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Abstract Pseudomonas aeruginosa, an opportunis-
tic human pathogen, is a major health concern as it
grows as a biofilm and evades the host’s immune
defenses. Formation of biofilms on catheter and
endotracheal tubes demands the development of
biofilm-preventive (anti-biofilm) approaches and eval-
uation of nanomaterials as alternatives to antibiotics.
The present study reports the successful biosynthesis
of tellurium nanorods using cell lysate of Haloferax
alexandrinus GUSF-1 (KF796625). The black partic-
ulate matter had absorption bands at 0.5 and 3.6 keV
suggestive of elemental tellurium; showed x-ray
diffraction peaks at 20 values 24.50°, 28.74°, 38.99°,
43.13°, 50.23° and displayed a crystallite size of
36.99 nm. The black nanorods of tellurium were an
average size of 40 nm x 7 nm, as observed in trans-
mission electron microscopy. To our knowledge, the
use of cell lysate of Haloferax alexandrinus GUSF-1
(KF796625) as a green route for the biosynthesis of
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tellurium nanorods with a Pseudomonas aeruginosa
biofilm inhibiting capacity is novel to haloarchaea. At
50 ug mL™', these tellurium nanorods exhibited
75.03% in-vitro reduction of biofilms of Pseudomonas
aeruginosa ATCC 9027, comparable to that of
ciprofloxacin, which is used in treatment of Pseu-
domonas infections. Further, the observed ability of
these nanoparticles to inhibit the formation of Pseu-
domonas biofilms is worthy of future research perusal.
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Introduction

The planktonic Gram-negative Pseudomonas aerugi-
nosa (P. aeruginosa) grows in a matrix that enables its
cells to adhere together as robust biofilms and cause
major health problems of concern in immunocompro-
mised patients. (Johnson 2008). Additionally, the
microbe loves to bind to urinary catheters and
endotracheal tubes. The biofilm growth enables P.
aeruginosa to evade host immune defenses, antibiotic
treatment and promote chronic diseases (Wagner and
Iglewski 2008). This biofilm of the microbe on
catheter and endotracheal tubes demands the devel-
opment of new biofilm-preventive (anti-biofilm)
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approaches, among which evaluation of nanomaterials
as alternatives to antibiotics is gaining importance
(Lemire et al. 2013). Silver nanoparticles is explored
for their antibacterial activity against human and
mammalian pathogens such as P. aeruginosa ATCC
9027, Bordetella bronchiseptica ATCC 4617, B.
subtilis ATCC 6633, S. aureus ATCC 6538P, S.
epidermidis ATCC 12228, E. coli ATCC 8739, S.
typhimurium ATCC 14028 (Patil et al. 2014). Tel-
lurium nanoparticles (TeNPs) are also tested for their
antibiotic potential against Escherichia coli (Lin et al.
2012). Efficacy of tellurium nanoparticles in inhibiting
Gram-negative and Gram-positive bacteria is reported
by Srivastava et al. 2015, who concluded that their
effect towards Gram-negative organisms was found to
be higher. On the other hand, studies dealing with
inhibition of anti-biofilms of P. aeruginosa using
tellurium nanoparticles are few (Gémez-Gomez et al.
2019).

The production of TeNPs through bio-reduction of
tellurite to elemental tellurium using: whole cells, cell
free culture supernatants and enzymes of various
prokaryotic eubacteria are recorded by Baesman et al.
(2007) and in Archaea, like Halococcus salifodinae
BK3 (Srivastava et al. 2015). Tellurium nanoparticles
with shapes of wires, pencils and cubes have been
characterized through TEM imaging (Lin et al. 2012).
Such biosynthetically produced nanoparticles are
desired because they are expected not to require
addition of toxic chemical stabilizers to avoid aggre-
gation of particulate matter (Honary et al. 2011), this
benefit is argued to give the biological processes an
advantage in green technology over chemical pro-
cesses and hence, superior (Barabadi et al. 2018).

Various mechanisms are recorded for the biosyn-
thetic formation of elemental tellurium such as:
resistant cultures accept the metalloid oxyanions as
electrons in the respiratory chain (Borghese et al.
2004); enzymes such as nitrate reductases reduce and
produce elemental tellurium which is precipitated as
black deposits in various cellular compartments
(Taylor 1999) and the NADH-dependent tellurite
reductase conversion of tellurite by Halococcus sal-
ifodinae BK3, a member of Haloarchaea (Srivastava
et al. 2015). Recent research observations on toxicity
of TeNPs towards pathogens, although not fully
understood, is credited to its oxidation in the media,
which results in the formation of oxyanion tellurite
with strong oxidizing property, resulting in the
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formation of deleterious reactive oxygen species
which are toxic to most microorganisms, particularly
Gram-negative bacteria (Tremaroli et al. 2007; Lloyd-
Jones et al. 1994).

Haloferax alexandrinus GUSF-1 (KF796625) a
haloarchaeon from a salt pan of Goa-India is reported
to produce biotechnologically relevant molecules
(Alvares and Furtado 2021) and exhibits inherent high
resistance to hydrocarbon pollutants (Raghavan and
Furtado 2005). The culture is also reported to perform
inorganic metal conversions of Mn (II) to rhodochro-
site, (Naik and Furtado 2019) and biosynthesize silver
nanomaterial with antibacterial properties against
human and mammalian pathogens (Patil et al. 2014).
With this in mind, we investigated the ability of the
cell lysate of Haloferax alexandrinus GUSF-1
(KF796625) to biosynthesize tellurium nanomaterial
and successfully demonstrated their ability to inhibit
formation of biofilms by P. aeruginosa, growing in
polystyrene micro-titer plates and catheter tubing.

Materials and methods
Chemicals and reagents

All chemicals and reagents used were of analytical
grade, obtained from Himedia Laboratories, India.
Aqueous 1 mM potassium tellurite (K,TeO3z) was
prepared by dissolving the salt in ultra-pure water
(Millipore, Direct Q-3).

Cell lysate of Haloferax alexandrinus GUSF-1

The culture was maintained at room temperature (RT,
28-32 °C) on agar slopes of 25% NaCl Tryptone Yeast
Extract (NTYE) containing (g/ L): MgS0O4-7H,0, 20;
KCl, 5; CaCl,-2H,0 0.2; Yeast Extract, 3; Tryptone,
5; NaCl, 250 and pH 7, adjusted by 1 N NaOH
(Raghavan and Furtado 2004). Cell mass (100 mg of
wet weight) of Haloferax alexandrinus GUSF-1
(GenBank accession number KF796625) was har-
vested by centrifuging the culture grown in NTYE
broth at 42 °C at 10,000 rpm, 4 °C for 10 min, using an
Eppendorf centrifuge 5804 R, Germany. The cell
pellet obtained was washed thrice in sterile 15% (w/v)
NaCl, subjected to osmotic lysis and freed of cell
debris by centrifuging.
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Biosynthesis of TeNPs by cell lysate of Haloferax
alexandrinus GUSF-1

Equal quantities of cell lysate and 1 mM K,TeO3 were
mixed and kept standing at RT and visually monitored
for any color change. The particulate material thus
formed was collected at 10,000 rpm, 4 °C for 40 min,
using an Eppendorf centrifuge 5804 R, Germany. The
pellet obtained was washed with sterile water, dried at
80 °C, pulverized and stored in a vial at RT. The
culture was also grown in NTYE in the presence and
absence of 1 mM K,TeO; and a lead acetate paper
strip (Fisher Scientific, Pittsburgh, PA) was placed in
the headspace of the flask to qualitatively determine if
any hydrogen sulfide was produced.

Fourier Transform Infrared Spectrometer (FT-IR)
analysis

The FT-IR spectrum of the sample was obtained with a
Fourier Transform Infrared Spectrometer (FT- IR)
(IRPrestige-21 Shimadzu) by individually mixing the
dried cell lysate/sample with KBr powder in a 1:10
ratio (w/w). The KBr pellet was analyzed in the range
of 4000-400 cm ™" at a resolution of 4 cm ™.

Characterization of the nanoparticles

Scanning Electron Microscopy (SEM) and Energy-
dispersive X-ray Spectroscopy (EDX)

The fine powder of the prepared sample was deposited
on carbon stubs as a very thin layer, coated with gold
and mounted on a sample holder approximately
50 mm from the bottom of the sputter head. JEOL
JSM-5800LV scanning and EDX spectroscope, Japan
was used for analysis.

X-ray diffraction analysis

A thin film of the sample was prepared by placing
about 1 g of the individual sample on a separate
indented slide and pressed with a clean slide. The slide
was placed in the Rigaku Miniflex X-ray diffractome-
ter and scanned from 30 to 80 °C operated at a voltage
of 40 kV, current 20 mA with Cu Ka radiation of
1.541 °A. The data was plotted using Origin 8 software
and Full Width at Half Maximum value was obtained.
The crystallite size of the nanoparticles was calculated

using Scherrer’s equation D = KA/BCos 0 where D is
the grain size, K is a constant taken to be 0.94, X is the
wavelength of the x-ray radiation,  is the full width at
half maximum and 0 is the angle of diffraction.

Transmission electron microscopy and selected area
electron diffraction

The finely ground sample was suspended in ethanol
and 10 pL of the colloidal solution was drop-coated on
carbon-coated copper TEM grids and air-dried. The
morphology images were obtained using Philips
(Model-CM200) Transmission Electron Microscope
at a resolution of 2.4 °A and operated at an acceler-
ating voltage of 200 keV. Selected area electron
diffraction (SAED) analysis was also carried out using
the TEM microscope. The size of the particles in the
images was measured using the Image J software and
the mean value reported.

Activity of tellurium nanoparticles against
biofilms of P. aeruginosa ATCC 9027

A 1:100 dilution of 18 h old culture of P. aeruginosa
ATCC 9027 pre-grown in Luria Bertani (LB) broth at
37 °C (O’Toole 2011) was transferred into fresh LB
medium, with 0.2% glucose to induce growth as
biofilm (Srey et al. 2013). An aliquot of 50 pL was
dispensed out in each well of a 96 well micro-titer
plate and different volumes of TeNPs were added to 5
different wells to give a final concentration of 10, 20,
30, 40, 50 pg mL ™! (v/v). The final volume was then
made to 100 pL using LB containing 0.2% glucose and
the plate was incubated at 37 °C for 18 h. A well with
50 pg mL ™" of ciprofloxacin and another well having
medium along with the culture was also maintained.
After 18 h of growth, free cells and the spent medium
was discarded, wells were rinsed with sterile distilled
water to take off loosely attached cells and residual
medium. The plate was then left to dry overnight. To
quantify the biofilms, an aliquot of 125 pL of 0.1%
aqueous solution of crystal violet was added to stain
the biofilms and discarded after 15 min. This was
followed by the addition of 125 pL of 30% (v/v) acetic
acid. The plate was further incubated at RT for 15 min
and the solubilized crystal violet was measured at
550 nm against 30% (v/v) acetic acid as the reference.
Control of P. aeruginosa ATCC 9027 was main-
tained. Similarly, biofilm formation on a sterile
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catheter tubing made of a polyurethane material was

also studied. Two 1 cm pieces were cut under aseptic

conditions and exposed to P. aeruginosa ATCC 9027

in the absence and presence of 50 ug mL™" (v/v) of

TeNPs and growth of biofilms was also evaluated.
The percent (%) inhibition was calculated as

Asso (biofilm growth) — Assg ( Biofilm growth in presence of TeNPs/Ciprofloxacin)

sulfide that was produced by the growing cultures.
Involvement of hydrogen sulfide and the sulfate/sulfur
assimilation pathway is reported as an important
cellular route mediating tellurite toxicity and intracel-
lular accumulation of tellurium in Saccharomyces
cerevisiae (Ottosson et al. 2010). Other reports

Assg (biofilm growth)

x 100

All the experiments were carried out in triplicates.
Using IBM-SPSS 23 software, USA, a one-way
analysis of variance (ANOVA) was performed to
assess the variation.

Results and discussion
Microbial culturing

The haloarchaeon, Haloferax alexandrinus GUSF-1,
used in this study, is an inhabitant of solar salt from
a salt pan located at Goa-India (Sequeira 1992).
The culture grows optimally at 42 °C, thrives in
35% NaCl and at saturation. The cells are also seen
to produce an orange pigment (Supplementary
Fig. 1). During the course of growth, the culture
is reported to produce several biomolecules with
characteristics of carotenoid type of molecules
(Alvares and Furtado 2018).

Biosynthesis of TeNPs

In the present case, the cells of the culture accumulated
black particulate matter when grown in the presence of
1 mM K,TeO; from day 3 onwards which increased in
intensity when visually monitored up to six days of
growth (Fig. 1). Normal growing cultures produced
hydrogen sulfide as evidenced from the blackening of
the lead acetate paper (Fig. 2). Interestingly, the lead
acetate paper did not blacken in the flask where the
culture was growing in the presence of | mM K,TeOs,
thus indicating that the process of reduction of tellurite
to elemental tellurium (involved the use of hydrogen
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implicating the role of enzyme tellurite reductase in
the bio reduction process are also available among
eubacteria and haloarchaea (Calderdn et al. 2006;
Srivastava et al. 2015).

In order to avoid the additional step to release the
accumulated nanomaterial from cells, we ventured to
carry out the reduction process using the easily
obtained cell lysate by osmotic shocking of whole
cells of Haloferax alexandrinus GUSF-1. Incubation
of the cell lysate of Haloferax alexandrinus GUSF-1
with an equal quantity of aqueous solution of 1 mM
K,TeOs, at RT, also led to the formation of black
precipitate within 48 h, which accumulated and settled
at the bottom of the tube, a preliminary indication that
tellurite was reduced to its elemental form (Fig. 3).
Formation and accumulation of black precipitates, like
in our case, is indicative of reduced elemental

Fig. 1 a NTYE with | mM K,TeOg3; b Haloferax alexandrinus
GUSF-1 growing in NTYE; ¢ Haloferax alexandrinus GUSF-1
growing in NTYE with 1 mM K,;TeO;
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Fig. 2 Lead acetate paper test a NTYE with 1 mM K,TeO; (no
blackening of lead acetate paper); b Haloferax alexandrinus
GUSF-1 growing in NTYE (blackening of lead acetate paper)
¢ Haloferax alexandrinus GUSF-1 growing in NTYE with
1 mM K,TeOj3 (no blackening of lead acetate paper)

tellurium and has been reported in a number of
eubacteria. Yurkov et al. (1996) reported that the
growth of obligately aerobic photosynthetic bacteria,
Erythrobacter litoralis in medium supplemented with
K,TeO; resulted in formation of a black color
indicating that tellurite reduction was caused by
bacterial activities and not by the direct chemical
reaction with the compounds in the medium. Simi-
larly, bacteria such as Escherichia coli are reported to
grow in the presence of K,TeO3; and produce black
deposits that do not diffuse in the medium (Summers
and Jacoby 1977). A single report on tellurite reduc-
tion from among haloarchaea is also available
attributing the black coloration in the medium to the

Fig. 3 a Cell lysate of Haloferax alexandrinus GUSF-1;
b (Left) Incubation of the cell lysate with 1 mM K,TeOj3 leads
to formation of black particulate material; (Right) 1 mM
K2T603
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Fig. 4 Visible spectrum of cell lysate of a Haloferax alexan-
drinus GUSF-1; b Haloferax alexandrinus GUSF-1 incubated
with 1 mM K,TeO3

formation of elemental tellurium (Srivastava et al.
2015).

On the other hand, the cell lysate which was
obtained from whole cells was mauve and as observed
in Fig. 4a, the spectrophotometric profile showed
peaks corresponding to 393, 472, 501, 537, which on
addition of K,TeO; disappeared as elemental tel-
lurium was progressively formed (Fig. 4b). These
peaks are of bacterioruberin and its derivatives, and
earlier characterized as antioxidants; active in saline
and non-saline milieu (Alvares and Furtado 2018;
Alvares and Furtado 2021). Hence, the mechanism of
reducing tellurite to elemental tellurium by the cell
lysate of Haloferax alexandrinus GUSF-1, is, there-
fore, attributed to these Csq carotenoids and their
derivatives. The role of antioxidant phenolic com-
pounds from the stem bark extract of Shorea rox-
burghii are reported in the reduction of silver nitrate to
silver nanoparticles (Subramanian et al. 2013).

FTIR analysis

As the cell lysate of Haloferax alexandrinus GUSF-1
was expected to contain biomolecules, the FTIR
spectrum of the cell lysate in the presence of elemental
tellurium was seen to manifest shifting of absorption

peaks of cell lysate located at 3400 cm™"', 2966 cm™",
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Fig. 5 FTIR spectrum of cell lysate of a Haloferax alexandri-
nus GUSF-1 and b Haloferax alexandrinus GUSF-1 incubated
with 1 mM K,TeO;

1668 cm™', 1537 ecm ™", 1436 cm™' and 1100 cm™'
to 3410 cm™ ', 2926 cm ™, 1629 ecm ™', 1507 ecm ™',
1402 cm™!, and 1134 cm™! (Fig. 5a, b). This shift of
peaks was similar to that seen in case of silver
nanoparticles biosynthesized by this same culture as
reported by Patil et al. (2014). The peaks at 3400/3410
were assigned to stretching vibration of bonded and
non-bonded -O-H groups; the band at
2966/2926 cm ™' was associated with the C—H stretch-
ing; the peaks between 1668/1629 was associated to
the C=0 stretching of the carbonyl groups and
1537/1507 cm™! to N-H group. Furthermore, the
peaks between at 1436/1402 cm™" corresponding to
vibrations have been attributed to —-CH,—, -CH3—, —
OH, C-C, C-0, C-O-C groups. In addition, the peak
at 1110/1134 cm™" indicated the presence of func-
tional groups possibly coming from sugars and
polysaccharides (Nakanishi and Solomon 1977
Coates 2000; Barabadi et al. 2014). We concluded
that these groups associated with elemental tellurium
were from the biomolecules present in the cell lysate
and also the attached bacterioruberin and its deriva-
tives which reduced tellurite to black elemental
tellurium during the biosynthesis process. Further it
is postulated that they aid as capping agents and help
avoid steric aggregation. While reports implicating
bio-reducing of metal ions to form nanoparticles are
available among eubacteria and haloarchaea (Cal-
derdn et al. 2006; Srivastava et al. 2015), none of
these, however, used cell lysate, making this as the
first report of the use of haloarchaeal cell lysate and
more specifically cell lysate of Haloferax

@ Springer

alexandrinus GUSF-1 for reduction of tellurite to
elemental tellurium.

Characterization of tellurium nanoparticles

As is depicted in Fig. 6a, the diffraction peaks in XRD
profiles at 20 values 24.50°, 28.74°,38.99°, 43.13° and
50.23° corresponded to the (100), (101), (012), (110)
and (202) planes and corroborated with JCPDS card
No 085-0563 indicating hexagonal structure of crys-
talline tellurium with the average crystallite size of
36.99 nm obtained by Scherrer’s equation. The EDAX
peaks at 0.5 and 3.6 keV confirmed the presence of
elemental tellurium (Fig. 6b). Morphological charac-
terization by TEM showed tellurium nanorods with an
average length size of 40 nm and an average width of
7 nm (Fig. 7a, b). Adhesion of these nanorods leading
to the formation of rosettes was also observed
(Fig. 7¢). Selected area electron diffraction (SAED)
image exhibited diffraction rings corresponding to the
(101), (012) and (110) directions of the hexagonal
phase of tellurium can be collated to the XRD peaks of
tellurium (Fig. 7d). Synthesis of tellurium nanorods,
nanorice, nanopencils and irregular nanospheres are
reported using either whole cells, cell-free super-
natants and enzymes from Gram-positive and Gram-
negative proteobacteria (Basnayake et al. 2001;
Borghese et al. 2004; Klonowska et al. 2005; Baesman
et al. 2007; Zare et al. 2012), but never using aqueous
cell lysate. Even, the only report available on haloar-
chaea biosynthesizing tellurium nanoparticles uses
whole cells of Halococcus salifodinae BK3 (Srivas-
tava et al. 2015). Therefore, this study is the first report
on biosynthesis of tellurium nanoparticles from
potassium tellurite employing cell lysate of the
haloarchaeon Haloferax alexandrinus GUSF-1. The
process is simple, cost-effective, quick and the down
streaming/collections of nanomaterial does not require
chemical, physical or thermal inputs. The tellurium
nanorods produced by Haloferax alexandrinus GUSF-
1 with average length of 40 nm and width of 7 nm are
comparable than those produced inside the cells of
haloarcheaon Halococcus salifodinae BK3 (44 nm x

10 nm) (Srivastava et al. 2015) but smaller than those
produced by Pseudomonas pseudoalcaligenes strain
Te (185 nm x 20 nm) (Shakibaie et al. 2017). The
tellurium rods giving rise to rosettes corroborates with
large rosettes composed of several tellurium nanorods
reported in eubacterial biogenesis by Baesman et al.
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Fig. 7 a-b TEM micrograph showing tellurium nanorods (different views); ¢ rosette pattern d SAED profile of tellurium nanorods

(2007) and Shakibaie et al. (2017), and attributed to
the adherence due to electrostatic interaction.

The anti-biofilm potential of TeNPs

According to the Centers for Disease Control and
Prevention (CDC), P. aeruginosa ATCC 9027 is the
fourth most commonly isolated nosocomial pathogen;
accounting for 10% of all hospital-acquired infection

owing to its increased antibiotic resistance (Wu and Li
2015), and its ability to form biofilms (Rasamiravaka
et al. 2015). Varying concentrations of tellurium
nanorods (10 to 50 pg mL™") affected biofilm forma-
tion in P. aeruginosa ATCC 9027 monitored by the
crystal violet assay (Fig. 8a). One-way ANOVA
revealed a dose-dependent inhibition of the biofilms
(p < 0.001) as compared to culture grown in absence
of tellurium nanoparticles, and was almost equal with
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Fig. 8 a Anti-biofilm
activity of the antibiotic
ciprofloxacin(well 1) and
varying concentrations of
TeNPs on P. aeruginosa
ATCC 9027 (well 2-6);
extreme right is the control
biofilm b Percent inhibition
of the biofilm formation

(n = 3; values presented as
mean £+ SD; p < 0.001);

¢ biofilm attachment to the
polyurethane tube in the

absence of TeNPs; 100 1 b
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the inhibition displayed by equal quantity of cipro-
floxacin (76.78% v/s 75.03%), first line antibiotic for
treatment of Pseudomonas infections. (Fig. 8b). This
role of the antibacterial activity of tellurium nanorods
is attributed to its oxidation in the media, which results
in the formation of oxyanion tellurite (TeO5%"), which
in turn gives rise to toxic deleterious reactive oxygen
species (Tremaroli et al. 2007) which are toxic to most
microorganisms, particularly Gram-negative bacteria
(Lloyd-Jones et al. 1994). Biogenically synthesized
tellurium nanorods at 175 mg L™' eradicated pre-
formed biofilms of P. aeruginosa (Zonaro et. al 2015),
while inhibition of P. aeruginosa ATCC 9027 in this
study was achieved at a much lower concentration of
tellurium nanorods and hence, expected to be effective
in deterring the growth of the biofilm. This prelimi-
nary result is worthy of being explored as a catheter
wash solution as also seen in Fig. 8c, d wherein the
biofilm attachment and formation is reduced on the
polyurethane tubes in the presence of tellurium
nanorods (63.73%). Moreover, tellurium nanoparti-
cles are observed and reported to be non-toxic as
compared to sodium tellurite and silver nanoparticles
to humans by Lin et al. (2012) in their study on metal
ion absorption with renal cell line; LLC-PK1 cells.
Most biogenic tellurium nanorods are reported to
exhibit an  MBC (minimum  bactericidal
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concentration) between 125 and 500 mg L™ against
different clinical isolates such as S. aureus, P. aerug-
inosa, S. typhimurium and K. pneumonia (Zare et al.
2012), through formation of reactive oxygen species
(ROS) as a part of their killing strategy (Tremaroli
et al. 2007). In this study it’s therefore, possible that
tellurium nanoparticles induce ROS to kill the P.
aeruginosa ATCC 9027 and stop their multiplication
or/and effect their adhesion and matrix forming
properties.

Conclusion

Tellurium nanorods were successfully biosynthesized
using the cell lysate of the haloarchaecon Haloferax
alexandrinus GUSF-1 (KF796625). Bacterioruberin
and its derivatives from the cell lysate were seen to be
involved in the biosynthesis of the nanomaterial. The
tellurium nanorods organized into a rosette pattern and
exerted an anti-biofilm potential against P. aeruginosa
ATCC 9027. Further, a reduction of the biofilm
production on catheter tubing material was seen. To
the best of our knowledge, the use of cell lysate for the
synthesis of tellurium nanorods nanomaterial in the
haloarchaeal domain is novel.
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