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a b s t r a c t

The antibacterial properties of boron-containing compounds are well known although there are limited
studies available on the pure boron nanoparticles. In this paper, nanoboron particles are characterized in
terms of their particle size, shape, stability and surface charge before and after their application onto tex-
tile surfaces to study their impact on bacterial activity. It was observed that the boron nanoparticles are
effective in limiting the bacterial growth of both Gram-negative and positive species without requiring
any stimulation to initiate the antibacterial action. In addition to the antibacterial functionality evalua-
tion of the free boron nanoparticles, nanoboron coated textiles were also characterized and determined
to change the wettability and surface charge of the textiles with a variable antimicrobial response to the
different species. Consequently, we propose pure nanoboron as a new anti-bacterial agent that can func-
tion without external stimulation.
� 2016 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder

Technology Japan. All rights reserved.
1. Introduction

The functionality of boron-containing compounds such as boric
acid and its alkyl or aryl substitutes (borinic acid), borax, diaza-
borine and potassium tetraborate as antibacterial agents have been
studied widely since they are commonly utilized as fertilizers,
insecticides, detergent additives and buffers in pharmaceutical
compounds [1–3]. As an example, potassium tetraborate nanopar-
ticles applied to table grapes have shown a good antimicrobial
activity and controlled gray mold formation caused by Botrytis
cinerea both at room temperature and at 0 �C. The efficacy was pos-
itively correlated with the concentration of the solution [2]. High
purity boron-nanoparticles, on the other hand, find applications
in more advanced fields such as in semiconductor applications to
produce p-type silicon and medicinal applications for neutron cap-
ture therapy and hence their synthesis and characterization
became more important recently [4–6]. This study concentrates
on characterization and anti-bacterial property evaluation of the
boron nano-powders and the textiles finished with nanoboron
powders in DI water and a standard finishing solution after their
application as a coating.

Textiles have long been recognized as being prone to growth of
microorganisms such as bacteria and fungi. These microorganisms
may exist in the environment even at ambient conditions and can
quickly grow when the suitable moisture, nutrient and tempera-
ture conditions are provided. The growth of microbes and bacteria
on textiles during their use or storage not only degrades the perfor-
mance of the textile itself but also negatively affects the public
health. Most of the synthetic fibers, due to their high hydrophobic-
ity, are more resistant to attacks by microorganisms than natural
fibers [7]. The detrimental effects can be controlled by applying
durable antimicrobial finishing to the textiles by using broad-
spectrum biocides or by incorporating the biocide into synthetic
fibers during extrusion [7,8]. However, while antimicrobial textiles
provide the benefits of hygiene, odor control and protection of the
fabric from microbial attacks, potential toxic breakdown products
of the biocides are a concern environmentally as well as for the
household. Most biocides used on the commercial textiles can
develop bacterial resistance to the substances, which can lead to
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increased resistance to certain antibiotics in clinical use [9]. Due to
their small size and large surface, area antibacterial nanoparticles
have also been investigated in this pursuit. Examples include zinc
oxide (ZnO), carbon nanotubes (CNT), copper (Cu) and copper
oxide (CuO), silver (Ag) materials and titanium dioxide (TiO2)
and nano silver [10,11].

One of the most critical uses of antibacterial textiles applies to
medical applications. Hospital-acquired infections, known as noso-
comial infections, are currently causing an epidemic-like condition
affecting one in every ten patients [12]. The main route of infection
is from the infected patient to healthcare professionals to an unin-
fected patient or visitor through inadvertent contacts with the sur-
faces of hands, furniture, walls, bed linens and upholstery. The
death burdens from such infections are also high due to the inef-
fectiveness of the common broad-spectrum antibiotics including
beta-lactam antibiotics. These infections are mostly caused by a
limited number of bacterial pathogens such as methicillin/vanco
mycin-resistant Staphylococcus aureus (MRSA/VRSA), methicillin-
resistant Staphylococcus epidermidis, Escherichia coli, Clostridium dif-
ficile, vancomycin-resistant Enterococci (VRE), Acinetobacter sp. and
Pseudomonas aeruginosa although MRSA and E. coli have been the
most studied strains [13]. Accordingly, there is a need to either pre-
vent bacterial attachment to these surfaces or in situ killing of the
attached microbes. There are several commercially available
antimicrobials such as triclosan, ammonium compounds, zinc pyr-
ithione and silver.

Here we report the potential antimicrobial effect that can be
obtained from nanoparticles of boron, termed as nanoboron. We
have demonstrated that the solution of nanoboron particles has a
high killing rate on both Gram-negative and positive bacteria while
the killing rate is in particular effective on Gram-negative bacteria
(E. coli) when applied on textiles under ambient conditions such as
those in a typical hospital scenario.
2. Materials and methods

2.1. Preparation and characterization of the nanoboron particles and
solutions

2.1.1. Preparation of nanoboron solutions
Boron nanoparticles with 99.7% purity and average reported

particle size of 50 nm were obtained from NaBond Technologies
Corporation, China. In order to apply the boron nanoparticles on
the textile samples, solutions of the nanoboron powder were pre-
pared at 0.002, 0.02 and 0.2 g/ 100 ml concentrations by dispersing
the particles in deionized (DI) water as well as in the textile finish-
ing solution. A standard textile finishing solution was prepared by
using Setasil KF 1320 (amino functional silicon micro emulsion_ca-
tionic) Setas Chemicals, Serisoft 210 (non-ionic softener) Serboy
Chemicals, Walline PE (polyethylene) Geochem Chemicals and
acetic acid (Sigma- Aldrich for pH balance) at a total concentration
of 2.7% (w/v) in DI water and measured pH of 3.52. In order to
homogeneously disperse the nanoboron particles, the suspensions
were prepared at pH 6 and kept on stirring continuously for
15 min. The prepared suspensions were tested for static stability,
particle size and zeta potential after their uniform dispersion in
DI water and the finishing solution.
2.1.2. Particle size and morphology analyses
The shape and size of the nanoboron powders were examined

using SEM (Hitachi SU70) fitted with an EDS detector (Joel, Oxford
Instruments). The powder sample was attached to the SEM stub
using a double-sided carbon adhesive tape (Agar Scientific). A gold
coating of 10 nm thickness was sputtered on the samples using a
High Vacuum Sputter (Emitech K550), providing an optimal
conductivity.

In order to analyze the particle size distribution of the powder
sample measurements were performed via light scattering tech-
nique using Coulter LS-13320 Laser Diffraction Particle Size Ana-
lyzer (Beckman Coulter ALM-aqueous Liquid Module). In the
process of particle size measurements, DI water at pH 6 was used
as the background in the sampling cell to keep the particles stable
during the measurement.
2.1.3. Particle crystalline structure analyses
In order to determine the crystalline structure of the nanoboron

powders, X-ray diffraction (XRD) analyses were conducted by
using a PANanalytical Epyrean diffractometer in a Bragg geometry
using the CuKa radiation (ka1 = 1.5406 Å) in the reflection mode.
Furthermore, nanoboron powders were examined using transmis-
sion electron microscopy, TEM (JEOL JEM-2100F) equipped in
EDAX detector to visualize the crystal orientation after dispersing
the powder in ethanol and exposing to ultrasound for homoge-
neous sampling on the TEM grid. The copper TEM grids with car-
bon film (Ted Pella) were dipped into the prepared solution and
left to dry in air prior to analysis.
2.1.4. Surface charge determination of the nanoboron solutions
The zeta potential of the boron nanoparticle suspensions were

measured by using Malvern Nano ZS Analyzer in DI water and in
the textile finishing solution to determine the total electrical
charge potential surrounding the particles to enhance their stabil-
ity during their application on the textile surfaces.
2.2. Application and characterization of boron nanoparticles on textiles

2.2.1. Application of nanoboron solutions on textile samples
Solutions of boron nanoparticles were coated by dip-coating on

a textile sample with 47 wt% polyester, 47 wt% viscose and 6 wt%
spandex fiber composition. Textile samples were initially treated
with DI-water to remove any loose fibers to prevent deviation in the
particle attachment analyses. They were kept at 36 �C for 24 h to dry
followed by 36 h exposure to ambient to regain their natural moisture
as a standard procedure after the prewash and nanoboron solution
treatment. The textile was chosen to be dark color to maintain
the original color after the application of the nanoboron powder.
Both suspensions prepared in DI water and in the finishing solution
were coated by using the same methodology. The textile samples
treated in DI water were dipped into 0.002, 0.02, 0.2 and 2 wt%
nanoboron solutions in addition to the baseline DI water treatment
without the particles. The samples treated in the finishing solution
were treated only with 0.002, 0.02 and 0.2 wt% solution in addition
to the pure finishing solution treatment since the 2 wt% solution
treated textiles were observed to release particles in DI water
treatment after the coating process. In order to determine the
amount of particle attachment in grams/m2, the textiles were weighed
with a high precision balance with 0.01 mg sensitivity after prewash-
ing and drying in DI-water, and after the treatment with nanoboron
solutions.
2.2.2. Wettability measurements
To determine the surface hydrophobic nature of the textiles,

contact angle measurements were performed on the baseline and
coated textile samples by sessile-drop contact angle measurement
technique by using KSV ATTENSION Theta Lite Optic Contact Angle
Goniometer. Three readings were taken for each sample as a func-
tion of time intervals of 10 s up to 60 s.



598 W. Akbar et al. / Advanced Powder Technology 28 (2017) 596–610
2.2.3. Color fastness analyses
Due to the dark natural color of the boron nanoparticles, color

fastness tests were also conducted according to ISO 105-A05 stan-
dards. In this method, a single layer of untreated and treated textile
samplewith adequate size to fit in the instrument’s holder is backed
Fig. 1. SEM images (a) at 500 nm and (b

Fig. 2. TEM analyses on the nanoboron particles. (a) Particle size analyses confirming th
distribution is confirmed and (b) EDX analysis on TEM grid confirm boron chemistry with
carbon peak originates from TEM grid coating.
with an opaque white material having no fluorescent whitening
agents. From theuntreatedmaterial a referencewaspreparedwhich
consists of the same number of thicknesses of material as that used
to prepare the test specimen. The reference sample is thenmounted
on the holder to measure its color values with spectrophotometer.
) at 3 lm scale. (�15 k and �60 k).

e flaky shape of the nanoboron particles with the larger size tail in the particle size
slight content of impurities, which arise from production process (Si, Cu, Cl). Strong
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Fig. 3. XRD spectroscopy of the nanoboron powders verifying the crystalline
structure of particles observed on TEM images.

Table 1
Elemental composition of the nanoboron Powder obtained on the TEM grid coated
with carbon.

Element Weight % Atomic %

B 50.00 56.50
C 39.70 40.30
O 01.50 01.20
Si 01.50 00.60
Cl 00.20 00.10
Cu 07.10 01.40
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2.2.4. Surface charge measurements
The electrokinetic properties of the baseline and coated fabrics

were measured via streaming potential measurements using Elec-
tro Kinetic Analyzer (SurPASS, Anton Paar GmbH) as a function of
pH of the circulating electrolyte. The textiles samples were
inserted in a cylindrical cell with the help of supporting discs.
The supporting discs have holes in them to allow the flow of elec-
trolyte between electrodes through the textile sample. The elec-
trodes are attached to the movable pistons to allow variation in
the distance between the electrodes and adjusting the density of
textile sample. The background electrolyte prepared for measure-
ments contained 1 mM KCL solution and 50 mM HCl solution
was added for the pH titration as a function of time. The surface
charge measurements were collected to be compared to the zeta
potential measurements taken on the nanoboron particles to
understand the mechanisms of the textile/particles attachment
as a function of pH.

2.2.5. Surface morphology determination
Surface morphologies of the baseline and coated textile samples

were analyzed by SEM analyses by using Hitachi SU70 type SEM as
detailed in the nanoboron particle characterization. Textile sam-
ples were attached to the SEM stub using a double-sided carbon
adhesive tape (Agar Scientific) and coated with 30 nm thick gold
by sputtered High Vacuum Sputter (Emitech K550), providing an
optimal conductivity.

2.3. Antibacterial testing of the nanoboron powders and nanoboron
coated textiles

2.3.1. Antibacterial testing on nanoboron-powder
Overnight cultures of methicillin-resistant S. aureus (MRSA)

K324 and extended-spectrum beta-lactamase (ESBL)-producing
E. coli [13] and Vibrio cholerae (O1 biovar El Tor str. N16961; CIP
106855) were grown in Muller-Hinton broth (MHB; Sigma–
Aldrich) at 37 �C by shaking at 250 rpm. To determine the prelim-
inary working concentration range for boron in a simple yet repre-
sentative way, spot tests were performed. For this, the overnight
cultures were first standardized to OD600 of 0.8 with 0.85% NaCl,
corresponding to �108 cfu/ml and were further diluted with NaCl
solution to �105 cfu/ml. A 10-ll volume was spotted on Muller-
Hinton agar (MHA) plates. After overnight incubation, the number
of colonies was counted based only on plates with 20–200 colo-
nies. We observed differences in growth behavior between MHB
and brain heart infusion in that MRSA coagulates after a short incu-
bation in the latter, indicating differential protein expression pro-
files. For standardization and in accordance to established
methods, we decided to use MHB/MHA.

The concentration range initially tested was 0, 2 and 5% (w/v)
from a stock concentration of 10% (w/v) nanoboron prepared in
ultrapure water (resistance of 18.2 MX), which was added to
200 ll of the 105 cfu/ml cultures in a 48-well plate incubated
under ambient room condition (fluorescent lamp irradiation about
2 m from the plate, 20 �C). The results from this formed the basis
for a more accurate assay, in which the nanoboron was mixed with
200 ll of bacterial cultures and left incubated for 1–2 h. At each
time point, 800 ll of 0.85% NaCl was added before this mixture
was diluted 10 and 100 times. To enable easy spreading, 50 ll of
the 10- and 100-diluted cultures was added to 50 ll of 0.85% NaCl
and the entire 100 ll was spread on agar plates.

2.3.2. Antibacterial testing on nanoboron coated textiles
For the testing of nanoboron incorporated on textile materials, a

total volume of 500 ll of culture (200 ll of culture at 105 cfu/ml
+300 ll of 0.85% NaCl) was used as the textile samples were too
thick for the standard 200-ul experiment. Samples were incubated
with cultures for 60 min under ambient conditions (room temper-
ature was controlled to 20 �C). The inoculum was then plated on
TSB agar plates under two different dilutions in triplicates in order
to obtain statistically valid results. The tests were performed on
both the textiles treated in DI water and with the finishing
solution.

3. Results and discussion

3.1. Characterization of boron nanoparticles

Nanoboron particles were initially characterized in the powder
form by SEM micrographs as can be seen in Fig. 1. The powder is
highly aggregated with the primary particle size range of approxi-
mately 50–100 nm range. In order to further investigate the parti-
cle size and shape as well as the crystalline structure TEM analyses
were also conducted. Fig. 2a shows the particle shape of the nano-
boron powder confirming the flakes of particles within 50–200 nm
sizes in addition to the crystallographic nature of the individual
particles. The EDX analyses conducted on the nanoboron powder
deposited on the TEM grid have confirmed the main component
to be boron with minor impurities identified as Si, Cu and Cl. The
strong C peak is an artifact of the carbon coating used for the
TEM grid. Table 1 details the weight and atomic % distribution of
the elemental composition. The XRD spectroscopy of the nano-
boron further confirms the crystalline structure of the particles
with the major peak associated to the (310) plane of the cubic
phase as can be seen in Fig. 3. Also various boron compounds are



Fig. 4. Volume percent particle size measurement results on Coulter LS 13 320 conducted on (a) 0.002, (b) 0.02, (c) 0.2 and (d) 2 wt% concentration of nanoboron solutions
prepared in DI water and measured in DI water as a background.
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Fig. 5. IEP determination of the NB powder in DIW.
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seen such as boron hydroxide, decaboron and pentaboron in
agreement with the diffraction data given in the literature [14–16].

In order to analyze the stability of nanoboron particles in
suspensions, solutions were prepared initially in DI water at
0.002, 0.02, 0.2 and 2 wt% concentrations. The uniformly dispersed
solutions were kept in the graduated cylinders (at room tempera-
ture) for an extended timeframe (8 weeks) and it was observed
that all the samples were visually stable before conducting the size
distribution analyses. Beckman Coulter LS 13 320 Laser Diffraction
Particle Size Analyzer was used to measure the particle size of all
four solutions. Fig. 4 illustrates the volume percent particle size
measurement results conducted on 0.002, 0.02, 0.2 and 2 wt%
nanoboron concentration in DI water environment. The measure-
ments taken on the concentrations other than 2 wt% solution were
consistent with a bimodal distribution with a mean peak at around
0.13 lm range and a second peak at 0.3 lm size range. The larger
peak observed on the PSD analyses confirm the presence of larger
size particles in the boron nanopowder as observed on the SEM and
TEM analyses illustrated in Figs. 1 and 2. When the same tests were
conducted on the sample prepared at 2wt% concentration, on the
other hand, severe agglomeration was observed with four peaks
extending up to 2 lm size range. These results indicate that the
stability of the nanoboron powders in DI water is limited to con-
centrations of 0.2 wt% with potentially lower concentrations
preferable in industrial applications to prevent settling during
the processing.



Fig. 6. Volume percent particle size measurement results on Coulter LS 13 320 conducted on; (a) pure finishing solution and 0.02 and 0.02 wt% nanoboron added into
finishing solution measured in DI water as a background, (b) 0.02 and 0.02 wt% nanoboron added into finishing solution measured in finishing solution as a background.
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The stability responses of the nanoboron particles as a function
of the concentration can further be explained based on the col-
loidal interactions of the particles. Fig. 5 shows the f-potential
measurements of the nanoboron particles as a function of pH con-
ducted to determine the isoelectric point (IEP) of the particles in DI
water environment. The IEP of the nanoboron solution was mea-
sured to be at pH 2.55. Although there are no reports on the IEP
of the pure nanoboron particles, the boron compounds were also
measured to show an IEP of �2.5 [17]. Furthermore, it was
observed that the solution pH tends to decrease with the increased
concentration of the nanoboron. When the pH values were
measured for the DI water/nanoboron solutions at 0.002, 0.02,
0.2 and 2 wt% concentrations, values of 5.55, 4.84, 4.08 and 3.01
were detected, respectively. The decrease in the solution pH with
the increased nanoboron concentration can be explained based
on the hydration of the nanoboron particles in DI water by the
OH� ions of water leaving H+ ions in the solution, which drives
the pH to more acidic values. Since the solution pH approaches
to the IEP value of the nanoboron (2.55) with the increasing nano-



Table 2
Attachment of nanoboron particles prepared in DIW on textile samples.

NB %-wt in DIW Attachment (mg/cm2)

0.000 0.000 ± 0.000
0.002 0.008 ± 0.000
0.020 0.024 ± 0.011
0.200 0.165 ± 0.004
2.000 0.573 ± 0.010

Fig. 8. SEM image of the selected textile sample coated with 0.2 wt% nanoboron in
DI water showing nanoboron particles and agglomerates.
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boron concentration, the f-potentials of the nanoboron particles
decrease and stabilization of the suspension weakens at the higher
solids loading of the nanoboron solution due to the insufficient
electrostatic repulsion in the system.

Since the coating of the nanoparticles was also performed in the
finishing solution, particle size distribution analyses were also per-
formed for nanoboron in finishing solution. Fig. 6 shows the parti-
cle size analyses on 0.02 and 0.2 wt% nanoboron particles prepared
in finishing solution, which was observed to have a trimodal size
distribution in DI water background. Since the finishing solution
has extra additives, such as silicon, another particle size distribu-
tion analysis was conducted by using only the finishing solution
as can be seen as a solid line in Fig. 6a. It is obvious that the larger
size peaks observed on the nanoboron solutions prepared in the
finishing solution are due to the presence of additional silicon par-
ticles in the finishing solution. Therefore, using the finishing solu-
tion as a background and feeding the nanoboron particles prepared
in the finishing solutions to this background, a second set of parti-
cle size distribution measurement was conducted as can be seen in
Fig. 6b. The universal liquid module (ULM) of the Coulter LS 13 320
allows the use of various solutions as a background and can screen
the backgroundmeasurement from the main measurement results.
It can be seen in Fig. 6b that the measurements taken in the finish-
ing solution background with 0.02 and 0.2 wt% nanoboron solu-
tions prepared in the finishing solution are both stable with a
single peak indicating stability. Furthermore, it was detected that
the zeta potential of the nanoboron particles in the finishing solu-
tion is positive as can be seen in Fig. 7. The zeta-potential of the
pure nanoboron particles in DI water measured to be �25.57 mV
and the zeta potential of the finishing solution was +46.97 mV.
When the nanoboron particles were mixed with the finishing solu-
tion at 0.002 wt% (and diluted to measure the f-potential in the
dynamic light scattering tool) a value of +16.03 mV was detected.
This is due to the cationic nature of the amino functional silicon
component in the finishing solution screening the negative charge
on the nanoboron particles. This result is also suggesting the for-
mation of a composite silicon/nanoboron particle system when
the nanoboron particles are added into the finishing solution.
3.2. Characterization of textiles coated with nanoboron particles

3.2.1. Characterization of textiles coated with nanoboron in DI water
Initially the nanoboron particles were prepared in DI water

environment at 0.002, 0.02, 0.2 and 2 wt% concentrations and
applied on the textiles by dip coating the selected fabric in nano-
boron solutions and drying at 37 �C. Table 2 summarizes the
amount of nanoboron attachment on the DI water treated textiles
measured by weighing the textile pre and post the treatment with
a high precision balance (0.01 mg accuracy). The amount of parti-
cles attached in milligrams was normalized to the total area of
the treated textile to calculate the coverage density in units of
mg/cm2. It can be seen that regardless of the amount of nanoboron
added into the solution, the amount of particle attachment
remained the same (�0.2 mg/cm2) except for the highest concen-
tration of 2 wt%. At this highest concentration of the nanoboron
particle addition into the coating solution, the surface coverage
went up to 0.5–0.6 mg/cm2, which is more than twice the amount
of attachment at the other concentrations. Fig. 8 shows the SEM
micrograph of the textile coated with 0.2 wt% nanoboron solution
as an example. The nanoboron particles can be seen on the textile
fibers as individual particles as well as agglomerates. In addition to
the surface coating density, the isoelectric points (IEP) and surface
charge measurements of the textiles treated with nanoboron at dif-
ferent concentrations were also measured and compared to the
baseline DI water treated textile. The measurements were con-
ducted by Electro Kinetic Analyzer (SurPASS, Anton Paar GmbH).
To determine the IEP values, background pH was decreased by
adding 0.05 M HCl to the electrolyte solution after each measure-
ment. Fig. 9 illustrates the surface charge measurements of the
baseline DI water treated textile as compared to the textiles trea-
ted with 0.002, 0.02 and 0.2 wt% nanoboron added DI water solu-
tions. The fabric coated with the 2 wt% nanoboron was observed
to release the nanoboron particles into the solution and hence
resulting in highly variable measurement values and therefore
not added into the reported measurements due to unreliable
results. The IEPs of all the textiles coated only in DI water and
0.002wt% nanoboron were measured to be at around pH
2.93 ± 0.01 and the addition of higher concentrations of nanoboron
shifted the IEP towards lower pH values. Hence, it can be stated
that the addition of nanoboron results in IEP to shift toward the
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Fig. 10. Wettability responses measured through contact angle with DI water on textile samples coated with different concentration of nanoboron particles in DI water.
Contact angle measurements on; (a) without nanoboron coated, (b) 0.002 wt% nanoboron coated, (c) 0.02 wt% nanoboron coated (d) 0.2 wt% nano-boron coated textiles as a
function of time (taken every 10 s for a minute). The water droplet images confirm the highly hydrophobic nature of the textiles coated at these concentrations of nano-boron
particles (measurements have a standard deviation of ±3.3% indicating that statistically the results are the same) and (e) contact angle measurement on the textile coated
with 2 wt% nano-boron represented by the actual bubble images within 0.1 s. The 2 wt% nano-boron coated textile is very hydrophilic and absorbs the water droplet almost
immediately.
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acidic pH range in consistency with the zeta potential measure-
ment on the nanoboron particles and confirm their hydration with
the negatively charged OH� ions. Fig. 9 also shows that the surface
charge at pH 7.3 (the pH of the bacteria growth medium)
was ��16 mV which is important in understanding the bacteria
growth mechanisms on the textiles treated with nanoboron with
respect to the electrostatic interactions between the bacteria and
the textile surface.

The change in the wettability responses of the textile samples
were also characterized by measuring their contact angles using
a DI water droplet as a function of time. Fig. 9 compares the wet-
tability responses on the 0, 0.02, 0.2 and 2 wt% nanoboron coated
textiles dynamically. It was observed that the textile sample trea-
ted without nanoboron and with 0.02 and 0.2 wt% nanoboron par-
ticle solutions were very hydrophobic with a contact angle value
measured at �142 degrees, whereas the textile sample coated with
2wt% nanoboron was very hydrophilic. Fig. 10a shows the contact
angle measurements on the 0, 0.02 and 0.2 wt% nanoboron coated
textiles as a function of time (taken every 10 s for a minute). Mea-
surements have a standard deviation of ±3.3% indicating that the
results are the same statistically. On the contrary, the contact angle
measurement on the textile sample coated with 2 wt% nanoboron
have shown a very hydrophilic behavior and the water droplet was
absorbed within 0.1 s as can be seen in Fig. 10e. These observations
are very critical in evaluating the mechanisms of the antimicrobial
responses of the nanoboron coated textiles which will be discussed
in the following sections.

3.2.2. Characterization of textiles coated with nanoboron in finishing
solution

Following the characterization of the textiles coated with
nanoboron in DI water, a similar study was also conducted on
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the textiles coated with nanoboron in the finishing solution to
observe the applicability of the technology in industrial applica-
tions. Initially, the physical and color fastness analyses were con-
ducted on these textiles. Since the nanoboron particles have a
dark color, a black colored textile was selected for the treatment.
Table 3 lists the amount of nanoboron attachment as a function
of the concentration of boron nanoparticles added into the finish-
ing solution. The attachment doubled at the highest concentration
of the nanoboron addition. The physical tests conducted on the
textiles did not show any significant changes as compared to the
baseline textiles. The color fastness analyses conducted at 50 �C
wash fastness, water, alkali and acid on 0.002 wt% nanoboron in
finishing solution also remained unchanged except for the textile
coated with 0.2 wt% nanoboron in the 100 ml finishing solution.
As can be seen in Table 4, 0.2 wt% concentration resulted in a slight
Fig. 11. SEM images of textile coated with; (a) only finishing solution treated, (b) 0.0
finishing solution.

Table 3
Attachment of nanoboron particles prepared in finishing solution on textile samples.

NB (wt%) in finishing solution Attachment (mg/cm2)

0.000 0.348 ± 0.006
0.002 0.385 ± 0.000
0.020 0.343 ± 0.005
0.200 0.725 ± 0.001

Table 4
Color fastness measurements on the nanoboron coated textiles in finishing solution.

Nano boron
(wt%)

DEcmc (avg) MI- (1,2) CI-(1,2) Grey scale rating
(Wet friction)

0.002 0.13 0.05 0.35 4/5

0.020 0.15 0.05 0.35 4/5

0.200 0.11 0.02 0.30 4
change in color and hence the treatment of the textiles in the fin-
ishing solution was limited to a maximum 0.2 wt% concentration.

Fig. 11 shows the systematic SEM micrographs of the baseline
textile treated only with the finishing solution as compared to
the 0.002, 0.02 and 0.2 wt% nanoboron addition in the presence
of the finishing solution. It can be seen that the silicon particles
in the finishing solution are observable on the textile, which is just
treated in the finishing solution (Fig. 11a). The amount of particles
visible in the SEM micrographs is increasing with the addition of
the nanoboron particles at increasing concentration of the nano-
boron powder. It also appears that the negatively charged nano-
boron particles tend to adhere on the positively charged silicon
particles. To better analyze this behavior, an EZ-AFM micrograph
is taken on the textile coated with the 0.02 wt% nanoboron in the
finishing solution. The EZ-AFM is capable of scanning soft surfaces
and has the advantage of analyzing surface topography after the
particle attachment. The light colored regions illustrate the parti-
cles on the textile surface. As can be seen in Fig. 12a, the sizes of
the particles attached on the textile are rather large as compared
to the sizes of the nanoboron seen in Figs. 1, 2 and 4. In addition,
the randomly taken cross sections on the attached particles in
Fig. 12b are in a size range of �250–400 nm range, also suggesting
that the surface is coated with the nanoboron and the silicon par-
ticles in the finishing solution. It can be concluded from the AFM
02 wt% nanoboron, (c) 0.02 wt% nanoboron and (d) 0.2 wt% nanoboron treated in

Grey scale rating
(Dry friction)

Change in textile color
after testing

Result/outcome

2/3 Pass: No change

2/3 Pass: No change

2/3 Pass: Very slight change



Fig. 12. EZ-AFM images of textile surface coated with nanoboron particles at 0.02 wt% concentration in finishing solution (a) 5 � 5 um scan (b) random cross sectional
analysis of the nano-boron coated textile of 2 � 2 um scan showing the height and size of the coated particles.

60

80

100

120

140

0 10 20 30 40 50 60

Co
nt

ac
t A

ng
le

 (d
eg

) (a) 

60

80

100

120

140

0 10 20 30 40 50 60

Co
nt

ac
t A

ng
le

(d
eg

)

(b) 

60

80

100

120

140

0 10 20 30 40 50 60

Co
nt

ac
t A

ng
le

(d
eg

)

(c) 

60

80

100

120

140

0 10 20 30 40 50 60

Co
nt

ac
t A

ng
le

 (d
eg

) (d) 

60

80

100

120

140

0 10 20 30 40 50 60

Co
nt

ac
t A

ng
le

(d
eg

) (e) 

Fig. 13. Contact angle measurement of DIW on NB in finishing solution treated textiles (a) DI Water (b) Finishing solution (c) 0.002 g boron in 100 ml finishing solution (d)
0.02 g boron in 100 ml finishing solution (e) 0.2 g boron in 100 ml finishing solution.
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Table 5
Zeta potential (at pH 7.3), IEP and contact angle measurement of the textiles coated
with finishing solution in the absence and presence of 0.002, 0.02 and 0.2 wt%
nanoboron particles.

Sample Zeta potential
at pH = 7.3

IEP Contact angle
(degrees)

F.S. treated textile �14.9 3.2 110
0.002% NB in F.S. treated textile �15.0 3.1 90
0.02% NB in F.S. treated textile �13.9 2.8 115
0.2% NB in F.S. treated textile �16.1 2.5 95
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images and the change in the zeta-potential measurements in
Fig. 7 that the nanoboron particles interact with the silicon parti-
cles in the presence of the finishing solution.

The change in the textile samples treated with different concen-
trations of nanoboron in finishing solution were also characterized
for their wettability responses by measuring their contact angles
using a DI water droplet. Fig. 13 compares the wettability
responses on the baseline textile after treating only with DI water
to the textile treated with only finishing solution and the textiles
coated with nanoboron in finishing solution at the selected three
concentrations (0.002, 0.2 and 0.2 wt%). It was found that the tex-
tile sample treated with 0.02 wt% nanoboron in finishing solution
tends to be the most hydrophobic (�115� of contact angle value)
among all the samples tested. It was also observed that the sam-
ples treated only with DI water have shown the most variable wet-
tability behavior as can be seen by the standard deviations.
Application of the finishing solution has helped in controlling the
wettability response disregarding the nanoboron concentration.
In addition, Fig. 14 shows the surface charge measurements of
the textiles treated with nanoboron particles in the finishing solu-
tion. Measurements were also conducted by Electro Kinetic Ana-
lyzer (SurPASS, Anton Paar GmbH) as described in the previous
section. It was observed that the isoelectric points of the textiles
shift to the lower pH values when the concentration of the nano-
boron particles in the solution is increased from 0 to 0.002, 0.02
to 0.2 wt% with pH of 3.2, 3.1, 2.8 and 2.5, respectively. Hence, just
like in the DI water coating and in consistency with the zeta poten-
tial measurement on the nanoboron particles, addition of nano-
boron results in IEP to shift toward the acidic pH range and
confirm their hydration with the negatively charged OH� ions. Fur-
thermore, surface charge measurements taken at the pH of bacteria
growth media (pH 7.3) also indicate more negative values at the
higher concentration of the nanoboron particle treated textiles as
summarized in Table 5. These observations are indicative that
the addition of nanoboron particles change the surface nature of
the textiles which maybe the reason for the enhanced antibacterial
response by textile itself, as is discussed in the following section.
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3.3. Characterization of anti-microbial activity of the textiles coated
with nanoboron particles

3.3.1. Antimicrobial properties of the nanoboron particles
Nanoparticles are preferred as antibacterial agents on the tex-

tile surfaces as the common bacteria have developed resistance
towards most of the common antibacterial agents. Whereas, the
nanoparticles have high surface area and enhanced chemical, elec-
trical, mechanical properties and can be used as novel antimicro-
bial agents on the textile surfaces [18,19]. The type of the coated
nanoparticles, their size, shape as well as stability also affects their
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Fig. 14. Surface charge and iep measurements on the textile sample coated with
the finishing solution as compared to textiles coated with 0.002, 0.02, 0.2 wt% nano-
boron particles in finishing solution. pH 7.3 is the pH of the bacteria growth media
and indicates the relative surface charge on the baseline and coated textiles during
the controlled growth experiments of the selected bacteria.
ability to kill bacteria species [17]. The mechanisms affecting the
antimicrobial efficacy of the nanoparticles can be related to the
type of bacteria cell wall and its electrostatic or hydrophobic inter-
actions with the nanoparticles that could be resulted from specific
or non-specific adsorptions [18–21]. The attachment of the
nanoparticle to the cell wall eventually disrupts the integrity of
bacteria due to detrimental changes in the cell organelles [18,19].

Initial antibacterial evaluations were performed on the loose
nanoboron particles at 2 and 5% (w/v) concentrations as compared
to no nanoboron addition as can be seen in Fig. 15. The samples
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Fig. 15. Antimicrobial property of nano-boron in solution. The numbers of colonies
are given as counted on the 10 or 100-times diluted plates. Where the latter
dilution plates were counted, the numbers were multiplied by 10 in order to obtain
a same comparative scale.
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were incubated for 3 h when the majority of the species were killed
for all the selected bacteria types (E. coli, MRSA and V. cholerae)
with full efficacy at 2% (w/v) dosage for E. coli and V. cholerae.
MRSA, in contrast, required a higher concentration of the nano-
boron particles to completely affect and terminate the bacteria.
When the f-potentials of the bacteria species are compared to
the textile surface, MRSA has the lowest surface charge among
the three bacteria species at the pH of the bacteria growth media
(pH 7.3). It is reported that MRSA’s surface charge is �15 mV at
pH 7.3 [22–24], whereas the E. coli has �50 mV [25–27] and V. cho-
lerae has �25.3 mV surface charge value measured at this pH [28].
The surface charge of the nanoboron particles measured in DI
water at this pH is around �33 mV as can be seen in Fig. 5. There-
fore, it is unlikely that the electrostatic repulsion is responsible for
the lower efficacy of nanoboron on the MRSA. One important factor
that needs to be accounted for in the case of MRSA is that, it is a
Gram-positive bacterium and the other two are both Gram nega-
tive in nature. The cell wall of Gram-positive bacteria is relatively
thicker and is composed of a thick multilayered peptidoglycan (PG)
sheath outside the membrane whereas the Gram-negative cell wall
is composed of an outer membrane with a thin single-layered PG
[18]. Hence, we postulate that the thicker PG layer acts as a phys-
ical (rather than a chemical) barrier slowing/preventing the entry
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Fig. 16. Number of colonies grown on nanoboron in DI water coated textil
of nanoparticles, which consequently necessitated a higher con-
centrations of the nanoboron particles for an effective biocidal
activity than for Gram-negative species. Equally, it is also possible
that the zeta potential measurements are affected by the presence
of complex compounds in the bacterial growth medium.

3.3.2. Antimicrobial properties of the textiles coated with nanoboron
particles in DI water

Fig. 16 shows the antibacterial activity of the textiles treated
with nanoboron in DI water against E. coli, MRSA and V. cholerae
at 0, 0.02 and 2 wt% concentrations. It can be seen that the antibac-
terial effect of the DI water coating of nanoboron was not effective
on E. coli even after 5 h of incubation. This is consistent with the
E. coli being resistant to charge destruction as observed by Li and
co-workers in the literature [26]. However, MRSA and V. cholerae
were effectively disabled at 2 wt% concentration of nanoboron
coating after 5 h in ambient conditions. It appears that one reason
may be the high zeta potential of the E. coli bacterium (�50 mV)
limiting its interaction with the nanoboron coated textiles with
surface charge of �15 mV, regardless of the concentration of nano-
boron on the surface. Yet, the lower repulsive interactions between
the textiles and the MRSA and V. cholerae particularly at 2wt%
nanoboron coating, (�15 mV and �25.3 mV, respectively) seem
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to be effective in killing these two species. The only deviation is seen
for MRSA at 0.02 wt% nanoboron addition where the bare textile sur-
face retains less amount of bacteria as compared to the 0.02 wt% nano-
boron coated textile. This observation can be attributed to the
electrostatic interactions between the nanoboron coated textiles and
the bacteria. The zeta potential of the blank textile is �33 mV and
nanoboron coated textile in DI-water is �15 mV and the zeta potential
of MRSA is also �15 mV. Hence, at low concentrations of the nano-
boron (0.02 wt%) the MRSA seem to comfortably adapingt to the textile
surface due to the very same electrostatic nature. Yet, at the higher
concentrations of nanoboron, MRSA cells seem to be destroyed when
the nanoboron particles go through the bacteria wall. It must be
noted that at 2 wt% nanoboron coating in DI water, the particles
tend to severely agglomerate as it was shown in Fig. 4 which fur-
ther results in very high wettability of the textile surface as shown
in Fig. 10. These results are indicative that the hydrophobic inter-
actions are also important in allowing the bacteria cell to interact
with the nanoboron particles if the electrostatic repulsion is
relatively weaker. It must also be discussed that the nanoboron
particles were observed to not properly attach to the surface
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Fig. 17. Number of colonies grown on textile samples coated with nanoboron in finishing
effectively and hence were able to interact with the bacteria spe-
cies as loose particles. Therefore, they were able to kill the bacteria
similar to the case in the loose nanoboron particles as discussed in
the previous section.

3.3.3. Antimicrobial properties of the textiles coated with nanoboron
particles in finishing solution

Fig. 17 shows the effect of nanoboron particle coated textiles in
finishing solutions at 0, 0.002, 0.02 and 0.2 wt% concentrations. It
can be seen that just like in the DI water coated textiles, the effi-
cacy against E. coli was also negligible for the textiles coated with
nanoboron in the presence of the finishing solution. Conversely,
MRSA and V. cholerae were affected by the finishing solution in
the absence of nanoboron, whereby, the number of MRSA colonies
dropped from 250 to 50 after 5 h. This can be attributed to the
antimicrobial impact of the cationic silicon (modified by surfac-
tants) in the finishing solution as an anti-bacterial agent [18–20].
It can also be expected that the higher concentration of the
nanoboron addition may lead to better antimicrobial activity.
The fact that the surfaces are all hydrophobic after coating with
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the finishing solution may further explain the limited antibacterial
functionality against all the bacteria species due to limited wetta-
bility of the textiles in the bacteria growth media.

Fig. 18 summarizes the impact of various factors on the
antibacterial efficiency of the nanoboron particles as well as
nanoboron particle coated textiles in DI water and in the finish-
ing solution. Because the type of textile affects the antibacterial effi-
cacy (natural fibers more prone to bacteria growth and synthetic
fibers moe resistant) the uncoated textile responses were not
included. It was observed that the loose nanoboron particles were
effective in killing all types of bacteria when they are added into
the solution at 2% (w/v) and higher concentration, where they
were observed to be aggregated based on the particle size mea-
surements. The surface charge of the nanoboron particles
(��30 mV) was not observed to be affecting the antibacterial
impact as the kill rates were 100% disrespected of the surface
charge of the selected bacteria. The textile samples treated with
nanoboron in DI water environment have shown a high degree
of hydrophobicity (>100 degrees contact angle) at concentrations
less than 2wt% where the slurries were still stable. The antibac-
terial functionality was negligible at these low concentration
coatings. When high amounts of nanoboron particles were coated
on the textile surface (P2 wt%), the particles were aggregated
and the textile surfaces became very hydrophilic and responded
as antibacterial against the bacteria with low surface charge (V.
cholera and MRSA) at the pH of the growth medium (pH 7.3).
The nanoboron particles were found to be loosening in the solu-
tion environment at this high concentration (2 wt%) indicating
Fig. 18. Summary of nanoparticle attachment versus antibacterial response by selected
textiles coated.
that the bacteria can interact with the textile surface and affected
by the unbound nanoboron particles when the surface is hydro-
philic or in other words wettable by the growth medium. Yet,
even at this condition the highly negatively charged E. coli was
not affected by the presence of nanoboron, which maybe due
to the considerable electrostatic repulsion preventing it from
approaching the surface. In the case of nanoboron addition to
the finishing solution, the concentrations were kept at 0.2 wt%
and lower since the solutions tend to agglomerate at higher con-
centrations which is not favored in textile manufacturing. Fur-
thermore, since the finishing solution already contains silica
particles, the effective total concentration of the particulates is
higher in reality. In the presence of the finishing solution the sur-
faces were observed to be hydrophobic regardless of the nano-
boron concentration (due to the presence of silicon in the
finishing solution). The V. cholera and MRSA (lower surface
charge bacteria) were affected by the finishing solution treatment
except for E. coli. In this case, it is likely that the silicon additive
in the finishing solution also acts as an antibacterial agent, yet
the bacteria has to interact with the surface to be able to get
exposed to the biocidal effect of the added nanoparticles. In
short, the freedom of particles to get interacted with the bacteria,
particle concentration and stability seem to affect their antibacte-
rial effectiveness. Furthermore, the type of particle attachment on
the textile surface and ability of interaction of the bacteria with
the surface due to electrostatic repulsion are important factors
when tuning the textile surfaces antibacterial in the presence of
nanoboron particles.
bacteria types as a function of the stability, wettability and surface charge of the
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4. Conclusions

The need for new agents to prevent microbial growth on the
functional surfaces, such as textiles, is very critical in terms of the
ongoing increase in the resistance of the bacteria species against
antibiotics. In this paper, we proposed pure nanoboron particles
as textile coatings in DI water and in a hydrophobic finishing solu-
tion as alternative antibacterial agents. A through analyses on the
particle size, surface charge and wettability of the loose nanoparti-
cles and textiles coated with nanoparticles have shown the impact
of surface nature, particle attachment and bacteria type on the
antibacterial affect of the nanoboron. It appears that the bacteria
are more prone to nanoparticles when the particles are loose and
available to pass through the bacteria cell wall. When they are
attached fully on the textile surface, their efficacy as antibacterial
agents is limited. Furthermore, we have also observed that the addi-
tives of the finishing solution, such as silicon, can further impact the
antibacterial efficiency of the textiles. It can be concluded that the
nanoboron particles can kill MRSA and V. cholerae most effectively
if they are coated on the textile at relatively high concentrations
yet the efficacy on E. coli is rather limited.
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