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1. INTRODUCTION

Bacterial infections are considered one of the most significant problems currently facing the
healthcare system. One of the main reasons is the extreme ease with which bacteria can be acquired
in environments and procedures such as medical interventions, and these are able to cause serious
ilinesses if not treated efficiently [1]. The second reason is related to the appearance of various
mutations in the bacteria that lead to their resistance towards current treatments [2].

Current treatments to fight bacterial infections are comprised of antibiotic regimens, also known
as antimicrobial agents, which have been used for 70 years to treat patients [3]. However, their
effect is now being limited by the appearance of resistive bacterial mutations, which are produced
mainly due to the natural origin of antibiotics and the wide and intensive use of these drugs by
humans [4]. First, the fact that most antimicrobial agents are naturally-produced molecules allows
bacteria to develop mechanisms to overcome their action and survive, known as antimicrobial
resistance (AMR) [5]. Second, there is a significant human contribution to the evolution of AMR
due to the over-prescription of antibiotics, public misconceptions, and their misuse by the food
industry [6]. The consequences of this, for instance, can be exemplified by the case of methicillin-
resistant Staphylococcus aureus (MRSA). It is a specific strain of Staphylococcus aureus (S.
aureus) that eventually became resistant to methicillin, the common type of antibiotic used to treat
S. aureus [7]. In Figure 1, several antibiotics to which bacteria have develop resistance within time
is listed. According to the Centers for Disease Control and Prevention (CDC), 80,461 severe
MRSA infections and 11,285 related deaths were reported in 2011, showcasing the serious threat
of this microorganism to human health. Moreover, a much higher number of minor infections

occurred within both the community and healthcare environments [8].



According to the World Health Organization (WHO), AMR is causing over 150,000 deaths per
year in hospitals around the planet [9], resulting in a cost for the U.S. health care system of over
$20 billion each year [10]. By 2050, it is expected that there will be more deaths caused by bacterial
infections than for cancer [11]. Therefore, there is an urgent need for novel treatments against
bacteria to avoid the use of antibiotics.

The Discovery and Consequent Development of Antibiotic Resistance
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Figure 1. Timeline of antibiotic discovery and the development of antibiotic resistance. Image from Nanowerk,
Nanotechnology solutions to combat superbugs. https://www.nanowerk.com/spotlight/spotid=32188.php

Recent developments in nanotechnology have been proven to show high potential as a long-term
solution to the ever-growing problem of AMR. The properties of materials change drastically when
their dimensions are extremely reduced, reaching the nanoscale. Nanomaterials, which are
considered to have at least one dimension under 100 nm, are characteristic due to their high surface
area-to-volume ratio and the appearance of discrete electronic states at these extremely low
dimensions, both being responsible for their novel physical, chemical and biological properties
[12, 13]. Materials such as nanoparticles (NPs) offer a wide range of possibilities for biomedical
applications, as they can act as carriers for drugs, preventing them from degradation, be

functionalized for targeting a specific site within the body, or act as therapeutic agents themselves,

4



due to the increased reactivity produced by their high surface area [14-16]. Regarding their use as
drug carriers, NPs can be constructed to possess different properties and characteristics for the best
delivery or encapsulation of the therapeutic agent. Researchers from the California Nanosystems
Institute devised a novel approach to treat cancer by delivering camptothecin and other water
insoluble drugs directly to cancer cells by using silica-based NPs [17]. Moreover, the modification
of the NP’s surface to direct them to a specific site and/or improve the cell interaction properties
were performed. Based on knowledge of markers and proteins expressed on cancer cells, N. H.
Ellah et al. introduced variable bioactive molecules to NPs to improve the specific interaction
between the nanoparticle and the cell [18]. Finally, NPs can be used as the direct therapy, rather
than a drug carrier. The most common type of NPs used in this approach are metal and metal oxide-
based NPs. In 2007, Tian et al. demonstrated that the delivery of silver NPs promoted wound
healing and reduced scar appearance in a dose-dependent manner in mice [19].

One of the most common types of NPs used to treat diseases are those composed of metals [20].
The therapeutic properties of metals have been applied since ancient times. Especially, the
antimicrobial properties of metals such silver and copper have been known for a long time against
a wide range of Gram-positive and Gram-negative bacteria [21]. When these metals present
dimensions at the nanoscale, they experience a higher interaction, leading to increased antibacterial
efficiency [22].

To date, many different types of metallic NPs demonstrated anticancer and antibacterial properties
[23, 24]. Materials including silver [25, 26], gold [27], titanium dioxide [28], zinc oxide [29], iron
oxide [30], silica [31], and carbon [32, 33] have presented therapeutic properties. For instance,
silver NPs, prepared by a reduction method, have been shown to be toxic to both Pseudomonas

aeruginosa (P. aeruginosa) and Escherichia coli (E. coli) [34]. Moreover, iron oxide NPs



synthesized via a one-step solvothermal method were an effective antibacterial agent against both
Gram-positive and Gram-negative bacteria [35].

The small size, together with the high reactivity of NPs, make it possible for them to directly
interact with microorganisms in an effective manner, decreasing their survival rate [22]. L.S.
Reddy et al. showcased the ability of zinc oxide NPs to rupture the bacterial cell wall and bind to
intracellular material, clearly inhibiting bacterial growth [36].

There are mainly two types of mechanisms through which NPs attack pathogens. The first is
thought to be related to the generation of reactive oxygen species (ROS) [37]. The cell wall is
believed to be damaged by ROS oxidation, being later destroyed and all the cellular content
released into the extracellular media. These ROS are also believed to produce damage in proteins,
altering their regulation, and also in the DNA content within the cell [37]. The second type of
mechanism involves the release of metal ions from the nanostructures, causing an antibacterial
effect over the infection. These ions are normally adsorbed by the cell membrane, directly

interacting with internal components [38].
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Figure 2. Mechanisms of NP action in bacteria cells. Image from “The antimicrobial activity of NP: present
situation and prospects for the future” Wang LL, Hu C, Shao LQ. Dovepress, Volume 2017:12 Pages 1227—1249

The aspect that most determines the properties and characteristics of NPs is how they are produced.
Conventional synthetic routes followed to obtain metallic NPs are usually based on physical or
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chemical methods. The former involves methods such as laser ablation [39], ultraviolet radiation
[40], and hydrothermal techniques [41] whereas the latter consists of catalytic reduction and
precipitation, among others [42]. These methods are well studied, and numerous established
protocols have been defined. Nonetheless, they are extremely costly and involve the use and
production of toxic and hazardous chemicals, thus being a potential environmental threat.
Moreover, reaction conditions are usually harsh, needing high temperatures and pressures for
efficient synthesis [43]. Aggregation of recently synthesized NPs can also occur [44]. Furthermore,
NPs obtained by physico-chemical methods need to be functionalized in order to be biocompatible,
which is an essential requirement for use in biomedical applications [45].

Thus, there is a need to develop new methods for NP synthesis that avoid the aforementioned
drawbacks. Fortunately, green chemistry has provided sustainable methods that reduce or
eliminate the use or generation of hazardous substances in the production of these materials. It
takes advantage of nature, specifically of biological systems, which are able to synthesize
nanomaterials in an inherently non-toxic way [46]. It is possible to use any natural compound such
as microorganisms (e.g. bacteria, plants, yeast) or any material composed of biomolecules (e.g.
food extracts, waste material) to accomplish a natural synthetic method [47, 48].

There is a specific type of green synthesis that utilizes bacteria to achieve a desired nanomaterial,
known as “bacteriogenic synthesis” [49]. Bacteria produce a detoxification process in presence of
metal ions, which is a remarkable defense mechanism to cope with the toxicity and stress induced
by these ions [50]. The bacteria are then able to reduce and precipitate these metallic ions into NPs,
becoming one of the best candidates for NP synthesis. A wide number of well-known types of
bacteria has been reported to synthesize NPs. Species like P. aeruginosa, E. coli, S. aureus,
Bacillus cereus (B. cereus) and Filamentous cyanobacteria (F. cyanobacteria), and others have

been used to produce selenium, gold and silver NPs, among others [51-54].



Specially, bacteriogenic synthetic routes for obtaining selenium NPs (Se-NPs) were first studied
by Gerard et. al in 1974, obtaining Se-NPs from E. coli [55]. These NPs can be synthesized
extracellularly, intracellularly or on the cell membrane. Among them, the one that presents more
advantages is extracellular synthesis, as the isolation of NPs is easier as if they were formed inside
the cell [56]. The enzymes responsible for the reduction reaction are reductases such as selenate,
nitrite and sulphite, depending on the microorganism [57]. Many Gram-positive and Gram-
negative bacteria have been reported to reduce selenium oxyanions into elemental selenium under
aerobic and anaerobic conditions [58]. However, the antimicrobial properties of these
bacteriogenic Se-NPs have been barely explored.

Besides the widely used biogenic synthesis for monometallic NPs, there are few examples that
apply this approach for obtaining bimetallic NPs (BNPs). Most of them utilized plant-mediated
synthesis, using leaf extracts as reducing and capping agents. S. Mondal et al. demonstrated for
the first time the superb efficiency of aqueous extract of dried leaves of mahogany in the rapid
synthesis of stable Au/Ag BNPs [59]. Likewise, R. Dobrucka et al. reported the synthesis of core-
shell Cu@Pt NPs by Agrimoniae herba extract, a medicinal plant rich in biologically active
substances [60]. These nanostructures hold numerous applications including electrical, optical,
catalytic and biomedical. Specifically, BNPs such as cadmium selenide (CdSe) and zinc selenide
(ZnSe) present semiconductor behavior due to the synergy of both elements, which confer them
new electronic properties. They have been synthesized by several chemical and physical methods
[61-63], however, the capabilities of bacteria to synthesize them establishes a complete new field.
One very interesting advantage of biogenically synthesized NPs is the presence of a coating
surrounding their surface, which is composed of biological molecules, such as lipids, proteins and

hydrocarbons, coming from the bacteria [64, 65]. This prevents the aggregation of the NPs and



enhances their biocompatibility, thus avoiding the additional functionalization step needed in
physico-chemical routes [66, 67].

Hence, the aim of the present thesis is to explore bacteriogenic synthetic routes for the generation
of selenium-based metallic NPs to be further applied in bacterial treatments and biocompatibility
assays. The present work is divided into two main objectives: in the first, selenium Se and CdSe
metallic NPs made by S. aureus and E. coli were synthesized and their antibacterial activity against
Gram-positive and Gram-negative bacteria studied. In the second objective, a novel route for the
treatment of Helicobacter pylori (H. pylori) infection by using Se-NPs was studied. A hanometric
trojan horse approach was taken, in which bacteria were treated with the NPs that they themselves
created. The size, shape and charge of all the synthesized NPs were characterized by transmission
electron microscopy (TEM) and dynamic light scattering (DLS) and their composition by energy-
dispersive X-ray spectroscopy (EDX) and X-ray photoelectron spectroscopy (XPS). After
synthesis and characterization, the antibacterial properties were tested by bacterial growth curve
analysis and colony-forming unit assays. Finally, the biocompatibility of the metallic NPs was

explored by studying their cytotoxic effects on healthy human dermal fibroblasts (HDF).



2. MATERIALS AND METHODS

2.1. Materials

E. coli (strain K-12 HB101; Bio-Rad, Hercules, CA) and S. aureus subsp. aureus Rosenbach
(ATCC 12600™) were used to synthesize selenium-based metallic NPs. Luria-Bertani Broth (LB,
10 g/L Tryptone, 10 g/L sodium chloride, 5 g/L yeast extract) was purchased from Sigma-Aldrich
(St Louis, MO, US) and was used for the incubation of E. coli and S. aureus bacteria.
H. pylori (ATCC® 43504™) was used to synthesize SeNPs. Tryptic Soy Broth (TSB, 2.5 g/L
dipotassium hydrogen phosphate, 2.5 g/L glucose, 5 g/L sodium chloride, 3 g/L soya peptone) was
purchased from Sigma-Aldrich and used for H. pylori incubation.

For the NP synthesis and antibacterial assays, sodium selenite (Na.SeQOsz), cadmium chloride
(CdCly), zinc nitrate  hexahydrate  (Zn(NOs)..(H20)s), sodium chloride (NaCl),
tris(hydroxymethyl)aminomethane buffer (Tris/HCI), phosphate-buffered saline (PBS), agar
powder and non-tissue-treated 96-well plates were all purchased from Sigma-Aldrich.

For the cytotoxicity assay, human dermal fibroblasts were purchased from the American Type
Culture Collection (ATCC® PCS-201-012™; Manassas, VA, US). Dulbecco’s Modified Eagle’s
Medium (DMEM) and penicillin/streptomycin were purchased from Thermo Fisher Scientific.
Fetal bovine serum was purchased from the American Type Culture Collection (ATCC 30-
2020™; Manassas, VA). Poly-d-lysine vented cap flask, tissue-treated 96 well plates and trypsin
were purchased from Sigma-Aldrich. For the MTS assay, the kit used was a Promega CellTiter 96

Aqueous One solution cell-proliferation assay purchased from Thermo Fisher Scientific.
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2.2. Instruments and characterization

Cultures were incubated in a MaxQ4000 from Thermo Scientific. Centrifugation of samples was
accomplished using both an Eppendorf™ Model 5430 Microcentrifuge and Eppendorf Model
Centrifuge 5804R, refrigerated, with Rotor A-4-44 incl. adapters for 15/50 mL conical tubes,
keypad, 230 V/ 50260 Hz. A FreeZone Plus 2.5 Liter Cascade Console Freeze Dry System was
used to completely dehydrate the samples, obtaining a fine powder. Morphological
characterization of the metallic NPs was accomplished by TEM using a JEM-1010 TEM (JEOL
USA Inc., MA). To prepare samples for TEM imaging, particles were dried on 300-mesh copper-
coated carbon grids (Electron Microscopy Sciences, Hatfield, PA). The diameter, charge and
mobility of the synthesized NPs were studied by DLS using a 90Plus Particle Size Analyzer from
Brookhaven Instruments Corporation. The samples were analyzed at a concentration of 1 mg/mL
NPs in Milli-Q water. The composition of the NPs was analyzed by SEM coupled to an EDX
instrument using a SEM HitachiS-4800 equipped with EDX analysis. The procedure followed for
sample preparation was the same that the one used for TEM. XPS analysis was also performed on
the NPs in powder form to analyze their composition, using a Thermo Scientific K-Alpha+ XPS
System. The sample preparation for XPS required the NP powder to be on carbon tape stuck onto
aluminum foil and loaded into the XPS holder. A SpectraMax M3 spectrophotometer (Molecular
Devices, Sunnyvale, CA) was used to measure the optical density of the bacterial cultures. Growth
curve assays were performed in a plate reader, SpectraMaxV R ParadigmV R Multi-Mode

Detection Platform.
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2.3. Bacterial culture

For the agar plate culture preparation, 0.5 mL of the cell vial was added to 5 mL of LB medium
for E. coli and S. aureus and to TSB medium for H. pylori and incubated overnight to allow
bacteria to reach the stationary growth phase. A solution of 10° cells/mL was prepared, and 100
ML was taken and spread into an agar plate with an L-shaped cell spreader. It was left in the
incubator for 10-12 h to allow the growth of colonies and then stored at -4°C.

For the inoculum preparation, a loop of the agar plate culture was inoculated into 40 mL of the
respective sterile media in a 50 mL conical centrifuge tube and incubated at 37°C, 200 rpm for 16
h. E. coli and S. aureus were incubated in LB medium, whereas H. pylori was incubated in TSB
medium. After this time, two different methods were followed, depending on the desired starting
concentration of bacteria:

- To start with a relatively low concentration of bacteria, the cells were harvested by
centrifugation at 5000 rpm for 10 min. Then, the supernatant was collected and transferred
into a 50 mL Falcon tube, and the pellet was discarded. The optical density of the
supernatant phase was measured using a spectrophotometer at 600 nm (ODeoo), to estimate
the number of bacterial cells per mL for further experiments. Values around 0.05 were
expected from both bacteria, corresponding to a concentration of approximately 108
cells/mL.

- To start with the maximum concentration of bacteria, the bacterial culture after the
incubation time was directly used for further experiments. Values around 0.42 were

normally obtained, corresponding to a concentration of around 10° cells/mL.
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2.4. Synthesis of NPs

- Synthesis of selenium-based NPs by E. coli and S. aureus

For the NPs synthesis, an aqueous solution of 2 mM sodium selenite (Na2SeO3) was added to a 40
mL isolated supernatant following the procedure described in the “Bacterial culture” section,
starting with an approximate bacterial concentration of 108 cells/mL. Once bacteria were
inoculated with the metallic salt, they were kept in a shaking incubator at 37°C, 200 rpm for 2 h.
After this time, a second inoculation with metal was performed by adding 0.75 mM of cadmium
chloride and zinc nitrate hexahydrate for the obtention of CdSe- and SeNPs, respectively. Bacteria
were cultivated in the dark for 24 h at 37°C and 200 rpm.

The same procedure as the one previously described was followed starting with a bacterial
concentration of 10° cells/mL.

- Synthesis of Se-NPs by H. pylori

For the production of Se-NPs, an aqueous solution of sodium selenite (Na:SeQOs) at different
concentrations (1, 2, 5 mM) was added to the 40 mL supernatant previously treated as described
in the “Bacterial inoculum preparation” section. The solution was incubated while shaking at 37°C,
200 rpm for 72 hours to achieve biosynthesis. After the reaction, a change of color from yellowish
was observed, which is the color of LB media, to orange-red, indicating the reduction of SeO, to

elemental selenium (SeP).
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2.5. Purification of NPs

For the purification of NPs, the samples containing bacteria and NPs were centrifuged at 7500 rpm
for 10 min. The supernatant was removed, and the pellet was washed twice with a 0.9% NaCl
solution and finally with 15 mL of a Tris/HCI buffer solution to completely stop bacterial growth.
The solutions were sonicated for 15 min to allow for disruption of the bacterial membranes
followed by the release of the NPs. After sonication, they were centrifuged again at 7500 rpm for
10 min and re-suspended in 10 mL of sterile Milli-Q water.

After purification, these solutions were place in a freezer at -80°C for 4 h. Then, the solutions were
placed in a freeze-dryer. The top of each tube was replaced for a piece of holey parafilm beforehand
in order to allow the release of the solvent during the freeze-drying step. The samples were kept
overnight until all the solvent was removed. The obtained powder was first weighed and then
resuspended in Milli-Q water to achieve the desired concentration for further experiments.

All sterile liquids (LB, TSB, Milli-Q water, 0.9% NaCl, Tris/HCI buffer, PBS) were autoclaved
under a standard sterilization procedure that subjects the load to high-pressure saturated steam at

121°C for 110 min.

2.6. Growth curve assay

For the growth curve assay, two main studies were accomplished: one studying the influence of
the metallic salt in bacterial growth and the other testing the antimicrobial activity of the NPs. For
the experiment, different concentrations of the desired agent to be tested, either metallic salt or
NPs, were mixed with media (LB or TSB) together with bacteria at a concentration of 10° colony
forming units per milliliter (CFU/mL) in a non-tissue-treated 96-well plate. Once the plate was

prepared, the absorbance of all the samples was measured at 600 nm on an absorbance plate reader
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(SpectraMax Paradigm Multi-Mode Detection Platform) every 2 min for 24 h to determine
bacterial growth. Curves were fitted using the Gompertz model.

- Study of the influence of different selenium metallic salts on H. pylori growth

In order to determine the influence of the presence of metallic salt on bacterial growth, several
concentrations (5, 4, 3, 2 and 0.1 mM) of different Se metallic salts (Na;SeOs, Na2SeOs, H2SeOs
and HNaOsSe) were mixed with 100 pL of bacteria at a concentration of 106 CFU/mL in TSB
medium in a non-tissue-treated 96-well plate. The absorbance of all samples was measured at 600
nm on an absorbance plate reader every 2 min for 24 h.

- Antimicrobial activity of Se-NPs in H. pylori

In this study, the influence of three different types of SeNPs, synthesized by adding 1, 2 and 5 mM
Na.SeOs, were tested against H. pylori. Different concentrations of NPs (100, 75, 50, 25, 10 and
5 pg/mL) and the control were mixed with 100 pL of bacteria at a concentration of 106 CFU/mL
in TSB medium in a non-tissue-treated 96-well plate. Negative controls containing only NPs and
medium were used to determine the absorbance caused by the NPs. The absorbance of all samples

was measured at 600 nm on an absorbance plate reader every 2 min for 24 h.

2.7. Colony forming units assay

This assay was performed in order to determine the antimicrobial activity of the NPs. Bacteria at
a concentration of 10° CFU/mL were seeded in a 96-well plate together with different
concentrations of NPs (75, 50, 25, 10 and 5 pg/mL) and a bacterial control without NPs. The final
volume per well was 200 pL. The plate was placed for 8 h inside a static incubator at 37°C. Then,
all samples from the 96-well plate were diluted with PBS in a series of vials to 100x, 100,000x,

and 1,000,000x%. Three 10 pL drops of each dilution were placed in a TSB-Agar plate and incubated
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for 10 h inside the incubator at 37°C. After this time, the colonies were formed and inspected in
order to find the dilution that provided the colonies with the best conditions (countable and same
diameter of CFU). These colonies would be the ones selected to be counted. For this experiment,

Se and CdSe NPs were tested against E. coli and S. aureus and Se-NPs were tested against H.

pylori.

2.8. In vitro cytotoxicity assay

Cytotoxicity assays were performed with primary human dermal fibroblasts (HDF). First, they
were cultured in complete media (DMEM with 10% fetal bovine serum and 1% penicillin—
streptomycin) separately in a flask at 37°C in a humidified incubator with 5% carbon dioxide
(CO2). Then, cells were seeded in a 96-well plate at 5,000 cells/well in 100 pL of cell medium and
incubated for 24 h at 37°C in a 5% CO. humidified atmosphere. The culture medium was then
replaced with 100 pL of freshly prepared culture medium containing different concentrations of
NPs (75, 50, 25, 10 and 5 pg/mL). The plate was cultivated again for 24 h in the same
environmental conditions as before. The culture media was removed again and replaced with 100
pL of an MTS solution prepared at a mixing ratio of 1:5 of MTS:DMEM. The well plate was then
cultivated for 3 h to allow for a color change. Then, the absorbance was measured at 490 nm under
an absorbance plate reader (SpectraMax) for cell viability after exposure of cells to the NPs. Cell
viability was calculated by dividing the average absorbance obtained for each sample by the one
achieved by the control sample, and then multiplied by 100. Controls containing cells and media,
and just media, were also included in the 96-well plate to identify the normal growth of cells

without NPs and to determine the absorbance of the media.
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2.9. Statistical analysis

Each experiment was performed at least three times to ensure the reliability of the results. Data are
presented as mean with standard error of the mean, and two-tailed Student’s T-tests were used to

evaluate the differences between means, with an alpha value of P<0.1 being considered statistically

significant.
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3. RESULTS AND DISCUSSION

3.1. Objective I: Synthesis of selenium based metallic NPs by E. coli and S. aureus.

3.1.1. Synthesis
With the aim of exploring the synthesis capabilities of S. aureus and E. coli to produce selenium-
based NPs, two synthesis methods were followed by adding different metallic salts: (1) Na2SeOs
plus CdCl and (2) Na2SeOs plus Zn(NOs)2¢(H20)6. The nature of the obtained NPs determined
the ability of the bacteria to reduce these salts. Starting with an initial bacterial concentration of
108 cells/mL, a final concentration of 2 mM Na;SeOs was added to cultures corresponding to E.
coli and S. aureus and after two hours, 0.75 mM of either CdCl2 or Zn(NO3)2¢(H20)s were added.
After the reaction, the culture acquired a reddish color for the tubes in which the zinc salt was
added and a much lighter red color for the ones corresponding to the cadmium salt, as it can be
seen in Figure 3. These changes in color provided evidence of the production of NPs. It should be
pointed out that for the case of NPs synthesized by S. aureus, the culture showed a slightly darker
color than those synthesized by E. coli, which suggests that S. aureus were able to produce NPs
with a higher diameter and/or in a higher yield. The color of the reaction of NPs produced can be
compared to the one corresponding to the control, which showed the normal growth of the bacteria,

presenting a cloudy yellow color.

Figure 3. Color change during the synthesis of NPs. From left to right, falcon tubes corresponding to the addition
of CdCl,, Zn(NOs3), and control for E. coli and CdCl,, Zn(NO3), and control for S. aureus. Color before metallic
inoculation (A), after 9 h of Na,SeO; addition (B) and after 24 h (C).
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These changes in color revealed the mechanism of production of NPs by bacteria, which cope with
the toxicity of the metallic salts added by reducing them to the form of NPs.

Metal ions, in this case SeOs> and Cd?*, are normally first trapped on the surface or inside of the
microbial cell and then reduced into NPs by bacterial enzymes, known as the “detoxification
process” [68]. In some microorganisms, the enzymes that intervene in the SeOs? reduction reaction
are respiratory reductases of anaerobic respiration, such as nitrite reductase, sulfite reductase and
fumarate reductase [57]. Moreover, disulfide reductases play a role in the reduction of cadmium
chloride [69]. However, the mechanism used for metal ion reduction can vary between bacterial
species.

This synthesis, which is validated in the following “characterization” section, produced CdSe and
Se NPs upon first adding Na>SeOs, followed by CdCl, and Zn(NOs)2¢(H20)e after two hours,
respectively. In the first case, CdSe-NPs were formed, demonstrating the ability of bacteria to
reduce both selenium and cadmium metallic salts to the corresponding metals at oxidation state
zero. In contrast, for the case of the addition of the zinc salt, bacteria were not able to reduce zinc
ions, evidenced by the formation of purely Se-NPs. In other words, there was no zinc present in

the NPs, suggesting that it remained in its ionic form during the reaction.

Inoculation % Inoculation
2 mM Na2SeOs /\3/ 2 mM Na2SeOs 4
O N

0.75 mM CdCl:/§7 ‘ 0.75 mM Zn(NO?-)/:é//

CdSe NPs Se NPs

Figure 4. Graphical image showing the results of the synthesis depending on the nature of the
second metallic salt added.
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Finally, upon comparison with the control samples (salts and media), the dark red color of the
samples containing bacteria indicated that the ion reduction was accomplished by enzymes coming
from the bacteria and not compounds contained in the medium. Under reaction conditions in the
medium phase, the reduction of metal ions did not occur as evidenced by a lack of red-colored

precipitation.

3.1.2. Characterization

NPs were named with the following nomenclature: (i) CdSe-NPs synthesized by E. coli as EC-
CdSeNPs, (ii) Se-NPs synthesized by E. coli as EC-SeNPs, (iii) CdSe-NPs synthesized by S.
aureus as SA-CdSeNPs, and (iv) Se-NPs synthesized by S. aureus as SA-SeNPs (Table ).

The morphology of the synthesized NPs was studied by TEM (Figure 5). Metallic NPs made by
each bacterium showed a uniform spherical morphology. From the TEM images, spherical,
metallic-like NPs together with cellular debris can be inferred. Although the purification process
was aimed to remove as much cellular material as possible via chemical washes and sonication, it
needs to be further improved. The sizes of the synthesized NPs ranged between 150 and 230 nm.
One of the most important aspects that can be observed from this characterization is the presence
of a natural coating surrounding the NPs, which is a result of the bacteriogenic synthesis. It can be
perceived by the difference in contrast between the biomolecules that form the coating (composed
by light elements such as carbon and sulfur, among others) and the metallic core, which is dark in
comparison as metals do not allow many electrons to be transmitted. This coating is mainly made
of biomolecules coming from the bacteria, such as lipids and proteins. It prevents the NPs from
aggregation and, it is also hypothesized that it might improve the antibacterial activity and the

biocompatibility.
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Figure 5. TEM images of the synthesized metallic NPs. From left to right EC-CdSe (A), EC-Se
(B), SA-CdSe (C) and SA-Se (D) NPs.

The NP size distribution, Z-potential and mobility of all the synthesized NPs were characterized
by DLS measurements (Table 1). Results from the NP diameter showed a higher diameter for the
synthesized Se-NPs compared to the bimetallic CdSe-NPs, for both types of bacterium, E. coli and
S. aureus. The NP size distribution was plotted for the particular case of Se-NPs made by both E.
coli and S. aureus in Figure 6. It can be observed that the NP size distribution is slightly narrower
for the case of EC-SeNPs, also indicated by the small degree of polydispersity (Table 1), meaning

that E. coli was able to synthesize NPs with a more defined particle size.
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Figure 6. NP Size distribution of EC-Se (left) and SA-Se NPs (right) characterized by DLS.

For Z-potential and mobility measurements, a dip cell, containing two palladium electrodes, was
submerged into the solutions. Then, an electric field was applied within the sample and the
movement of the NPs from one electrode to the opposite under the effect of electrophoresis was
characterized. The Z-potential indicates the surface charge of the NPs, which highly correlated to
the type of biomolecules that compose the NP coating. All of them were negatively charged,
possibly due to the presence of different functional groups coming from the bacteria. It can be
noted that NPs synthesized by E. coli showed a lower surface charge compared to those
synthesized by S. aureus, for which both CdSe and SeNPs showed very similar charge values. This
is a clear evidence of the differences in composition of both coatings, as they come from different
types of bacteria. The coating resulting from the synthesis with S. aureus had more negatively
charged functional groups than that of E. coli. For the NPs coating coming from E. coli, the values
varied noticeably between NPs. It could be that the different composition of those NPs could favor
or disfavor the attachment of E. coli-derived functional groups. All in all, Z-potential remains an
important parameter to study, not only because it gives an idea of the nature of the coating, but
also because it provides a better understanding about the interaction between NPs and bacteria. S.
Halder et al. reported the Z-potential for E. coli and S. aureus, to be -44.2 and -35.6 mV,

respectively [70]. These values speak to the electrostatic behavior of the cells, which regulates the
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bacterial adhesion [71] and contribute to the interaction with other agents [72]. This charge is due
to the presence of several types of functional groups in bacterial membranes, such as acidic and
basic functional groups, that are known to be associated with lipopolysaccharides (LPS),
phospholipids (in the case of Gram-negative bacteria) or peptidoglycan and teichoic acid (in the

case of Gram-positive bacteria) [73].

Table 1. Morphology, diameter, polydispersity, charge and mobility of the synthesized selenium based-NPs.

) . ) Z-potential Mobility
Type of NP Morphology Diameter (nm)  Polydispersity
(mV) (um-cm/V-s)
EC-CdSeNPs Spherical 1756+ 2.1 0.183 -16.86 £2.78 -1.29+£0.21
EC-SeNPs Spherical 2274+ 13 0.097 -29.97 £1.54 -2.30+£0.12
SA-CdSeNPs Spherical 166.9+ 2.6 0.194 -40.68 £ 0.04 -3.01 £ 0.00
SA-SeNPs Spherical 217.7+1.6 0.254 -40.51+£0.11 -2.99 £ 0.01

Energy dispersive X-ray spectroscopy (EDX) measurements were performed in order to study the
NP compositions (Figure 7). For the particular case of NPs made by S. aureus, EDX analysis
showed the specific selenium absorption peak for SA-SeNPs and both selenium and cadmium
peaks were present for SA-CdSeNPs. In the latter, there was a significantly higher amount of
selenium compared to cadmium, which suggests that the cadmium reduction by bacteria is much
less favorable than the selenium reduction. It could be because the cadmium reduction is
thermodynamically less favorable, or because there is a lower number of enzymes able to reduce
cadmium ions compared to those able to reduce selenium ions. Furthermore, there were peaks
corresponding to carbon, oxygen and sulfur, which is most likely from the natural coating that
comes from the bacteria. For SA-CdSeNPs, the intensity of the carbon peak was extremely high
compared to SA-SeNPs, meaning that the coating-to-metallic core ratio was much more abundant
for the SA-CdSeNPs. Moreover, in the case of SA-CdSeNPs, peaks corresponding to sodium and

chloride were detected, which may come from the chemical washings applied in the purification
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process that were not efficiently removed afterwards. Finally, the peak related to copper, present

in both analysis, appeared due to the nature of the TEM grid used for the analysis.

Element Weight (%) Atomic (%)
CK 59.71 83.18
oK 8.20 8.58
CuL 5.63 1.48
Na K 1.08 0.78
Se L 19.85 421
SK 0.56 0.29
CIK 227 1.07
cdL 2.70 0.40
Element Weight (%) Atomic (%)

CK \ 43.00 78.14
OK \ 5.25 7.16
CuL \ 5.78 1.99
SeL | 45.97 12711

Figure 7. EDX spectra, SEM image and composition table of SA-CdSeNPs (A) and SA-SeNPs (B).

3.1.3. Reaction Kinetics

The kinetics of the reaction were studied in order to observe how the presence of different metallic
salts interfere in the bacterial growth, compared to the growth in normal conditions.

In order to achieve this, bacterial growth was monitored by measuring the optical absorbance of
E. coli and S. aureus at ODeoo every 60 min from the beginning of the reaction for 8 h. The results
showed that the bacterial growth in presence of Na.SO3z was very similar to the control, which
indicates that bacteria were able to subsist despite the presence of selenium ions in solution.
However, after 2 h, when the second metallic salt was added (CdCl2 and Zn(NQOs)2¢(H20)s), both
bacteria experienced a reduced growth rate compared to the control. This reduced rate is more
pronounced in the case of the addition of CdCl, compared to Zn(NO3)2¢(H20)s, Which indicates
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Bacterial concentration (cells/ml)

that cadmium ions present a higher toxicity than zinc ions. However, it should be noted that

bacteria were still able to grow in spite of the presence of the metallic salts, meaning that they were

able to cope with the salt toxicity by producing NPs. The tendencies observed and the reaction

rates (Tables 3 and 4) were very similar for both types of bacteria. Nonetheless, S. aureus

experienced a slightly higher growth in presence of CdCl» than E. coli.

Reaction Kinetics for £. coli

Reaction Kinetics for S. aureus
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Figure 8. Absorbance monitoring for the reaction of synthesis of Se-NPs (red) and CdSe-NPs (black) by E.
coli (left) and S. aureus (right) compared to a control (blue).

Table 3. Reaction rate and % respect to control for the synthesis made by E. coli.

Escherichia coli Reaction Rate (u.a./min) % Respect to control

Na2SeOs+ CdCl. 4,72 E-05 17.09
Na2SeOs + Zn(NOz)2 9.38 E-05 33.92
Control 2.76 E-04 100

Table 4. Reaction rate and % respect to control for the synthesis made by S. aureus.

Staphylococcus aureus Reaction Rate (u.a./min) % Respect to control

Na>SeOs+ CdCl. 8.75 E-05 24 47
Naz:SeOs + Zn(NOs3)2 1.15 E-04 32.23
Control 3.58 E-04 100
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3.1.4. Effects of the initial concentration of the bacteria on the reaction

In order to study the effect of the initial concentration of bacteria on the reaction, the same synthetic
route was followed, but with a starting concentration of 10° colony forming units (CFUs)/mL,
which is ten times higher than was previously used.

During the reaction, a change of color to red was noticed after 1 h of the addition of Na2SO3, much
earlier compared to 5 h corresponding to the previous accomplished synthesis with fewer bacteria.
The color was much more intense than the one obtained by using a lower concentration of bacteria,
which suggests a considerably higher production of NPs. However, the high concentration used
impeded successful purification, as it was hard to separate all bacteria from the NPs. Thus, these
NPs cannot be isolated efficiently if a more sophisticated purification process is not used.
Nevertheless, the composition of the obtained powder after lyophilization was studied by X-Ray
photoelectron spectroscopy (XPS). Peaks corresponding to the composition of bacteria and their
biomolecules (such as carbon, sulfur, oxygen and phosphorus) were evident. Moreover, selenium

and cadmium could be detected, strongly validating the ability of bacteria to reduce these ions.
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Figure 9. XPS spectrum of EC-CdSeNPs. Analysis obtained from the purified NPs deposited on carbon tape. Raw

XPS data and peak fitting analysis represented together
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3.1.5. Antimicrobial activity of selenium-based NPs
The antibacterial capability of the synthesized CdSe and SeNPs by S. aureus was tested by CFU
assays, and the results are shown in Figures 10 and 11. Both bacteria, E. coli and S. aureus, were
incubated for 8 h in presence of these NPs in order to study their proliferation upon exposure. As
a general trend for all tested NPs, it can be inferred that, at low NP concentrations (5, 10 and 25
pg/mL), the bacterial concentration decreased with respect to the control, which was incubated in
absence of NPs. However, at higher concentrations (50 and 75 pug/mL) the bacterial proliferation
showed an increase in most of the cases, meaning a lower antibacterial efficiency. SA-SeNPs
presented a higher antimicrobial activity compared to SA-CdSeNPs, as they decreased bacterial
proliferation to a higher degree. For the case of SA-SeNPs tested against S. aureus, three
concentrations of NPs (10, 25 and 50 pg/mL) showed a significant decrease of bacterial

proliferation compared to the control, demonstrating the successful antimicrobial activity of SA-

SeNPs.

SA-CdSe NPs against E. coli SA-CdSe NPs against S. aureus
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Figure 10. Colony Forming Unit assays for E. coli (A) and S. aureus (B) treated with SA-CdSeNPs during 8 h.

Values represent the mean + standard deviation of the mean. N=3.
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Figure 11. Colony Forming Unit assays for SA-SeNPs against E. coli (C) and S. aureus (D). Values represent the
mean + standard deviation of the mean. N=3. *p < 0.1 versus control.

The fact that higher concentrations of NPs tended to increase bacterial proliferation might be
explained by the possible aggregation of NPs at high concentrations. When they aggregate, less
NP surface is exposed to interact with external agents, resulting in a decrease in antibacterial
efficiency [74].

Furthermore, SA-SeNPs, having a monometallic nature and higher diameter than SA-CdSeNPs,
were more antimicrobial than their bimetallic counterparts. One hypothesis to explain this is the
differences in the coating between the CdSe and SeNPs made by S. aureus. They were synthesized
by the same bacterium, suggesting that the coating might be similar in composition, however, the
NPs have an inherently different metallic-core, which could favor or disfavor the attachment of
the specific protein components of the coating. This was verified by EDX analysis (Figure 7), in
which the coating was much more prominent for the case of SA-CdSeNPs compared to SA-SeNPs,
evidenced by the highly intense carbon peak present for the SA-CdSeNPs. Thus, depending on the
thickness of the coating, which may in some cases fail to cover the entire NP surface, the bacterial
activity may vary. In this case, it was observed that the NPs with a lower proportion of coating-to-

core, SA-SeNPs, presented a higher antimicrobial effect. In addition, these NPs displayed a higher
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antimicrobial activity against S. aureus compared to that against E. coli, probably because of the
different natures of Gram-positive and Gram-negative bacteria, respectively. The main feature that
distinguishes these two types of bacteria is the presence of an outer membrane formed by
lipopolysaccharides and proteins in Gram-negative bacteria (Figure 12), specifically, which

prevents agents from crossing the bacterial wall [75].

Gram Positive Gram Negative

Plasma Membrane
Plasma Membrane | \
Periplasmic space

Periplasmic space Peptidoglycan
Outer membrane —— k
Peptidoglycan (lipopolysaccharide k
and protein

Figure 12. Differences in bacterial membrane for Gram-positive and Gram-negative bacteria. Image from
http://static.diffen.com/uploadz/0/0e/cell-wall-gram-bacteria.png

By comparing the antimicrobial activity of SA-SeNPs with synthetic Se-NPs obtained by chemical
methods from the literature [76], a similar trend against both bacteria could be observed. Synthetic
Se-NPs at concentrations ranging from 10 to 50 affected significantly the growth of S. aureus
whereas no effect was observed against E. coli. Nonetheless, the antimicrobial activity of SA-
SeNPs against S. aureus was lower than the one obtained from synthetic Se-NPs; for the former,
the antimicrobial activity was significantly reduced respect to the control with a p value of 0.1 at
concentrations of 10, 25 and 75 pg/mL whereas for the latter the p value was 0.05. Otherwise
stated, synthetic Se-NPs ensure antimicrobial activity with a 95% confidence level compared to a
90% for SA-SeNPs. It should be noted that the treatment time for synthetic Se-NPs was 15 h
instead of 8 h for this study. Moreover, these synthetic Se-NPs presented a lower size (79 nm),

which can definitely influence the activity against bacteria.
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The antimicrobial activity of these NPs can be explained in terms of two main mechanisms: (1)
the production of reactive oxygen species (ROS), and (2) the release of metal ions from the
nanostructures. The former, ROS species, are chemically reactive agents containing oxygen within
the molecules, such as hydroxyl (OH") or superoxide (O2%") groups. These species normally result
from the metabolism of oxygen in cells; however, ROS exposure at higher concentrations than
normal physiological levels can lead to serious cell damage. Metallic NPs are involved in the
increase of ROS production, leading to the interruption of several metabolic routes essential for
cell viability. The second main mechanism through which NPs can alter bacterial growth is the
release of metal ions from the nanostructures. Metal ions are typically absorbed by the cell
membrane and can therefore directly interact with its components. This interaction leads to
extensive inhibition of enzymatic activity, not only changing the cell structure but also affecting
the rates of physiological processes such as cell respiration, which causes general dysfunction
within the bacteria. Therefore, it is believed that the presence of metallic NPs induces the formation
of ROS together with the release of metal ions, leading to a systemic failure of the internal

metabolism.

3.1.6. Detection of reactive oxygen species (ROS)
As stated in the “Antibacterial assays” section, one of the main mechanisms of the antimicrobial
activity of NPs is the production of ROS, able to induce bacterial cell membrane damage, proteins,
DNA and intracellular systems such as the respiratory system [77]. In this study, the production of
ROS was detected by using DCFDA. After 8 h of incubation, as it can be seen in Figure 13, Se-
NPs recorded the highest fluorescence intensity, which is proportional to the concentration of ROS.
This indicates a higher ROS production from Se-NPs compared to both CdSe-NPs and the control,
and supports the results from the colony counting assays. However, this increase was not
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significant with respect to the control, which suggests that there are probably other mechanisms

taking part in the antimicrobial activity of these NPs, such as the release of metal ions.
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Figure 13. Formation of ROS in E. coli cells treated during 8 hours with 100 pg/ml SA-SeNPs and SA-CdSe
NPs. Values represent the mean + standard deviation of the mean. N=3. The control was not treated.

3.1.7. Invitro cytotoxicity assay

Human dermal fibroblasts (HDF, passage number 4) cells were used to perform in vitro
cytotoxicity assays to test the biocompatibility of Se and CdSe NPs. The effects of the NPs at
concentrations ranging from 5 to 75 pg/mL in HDF cells were studied over several periods of time:
1, 3 and 5 days (Figure 14). The passage number of the cell culture used was 4.

From the results, all the tested concentrations ranging from 5 to 75 ug/mL presented a high level
of cell viability during the periods of time studied (1,3 and 5 days). Interestingly, the cell
proliferation was not negatively affected by the presence of these two types of NPs, but it was
actually improved. This unexpected tendency is especially pronounced for the case of HDF cells
treated with NPs for 1 day. Research studies have shown an increase in DNA content in cells

exposed to NPs. Sun Q. et al. observed that the exposure to TiO2-PEG NPs at doses lower to 100

31



ug/mL led to cell proliferation [78]. They also noticed the aggregation of growth factor receptors

on the surface of cells exposed to those NPs, what increased the cell growth rate.

Another possible explanation for this tendency could be that the natural coating surrounding the

NPs provides nutrients for these cells, as it is composed of biomolecules such as lipids and proteins

that originally came from the bacteria. Therefore, these nutrients could also improve fibroblast

proliferation.
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Figure 14. In vitro cytotoxicity of HDF cells treated with CdSe and Se NPs for 1, 3 and 5 days. The study was
assessed by MTS assays. Values represent the mean and standard deviation, N=3. *p<0.05, **p<0.01 versus the
control at the same period.

The literature shows that, for synthetic Se-NPs, there is a reduction in cell viability up to a

maximum of 30% for concentrations ranging from 10 to 50 ug/mL [76]. This result clearly showed

the significant enhancement in biocompatibility for biogenically synthesized Se-NPs compared to

synthetic Se-NPs, thus being highly suitable for biomedical applications.
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3.2. Objective 11: Synthesis of Se-NPs by H. pylori to develop a novel route to treat its
infection.

3.2.1. Synthesis

With the objective of exploring the synthesis capabilities of Helicobacter pylori (H. pylori) for the
production of NPs, the bacterium was inoculated with a selenium metallic salt, subsequently
producing Se-NPs. This demonstrated, for the first time to our knowledge, the ability of this type
of bacterium to reduce metal ions into NP.

The synthesis was achieved by adding different concentrations of Na>SeOs (1, 2 and 5 mM) into a
bacterial culture previously adjusted to a concentration of 108 cells/mL. After the addition, the
culture was left for 72 h and the obtained NPs were purified. The solution turned red after 5 h of
inoculation, which is representative of the reduction of SeOs? to Se®. Figure 15 shows the different
colors of the cultures after 24, 48 and 72 h of inoculation. The solution that acquired the more
intense color corresponds to the one to which the highest concentration of metal was added (5 mM

Na,SeO3) indicating a larger NP diameter and/or higher yield of NPs with respect to the others.

Figure 15. Color change during the reaction after 24 h (A), 48 h (B) and 72 h (C). The falcon tubes correspond,
from left to right, to the reaction adding 1 mM, 2 Mm and 5 mM NazSeOs,
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To demonstrate that bacteria are responsible of the reduction of the selenium salt, the same reaction
was tested in TSB medium without adding bacteria. No color change was noticed, indicating that
the TSB components were not able to reduce the selenium oxyanion.

After purification and resuspension of the synthesized Se-NPs into distilled water, the solutions

presented the color shown in Figure 16.

Figure 16. Color of the NPs resuspended in water. The falcon tubes correspond, from left
to right, to the reaction adding 1 mM, 2 Mm and 5 mM.

3.2.2. Characterization
The morphology of the Se-NPs obtained by the synthesis route using 5 mM Na>SeOs was
investigated by TEM (Figure 17). The bacterium was able to produce relatively homogeneous NPs
with a round shape. Most of the NPs presented sizes from 120 nm to 170 nm, however, there were

also particles, at a much lower frequency, with diameters of nearly 500 nm.

34



Figure 17. TEM images of Se-NPs made by H. pylori via the addition of 5 mM Na2SeO:s.

The diameter and polydispersity of the NPs obtained by adding different concentrations of
Na2SeOs (1, 2 and 5 mM) were investigated by DLS. The following nomenclature was used to
denote them: 1-SeNPs, 2-SeNPs and 5-SeNPs, respectively. The values obtained are shown in
Table 4.

Different sizes and values of polydispersity were obtained for each type of NP. The lowest
diameter obtained was for 2-SeNPs, although the polydispersity is high, meaning that the NP size
distribution covers a wide range of values. The lowest polydispersity, which denotes a narrow NP
size distribution, was obtained for 1-SeNPs. This shows that the lower range of NP sizes was

obtained when adding the lowest concentration of salt.
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Table 4. Morphologic characterization and Z-potential studies of different Se-NPs.

. . . Z-potential Mobility
Type of NP Nomenclature Morphology Diameter (nm) Polydispersity (mv) (um-cm/V-s)
SeNPs .
1-SeNPs Spherical 168.6 £ 1.0 0.099 -22.27 +0.84 -1.71 + 0.06
(ImM salt)
SeNPs .
2-SeNPs Spherical 1428+ 14 0.279 -37.45+1.48 -2.87+£0.11
(2mM salt)
SeNPs )
(5mM salt) 5-SeNPs Spherical 190.1+1.9 0.208 -40.58 £ 0.06 -3.00 £ 0.00

The Z-potential and NP mobility were explored by using the same instrument, DLS, but in this

study, a dip cell containing two electrodes needs to be introduced into the solution in order to

characterize the charge and mobility of the NPs. As it can be seen in Table 4, the surface charge

varied between the different NPs, meaning that the concentration of selenium salt influences the

final surface charge of the formed NP. The higher metallic salt concentration, the more negatively

charged the NPs produced were. Bhattacharjee S. from the University College of Dublin, indicated

that Z-potential values higher than + 30 mV meant a stable suspension [79]. This means that 5-

SeNPs are preferred, as they exhibit a better stability in solution.

The composition of 5-SeNPs was proved by XPS analysis (Figure 18), clearly showing a peak

corresponding to the presence of selenium.
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Figure 18. XPS spectrum of 5-SeNPs. Analysis obtained from the purified NPs deposited on carbon

tape. Raw XPS data and peak fitting analysis represented together.
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3.2.3. Effect of different selenium salts on bacterial growth

The aim of this study was to elucidate how H. pylori responds to the addition of different selenium
salts at different concentrations. To achieve this, H. pylori was cultivated for 24 h in presence of
these salts and its growth analyzed by measuring optical absorbance of the culture every 2 min.
The following salts were studied: sodium selenite (Na2SeO3s), sodium selenate (Na>SeOs), selenous
acid (H2Se0Os) and sodium biselenite (HNaOsSe), at different concentrations (5, 4, 3, 2, 1, 0.5 and
0.1 mM).

First, the ability of H. pylori to reduce the different salts into elemental selenium was noted by
observing the color of the solutions. A color change to red indicates the reduction of selenium ions
into elemental selenium, most probably in the form of NPs. In contrast, no change of color, thus
remaining similar to the control of just the salt and media, shows that the bacterium were not able
to reduce the selenium salt. The resulting solutions, shown in Figure 19, present a color change
after 24 h of incubation for the case of Na>SeOs, H.SeOs and HNaOsSe, indicating that the
enzymes present in H. pylori were capable of reducing the ion SeOs* into elemental selenium,
independent of the molecular source of the ion (different selenium salts). Specifically, in the case
of H2SeOs, no color developed at higher concentrations, which remained a clear yellowish color.
The acidic nature of this salt induced a higher toxicity to bacteria compared to the rest. However,
at low concentrations (1, 0.5 and 0.1 mM), bacteria could survive the acidic environment, and were
able to produce selenium from the oxyanion. For the case of Na,SeO3z and HNaOsSe, the red color
appeared even at high concentrations, thereby indicating the lower toxicity of these salts. However,
it should also be noted that there were a slightly higher number of wells with red-colored solutions

for the case of NaxSeO3 compared to those of HNaOsSe.
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Figure 19. Color change in bacterial solutions incubated with different selenium salts
at different concentrations for 24 hours.

Unlike the other three salts, bacteria incubated with Na>SeOs did not develop red color at any
concentration, meaning that there was a lack of enzymes present in H. pylori able to reduce the
selenate anion, SeO4+%. Moreover, the solutions presented a cloudy yellow color, meaning that the
bacteria were still able to grow in spite of the presence of Na;SeOa.

In order to study the bacterial growth in a quantitative manner, the absorbance of the bacteria at
600 nm was measured every 2 min for 24 h after the addition of the metallic salts. This study
enabled us to choose both the optimal compound and concentration for the production of NPs. It
should allow bacteria to grow, although it would not be in their optimal environment, in order to
ensure a good NP yield. The bacterial growth curves corresponding to different selenium salts are
plotted in Figures 20 and 21.

For the case of Na>SeO3z and HNaOsSe, the concentrations of metallic salt higher than 1 mM first
inhibited the growth; however, after 7 h of incubation, bacteria were able to successfully elude the

toxicity of the salt, experiencing a jump in their growth. In contrast, the lowest concentrations,
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specifically 0.1 and 0.5 mM, slightly slowed down the growth but did not show any significant
repercussion.

The addition of H>SeOs resulted in a complete growth inhibition at concentrations higher than 1
mM. Nevertheless, at lower concentrations, bacteria became tolerant and started to grow, although
they did not suffer a pronounced increase as in the case of Na>SeO3z and HNaOsSe.

As previously stated, for Na>SeOs, no NPs were formed, meaning that H. pylori is not able to
reduce selenate anions. It can also be stated that the salt was not highly toxic to bacteria, as at all
tested concentrations, the growth was barely affected and was similar to the control in which

bacteria grew at normal conditions (without selenium salt).

All in all, the metallic salt that allowed the best bacterial growth was Na>SeOs, followed by
HNaO3Se. The curves corresponding to 2 and 1 mM for both salts experienced an enormous jump
in growth, meaning that they were suitable concentrations for the production of NPs, as the growth

rate improved during the first 24 hours of incubation.
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Figure 20. Bacterial curves for H. pylori incubated with different concentrations of Na.SeOs and
Naz2SeQOq for 24 hours. Graphs were fitted using Gompertz modelization.
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Figure 21. Bacterial curves for H. pylori incubated with different concentrations H2SeOz and
HNaOsSe for 24 hours. Graphs were fitted using Gompertz modelization.

3.2.4. Antimicrobial activity by growth curve analysis

The antimicrobial capabilities of the synthesized 1-SeNPs, 2-SeNPs and 5-SeNPs were tested by
growth curve assays. H. pylori was incubated in the presence of different concentrations of these
NPs for 24 h, and its growth monitored by absorbance. According to the results shown in Figure
22, it can be clearly seen that the NPs that produced the least antimicrobial effect were 1-SeNPs,
as most of the curves obtained were similar to the control. Unexpectedly, the concentration that
presented the highest effect against bacteria was 25 ug/mL, suggesting that the optimal
concentration of NPs is in the mid-range (for the range between 5 and 100 pg/mL).

Comparing 2-SeNPs and 5-SeNPs, the bacterial growth was more influenced by the presence of
the latter. In the case of 5-SeNPs, there was a clear distinction between the higher concentrations
(200, 75, 50 and 25 pg/mL), which strongly affected the growth, and the lowest ones (10 and 5

ug/mL), that barely showed any difference with the control.
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Figure 22. Bacterial growth assay for H. pylori incubated with different concentrations of 1-SeNPs,
2-SeNPs and 5-SeNPs for 24 hours. Graphs were fitted using Gompertz modelization.

In order to further study the significance of these curves, the modified Gompertz model was
applied. The original Gompertz equation describes a sigmoidal growth curve, containing
mathematical parameters (a, b, ¢) rather than biological ones, as show in Equation 1.

—ct
y=q-e b’ (Eq. 1)
It is not possible to estimate the biological parameters nor the errors accurately from this
mathematical equation. Instead, it was rewritten in order to directly express the biological

parameters, A, i and 4, as shown in Equation 2.

_e(¥)-(l—t)+1

y=A-e (Eq. 2)
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This expression, known as the modified Gompertz equation, was obtained through a series of
derivations and was the one used for fitting bacterial growth curves. In contrast to the original
equation, the parameters of this equation have biological meaning rather than mathematical.

The parameter y corresponds to the optical density reading, directly proportional to the
concentration of bacteria, A is the asymptote, p is the maximum exponential growth rate and 7 is
the lag time. These parameters were estimated according to a least-squares estimation algorithm
using a GRG nonlinear solver. All of them were calculated and plotted for analysis. The data was
collected for H. pylori in presence of the three types of NPs and results are shown in Figure 23.
The parameter A represents the maximum specific growth of the bacteria under experimental
conditions. While analyzing the results, it was found that NP concentrations of 25 and 100 pg/mL
led to a lower asymptotic absorbance value. This was observed especially for the case of 2-SeNPs
at 25 pg/mL and 5-SeNPs at 100 pg/mL, meaning that these NPs at these concentrations present
high antimicrobial activity.

The maximum exponential growth rate was studied by analyzing the parameter u. As a general
trend, the graph showed that higher NP concentrations resulted in a lower growth rate. This
tendency can be clearly detected for 5-SeNPs, however, for the case of 1-SeNPs and 2-SeNPs, the
concentrations that presented a higher impact in decreasing the rate were 25 and 100 pg/mL.

The parameter 1 represents the lag time in the bacterial growth under experimental conditions.
For the case of 5-SeNPs, the lag time increased as the nanoparticle concentration increased. This
tendency could be observed for 2-SeNPs at higher concentrations than 25 ug/mL. In contrast, for

the case of 1-SeNPs, a clear tendency in the lag time could not be observed.
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Figure 23. Analysis of parameters A, u and A from the modified Gompertz equation from the
bacterial curves shown in Figure 22.

It is expected that the presence of NPs might cause a delay in the maturing of bacteria, as they
need to adapt themselves to the new growth conditions, different from the ones they are used to
live. Therefore, this environment is preventing them to accomplish cell division in the way they
should, affecting their growth cycle.

This delay can be clearly observed for the case of 5-SeNPs, which have already been demonstrated
to present the highest ability to stop bacterial growth. Then, 2-SeNPs showed an increased delay
in bacterial growth at higher concentrations than 25 pug/mL. Lastly, as it was expected, 1-SeNPs
did not produce any delay in the growth, what matches with the low antimicrobial activity observed
in previous results.
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Therefore, as a conclusion for the analysis of Gompertz parameters, 5-SeNPs presented the highest
impact in bacterial growth, as they decreased bacterial absorbance at a high level, decreased the

maximum growth rate and finally, caused a delay in the lag phase.

3.2.5. Colony forming units assay

The antimicrobial activity was studied for 5-SeNPs, as these NPs provided the highest action
against bacteria in the previous study. To accomplish this, H. pylori was incubated for 8 h in
presence of different concentrations of 5-SeNPs (5, 10, 25, 50 and 75 pg/mL). These treated
bacteria were later inoculated into agar plates to study their ability to give rise to colonies. The
number of colonies generated were counted and the data was treated, and the results are shown in
Figure 24.

From the figure, it is clear that there is a homogeneous decreasing trend of the bacterial
proliferation upon an increase in NP concentration. For 10 pg/mL, there was a significant
difference of CFUs with respect to the control, indicating that 5-SeNPs at this mentioned

concentration showed clear antimicrobial activity.
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Figure 24. Colony counting of H. pylori treated with different concentrations of 5-SeNPs.
Values represent the mean + standard deviation of the mean. N=3. *p < 0.1 versus control. 44



It is noteworthy to mention that results from the growth curve assays and the colony counting unit
assays might not always coincide, as bacteria are exposed to different growth conditions in each
type of assay; liquid media for growth curve assay and solid media for colony counting assay.
Previous reports show that stress-injured cells perform better in liquid media rather than solid
media [80]. Also, bacteria could be stressed due to the transfer from liquid medium to solid

medium when preparing the plates for colony counting [81].

3.2.6. In vitro cytotoxicity assay

The cytotoxicity of 5-SeNPs was studied in HDF cells during 1, 3 and 5 days (Figure 25). The
passage number of the cell culture used was 5. Of all the tested concentrations ranging from 5 to
75 pg/mL, the only one that did not present cytotoxic effects against HDF during all the time
periods tested was 5 pg/mL. At concentrations of 10 pg/mL, the effect of 5-SeNPs was barely
noticeable after 1 day of incubation; however, there were significant differences after 3 and 5 days,
showing clear cytotoxicity.

Thus, 5-SeNPs can only be considered biocompatible for concentrations lower than 5 ug/mL. In
the case of 10 pg/mL, they do not affect healthy cells if they do not exceed 24 hours of contact
with them. Common drugs orally ingested to treat H. pylori, such as a combination of amoxicillin,
lansoprazole and clarithromycin, remain in the body up to 8 hours, being excreted in the urine.
This exemplifies a treatment that requires much less than 24 hours to accomplish its action.
Furthermore, according to the previous colony counting studies, the time needed for 5-SeNPs to
significantly affect bacterial growth was 8 h, time period in which no cytotoxic effects were

observed.
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Figure 25. In vitro cytotoxicity of HDF cells treated with 5-SeNPs for 1, 3 and 5 days. The study was
assessed by MTS assays. Values represent the mean6standard deviation, N=3. *p<0.01 versus the
control at the same time period.

By comparing these results with synthetic Se-NPs from the literature, a higher cytotoxicity was
obtained for 5-SeNPs synthesized by H. pylori compared to synthetic Se-NPs obtained via a
chemical method [76]. This increased cytotoxicity might be due to the coating composed by
biomolecules (proteins and lipids) from H. pylori, which might be pathogenic to human healthy
cells.

As the coating resulted to negatively affect cell proliferation, alternatives should be taken to elude

these cytotoxic effects; such as the design of a purification process (via ultrasonication, harsh

chemical washes, ...) that removes a sufficient part of this coating that avoids its cytotoxic effect.
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4. CONCLUSIONS AND FUTURE PROSPECTIVES

Over the years, many microorganisms exposed to antibiotics have adapted to these compounds.
The broad and vast use of antibiotics for medical, veterinary, and agricultural purposes has led to
an increasing emergence of antibiotic-resistant strains of pathogenic bacteria. As a result,
antimicrobial resistance (AMR) is now one of the most serious problems worldwide.

The emergence of resistant strains has made it imperative to search for novel methods that abstain
from the use of antibiotics. Therefore, the application of nanotechnology in pharmaceuticals and
microbiology has gained prevalence to prevent the catastrophic consequences of AMR. Among all
nanomaterials, metal NPs are potential candidates to deal with emergent resistant strains. They
have shown an enormous capacity in different studies to effectively cope with a broad spectrum
of antibiotic resistance bacteria [82].

Common routes to synthesize metal NPs are based on physico-chemical routes; however, these
procedures have disadvantages such as extreme reaction conditions, production of toxic
byproducts, and the requirement of addition steps for functionalization, among others. Thus,
biogenic synthetic routes have been proposed as alternatives to overcome these drawbacks.
Specifically, the use of bacteria to synthesize nanomaterials is a green and cost-effective route to
produce NPs in an eco-friendly way and without the need of additional functionalization steps.
Therefore, the aim of this project was to explore the synthesis capabilities of bacteria to produce

selenium-based NPs and study their potential for biomedical applications. (cells/cm?)
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4.1. Objective I: Synthesis of selenium based metallic NPs by E. coli and S. aureus.

In the first objective of the project, the synthesis of CdSe and SeNPs by E. coli and S. aureus was
achieved. Both bacteria were able to successfully reduce selenium and cadmium metallic salts
(Na2SeOs and CdCly) into NPs, but were unsuccessful for zinc salt (Zn(NOs)2¢(H20)e) due to a
possible lack of enzymes for the reduction of the zinc ion specifically. The characterization showed
equal morphologies and similar sizes for all the synthesized NPs; however, the surface charge and
mobility given by Z-potential studies correlated with the type of bacteria used for synthesis. This
strongly suggests that the coating of the NPs possessed bacteria-specific compositions, meaning
that the functional groups varied depending on the bacteria that synthesized the NPs. EDX
characterization afforded the determination of the bi- and monometallic nature of CdSe and SeNPs,
respectively, together with the specific composition of the bio-coatings consisting of carbon,
oxygen and sulfur. These coatings were much abundant in the case of the BNPs, suggesting that
the coating chemically favored the BNPs and remained more strongly attached.

From the study of the kinetics of the reaction, the presence of the different metallic salts affected
the growth. However, it was not completely inhibited, and allowed bacteria to deal with the toxicity
of the salts by producing NPs.

The CFU assays to test the antimicrobial activity of the NPs synthesized by S. aureus against both
Gram-negative and Gram-positive bacteria showed that major bacterial growth inhibition was
accomplished by SA-SeNPs against S. aureus. It was hypothesized that the lower proportion of
coating-to-metallic core for SA-SeNPs compared to SA-CdSeNPs led to an increased antibacterial
activity. Moreover, the fact that these monometallic NPs exhibited a higher effect against S. aureus
than against E. coli can be explained by the different nature of both bacteria. Gram-positive
bacteria, such as S. aureus, remain more susceptible to the attack of external agents, as they possess

only one cell membrane in contrast to the double membrane of Gram-negative bacteria such as E.
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coli. Therefore, the latter are able to prevent certain drugs and antibiotics from penetrating the cell,
and are thus more resistant to the action of drugs.

The in vitro cytotoxicity assays of SA-CdSe and SA-SeNPs revealed no significant cytotoxic
effects to HDF cells during 1, 3 and 5 days of incubation. Surprisingly, the presence of the NPs
produced an improvement of the cell viability, especially for the 1-day incubation. This
enhancement could be due to the possible aggregation of NPs, which might involve a starting point
for cell growth. Moreover, the biological nature of the coating surrounding the NPs might serve as
nutrients for the human cells, increasing their proliferation.

Hence, the ability of E. coli and S. aureus to produce bi- and monometallic selenium-based NPs
(CdSe and Se) has been demonstrated. The antimicrobial assays demonstrated that SA-SeNPs
presented high antimicrobial activity, notably more significant against Gram-positive bacteria
compared to Gram-negative. These results are in agreement with previous studies with synthetic
Se-NPs [76], although the activity of biogenic selenium based NPs has resulted to be less than the
achieved with synthetic Se-NPs. Moreover, the biocompatibility of the NPs synthesized by S.

aureus was validated for HDF cells, surpassing the limits never reached for synthetic Se-NPs.

As a future prospective for this first objective of the project, it would be beneficial to develop a
more efficient purification process for the NPs, as they were difficult to isolate, remaining together
with cellular debris. This prevented the use of higher concentrations of bacteria in the synthesis,
which would have allowed a higher NP yield. This purification could be based on dialysis with a
membrane pore size similar to the NP diameter. This membrane would remain in distilled water

with continuous stirring until the NPs reached the solution (Figure 25).
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Figure 25. Fundamentals of Dialysis. Image from http://spectrumlabs.com/dialysis/Fund.html

Second, in order to gain a better understanding of the NP-bacteria interaction, a deeper study of
the composition of the natural coating would be needed. This coating directly interacts with the
bacterium, and differences in the proportion of the coating may vary the antimicrobial activity.
Infrared spectroscopy studies would give an insight into the functional groups present in each of
them. Moreover, theoretical simulation to make predictions of the interaction of these functional
groups with the bacterial cell membrane would be useful to understand their mechanisms.

Finally, it would be interesting to try to obtain NPs enriched in the second metal, Cd, as the Cd/Se
proportion in the ones synthesized was very low. This would give us an understanding of how the
different proportion of both metals can affect their properties. To achieve this aim, it would be
possible to genetically modify the bacteria. A resistant trait could be induced into the bacteria in
order to express enzymes able to deal with the toxicity induced by the Cd ions by reducing them
to produce NPs. In this way, the proportion of Cd could be increased in the NP and their possible

different properties studied compared to their monometallic counterparts.
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4.2. Objective I1: Synthesis of Se-NPs by H. pylori to develop a novel route to treat its
infection.

In the second objective of the project, the synthesis of Se-NPs by H. pylori was achieved for the
first time to our knowledge, together with antimicrobial studies against the same bacteria that
create them and in vitro cytotoxicity assays for HDF cells.

First, the ability of H. pylori to reduce selenite oxyanions from different metallic salts into Se-NPs
was demonstrated. Though successful for selenite oxyanions, it should be noted that this bacterium
was not able to reduce selenate oxyanions into elemental selenium. The metallic salt and its
concentration was optimized in order to produce NPs in a high yield. Four different selenium
metallic salts at seven concentrations were tested in order to achieve the best conditions. Sodium
selenite at concentrations of 1, 2 and 5 mM produced the best impact on bacterial growth in
comparison with the rest, thus they were selected for synthesis. Therefore, three different types of
NPs were obtained: 1-SeNPs, 2-SeNPs and 5-SeNPs, corresponding to the initial concentration of
Na>SeOs used in the synthesis (1, 2, and 5 mM, respectively).

All NPs synthesized were characterized, showing equal morphologies and similar diameters. A
higher metallic salt concentration produced more negatively charged NPs; thus, 5-SeNPs remained
more stable in solution than the lower two concentrations. Additionally, the selenium composition
of the metal NPs was validated by XPS studies.

Antimicrobial studies for the three types of Se-NPs at six different concentrations were carried out
against H. pylori. From the bacterial growth curve assays, it could be inferred that 5-SeNPs showed
the highest activity against bacteria. Moreover, the study of the biological parameters obtained by
the modified Gompertz modeling gave insights into the effect of each concentration in bacterial

growth. By analyzing the maximum value of the growth curve, the maximum exponential growth
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rate and the lag time, 25 pg/mL was determined to be the optimal concentration of 5-SeNPs to
treat the studied bacterium.

Because 5-SeNPs showed the best antibacterial activity of the three types of NPs, CFU assays
were performed for five different concentrations of 5-SeNPs against H. pylori. Antimicrobial
activity was exhibited for all the concentrations tested; however, only 10 pg/mL had significant
activity against bacteria compared to the control. Thus, from these two assays it can be inferred
that the most suitable concentrations of 5-SeNPs to treat H. pylori would be 10 and 25 pg/mL.
Finally, in vitro cytotoxicity studies were performed for HDF cells for 5-SeNPs at 5 different
concentrations for 1, 3 and 5 days. The results showed that the only concentration that could be
considered biocompatible for these cells was 5 pg/mL; however, concentrations of 10 ug/mL did
not show cytotoxic effects before 24 h. As it was previously stated, most antibacterial treatments
require approximately up to 8 h for both an efficient action and excretion through the urine, thus
not being necessary to stay in contact with the human system for more than 24 h. Although the
inherent nature of antibiotics and NPs differs one from each other, some parameters of the NPs
could be controlled to induce their rapid clearance from the body. Aspects such as surface
adsorption and size could be tailored to facilitate their excretion.

For future prospectives for this second objective of the project, first, the biocompatibility of the
bacteriogenic Se-NPs should be improved for their implementation in biomedicine. As it was
previously stated, the development of a more efficient purification process, via ultrasonication or
more intense chemical washes, might remove part of the coating, thus reducing its pathogenic
activity to a controllable level.

Second, it would be worth studying the cytotoxic effects of the synthesized NPs in epithelial cells,

which are the ones present in the stomach wall, where H. pylori develops its pathogenic activity.
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The studies developed in the project were in HDF cells, as they remain the standard healthy cells
for biocompatibility studies in the laboratory.

Third, in order to study the possible resistance of the bacterium to the NPs, it would be possible to
incubate them in presence of the NPs for different periods of time, and then, test the susceptibility
to the NPs of the bacterium incubated with NPs compared to the normal strain. These time periods
are left to allow the bacterium to develop a possible mutation against the NPs with which it is
incubated.

Lastly, the acidic environment in the stomach to which the NPs would be exposed must be
considered when trying to treat this bacterium. Therefore, the study of the behavior of the NPs at
these exact conditions must be performed to ensure a good stability of the NPs in the stomach. The
stomach wall is intrinsically covered by a thick coating of bicarbonate-rich mucus that blocks
gastric juice from penetrating the underlying tissue layers. Thus, in case the NPs degrade in the
stomach conditions, taking a biomimetic approach in which the NPs would be coated with
bicarbonate groups on the surface in order to avoid acidic degradation, would be appealing to this

project.
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