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Abstract: Many studies have reported that the widespread use and abuse of antibiotics have led to the emergence of mul-
tidrug-resistant bacteria, a significant weakness of current antibiotic therapy. Therefore, the present scenario motivates sci-
entists to develop biocompatible nanoparticles (Nps) that apply better antibacterial effects and biocompatible properties,
including cost-effectiveness. The aim of this study was to evaluate the antibacterial effect of boron nitride (BN) and chi-
tosan coated BN-Nps using different surfactants. In this regard, the potential antibacterial activity of prepared chitosan-
coated and non-coated BN-Nps have been investigated against nine reference bacteria strains. BN-Nps and chitosan-
coated BN-Nps were successfully developed and characterized. Nps determined that showed high zeta potential values
(between -20.1 mV and +59.2 mV). Antimicrobial resistance results indicated that formulations of BN-Nps with negative
zeta potential were found to be effective compared to chitosan-coated BN-Nps with high positive zeta potential. These
findings emphasize the future availability of BN-Nps formulation providing antibacterial activity.

Keywords: antibacterial activity, boron nitride, chitosan, nanoparticles, zeta potential.

Introduction

Nanotechnology offers the opportunity to design nanopar-
ticles (Nps) that can be modified in composition, size, shape,
and surface properties for application in medical fields.' Pre-
vious studies reported that Nps may enter viable cells using the
cellular endocytosis mechanism such as phagocytosis and
pinocytosis due to their resemblance to cellular components in
size.™*

In both prophylactic and therapeutic approaches, Nps can be
used as a carrier system owing to their increased specific sur-
face areas and functionality.”” The efficiency, release kinetics,
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and delivery pathways of the Nps can be altered by size, shape,
surface charge, and hydrophobicity.®®

Microbial infections are the primary source of chronic dis-
eases and deaths. The multidrug-resistant bacteria including
Escherichia coli (E. coli) and Staphylococcus aureus (S.
aureus), are usually responsible for infections such as wounds,
skin, and circulatory diseases. Antibiotics are the ideal treat-
ment for bacterial infections due to their broad spectrum of
practical results. However, many studies have reported that the
widespread use and abuse of antibiotics have led to the emer-
gence of multidrug-resistant bacteria, a significant weakness of
current antibiotic therapy.'® In addition, the selection of cyto-
compatible agents during antimicrobial treatment applications
increases the chance of success in treatment.!! Therefore, the
biocompatibility of Nps should be considered in the inves-
tigation of new agents as well as cost and antimicrobial effi-
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cacy. These are a glimmer of hope as they provide minimal
death resistance compared to traditional antibiotics and anti-
cancer drugs.”? Many nanomaterials such as gold, silver, and
graphene show excellent antimicrobial properties that can be
used in various medicinal applications."

Boron nitride (BN) is a potent compound formed by binding
boron and nitrogen elements. Due to its crystal structure, it
shows different physical and chemical properties.'*'® BN has
extraordinary and unique properties that provide a significant
advantage in some special applications. Unlike graphene, BN
has outstanding optical and mechanical properties, thermal
conductivity, and a superior antioxidant capacity. Although
adding carbon nanostructures to polymers can endanger elec-
trical insulation, dielectric properties are preserved when BN is
used.'>"” Compared to its colored (primarily black) carbon-
based counterparts, BN is white, and this feature allows it to be
used in the medical field. Due to its superior properties and
structure similar to those of carbon materials, BN can be used
for applications ranging from the synthesis of composite mate-
rials to electrical and optical devices."” In addition, BN has
been reported in the literature to show better biocompatibility,
less toxicity, and more efficient intracellular uptake from car-
bon by cells."'® Also, there are many cytotoxicity and bio-
compatibility studies on BN in the literature.''

Chitosan has essential properties such as biocompatible, bio-
degradable, and low toxicity.”® Unlike other biodegradable
polymers, chitosan is a polymer with cationic charge.'® The
electrostatic interaction occurs between the positive group
(amine) of chitosan and the negative group of the other mol-
ecule. The size and surface charges of Nps can be changed by
manipulating the quantity or molecular weight of chitosan. In
this way, interaction with cells in the target region can be
increased.?! In the literature, there are antibacterial studies on
chitosan in the form of beads, films, fibers, membranes, and
hydrogels.”> Also wound healing,” antimicrobial textile prod-
ucts* and food packaging products®® have been reported by
researchers by nano-based system studies conducted within the
scope of the antibacterial activity of chitosan.

The nanoprecipitation technique is a fast and straightforward
nanoparticle preparation technique and requires minimum
equipment. It has an essential advantage in exhibiting a narrow
particle size distribution in the preparation of BN-Nps for-
mulation.*?” Also, positively charged chitosan can be used as
a drug delivery system providing long-term and/or controlled
release owing to its superior properties by the nanoprecipi-
tation technique.®®
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This study aimed to evaluate the effect of BN, chitosan, and
excipients used on the antibacterial effect of BN-Nps, which
have not been reported yet. In this regard, the potential anti-
bacterial activity of prepared chitosan-coated and non-coated
BN-Nps has been investigated against nine reference bacteria
strains. Additionally, characterizations of Nps were made, and
their colloidal stability was also evaluated. In this study, for the
first time in the literature, significant changes in the anti-
microbial activities and, nanoparticle properties of the for-
mulations were observed by changing the surfactants.

Experimental

Material. Medium molecular weight chitosan, BN, Polox-
amer 407, and high molecular weight (H-MW) polyvinyl alco-
hol (PVA) were purchased from Sigma-Aldrich, USA. Tween
20 and low molecular weight (L-MW) PVA were purchased
from Merck, Germany. Acetic acid were purchased from
Sigma, Germany. Mueller Hinton (MH) agar and MH broth
were purchased from Oxoid, Basingstoke, United Kingdom.
All chemicals used were of analytical or pharmaceutical grade.
Ultrapure water was used in all analysis and studies (Merck
Millipore Direct-Q™ 3, Germany).

Development of BN-Nps and Chitosan-Coated BN-
Nps Formulation. Formulations have been developed using
the “Nanoprecipitation’ technique (Figure 1).% Firstly, BN-Nps
were prepared and then coated with chitosan. For this, 125 mg
BN and 100 mg Tween 20 as a surfactant were dissolved in a
vial containing 1 mL DMSO. After that, this solution was
added into the aqueous phase containing 50 mg surfactant
(Poloxamer 407 or PVA) and sonicated for 5 min into an ultra-
sonic bath (2-8 °C). Later, the supernatant was removed by
ultracentrifugation (Kubota 3780, Japan) at 12500 rpm for 30
min. Excess surfactants, acetic acid and DMSO were washed
several times with the addition of 5 mL ultrapure water and
removed by ultracentrifugation at 12500 rpm for 10 min.
Finally, obtained BN-Nps were suspended with the addition of
2 mL distilled water and lyophilized for 24 hours after being
frozen at -20 °C overnight. For subsequent analyses, dry pow-
der of BN-Nps was stored in a dark place in a desiccator at
room temperature. The chitosan-coated BN-Nps were prepared
in the same manner as described above, with the addition of
chitosan before the ultracentrifugation step during the prepa-
ration of the BN-Nps." In a vial, 62.5 or 125 mg chitosan was
dissolved in the solution containing 1 mL 1% w/v acetic acid.
Then, BN-Nps were added to this solution, and they were
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coated with chitosan, as seen in Figure 1. After stirring for 2
hours, the supernatant was removed by ultracentrifugation at
12500 rpm for 30 min. Excess surfactants, acetic acid and
DMSO were washed several times with the addition of 5 mL
ultrapure water and removed by centrifuging at 12500 rpm for
10 min. The obtained chitosan-coated BN-Nps were sus-
pended with 2 mL distilled water and frozen at -20 °C over-
night, then lyophilized for 24 hours (Martin Christ Alpha 1-4
Ldplus, Germany). For subsequent analyses, dry powder of
chitosan-coated BN-Nps was stored in a dark place in a des-
iccator at room temperature.

Characterization of Nps. Yield, Particle Size, Zeta
Potential and Polydispersity Index (PDI) Analysis: The
amounts of all formulations were evaluated after lyophiliza-
tion, and their yields were calculated by proportioning with the
amount of material added in the initial phase (n=3).%

The particle size, zeta potential, and PDI, measurements of
the prepared BN-Nps and chitosan-coated BN-Nps formula-
tions were determined by Zetasizer (Malvern Zetasizer Nano
ZSP, UK) device. For this purpose, dilute samples of all for-
mulations were prepared, and measurement was performed in
at least three replicates for each formulation at room tem-
perature.

Scanning Electron Microscope (SEM) Analysis: The
morphology of lyophilized Nps formulations was analyzed to
have an idea about the shape and average particle size dis-
tribution. Each Nps formulation was examined with SEM
(Zeiss Sigma 300, Germany) device, and their images were
taken. Since the formulations were non-conductive, they were
coated with gold, approximately 100 A thickness, for 20 sec-
onds under vacuum.

X-Ray Diffraction (XRD) Analysis: XRD analysis is one
of the characterization techniques used to detect changes in the
crystal structure of the active substance.”® X-ray diffractograms
of pure substances and Nps were obtained by PANanalytical
Empyrean XRD (Netherlands) with Cu-K o radiation (A=
1.541874 A) conditioned at 45 kV and 40 mA. The 26 range
is between 10-60° with a scanning speed of 2°/min.*’

Fourier Transform Infrared (FTIR) Analysis: This anal-
ysis was carried out to examine the interaction of pure sub-
stances, all formulations to be prepared, and all auxiliary
substances to be used to prepare these formulations and deter-
mine whether there will be changes in the chemical structures
of chitosan and BN in the formulations.”> FTIR spectra of lyo-
philized formulations and pure substances were recorded from
4000 to 400 cm™ at the resolution of 4 cm™ using an FTIR

spectrophotometer (Bruker VERTEX 70v, Germany) equipped
with attenuated total reflection (ATR).

Colloidal Stability of Nps: During the evaluation of the
antimicrobial activities of Nps formulations, their short-term
colloidal stability was examined to observe the changes in size
and zeta potentials during the incubation period.

Briefly, freshly prepared formulations suspended in pure
water were re-analyzed in terms of zeta potential, PDI, and
particle size at the end of 24 hours and 48 hours at 25+2°C
temperature and 60+5% relative humidity.”> All samples were
stored in a dark place in the test tubes during colloidal stability
tests.

Assays for Antibacterial Activity of Nps Formulations:
In vitro antimicrobial activity of the prepared Nps with dif-
ferent concentrations and combinations was evaluated against
reference bacterial strains including Bacillus cereus ATCC
10987 (B. cereus), E. coli ATCC 25922, Enterococcus faecalis
ATCC 29212 (E. faecalis), Klebsiella pneumoniae ATCC
27736 (K. pneumoniae), Pseudomonas aeruginosa ATCC
27853 (P. aeruginosa), Proteus mirabilis ATCC 12453 (P,
mirabilis), Streptococcus agalactiae ATCC 12986 S. agalac-
tiae), S. aureus ATCC 29213, and Salmonella enterica subsp.
enterica serovar Typhimurium ATCC 14028 (S. Typhimurium).
The bacteria were grown on MH agar for 24 hours at 37 °C to
obtain a pure culture.

The minimum inhibitory concentration (MIC) was deter-
mined by a broth microdilution method (EUCAST, 2021). The
initial concentration of the BN changed according to prepa-
ration methods (adjusted to min. 8 mg/mL and max. 12.5 mg/
mL). Briefly, twofold serial dilutions of the Nps in a liquid
solution were prepared in a 96-well microplate cation-adjusted
MH broth. A bacterial inoculum was prepared at a density of
0.5 McFarland standard from an overnight growth of fresh
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Figure 1. Preparation process of BN-Nps and chitosan coating.
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bacterial culture in MH broth, diluted to 1:100 with MH broth,
and distributed to the wells in 50 pL volumes. The microplate
was covered with the lid and incubated for 24 hours at 37 °C.
At the end of the incubation, the plate was evaluated by optical
density at a wavelength of 600 nm (OD600) using an ELISA
reader apparatus (BioTek, Power Wave XS2, Germany).

The results compared with the negative control (including
either MH broth or MH broth and bacteria) that included in the
last two wells on the plate. MIC test has been repeated three
times for each formulation.

Thermogravimetric Analysis (TGA): TGA analysis was
performed using a thermogravimetric analyzer (Hitachi, STA
7300, Japan). It was studied with exactly 10 mg weighed accu-
rately of coated BN Nps (B2 and B3). They were analyzed by
heating to 1000 °C at a heating rate of 10 °C/min in nitrogen-
air medium.**

Statistical Analysis: All acquired data were expressed as
meantstandard deviation (X£SD). Also, a one-way analysis of
variance (ANOVA) was performed to detect the zeta potential,
PDI, size, colloidal stability, and MIC analysis differences
between the formulations by IBM SPSS Statistics 20. A prob-
ability “P” of less than 0.05 was considered as statistically sig-
nificant.

Results and Discussion

Development of BN-Nps and Chitosan-Coated BN-
Nps Formulation. The obtained Nps and their contents result-
ing from the formulation development studies were given in
Table 1. Optical microscope images of the BN-Nps (B1) and

Table 1. Formulations and Their Contents

Formulation contents (mg)

Formulation
code BN Chitosan T“Z’%en POIZ’(‘)*;mer PVA** PVA*
BI 125 - 100 50 - -
B2 125 625 100 50 - -
B3 125 125 100 50 - -
B4 125 - 100 - 50 -
B5 125 625 100 - 50 -
B6 125 125 100 - 50 -
B7 125 - 100 - - 50
B8 125 625 100 - - 50
B9 125 125 100 - - 50

*L-MW PVA, **H-MW PVA

Z2H, Al46d A6%, 20221

Figure 2. Optical microscope images of the B1 (left) and B2 (right),
(magnification power 100x%).

chitosan-coated BN-Nps (B2) were presented in Figure 2.

BN with a low dielectric constant is chemically inert and has
very good mechanical resistance. BN is used in composite
materials, accumulators, and insulating surfaces just like
graphene. It is useful for biomedical applications due to its
structural similarity to graphene. Also, BN-polymer compos-
ites are beneficial for biomedical devices and reduce associated
infections. BN nanostructure has attracted a lot of attention
recently due to these unique properties.’> Although BN is used
in nanodevices, composites, accumulators, and insulating sur-
faces, its use in biomedical applications is increasing due to its
structural similarity with graphene.**

Characterization of Nps. Yield, Particle Size, Zeta Potential
and PDI Analysis: The yield, particle size, zeta potential, and
PDI data of prepared BN-Nps and chitosan-coated BN-Nps
were given in Table 2. It has been observed smaller particles
have been shown to have greater antibacterial activity against
Gram-positive and Gram-negative bacteria. Similar results
were found in studies in the literature.”” However, a study indi-
cated that larger particles could somehow reach into the bac-
terial cells and perform antimicrobial activity agains E. coli as
a model for Gram-negative bacteria.*® This finding has men-
tioned the interaction of Nps with bacteria. With the increase
in Nps size, bacterial interaction may improve depending on
the growing surface.

Particles prepared with hydrophobic polymers undergo
phagocytosis more easily than hydrophilic formulations. Con-
sidering the surface charge of particles, both anionic and cat-
ionic particles are taken up by cells. However, it has been
reported that cationic particles escape from lysosomes.® Gen-
erally, membranous epithelial cells (M cells) take up particles
of variable sizes from less than 1 um in size to over 5 pm.

Particles smaller than 1 pm are transferred to the basal
medium, while particles larger than 5 pm are sent to Peyer's
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Table 2. Yield, Particle Size, Zeta Potential, and PDI Measurement Data of Nps (n=3, X+SD)

B1 B2 B3 B4

B5 B6 B7 B8 B9

Yield (%)
Particle size (nm)

Zeta potential (mV) -20.1+0.68"  59+1.147

84.12+3.517 90.37+7.21¢ 90.00+7.55¢ 85.58+8.14° 87.21+6.11¢ 88.58+3.51% 80.73+4.58° 88.89+6.247 91.58+6.43¢
552.3+£6.97¢ 1203+17.047 19294+24.01¢ 458.6+13.49" 1558+41.04° 3100:135.4" 709.4+38.88° 1494+12.01¢ 2324437.72'
48.4+0.61¢ -12.8+0.2°

55.6£1.54° 43.9+0.92" -7.75£0.23° 59.2+0.31¢ 53.8+1.1

PDI 0.266+0.03* 0.337+0.047 0.299+0.05¢ 0.205+0.01¢ 0.352+0.06 0.288+0.03¢ 0.277+0.08% 0.260+0.01° 0.290+0.04¢

“b<The statistical difference between B1, B4, B7 formulations bearing different symbols on the same line is significant (P<0.05).
“e/The statistical difference between B2, BS5, B8 formulations bearing different symbols on the same line is significant (P<0.05).
shiThe statistical difference between B3, B6, B9 formulations bearing different symbols on the same line is significant (P<0.05).

patches. Negatively charged and hydrophobic Nps are advan-
tageous as they undergo optimal absorption by M cells.*** In
addition, it has been reported that smaller particles were taken
up more efficiently by alveolar macrophages.’ In our study, the
BN-Nps and chitosan-coated BN-Nps we obtained in our
study were successfully prepared with very high yields. The
yields were found to be between 80.734+4.58-91.58+6.43%.
The yields of BN-Nps obtained in our study were compared,
and the yields of BN-Nps (B1 and B4) prepared with Polox-
amer 407 and high molecular weight PVA were similar. There
was not found statistical difference between them (P>0.05).
However, the yield of BN-Nps (B7) prepared with low molec-
ular weight PVA was lower than B1 and B4. This result was
statistically significant (P<0.05). This situation may be due to
the excess of free BNs during nanoparticle formation due to
the low molecular weight PVA forming a less steric barrier."'
This situation may also be the case for chitosan-coated BN-
Nps. Because BN-Nps were prepared first and then coated
with chitosan.

The reason why B2, B3, B5, B6, B8, and B9 were obtained
with higher efficiency compared to B1, B4 and B7 may be due
to the chitosan's highly coating on the Nps surface. We can
also understand this situation by the increased particle sizes in
B2, B3, BS, B6, B8, and B9 compared to B1, B4, and B7. As
the amount of chitosan increased, the yield did not change sta-
tistically, but the particle size increased significantly.

This case shows that the increased chitosan is covered with
a thicker layer around the particle and increases the particle
size." Since the total amount of substance added and the final
product’s weight are compared when calculating the yield, we
can say that chitosans are adsorbed to the surface in nanopar-
ticle formation with a high density and therefore the yield loss
is low. The sizes of Nps formulations prepared with only BN
were found to be between 458-709 nm (Table 2; B1, B4, and
B7). The size of Nps formulations coated with used chitosan in
half the amount of BN increased 2-3 times compared to BN-

Nps (Table 2; B2, BS, and B8). The size of Nps formulations
coated with used chitosan as much as the amount of BN
increased 4-6 times (Table 2; B3, B6, and B9). This difference
was statistically significant compared to the formulations not
coated with chitosan (P<0.05). This situation showed a robust
electrostatic interaction between chitosan's positive charges
and BN's negative charges, and consequently, the size increased
significantly (P<0.05). It has been reported that strong elec-
trostatic interaction occurred due to the increase in negative
charge density and the amount of chitosan, and consequently,
the size increased in Nps systems.*

In the current study, the zeta potential of the BN-Nps by
coating with chitosan was found between +43.9 mV and +59.2
mV. Although the zeta potential of pure BN-Nps was (-)mV, it
was transformed to (+)mV in chitosan-coated BN-Nps com-
plexes. Since physical stability is crucial in Nps, it has been
reported that the zeta potential value >(+)60 mV is perfectly
stable, +40 to 60 mV is considered well stable, £30 to 40 mV
is considered stable, and <(£)30 mV is highly agglomera-
tive.”>* Hence a physically stable formulation stabilized by
electrostatic repulsion with a zeta potential of (+)30 mV is
required as a minimum.* However, in the case of both elec-
trostatic and steric stabilization, a zeta potential value of £20
mV is sufficient.”” These findings suggest that the chitosan
coated the surface of BN-Nps and changed the zeta potential.
These changes in the zeta potential were thought to be due to
the presence of amino groups in the structure of the chitosan
polymer.'

In our study, BN-Nps (see Figure 2) which were spherical,
had a negative surface charge. In addition, their zeta potential
values were in the range of -7.75 mV to -20.1 mV depending
on the difference of surfactants used during the preparation.
This zeta potential difference between formulations was sta-
tistically significant (P<0.05). With the dominance of negative
charges due to the nature of BN, the zeta potential value of
Nps reached up to -20.1 mV. Zeta potentials of BN-Nps

Polym. Korea, Vol. 46, No. 6, 2022
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approached neutral, which was as expected, especially with the
effect of cationic properties (PVA) of surfactants used (B4 and
B7 in Table 2). However, with negative character surfactants
such as Poloxamer 407, the zeta potential values of BN-Nps
had higher negative values (P<0.05). Due to the increase in
cationic charge with chitosan, the negative zeta potentials of
BN-Nps had changed predominantly positively.

The PDI is an essential parameter in determining the long-
term stability of nano-formulations. PDI value of 0.1-0.25 indi-
cates a narrow particle size distribution, while a PDI value
greater than 0.5 indicates an extensive size distribution.*** It
was observed that PDI values of all prepared formulations in
the current study were around 0.2-0.3, and narrow size dis-
tribution in a homogeneous structure was realized and coating
with chitosan did not change this situation. It was also obtained
smaller particle size (458-709 nm) with BN-Nps and larger
particle size (1203-3100 nm) with chitosan-coated BN-Nps.

XRD Analysis: XRD analysis was performed to examine
the crystal structures of BN, chitosan, BN-Nps, and chitosan-
coated BN-Nps and to detect changes in the crystal lattices in
the structure (see Figure 3). For this purpose, diffractograms of
pure BN, BN-Nps (B1), pure chitosan, and chitosan-coated

0 20 40 60 80 100

002 | ——C-BN Np

0,02 - B

0 20 40 60 80 100
2 Theta (%)

Figure 3. X-ray diffractogram of formulations and pure substances
(C-BN-Np: B2, BN-Np: B1, BN: Boron nitride, C: Chitosan).

Z2H, Al46d A6%, 20221

BN-Nps (B2) were taken.

The XRD diffractogram of chitosan showed that it had char-
acteristic crystalline peaks around 26=20° (see Figure 3). It has
been reported that the peaks around 10° and 20° are associated
with crystal (1) and crystal (2) in chitosan, respectively.** BN
is characterized by a long sharp peak at 26=26-27° and two
minor peaks at 20=41-42° and 55-56°. BN-Nps formulations
have displayed similar to the characteristic XRD diffractogram
(26=26°, 41° and 55°) of BN, and the crystalline structure was
protected.®® Although the crystal structure of the obtained
nano-sized BNs with the using surfactants in the formulation
was preserved, a slight decrease was observed in the peak
intensities. This indicates that surfactants are located on the
BN. In this way, we think that it creates a barrier layer on the
particles to keep the BN at nanoscale. We predict that this layer
also causes a decrease in the sharpness of the peaks.

The sharp peaks in Figure 3 of BN have decreased due to the
coating with chitosan in the chitosan-coated BN-Nps diffrac-
togram, the crystal structure is preserved. In addition, the char-
acteristic crystalline peaks of chitosan 19° and characteristic
crystalline peaks of BN 27°, 42° and 55° were observed. These
findings suggest that there was no change in the structure, and
Nps were successfully obtained.*

SEM Analysis: SEM images of BN, chitosan, BN-Nps
(B1), and chitosan-coated BN-Nps (B2) were presented in Fig-
ure 4. The SEM image results showed that the prepared BN-
Nps dimensions from bulk material were compatible with the
Zetasizer results (<1 um), and the nanostructure had sharp
lines. In addition, the chitosan-coated BN-Nps displayed that
the sharp lines in the BN-Nps were smoother due to the
increase in their size and the effect of the coating.

FTIR Analysis: FTIR analysis was performed to determine
whether any undesired interactions or structure changes
occurred during the formation of BN-Nps and chitosan-coated
BN-Nps (Figure 5). For this purpose, spectra of pure BN, BN-
Nps (B1), pure chitosan, and chitosan-coated BN-Nps (B2)
were taken.

The FTIR spectrum of BN showed that the typical stretching
vibration bands of the B-N bond and B-N-B bending vibration
were associated around the spectral region of ~1340 cm™ and
~750 ecm™ as previously reported.'>'***! The FTIR spectrum
result of chitosan displayed that IR bands at the range of
~3400-3300 cm™ may be associated with the fact that was
stretching bands of the -OH and primary amine groups (see
Figure 5).

The characteristic IR peaks at ~1640 cm™, and ~1580 cm™
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Figure 4. SEM images of (a) BN; (b) BN-Nps; (c) chitosan; (d) chitosan-coated BN-Nps.
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Figure 5. FTIR spectra of formulations and pure substances (C-BN-
Np: B2, C: Chitosan, BN-Np: B1, BN: Boron nitride).

might be associated with the C-N and C=O0 stretching bands.
As previously reported the C-H stretching bands were attributed
to the bands at the spectral region of ~2860 cm™ and ~1370
cm’', respectively.”® The result of the Nps spectra showed that
characteristic peaks occurred at IR bands of both chitosan and
BN. The shift of the C-H stretching band from 3349 cm™ to
3328 cm™ in chitosan may be due to the interaction with Nps.
In addition, the C=0 and C-N stretch bands around ~1640 cm’
and ~1580 cm™ in chitosan, respectively, disappeared within
the band tensions of BN in the structure. The absorption bands
of BN and chitosan showed slight shifts in Nps. The char-
acteristic peaks of BN at ~1340 cm™ and ~750 cm™ were also
observed in BN-Nps. Besides, many IR stretching bands in the
pure BN and chitosan were conserved during the formation of
Nps without observing any chemical association or interaction.
Therefore, the FTIR spectrum results showed that both BN and
chitosan retained their structural integrity in Nps as in the XRD
analysis. The presence of characteristic peaks of BN and chi-
tosan in chitosan-coated BN-Nps in the current study indicated
to be associated with the successful formation of Nps.'>'84
These findings suggest that the negatively charged BN-Nps
were able to bind electrostatically to positively charged chi-
tosan.'®

Colloidal Stability of Nps: The short-term colloidal sta-
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Table 3. Colloidal Stability of Formulations (n=3, X+SD)

Time B1 B2 B3 B4

BS5 B6 B7 B8 B9

Particle size 24h

562.1£6.42 1255+11.63 1955+9.02 463.5+4.23 1605+10.61 3223+£61.12 761.4+£9.92 1555+12.75 2349+42.41

(nm) 48h  564.948.14 1323924 1981+1032 465491 1648£18.72 3280+69.55 781.9+19.02 1597+23.22 2341+31.86
Zeta potential  24h  -16.4+088 58.7£122 47.6£1.16 -12.64022 54£122 424201 3484043 583158 S1.7+117
(mV) 48h  -162+0.78 573141 471079 -123+0.12 5324208 404:1.64 -2.99+131 57.8+242 50.4x1.57

DI 24h  0.334+0.18 0.307+0.44 0.282+0.21

0.147+0.11

0.284+0.31 0.237+0.37 0.372+0.15 0.316+0.19 0.337+0.41

48h  0.300+0.22 0.291+0.28 0.210+0.18 0.125+0.09 0.276+0.31 0.369+0.27 0.378+0.16 0.485+0.14 0.415+0.30

bilities of developed BN-Nps and chitosan-coated BN-Nps
were given in Table 3.

The colloidal stability results were compared to the freshly
prepared formulations as previously reported by a group of
researchers.*®

The results displayed that all formulations’ zeta potential,
particle size, and PDI values were stable throughout their incu-
bation process with bacteria (see Table 3). Bl and B7 Nps had
increased particle size and decreased zeta potential, which may
be indicating a weak steric stabilization due to using the Polox-
amer 407 and L-MW PVA (Table 3). This difference was sig-
nificant compared to freshly prepared formulations (P<0.05). It
was observed that BN-Nps coated with chitosan provided
excellent steric stabilization for 48 hours. A very slight zeta
potential reduction may also be due to BN desorption from
chitosan as described similarly in the previous study.*

Evaluation of Antimicrobial Properties of Nps Formulations:
Antibacterial activity depends on the shape and size of the
material, binding to bacteria, and also surface energy.” Several

experimental studies have been reported in the literature that
10 mm long BN nanosheets exhibit zero cytotoxicity and high-
light their biocompatibility with kidneys.” Biocompatibility
performance with cytotoxicity and cell viability assays varies
depending on BN concentration and exposure time."*

The MIC results of the prepared Nps in this study were eval-
uated by the broth microdilution method and the results were
given in Table 4. The MIC results changed with the selected
Nps, which depends on the surfactants and chitosan amounts
used during preparation. As shown in Table 4, MIC values of
the B2 Nps formulation did not have an antimicrobial activity
to B. cereus, E. coli, E. faecalis and K. pneumonia. All other
formulations (except B3) had reasonably good MIC results
against all microorganisms studied, indicating that our for-
mulations have good antimicrobial activity.” In addition, some
formulation of Nps prepared in the current study included chi-
tosan to form the combination of negative and positive charges
of BN-Nps.

The MIC results of B1 and B7 formulations had antibacterial

Table 4. The MIC Results of Tested Microorganisms Against to Prepared BN-Nps and Chitosan-Coated BN-Nps

MIC results (dilution range, mg/mL)

Microorganisms B1 B2* B3** B4 B5* B6** B7 B&* BY**
(10 t0 0.02) (8 t0 0.01) (8 to 0.01) (12.5 t0 0.02) (8 to 0.01) (8 to 0.01) (12.5 t0 0.02) (8 to 0.01) (8 to 0.01)
B. cereus 0.625¢ - 0.5% 3.1° 0.5¢ 0.5% 0.4° 0.5¢ 18
E. coli 0.625¢ - - 3.1° 19 18 0.4° 19 4t
E. faecalis 0.625¢ - 0.5¢ 0.4° 0.5 0.5¢ 0.4° 2¢ 4"
K. pneumonia 2.5 - 28 1.6/ 1 Iy 3.1° 24 2!
P. aeruginosa 2.5 2¢ - 1.6" 24 4 3.1¢ 24 48
P mirabilis 1.25¢ 0.5¢ 0.5¢ 0.4° 0.5 0.5¢ 1.6° 14 2n
S. agalactiae 1.25¢ 0.25¢ 0.25 0.8 0.5¢ 0.5 3.1¢ 0.25¢ 2
S. aureus 1.25¢ 0.257 0.25¢ 0.4 0.25¢ 0.5¢ 1.6 2¢ 4"
S. Typhimurium 1.25¢ 0.5¢ 0.2¢ 0.8 14 1" 1.6° 24 2n

*BN-Nps coated with 62.5 mg chitosan; **BN-Nps coated with 125 mg chitosan

“P“The statistical difference between B1, B4, B7 formulations bearing different symbols on the same line is significant (P<0.05).
““/The statistical difference between B2, B5, B8 formulations bearing different symbols on the same line is significant (P<0.05).
shiThe statistical difference between B3, B6, B9 formulations bearing different symbols on the same line is significant (P<0.05).
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activity against E. coli at a much lower concentration than pre-
viously reported by researchers.'>***” The non-coated BN-Nps
(B1 and B7) prepared in the current study were more effective
against B. cereus, E. coli, and E. faecalis when compared to
chitosan-coated BN-Nps formulations (B2, B3, B5, B6, BS,
and B9) (P<0.05). Interestingly, the MIC results of B2, B5, and
B8 formulations (containing 4 mg/mL chitosan) against P
aeruginosa displayed higher antimicrobial activity than the
other chitosan-coated BN-Nps (containing 8 mg/mL chitosan)
formulations. B4 formulation was the most effective against P
aeruginosa among all formulations. This may be due to the
smallest size (458.6 nm) of B4 among all formulations, and
therefore size can be said to be important in its interaction with
P aeruginosa.

For S. agalactiae, MIC results did not change with the
increase in the amount of chitosan, but BN-Nps coated with
chitosan were statistically significantly more effective than for-
mulations containing only BN.

Overall, formulation B9 was the least effective against E.
coli, E. faecalis, P. aeruginosa, P. mirabilis, S. aureus, and S.
Typhimurium among all formulations. The reason for this sit-
uation may be that it was prepared with L-MW PVA, which
could not provide sufficient steric stabilization against the
increased amount of chitosan. The prepared formulations with
Poloxamer 407 (B2 and B3) were found to be more effective
against S. aureus. B2, B5, and B8 formulations (containing 4
mg/mL chitosan) had higher antimicrobial activity, whereas
B3, B6, and B9 formulations (containing 8 mg/mL chitosan)
had lower. Increasing size depending on the amount of chi-
tosan added is an essential parameter in interacting with bac-
teria.

The positively charged Nps (B2, B3, BS, B6, B8, B9) showed
antimicrobial activity against tested bacteria as expected. Sim-
ilarly, it has been reported that positively charged Nps dis-
played vigorous antimicrobial activity against E. coli compared
to the negatively charged formulations.®® Another study indi-
cated that although negatively charged silver Nps showed defi-
cient antibacterial activity, positively charged and neutral silver
Nps had higher antibacterial activity against Gram-positive and
Gram-negative bacteria.” Contrary to previous studies, in this
study, surprisingly, B1, B4, and B7 with negative zeta potential
were found to show much more antimicrobial activity against
most tested bacteria, such as S. agalactiae and S. aureus,
according to the MIC results. Thus, we found that negatively
charged formulations showed higher antimicrobial activity.
Indeed, there are differences in the membrane structures of

Gram-positive and Gram-negative bacteria, most of them have
a negative surface charge at physiological pH values.***® It is
known that both Gram-positive and Gram-negative bacteria
interact with positively charged particles much more easily
through electrostatic attraction than with negatively charged
particles.”®” The cell membrane in Gram-positive bacteria
consists mainly of a thick layer of peptidoglycan with embed-
ded teichoic acid. On the other hand, Gram-negative bacteria
have a lipopolysaccharide layer on their outer surface followed
by a thin peptidoglycan layer. Teichoic acid and lipopoly-
saccharides impart a negative charge to the surface of bacterial
cells.®

TGA Analysis: The TGA thermogram of chitosan-coated
BN-Nps (B2 and B3) were given in Figure 6. The TGA anal-
ysis results were compared to the pure BN and pure chitosan
as previously reported by vaious of researchers. The TGA was
used to evaluate the thermal stabilities of chitosan-coated BN
Nps. As shown in Figure 6, the initial decomposition tem-
perature of the NPS's was about 190-200 °C. The addition of
chitosan has no effect on the major decomposition process of
the BN. The interaction of BN with the chitosan increased the
thermal resistance of the Nps and, consequently, the thermal
decomposition temperature. These indicates were consistent

with similar studies in the literature.*3¢"%
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Figure 6. TGA curve of chitosan-coated BN-Nps (B3 and B2;
Heating rate: 10 °C/min, Temperature range 25-1000 °C, under
Nitrogen atmosphere).
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Silver nanoparticles (Ag-NPs) have also been extensively
researched in the literature due to their antibacterial proper-
ties.” The positive charge of AgNPs concerning their anti-
microbial activity is thought to be due to the electrostatic
attraction between negatively charged bacterial cells. Although
there are differences in the membrane structures of Gram-pos-
itive and Gram-negative bacteria, most of them have a neg-
ative charge. AgNPs have been shown to be more active
against gram-negative bacteria regardless of their resistance
level. It has been reported that positively charged AgNPs are
superior in antibacterial activity to negatively charged nanopar-
ticles.”” However, in our study, it was determined that both
positively charged chitosan-coated BN Nps and negatively
charged BN Nps showed antibacterial activity. It was observed
here that it did not inhibit cells as a result of physical inter-
action with the bacterial cell wall, as in AgNp's.

It is widely accepted that high concentrations of AgNPs can
induce apoptosis in human cells. AgNPs have been reported to
exhibit higher cytotoxicity than silver microparticles, with
signs such as more severe morphological abnormalities and
more cells undergoing apoptosis. This indicates that the in
vitro cytotoxicity mechanism of AgNPs is related to their nano
size. Silver ions bind to proteins and nucleic acid and interfere
with cell functions. Intracellular reactive oxygen species
(ROS) production by AgNPs has been clearly detected. The
general view is that mitochondrial damage is the basis of
AgNP-induced early apoptosis mechanism. Chromosomal
abnormalities directly result from DNA damage, such as dou-
ble-strand breaks and intact strand breaks, resulting in the
chromosomal rearrangement. AgNPs can access the mito-
chondria to interfere with the respiratory chain, resulting in the
presence of a large number of superoxide and nano-silver ions
that can damage the cell nucleus, genetic material, and other
structural organelles.*%

Orally ingested AgNPs accumulate permanently in the body,
both as AgNp and as released Ag+ ions, and 2-4% of the
absorbed silver is retained in the tissues. The most visible con-
sequences of prolonged exposure to silver are "Argyria," an
irreversible bluish skin pigmentation due to silver deposition.
In addition to Argyria, numerous studies have identified mul-
tiple side effects and toxicity in various organs based on AgNP
exposure. Although silver is found in small amounts in the
human body, it does not have a physiological function. It is not
an essential element in the body.*

However, boron is a metalloid that plays an important role in
the functioning of the cell membrane of animals, enzymatic

Z2H, Al46d A6%, 20221

reactions, hormonal and mineral metabolism. Boron is also
thought to be an essential metalloid for animals. Boron does
not accumulate in soft tissues; however, it accumulates effi-
ciently in the bones. Boron affects skeletal metabolism. There-
fore, it affects bone growth and compositional properties of
soft tissues in animals and humans. Boron-rich diets have a
positive impact on calcification and preservation of mam-
malian bones, and central nervous system functions and also
play a positive role in maintaining the structural integrity and
function of cell membranes. More than 90% of excess borate
in mammals is excreted as boric acid in the urine.*’ In a study,
the researchers reported that ROS, cellular changes, or apop-
tosis were not observed by day 9."

There are limited antibacterial studies conducted with BN
nanoparticles and/or chitosan-added BN in the literature. This
study was designed based on the antibacterial properties of BN
nanoparticles reported in the literature. With the effect of dif-
ferent surfactants and varying amounts of chitosan, the anti-
microbial activities of BN nanoparticles on 9 different bacterial
species were examined, and the surprising results were shared
with the scientific world. Further analysis is needed to defin-
itively ascertain the exact mechanism under the antimicrobial
activity of the negatively charged Nps formulations. This sit-
uation will inspire both us and the other scientists for further
studies. In the light of all these comparative data, we hope to
see the frequency of biomedical applications of BN-containing
nanomaterials more in the future.

Conclusions

In summary, the nine different formulations were developed
and characterized, and their results and antimicrobial activities
were examined and discussed in terms of formulation com-
ponents, zeta potential, and particle size changes. The mor-
phology of the prepared Nps was determined by an optical
microscope and SEM. As a result of the analyzes made with
FTIR and XRD, undesirable interactions were not found in
their structures. The findings from the current study further
point out the effect of antimicrobial properties against nine ref-
erence bacteria of the BN-Nps and chitosan-coated BN-Nps.
Surprisingly, BN-Nps with negative zeta potential (B1 and B7
formulation) showed antibacterial activity even at low con-
centrations, contrary to what previous researchers found. In
addition, it has been determined that the antimicrobial activity
decreases as the amount of chitosan coating increases in some
bacteria (P. aeruginosa), but the increase in the amount of chi-
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tosan coating is not significant for some bacterial species (S.

agalactiae). In the future, our developed BN-Nps and chi-

tosan-coated BN-Nps formulations may provide antibacterial

activity even at low doses, making them safe and biocom-

patible for biological applications. In light of the data obtained

this study, we think it is unique to find out which formulation

component or which particle size or which zeta potential's is

more effective against bacteria.
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