
Nanoscale
Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Ju

ne
 2

02
1.

 D
ow

nl
oa

de
d 

on
 5

/4
/2

02
4 

3:
47

:5
0 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Bi2O3 nano-flake
aDepartment of Physics & Astronomy, Unive

University Avenue, Little Rock, AR 72204, U
bDepartment of Chemical Engineering, North

Center, 360 Huntington Avenue, Boston, MA
cCenter for Integrative Nanotechnology Scien

Rock, AR 72204, USA
dDepartment of Physics & Astronomy, The

UTSA circle, San Antonio, TX 78249, USA
eDepartment of Physics & Materials Science,

38152, USA
fU.S. Naval Research Laboratory, Nanoscale

Washington, DC 20375, USA

Cite this:Nanoscale Adv., 2021, 3, 4106

Received 30th October 2020
Accepted 4th June 2021

DOI: 10.1039/d0na00910e

rsc.li/nanoscale-advances

4106 | Nanoscale Adv., 2021, 3, 4106
s as a cost-effective antibacterial
agent
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Todd Brintlinger, f Thomas J. Webster b and Grégory Guisbiers *a

Bismuth oxide is an important bismuth compound having applications in electronics, photo-catalysis and

medicine. At the nanoscale, bismuth oxide experiences a variety of new physico-chemical properties

because of its increased surface to volume ratio leading to potentially new applications. In this

manuscript, we report for the very first time the synthesis of bismuth oxide (Bi2O3) nano-flakes by pulsed

laser ablation in liquids without any external assistance (no acoustic, electric field, or magnetic field). The

synthesis was performed by irradiating, pure bismuth needles immerged in de-ionized water, at very high

fluence �160 J cm�2 in order to be highly selective and only promote the growth of two-dimensional

structures. The x- and y-dimensions of the flakes were around 1 mm in size while their thickness was

47.0 � 12.7 nm as confirmed by AFM analysis. The flakes were confirmed to be a- and g-Bi2O3 by SAED

and Raman spectroscopy. By using this mixture of flakes, we demonstrated that the nanostructures can

be used as antimicrobial agents, achieving a complete inhibition of Gram positive (MSRA) and Gram

negative bacteria (MDR-EC) at low concentration, �50 ppm.
1 Introduction

When penicillin was discovered on September 1928 by Sir Alex
Fleming, it changed the face of medicine.1,2 This “miracle
drug,”, as it was known, was able to offer a cure for some of the
most nefarious diseases. It was only in 1942 that penicillin
could be produced at an industrial scale and started to really
make an impact in people's daily life.1 However, due to the
benets of this new drug, doctors started prescribing it
massively for all sorts of diseases and people started to self-
medicate themselves. When antibiotics are overused or used
inappropriately (i.e., when a patient does not nish a full course
of treatment), it helps in the spread of resistant bacteria. Aer
a course of antibiotics, some naturally resistant bacteria will be
le behind, survival-of-the-ttest style; the more frequent anti-
biotics are used, the more prevalent these ercer strains will
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become. According to the World Health Organization, the
inappropriate use of antibiotics in animal husbandry is an
underlying contributor to the emergence and spreading of
antibiotic-resistant germs, and consequently the use of antibi-
otics as growth promoters in animal feeds should be restricted.3

Adjacent bacteria can also acquire resistance by mutating or
exchanging genetic material with the resistant strains. When
those treatment-resistant bacteria grow and multiply, they can
lead to new infections that become difficult or even impossible
to treat. It has been estimated that by 2050, antibiotic-resistant
bugs could kill an estimated 10 million people each year.
Bacterial infections arise almost everywhere from drinking
water4,5 to medical implants.6 An answer to this problem could
be found from nanoscience by investigating new morphologies
of materials as new antibacterial agents.

Indeed, at the nanoscale, quantum effects and a huge
surface to volume ratio are responsible for the new physico-bio-
chemical properties of materials.7,8 Various materials as noble
metals,9,10 transition elements,11 alloys,11,12 carbon-based,13 or
metal-oxides14–17 have all been investigated for their nano-
features. Due to these new properties at the nanoscale, treat-
ments for bacterial infections have been developed. For
example, gold (Au)9 and silver (Ag) nanoparticles (NPs)10 have
been used to this aim and have shown great results. These
chemical elements present naturally antimicrobial activity with
a low associated cytotoxicity.18,19 These great results are not
without drawbacks. Au and Ag are rare elements with abun-
dances of 0.004 and 0.075 mg kg�1 in the Earth's crust,20
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Price of various chemical elements versus their abundance in
the Earth's crust. Data were collected from ref. 20. The chemical
elements highlighted in red are common elements used for biomed-
ical applications.

Table 1 Bismuth oxide (Bi2O3) physico-chemical properties

Phase
Crystal
structure

Lattice parameters
Energy
bandgap
(eV) Applications Ref.

a
(A) b (A) c (A)

a Monoclinic 5.848 8.166 7.510 2.8 Photo-
catalysis

38,
29
and
30

b Tetragonal 7.730 — 5.630 2.5 Water
purication,
photo-
catalysis

39,
29
and
31

g b.c.c. 10.268 — — 1.9 a 40
d f.c.c. 5.644 — — 1.7–2.0 Fuel cells,

electronics
41
and
44

u Triclinic 4.956 5.585 12.730 a a 43
3 Orthorhombic 7.269 8.639 11.970 a a 42

a Not reported.
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View Article Online
respectively. Consequently, their price is around 44 800 and 521
USD per kg,20 respectively; see Fig. 1. Therefore, any antibacte-
rial treatment based on those expensive chemical elements is
not affordable to a large population. This opens the following
question: are there any materials achieving similar antibacterial
results and being affordable? Some reports have suggested
chemical elements such as selenium (Se)21 and tellurium (Te),22

and although being cheaper than gold and silver, they are still
relatively expensive (21.4 and 63.8 USD per kg).20 Furthermore,
these elements are extensively used in solar cell and electronic
industries which keeps their price relatively high for medical
applications. That is why the American Physical Society and the
Materials Research Society have labelled these elements as
Energy Critical Elements.

However, bismuth (Bi) seems to be an element of choice for
biomedical applications.23,24 Many studies have demonstrated
its applications in radio-sensing25 due to their high density
which allows for better contrast imaging. When oxidized,
bismuth forms bismuth(III) oxide, Bi2O3 which is known for its
applications in electronics,26 photo-catalysis,27–32 medicine,33,34

gas sensing,35 water purication,31 and g-ray shielding.36 As
a photo-catalyst, Bi2O3 has been tested to photodegrade
rhodamine B,30 methyl orange,27 rhodamine 6D, and other
various water pollutants.31 In medicine, a-Bi2O3 coated with (3-
aminopropyl)trimethoxysilane and methotrexate were shown to
enhance radio-sensitizing features in dose enhancement radi-
ation therapy.34 It was shown by Stewart et al.33 that a-Bi2O3 NPs
have high radio-sensitizing capacity. Additionally, it was also
shown that Bi2O3 is biocompatible.37 Besides those properties,
Bi2O3 is a p-type semiconductor and polymorph material that
exhibits six different crystal phases: a is monoclinic,38 b is
tetragonal,39 g is body-centered cubic,40 d is face-centered
cubic,41 3 is orthorhombic,42 and u is triclinic.43 Each of these
crystalline phases exhibits very distinct physico-chemical
properties that allow for different potential applications, see
© 2021 The Author(s). Published by the Royal Society of Chemistry
Table 1. At room temperature, the most stable and common
crystalline phase for Bi2O3 is the a-phase.

Several methods have been proposed to synthesize Bi2O3

nanostructures of various sizes and shapes. These methods
include: oxidative metal vapor transport deposition,45 sol–gel
methods,46,47 wet-chemical synthesis,48 and pulsed laser abla-
tion in liquids (PLAL).14–17,23,24,49 Of these methods, PLAL is the
most non-equilibrium thermodynamic manufacturing process.
Due to this, nanostructures produced by PLAL are inuenced by
a large number of parameters ranging from the type of target to
the uence of the laser.50 Most PLAL studies on Bi2O3 nano-
materials have been performed using lasers operating at low
laser repetition rates and low laser uence; consequently,
spherical NPs were synthesized;14–17,23,24,51–53 see Table 2. Only
one PLAL study, completed by Rosa et al.,52 was done at a higher
repetition rate of 1.5 kHz with an ablation time of 2 minutes. It
is the only study that has been completed at a high repetition
rate, but the authors did not report the laser uence or the
power of the laser. The laser repetition rate strongly inuences
the nal size and shape of the nanostructures due to the re-
irradiation of the nanostructures oating within the colloidal
solution during the synthesis.54 Those multiple irradiations
induce fragmentation of the particles already produced by
crossing the beammultiple times aer their initial synthesis. By
increasing the repetition rate, the concentration of particles
within the solution also increases until the repetition rate is fast
enough that the beam starts hitting the cavitation bubble
formed during the previous irradiation.55 Another important
parameter to consider is the target.54 Indeed, the initial starting
shape of the target (powder or pellets) also inuences the nal
size of the NPs.56 Pellets undergo an ablation process while
a powder undergo mainly a fragmentation process.

Most recently, Dadashi et al.23 was able to combine PLAL of
Bi-based-NP with a post process treatment coating them with
gold for biomedical applications. Another recently published
Nanoscale Adv., 2021, 3, 4106–4118 | 4107
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Table 2 Bismuth oxide (Bi2O3) nanostructures by PLAL

Group

Laser parameters Target parameters

Products Ref.Laser type f (Hz) s (ns) t (min) F (J cm�2) Target type Liquid V (ml)

Escobar-Alarcon 355 nm Nd:YAG 10 5 10 0.6–1.1 99.99% purity DI H2O
b a-Bi2O3 NPs 15

Bi disk a,b-Bi2O3 NSs
Gondal 355 nm Nd:YAG b b 40 b 99.998% purity Bi Powder H2O2 10 a-Bi2O3 NPs 16
Dadashi 1064 nm Nd:YAG 10 12 5 118 mJ per pulsea 99.99% purity DI H2O 60 a,b-Bi2O3 NPs 14
Ismail 1064 nm Nd:YAG 1 b 200 12 99.99% purity Bi DI H2O

b a-Bi2O3 NPs 17
Rosa 1064 nm Nd:YAG 1500 200 2 b 99.999% purity Bi pellets DI H2O 4 Bi NPs 52
This work 1064 nm Nd:YAG 1000 100 5 160 99.97% purity Bi rods DI H2O 7 Bi2O3 NFs

a Given as energy per pulse. b Not reported.
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PLAL study detailed a new type of synthesis protocol called
Sonication assisted-PLAL (S-PLAL); where without sonication
the group was able to synthesize Bi2O3 nanoparticles, while with
sonication (S-PLAL) they were able to synthesize Bi2O3 nano-
sheets.15

To the best of our knowledge, this paper presents for the rst
time the synthesis of Bi2O3 nano-akes (Bi2O3 NFs) by PLAL
without any external eld assistance (no acoustic, electric or
magnetic eld). This work includes characterization of these
nano-akes by Atomic Emission Spectroscopy (AES), Trans-
mission Electron Microscopy (TEM) with Energy Dispersive
Spectroscopy (EDS), Selected Area Electron Diffraction (SAED),
X-ray Photoemission Spectroscopy (XPS), Atomic Force Micros-
copy (AFM), Scanning Electron Microscopy (SEM), and Raman
Spectroscopy. Aer complete characterization, the nano-
structures have been tested for their biomedical applications as
antibacterial agents, towards both Gram-negative and -positive
antibiotic-resistant strains.

2 Materials and methods
2.1 Synthesis of Bi2O3 NFs

A single bismuth needle of 99.97% purity from Alfa Aesar [LOT:
N27E043] was placed at the bottom of a at cylindrical beaker
(Pyrex) and was covered with 7 mL of molecular biology grade
de-ionized water (DI H2O) from Alfa Aesar [LOT: 177910]. The
needle was then irradiated by a Q-Switched Nd:YAG laser from
Electro Scientic Industries emitting in the infrared region at
1064 nm. The laser beam was reected by a at mirror angled at
45� with respect to the laser rail and then directed through an
83 mm lens which focused the beam onto the bismuth needle
submerged in DI water. The beam size diameter at the surface of
the target was measured to be around 100 mm. The laser power
was measured in continuous mode to be 12.5 W. This gives
a uence of�160 J cm�2. The irradiation lasted for 5 minutes at
a repetition rate of 1 kHz. The laser beam was hitting the same
spot on the target during the entire duration of synthesis. Aer
irradiation, the target (bismuth needle) was removed from the
solution, which was dark brown in color, and a tiny dark spot
was observed at the surface of the needle revealing the presence
of the ablation crater. All samples were prepared for analysis
just aer the synthesis was completed.
4108 | Nanoscale Adv., 2021, 3, 4106–4118
2.2 Material characterization

Aer irradiation, the solution was poured into a 5 mL opaque
plastic microtube for storage and further analysis. The solution
was rst analyzed by AES (AES, MP-4210 from Agilent). A droplet
of the colloidal solution was then placed onto a silicon wafer for
SEM analysis within a JEOL JSM7000F microscope. AFM (Bruker
Icon AFM) was performed in tapping mode using a silicon AFM
probe from Ted Pella, Inc [Prod No. TAP300-G-10] with a reso-
nant frequency of 300 kHz and a force constant of 40 N m�1. A
droplet was placed onto a carbon lm copper grid for analysis
by TEM performed in the JEOL JEM2100F and the JEOL
ARM200F microscopes operated at 80 kV and 200 kV, respec-
tively. The crystalline structure has been analyzed by SAED
patterns. Off-axis electron holography has been performed to
determine the thickness of the samples and compared with
AFM measurements. In the optical measurement procedure
(Raman spectroscopy), nano-akes were rst drop-casted onto
a Si substrate. The sample was optically excited by an ultrafast
laser (Coherent Chameleon Ultra II, 80 MHz, 150 fs) by a 633 nm
continuous wave laser for Raman detection. The excitation spot
and average power were 0.42 mm/1 mW for 633 nm laser,
respectively. The Raman signal was ltered by appropriate long-
pass lters, analyzed by a spectrometer (Horiba iHR550) and
detected by a Charged-Coupled Device (CCD) camera. For XPS
measurements, a drop of colloidal solution was placed onto
a silicon wafer and then processed into a Thermo K-Alpha XPS.
2.3 Biomedical characterization

Two different strains of bacteria were tested for antimicrobial
properties using the Bi2O3 NF: one Gram-negative bacteria
(multidrug-resistant Escherichia coli (MDR-EC) (ATCC BAA-2471;
ATCC, Manassas, VA)) and one Gram-Positive bacteria
(Methicillin-resistant Staphylococcus aureus (MRSA) (ATCC
4330; ATCC, Manassas, VA)) were utilized for the antibacterial
tests. The cultures were kept on agar plates at 4 �C.

Colony counting unit assays were completed by seeding the
bacteria in a 96-well plate mixed with different concentrations
of Bi2O3 NF. The plates were incubated at 37 �C for 8 h; aer that
period of time, they were removed from the incubator and
diluted with PBS in a series of vials by �104 �105 and �106.
Three drops of 10 mL were taken of each dilution and deposited
© 2021 The Author(s). Published by the Royal Society of Chemistry
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on an LB agar plate. The plates were deposited inside an incu-
bator at 37 �C until the colonies grew enough without reaching
conuency. Aerward, the numbers of colonies formed were
counted, and the data was processed.

All biological experiments were repeated in triplicate (n ¼ 3)
to ensure the reliability of the results. Statistical signicance
was assessed using Student's t tests, with a p < 0.05 being
statistically signicant. Results are displayed as mean � stan-
dard deviation.
3 Results
3.1 Effect of laser uence on morphology

In order to better understand the effect of the laser uence on
the production of nanostructures by PLAL, a series of synthe-
sizes were completed at �30, �100, and �160 J cm2; see Fig. 2a,
b and c, respectively. From the SEM images, it is clear that at low
laser uence (Fig. 2a), a mixture of nano-spheres and nano-
akes were synthesized. As the laser uence was increased,
Fig. 2b and c, the spherical population was removed from
solution and the nano-akes were the only population observed.
Besides the elimination of nano-spheres, another effect was
noticed, in that the nano-akes morphology became well
dened as small squares. This morphology is totally unusual for
the PLAL synthesis technique. Consequently, the nano-akes
synthesized at �160 J cm�2 were selected as the focus of the
paper.
3.2 Physico-chemical characterization

In order to determine the morphology and chemical nature of
the structures within the colloidal solution, TEM and additional
SEM were performed. Fig. 3a and b, show low magnication
Fig. 2 Effect of laser fluence on the morphology of nanostructures b
respectively, and distributions of morphologies for each fluence in (d), (e

© 2021 The Author(s). Published by the Royal Society of Chemistry
TEM and SEM images of the structures aer being drop-casted
onto a copper grid and silicon wafer, respectively. From these
observations, the “ake” morphology is determined. Fig. 3c
shows a typical STEM image of the bismuth-based akes. EDS
was performed in order to identify the chemical nature of the
ake. From the EDS analysis, the ake is made of bismuth and
oxygen, as expected from the ablation process. Fig. 3d–f show
the mapping of bismuth, oxygen, and bismuth plus oxygen,
respectively. Bismuth and oxygen can combine according
various stoichiometric ratio (1 : 1, 2 : 3, 2 : 5), so to conrm the
exact stoichiometric ratio of the bismuth oxide akes obtained
by PLAL, XPS was performed (Fig. 3g and h). The Bi4f7 scan
revealed a peak centered about 159 eV which has been attrib-
uted to the Bi–O bond corresponding to Bi2O3. The Bi4f5 scan
revealed a peak centered about 165 eV which is also a peak that
has been attributed to the Bi–O bond corresponding to Bi2O3.
There are no peaks centered about 157 eV or 162 eV which are
attributed to the Bi–Bi bond.57 In Fig. 3f, there is another peak
centered on �531 eV which is commonly attributed to metal
oxides. This further conrms the 2 : 3 stoichiometric ratio of
our akes. So clearly, Bi2O3 is the material compound consti-
tuting the surface of the akes.

Raman spectroscopy was performed and conrmed the
presence of a- and g-phases of Bi2O3 (Fig. 3i). Fig. 3i displays the
Raman spectra from several Bi2O3 nano-akes at room
temperature. These nano-akes exhibited several distinguish-
able Raman peaks which were identied as a-Bi2O3 (123, 141,
154, 186, 213, 278, 315, 411 and 450 cm�1) and of g-Bi2O3 (163
and 249 cm�1). From the Raman spectra, a-Bi2O3 peaks domi-
nate as reported previously.58,59 Due to the limitation of the
long-pass lter, only the Raman peaks showing up wave-
numbers higher than 100 cm�1 could be detected. The
123 cm�1 mode is coming from Ag symmetry caused by mainly
y PLAL �30 J cm�2, �100 J cm�2, and �160 J cm2; (a), (b) and (c),
) and (f), respectively.

Nanoscale Adv., 2021, 3, 4106–4118 | 4109
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Fig. 3 Bismuth oxide flakes obtained at high fluence (�160 J cm�2) (a) Low-magnification TEM image acquired by using the JEOL JEM2100F at
80 kV. (b) Low magnification SEM image acquired by using the JEOL JSM7000F at 15 kV. (c) Typical STEM image of a flake, (d) oxygen chemical
mapping on the flake, (e) bismuthmapping on the flake, and (f) chemical mapping displaying the bismuth and oxygenmapping together. The TEM
used to acquire those images was the JEOL JEM2100F at 80 kV, (g) XPS spectra display the bismuth peaks Bi4f7 and Bi4f5 scan, (h) XPS spectra
displaying the oxygen peak, (i) Raman spectra confirming that two crystalline phases of bismuth oxide (a and g, see texts for details) are produced
during the PLAL synthesis.
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the Bi atoms' participation. Modes of 141 (Ag) and 154 cm�1 (Bg)
may come from the displacements of both Bi and O atoms in
the a-Bi2O3 lattice. The Raman peaks of the higher frequency
modes 186, 213, 278, 315, 411, 450 cm�1 are attributed to the
displacements of the O atoms in a-Bi2O3.60

The chemical composition of the surface of the akes per-
formed by XPS conrmed the formation of Bi2O3, and a mixture
of a- and g-phases were indicated by Raman spectroscopy;
however, further studies were necessary in order to determine
the crystallinity of the akes. Indeed, Bi2O3 has six different
allotropes and they each have their own distinct physico-
chemical properties (Table 2). To determine the phase of
bismuth oxide synthesized by PLAL, SAED was performed
(Fig. 4). From Fig. 4b, the indexed SAED pattern corresponds to
the a-Bi2O3 phase. Moreover, g-Bi2O3 phase commensurate
structures have also been found (Fig. 4c and d).61,62 The crys-
talline phases experimentally determined by electron
4110 | Nanoscale Adv., 2021, 3, 4106–4118
diffraction is performed by nding the zone axis, and subse-
quently by measuring the reections of the electron diffraction
pattern, and by comparing the distances of the reciprocal lattice
of the possible phases. However, despite the consideration of
forbidden reections produced by dynamical interaction, when
some reections (typically weak spots) do not correspond with
the expected Bragg diffraction spots and when a simple fraction
of the periodic arrangement is identied, i.e. (1/2,0,0); then, the
atomic distribution can present commensurability. In the
analysis performed by electron diffraction, commensurate
structures of the g-phase is measured and shown in Fig. 4c and
d. Commensurability has already been observed in Bi2O3 by
Zhou et al.62 Fig. 4e shows a high resolution TEM (HRTEM)
image in which the fast Fourier transform present a commen-
surate pattern as can be observed in the modulation contrast of
the dark eld image in Fig. 4f.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Bismuth oxide flake obtained at high fluence (�160 J cm�2) (a) TEM image of an a-Bi2O3 nano-flake acquired by using the JEOL ARM200F
at 200 kV and (b) its SAED pattern taken near the h312i zone axis. (c) and (d) commensurate structures of the g-Bi2O3 nano-flake recorded in two
different zone axes, (e) HRTEM image of the commensurate g-Bi2O3 structure and (f) dark field image modulation contrast image.
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For thickness determination of the akes by electron
holography, a eld of view of 4 microns at 42 V of the bi-prism
excitation was used with a fringe contrast of about 25%. Fig. 5a
and b show the hologram and the reconstructed phase,
respectively. Reconstructed phase of the hologram indicates
a phase shi (D4) related to the thickness (s), which is calcu-
lated using D4 ¼ CEjV0js, where V0 represents the mean inner
potential for a-Bi2O3 (9.35 V), calculated using the atomic
scattering amplitudes from ref. 63, and the parameter CE is
© 2021 The Author(s). Published by the Royal Society of Chemistry
0.00729 rad V�1 nm�1 for the 200 kV accelerating voltage.
Thickness measured by electron holography, aer carbon
background subtraction (�20 nm of a lacey carbon commercial
grid) was �68 nm as shown in Fig. 5c. Since our average
thickness is below 100 nm as conrmed by electron holography,
those structures are nano-akes.

To be complete, AFM measurements were performed to
determine more precisely the size distribution of the akes; see
Fig. 6a and b. The additional analysis shows that the heights of
Nanoscale Adv., 2021, 3, 4106–4118 | 4111
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Fig. 5 Thickness determination by off-axis electron holography performed with the JEOL ARM200F at 200 kV: (a) electron hologram, (b)
reconstructed phase and (c) thickness intensity profile after carbon background subtraction �68 nm.
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the akes produced ranged from �20 nm to �70 nm, which
supports the initial analysis; see Fig. 6c. It is also found that the
length and widths of the akes range from 0.6–1.7 mm and 0.5–
1.4 mm, respectively; see Fig. 6d. For surface area and volume
determination (Fig. 6e and f), it is assumed that the akes adopt
a rectangular prism morphology which seems to be a good
approximation. This allows us to see that the akes have high
surface area and very high volume which results in a fairly low
surface to volume ratio. Furthermore, descriptive statistics on
the samples were determined and are tabulated in Table 3.

3.3 Antimicrobial assays

Colony counting assays are performed using one Gram-positive,
MRSA, and one Gram-negative, MDR-EC. The results presented
in Fig. 7 highlight the different responses between each type of
bacteria and the Bi2O3 NFs. By comparison, the Bi2O3 NFs
showed the strongest antibacterial effect on the Gram-negative
bacteria.

Then, the minimum inhibitory concentration (MIC) was
estimated between 0–5 ppm and 5–10 ppm Bi2O3 NF's for the
Gram-negative and -positive bacteria, respectively. This
demonstrates that the Bi2O3 NF's are more effective at inhibit-
ing the growth of Gram-negative bacteria. These reported MIC
values are signicantly lower than those reported in literature
by Campos et. al. who reported a MIC value of 267 ppm when
exposing bismuth oxide NPs to Escherichia coli and Staphylo-
coccus aureus.64 The small MIC values obtained in our study can
be explained by the “naked” surface of the nanoakes produced
by PLAL. Indeed, the surface of the nanoakes produced by
PLAL is not covered by any surfactants or le-over from chem-
ical reactions, subsequently directly exposing the heavy metal
bismuth to the bacteria's membrane. Moreover, the ake
morphology (Table 3) also helped to wrap the bacteria; conse-
quently affecting its permeability by modifying the transport
through the membrane. Indeed, the spherical cells of S. aureus
are up to 0.5 mm in diameter while the cells of E. coli are
cylindrical with 1.0–2.0 mm long and about 0.5 mm in diameter.

A SEM investigation has been performed in order to visualize
the interaction between each bacteria and the Bi2O3 NFs (Fig. 8).
SEM images of control MDR-EC and MRSA (Fig. 8a and c) and
bacteria aer treatment with a concentration of 25 ppm of Bi2O3

NFs (Fig. 8b and d) are shown. The characterization indicates
4112 | Nanoscale Adv., 2021, 3, 4106–4118
that the treatment with the nanostructures induced changes on
both bacterial strains. Disruption of the outer cell membrane
and cell lysis was seen aer the treatment with the NFs.
Therefore, evident cell damage was observed, with an abundant
presence of holes and cracks all over the cell membrane, and
bacterial deformation and collapse. The cell membrane damage
is commonly found to be a consequence of an increased ROS
production. From the SEM images of the bacteria, rst, there is
attachment of the NFs to the bacteria; second, the adhesion is
responsible of the bacteria's membrane damage occurring by
disrupting the transport of nutrients through the membrane.

Finally, these experimental results are in agreement with the
fact that Bi2O3 NFs can inhibit the growth of drug resistant
pathogens,65 and this article successfully reports for the rst
time, the inhibition of the antibiotic resistant pathogens such
as MDR-EC and MRSA.

3.4 Cytotoxicity

To determine the cytotoxicity of the Bi2O3 NFs on mammalian
cells, in vitro MTS assays were performed with Human Dermal
Fibroblasts (HDF) cells using different nano-ake concentra-
tions, ranging from 10 and 50 ppm for between 24 and 72 hours
(Fig. 9). As shown in Fig. 9, no signicant cytotoxicity towards
HDF cells was found for the whole range of concentrations at
24 h, showing no statistical differences compared to the control.
Furthermore, a 72 h treatment led to the same cytotoxicity
trend, except for the highest concentration, were there was
a slight deviation compared to the control, indicating that such
treatment conditions might not be the best option for a 72 h cell
exposure.

4 Discussion
4.1 Nano-ake formation mechanism

Now that the 2D structure of the nanostructures has been
established, it is important to understand their growth process.
Laser exfoliation of the target was considered as a possible
growth mechanism, but due to the chemical nature of the ake,
Bi2O3, the formation of bismuth oxide cannot be explained by
exfoliation (i.e. exfoliation of a pure bismuth target should
result in pure bismuth nano-akes, not Bi2O3 nano-akes).66

Therefore, another growth mechanism was considered.67 PLAL
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) and (b) are AFM images with scale bars of 1 mm and 3 mm, respectively. (c) and (d) show the distribution of the heights, lengths and
widths of the nanoflakes, respectively. (e) and (f) show the surface area and volume distributions, respectively, which are calculated by
approximating the morphology of the flakes as rectangular prisms.
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is a straightforward physical technique to produce nano-
structures. The laser beam interacts with the pure bismuth
target while it is submerged in DI water. The target and the
Table 3 Descriptive statistics for the height, length, width, surface area, v
by AFM analysis. Values are reported as their average � standard deviati

Height (nm) Length (mm) Width (mm) Surf

46 � 13 1.15 � 0.22 1.09 � 0.25 (2.8

© 2021 The Author(s). Published by the Royal Society of Chemistry
solvent get ionized and it consequently creates a plasma made
of electrons, bismuth ions, hydrogen ions, and oxygen ions.
Then, when the beam is off, the plasma cools down and releases
olume, and surface to volume ratio of Bi2O3 NFs (n¼ 22) as determined
on

ace area (nm2) Volume (nm3)
Surface to volume
ratio (nm�1)

� 0.9) � 106 (6.1 � 2.9) � 107 0.05 � 0.02
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Fig. 7 (a) Artistic representation showing the internal structure of Gram-negative and Gram-positive bacteria. Colony counting assay of (b) MDR-
EC and (c) MRSA for 8 h in the presence of different concentrations of Bi2O3 NFs. All values represent the mean � standard deviation. *p < 0.05,
**p < 0.01 (compared to controls).

Fig. 8 SEM images of the bacteria before and after interacting with the
Bi2O3 NFs. (a) MDR-EC before interaction (control). (b) MDR-EC after
interaction. (c) MRSA before interaction (control). (d) MRSA after
interaction.

Fig. 9 Human Dermal Fibroblasts (HDF) cells in the presence of Bi2O3

NFs at concentrations ranging from 0 to 50 ppm. n ¼ 3. All values
represent the mean � standard deviation. *p < 0.05, **p < 0.01
(compared to controls).
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the heat to the surrounding solvent creating a cavitation bubble.
Within this cavitation bubble, the ions start reacting together
forming bismuth oxide compounds. Bismuth oxide adopts a 2D
growth in order to minimize the energy of its overall structure
by privileging the growth of low surface energy facets.68 In this
case, there are two competing factors, one geometric that
4114 | Nanoscale Adv., 2021, 3, 4106–4118
minimizes the surface to volume ratio and one energetic that
minimizes the surface energy. When the surface energy of the
compound is below the surface energy of the solvent then the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Cost analysis for various antibacterial materials currently used
as nanoparticle treatments. The price index is the price of the material
per kilogram multiplied by the MIC i.e., the cost of the treatment. Data
were collected from ref. 21, 22, 71–79. (a) It shows the antibacterial
cost analysis for Gram-negative bacteria. (b) It shows the antibacterial
cost analysis for Gram-positive bacteria.
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energetic factor wins and it allows the structure to grow like
a 2D material, and when the surface energy of the compound is
above that of the solvent, the structure adopts a spherical
morphology in order to minimize the surface to volume ratio.
The surface energy of Bi2O3 was recently measured by the Zis-
man method (i.e. the surface energy of the solid is the surface
energy at which a liquid just completely wets the solid) to be
31.95 � 10�3 J m�2 which is obviously much less than the
surface energy of water, 72.80 � 10�3 J m�2.69,70

4.2 Cost analysis

To bring this nanostructure to market, cost can ultimately be
the breaking point for its use by the general public. In terms of
nanoparticle treatments, the materials used are oen expensive
(gold and silver) and here a discussion surrounding the cost of
© 2021 The Author(s). Published by the Royal Society of Chemistry
treatment versus the MIC is provided. Fig. 10a and b shows the
cost of the nanoparticle treatment for Gram-positive and Gram-
negative bacteria, respectively, for various material systems
versus its MIC value. No distinction was made between shapes
or sizes of the NPs. From this gure, it is evident that gold and
silver nanoparticle treatments are the most expensive ones
whatever the MIC value considered. Cheaper alternatives based
on metal oxides like TiO2, ZnO and Bi2O3 exist. Our Bi2O3 NF
has been included in this analysis and was found to be very cost
effective. This demonstrates that the metal oxide nano-
structures produced in this work are a good alternative to noble
metal nanoparticles for antibacterial applications.

5 Conclusions

Bi2O3 nano-akes have been successfully synthesized by PLAL at
high uence (�160 J cm�2) without any external assistance like
acoustic, electric or magnetic elds. The nano-akes exhibited
two different phases: a- and g- (commensurate structure). The
physical dimensions of the akes were around 1 mm along the x-
and y-axis while only 47.0 � 12.7 nm thick along the z-axis. The
strongest advantage of using PLAL as a synthesis methodology
is the cleanliness of the Bi2O3's surface. More work is required
to nely tune the irradiation time, the uence and the repetition
rate in order to control more precisely the crystalline structure,
and thickness of the Bi2O3 nano-akes. The nano-akes can
also be used as cost-effective antibacterial agents against anti-
biotic resistant Gram-positive and -negative bacteria, as shown
in this report against MSRA and MDR-EC. More work is
required in order to fully understand the mechanism of action
of the ake against the bacteria's membrane.
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