
A =640 nm) at detection angle of 90°. Moreover, the proce-
dure was carried out in triplicates by using BIC Dynamic
Light Scattering Particles Sizing Software, version 1.2.1.0
(USA).

2.4 Antibacterial Activity

Antimicrobial activity of AgNPs was carried out by micro-
dilution method for nine clinical isolates of KpC, deter-
mining the minimum inhibitory concentration (MIC) in
96-well plates according to the literature [25]. Suspensions
containing the microorganisms were prepared in MHB
cation adjusted, regulated to 0.5 McFarland scale (1.5x 10°
UFC mL_l), and bacterial inoculums diluted to 1:20 factor.
After, serial dilutions of the AgNPs (5000-0.009 ug mL™")
were carried out in 100 pL. of MHB, followed by the addi-
tion of 10 pL of bacterial inoculums. Microwells contain-
ing only the culture medium were considered the negative
control, while the wells containing the media and microor-
ganisms without any effective constituents were considered
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Fig. 1 a Schematic representation of the AgNPs biosynthesis process from Aloe vera extract and Klebsiella pneumoniae and b AgNPs formation

process

positive growth control. Plates were incubated for 18-24 h at
37 +2 °C under aerobic conditions. After, 20 pL of triphenyl
tetrazolium chloride (TTC, 10 mg mL~") were added to each
microwell, followed by re-incubation for 2 h (37+2 °C).
Then, readings of MIC were visually performed, with the
change color of the solution (from colorless to red) being as
indicative of bacterial growth. Thus, MIC was defined as the
lowest AgNPs concentration able to inhibit bacterial growth.

Figure 2 shows AgNPs dilution in the culture media as well
as microorganisms distribution in 96-well plates.
Moreover, minimal bactericidal concentration (MBC) was
determined by spreading on the surface of MC agar plates.
Thus, 15 pL of the content of the wells at concentrations
equal to and above the MIC, where the plates were incu-
bated for 18-24 h at 37 +2 °C in a bacteriological incubator
and checked for visible growth. The lowest concentration
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Fig.2 Representation of the e
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of AgNPs that prevented visible growth on agar plates was
determined as the MBC.

2.5 Cytotoxicity

The cytotoxicity assay was performed by the MTT method
(3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bro-
mide) which is based on the reduction of the tetrazolium salt
(yellow color) in insoluble formazan crystals (purple color),
by the succinate dehydrogenase enzymes present in viable
cells [26]. The data were performed using the 1929 fibro-
blast lineage, acquired from the Rio de Janeiro Cell Bank
(BCRIJ, Rio de Janeiro, Brazil), being plated on 96-well
plates in an amount of 10,000 cells per hole against different
concentrations of the AgNPs-KP (0.01-3 mg mL~") which
were incubated at 37 °C in an incubator with a humidified
atmosphere and 5% CO,. Positive and negative controls
were represented by 0.10 mol L™! hydrogen peroxide (H,0,)
and cells in Dulbecco's Modified Eagle Medium (DMEM),
respectively. After the incubation period, 20 pL was added
to the wells of sterile solution containing MTT (5 mg mL ™"
of 1 xPBS) and the plates were incubated for another 4 h.
After, the medium was carefully removed and the formazan
crystals dissolved by the addition of 200 pL of dimethylsul-
foxide (DMSO). Inhibition of cell growth was detected by
measuring absorbance at 570 nm in an ELISA device.
Another method used for cytotoxic analysis was the neutral
red method, according to the literature [27]. Thus, after 24 h
of incubation, the treatments were removed and an incom-
plete medium with the dye was added at a concentration of
0.04 ug mL™"! for 3 h. Subsequently, the cells were washed to
remove excess dye and then a solution containing 1% acetic
acid, 50% ethanol and 49% water was added to break the cell

@ Springer

structures. The reading was carried out in an ELISA reader
with a wavelength of 540 nm.

2.6 Reactive Oxygen and Nitrogen Species

To evaluate the presence of reactive oxygen species (ROS)
inside the cell was used the Dichlorofluorescein (DCFH) assay,
according to the literature [28], through the addition of dichlor-
ofluorescein acetate (DCFH-DA) to the cell. Within cells, this
molecule is deacetylated by the action of intracellular esterase
enzymes [29]. This reaction, in turn, forms a non-fluorescent
product, 41-dihydrochlorofluorescein (DCFH). DCFH in the
presence of reactive species is oxidized to a highly fluores-
cent form of dichlorofluorescein (DCF). Thus, the greater the
fluorescence detected by the greater absorbance assessed by
the fluorimeter, the greater the occurrence of oxidizing com-
pounds (H,0,). For the analysis of the total rates of ROS in
a supernatant sample, the DCFH-DA reagent was diluted in
ethyl alcohol [30].

Nitrite, a stable NO metabolite, was determined by the
Griess method. The reagent was prepared from 0.23 g of sul-
fanilamide plus 0.012 of N(1-naphthyl) ethylenediamine dis-
solved in 10 mL of phosphoric acid. Initially, 100 pL of the
sample supernatant was incubated with an equal volume of
Griess reagent and the absorbance was measured at 540 nm
after 30 min of incubation at room temperature (25+2 °C)
[31].
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Fig.3 XRD pattern diffractogram of silver nanoparticles synthesized
from Klebsiella pneumoniae (AgNPs-KP)

3 Results and Discussion
3.1 Characterization of the AgNPs-KP

Figure 3 shows the diffractogram patterns of the AgNPs-
KP, where it was possible to confirm the presence of silver
at peaks 38.12°; 44.30° and 64.47° corresponding to the
(111), (200), (220) planes of face-centered cubic (FCC) Ag
respectively, according to ICDD (database #04-0783 card
number). Moreover, the peaks 32.09° and 46.32° correspond
to AgNO;, which was not reduced consequently remaining
in the sample in a small amount [32].

Moreover, the average size of crystalline of AgNPs-KP
was determined using the Scherrer’s formula (Eq. 1) [33]
from the excessive reflectance (111) getting around 32 nm.

kA
b= Bcos(0) D

where: D =average crystallite size (nm), k =constant
depending on the particle shape (k=0.9), A=wavelength
of electromagnetic radiation (0.15418 nm), © =diffraction
angle (°), and p=full width at half maximum (FWHM) of
the peak diffraction.

Figure 4 represents the FTIR spectrum of AgNPs syn-
thesized from Klebsiella pneumoniae (ATCC 700603) and
Aloe vera extract, where some specific stretching was identi-
fied, such as [34]: (a) at 3450 cm ™' can be assigned to —-OH
group; (b) 1640 cm™! may be assigned to C= O stretching
(ketone compound) of the precursors; (c) 1383 cm™! to
O-H bend of the alcoholic group from phenol or tertiary
alcohol compounds; and (d) 900 cm~! can be assigned to
AgO-0 stretching, confirming the biosynthesis success of

Transmittance (a.u.)

-OH
AgNPs
1

A 1 A 1 A 1 A 1 A 1 A 1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig.4 Fourier transform infrared spectrum of silver nanoparticles
synthesized from Klebsiella pneumoniae (AgNPs-KP)

the AgNPs. Moreover, the strong peak for 1640 cm™! may be
due to the formation of silver nanoparticles from Klebsiella
pneumoniae and metallic precursor, indicating the reduc-
tion of silver nanoparticles was as a result of biomolecules
present in the Klebsiella pneumoniae [35]. It is noteworthy
that due to the use of an MHB solution with the bacteria and
the metallic precursor, it was not possible to characterize by
FTIR spectrum.

A Fig. 5a shows the micrograph of AgNPs-KP, indicating
heterogeneous and rough surface, with a series of cavities
and porosity with around 35 nm, according to the litera-
ture [36], while Fig. 2b represents the elementary composi-
tion (% weight) by EDS, indicating the presence of oxygen
(13.39%), silver (76.75%), and chlorine (9.86%), confirm-
ing the effectiveness of the biosynthesis process of silver
nanoparticles.

Figure 6 shows the particle size distribution of the
AgNPs-KP, indicating a good homogeneity of particle size
distribution with an Ag nanoparticles size was in the range
of 25-55 nm. Moreover, the 100% of measured particles
(highest fraction of AgNPs-KP) was 38.9 nm, according to
the SEM analysis.

3.2 Inhibitory and Bactericidal Activity

Table 1 showed the inhibitory and bactericidal activity for
AgNPs-KP and AgNPs-AV. For all multiresistant bacte-
rial strains tested, AgNPs-KP and AgNPs-AV confirmed
the presence of inhibitory activity and bacterial killing.
The MIC of AgNPs-AV ranged from 4.88 ug mL™! to
9.76 ug mL~! and the MBC ranged from 39.06 ug mL™!
to 78.12 ug mL~". The MIC of AgNPs-KP ranged from
1.22 ug mL~! to 9.76 pg mL~' and MBC ranged from
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o 1 2
25467 counts in 30 seconds

Fig.5 a SEM micrograph with 2550 X magnification and b elemen-
tary composition (% weight) obtained by EDS analysis of silver nano-
particles synthesized from Klebsiella pneumoniae (AgNPs-KP)

4.88 ug mL~! to 39.06 ug mL~'. Thus, AgNPs synthesized
from Klebsiella pneumoniae (ATCC 700603) showed sig-
nificantly lower values for inhibition and bacterial killing,
when compared to AgNPs synthesized from Aloe vera
extract. However, to some bacterial strains (KpC 2102, 2104
and 2106), the values are similar to those of AgNPs-AV and
in one bacterial strain (KpC 2109) it is higher Moreover,
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Fig.6 DLS size distribution characterization of silver nanoparticles
synthesized from Klebsiella pneumoniae (AgNPs-KP)

AgNPs-AV presented more stable values. Therefore, AgNPs
synthesized using other precursors demonstrate lower MIC
and MBC values compared to AgNPs-KP, where potent bac-
terial activity in low concentration corroborates with the
hypothesis about biocompatibility [37].

3.3 Cytotoxicity

Figure 7a represents the results of the MTT colorimetric test,
where it was possible to verify the decrease in cell viability
starts from the concentration of 0.3 mg mL~! of AgNPs-KP,
with cytotoxicity varying from 16% to 82.7% depending on
the concentration used. Moreover, according to results found
in the literature, AgNPs-KP only showed cytotoxicity in the
higher concentrations compared to other AgNPs that showed
cytotoxicity at low concentrations. the results of the neu-
tral red colorimetric test, where the cytotoxicity in the three
highest concentrations (0.3, 1 and 3 mg mL™"), indicated the
reduction of the viability around 38%. Moreover, it was pos-
sible to notice a concentration/dependence on the number of
viable cells when compared to the negative control Fig. 7b.
Similar results were reported in evaluating the effect of this
nanomaterial on different cell lines. Such as rat hepatocytes
(1050 ug mL™Y), alveolar macrophages (10-75 ug mL™1),
dermal fibroblasts (30 ug mL™!), and germinal stem cells
(10 pg mL™") [38—42]. Orlowski et al. (2018) [43] presented
AgNPs with low toxicity in L929 fibroblasts, showing a
concentration-dependent decrease in viability. In the same
study, it was seen that the smaller the size of the nanomate-
rial, the greater the number of cells undergoing apoptosis
and necrosis. Skladanowski et al. (2016) [44] also tested the
biocompatibility in the L.929 lineage, with results similar to
ours regarding the concentrations tested and the percentage



Journal of Inorganic and Organometallic Polymers and Materials

Table 1 MIC and MBC

L Clinical isolate MIC (ug mL™)—  MIC (ug mL™H)— MBC (ug mL™)—  MBC (ug
determination for AgNPs-KP AgNPs-KP AgNPs-AV AgNPs-KP mL~H—
and AgNPs-AV AgNPs-AV

KpC 2101* 2.44 9.76 9.76 78.12
KpC 2102* 9.76 9.76 39.06 78.12
KpC 2103* 2.44 9.76 9.76 78.12
KpC 2104* 9.76 9.76 39.06 78.12
KpC 2105* 1.22 4.88 4.88 39.06
KpC 2106* 9.76 9.76 39.06 78.12
KpC 2107* 2.44 9.76 9.76 78.12
KpC 2108* 2.44 4.88 9.76 39.06
KpC 2109* 9.76 4.88 39.06 39.06

*Code of each clinical isolate used in the assay
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Fig.7 a Evaluation of cytotoxicity in the MTT and b Neutral Red
assays after 24 h of incubation using the of silver nanoparticles syn-
thesized from Klebsiella pneumoniae (AgNPs-KP)

of dead cells. The mechanism of cytotoxicity of AgNPs is
described by the metal ion action on mitochondrial damage
through interactions with thiol groups of the inner mem-
brane, in addition to the alteration of normal metabolic
activities [45, 46].

3.4 Production Reactive Species

Figure 8a demonstrates the tested concentrations of AgNPs-
KP did not increase ROS levels. This result can be explained
because non-tumor cells are characterized by having high
antioxidant activity, which is due to the presence of high lev-
els of catalase, whose action represents an important defense
mechanism for ROS elimination [47]. In the study of Barcin-
ska et al. (2018) [48] the effect of ROS by AgNPs was more
significant in tumor cells compared to normal cells from the
same tissue. In the Fig. 8b, the concentration that caused an
increase in the levels of reactive nitrogen species (RNS) was
the highest, at 3 mg mL~!. The increase in NO levels from
AgNPs generates aberrations in cell metabolism, increased
nitro-oxidative stress, and mediating cell death [49]. This
generation of NO has important anticancer activity in ovar-
ian, pancreas, and colon cancer cells [50-52].

4 Conclusion

In our study, we confirmed that AgNPs were obtained after
the reduction of silver nitrate by K. pneumoniae. The syn-
thesized AgNPs were characterized by morphological, XRD
and FTIR properties that revealed the crystalline nature of
the AgNPs. SEM micrograph indicated a heterogeneous and
rough surface, with a series of cavities and porosity with
around 35 nm, and EDS indicated an elemental composition
of oxygen (13.39%), silver (76.75%) and chlorine (9.86%),
confirming the biosynthesis of AgNPs. DLS results indicated
a good homogeneity with highest fraction of AgNPs-KP at
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Fig.8 a Evaluation of ROS and b RNS production using the silver
nanoparticles synthesized from Klebsiella pneumoniae (AgNPs-KP)

38.9 nm. The assays showed that AgNPs-KP has potent anti-
microbial activity at low concentration against antimicrobial
resistant pathogens when compared to AgNPs produced by
other methods, both chemical and biological, described in
the literature and also proven in the comparison test with
AgNPs synthesized by Aloe vera, even with unstable values
that vary with each bacterial strain tested compared to other
AgNPs, as AgNPs-KP were able to inhibit bacterial growth
at a minimum concentration of 9.76 ug mL~! and kill the
bacterial cell at a minimum concentration of 39.06 ug mL™".
AgNPs-KP in concentrations of 10, 30 and 100 ug mL~"! did
not show any cytotoxic properties for the fibroblast L.929
cell line and the viability of these target cells remained
at the same level as the untreated controls. The cytotoxic
effect was observed in high concentrations of AgNPs from
300 ug mL~!. AgNPs-KP did not produce ROS about the
analyzed concentrations and RNS production was only in
the highest concentration of 3000 ug mL~'. Based on the
data obtained, we conclude that AgNPs biosynthesized by

@ Springer

Klebsiella pneumoniae ATCC 700603 have potential medi-
cal applicability as a promising antimicrobial agent, in addi-
tion to being safer. Its synthesis is effective, simple, fast and
inexpensive.
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