International Journal of Nanomedicine downloaded from https://www.dovepress.com/

For personal use only.

International Journal of Nanomedicine

3

Dove

ORIGINAL RESEARCH

Facile biofunctionalization of silver nanoparticles
for enhanced antibacterial properties, endotoxin
removal, and biofilm control

Paramesh Ramulu
Lambadi'*

Tarun Kumar Sharma'*
Piyush Kumar'

Priyanka Vasnani?
Sitaramanjaneya Mouli
Thalluri?

Neha Bisht!

Ranjana Pathania'?
Naveen Kumar Navani'?

'Department of Biotechnology,
2Centre of Nanotechnology, Indian
Institute of Technology, Roorkee,
Uttarakhand, India

*These authors contributed equally
to this work

Correspondence: Naveen Kumar Navani
Chemical Biology Laboratory,
Department of Biotechnology and Centre
of Nanotechnology, Indian Institute of
Technology, Roorkee, Uttarakhand,
247667, India

Tel +91 976 130 5971

Fax +91 133 228 6151

Email navnifbs@jiitr.ernet.in

This article was published in the following Dove Press journal:
International Journal of Nanomedicine

18 March 2015

Number of times this article has been viewed

Abstract: Infectious diseases cause a huge burden on healthcare systems worldwide. Pathogenic
bacteria establish infection by developing antibiotic resistance and modulating the host’s immune
system, whereas opportunistic pathogens like Pseudomonas aeruginosa adapt to adverse
conditions owing to their ability to form biofilms. In the present study, silver nanoparticles
were biofunctionalized with polymyxin B, an antibacterial peptide using a facile method. The
biofunctionalized nanoparticles (polymyxin B-capped silver nanoparticles, PBSNPs) were
assessed for antibacterial activity against multiple drug-resistant clinical strain Vibrio fluvialis
and nosocomial pathogen P. aeruginosa. The results of antibacterial assay revealed that PBSNPs
had an approximately 3-fold higher effect than the citrate-capped nanoparticles (CSNPs).
Morphological damage to the cell membrane was followed by scanning electron microscopy,
testifying PBSNPs to be more potent in controlling the bacterial growth as compared with CSNPs.
The bactericidal effect of PBSNPs was further confirmed by Live/Dead staining assays. Apart
from the antibacterial activity, the biofunctionalized nanoparticles were found to resist biofilm
formation. Electroplating of PBSNPs onto stainless steel surgical blades retained the antibacterial
activity against P. aeruginosa. Further, the affinity of polymyxin for endotoxin was exploited
for its removal using PBSNPs. It was found that the prepared nanoparticles removed 97% of
the endotoxin from the solution. Such multifarious uses of metal nanoparticles are an attractive
means of enhancing the potency of antimicrobial agents to control infections.

Keywords: polymyxin B, silver nanoparticles, biofunctionalization, nosocomial pathogen,
biofilm inhibition, endotoxin removal

Introduction

Infectious agents and their toxins are a constant burden on healthcare systems
worldwide. Infections associated with surgical devices and medical implants pose
persistent and severe problems that account for high morbidity in hospital settings.
According to Center for Disease Control and Prevention (CDC), surgical site infec-
tions account for ~22% of hospital-acquired infections.! Initial bacterial adhesion to
biomedical device surfaces is a crucial step for pathogenesis. As the biofilm matures,
it becomes refractory to both host defense mechanism and antibacterial agents.? These
bacteria also release toxins that cause complications like sepsis and septic shock
syndromes.® Therefore, several prevention strategies are being developed that include
coating of antimicrobial molecules either by modifying the physicochemical proper-
ties of the surface or direct coating on the surfaces of medical devices. These methods
are employed with the aim of either inhibiting the adhesion of the planktonic cells or
killing the bacterial cells that have adhered.* Owing to resistance in microorganisms
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toward antimicrobial agents, abolition of established biofilms
often requires a high concentration of antimicrobial agents.
The situation is further complicated by the development of
multiple antibiotic resistance among bacteria associated with
nosocomial infections.>¢ Advances in the field of nanotech-
nology have motivated scientists to develop innovative strate-
gies to utilize nanomaterials that not only effectively control
bacterial infections but can also mitigate their toxins.

One such strategy is the use of silver nanoparticles (SNPs)
as antimicrobial coatings on the surface of medical devices.
Among the antimicrobial metal nanoparticles, SNPs have a
clear advantage as they kill target bacterial cells by disrupting
the bacterial cell wall, resulting in leakage of cytoplasmic
contents and inactivation of respiratory enzymes and proteins
responsible for RNA and DNA replication.” Owing to these
multiple modes of action of SNPs, there is a low chance
of bacteria developing resistance, with minimal damage to
mammalian cells. Since SNPs interact with the bacterial
surface by random collision, a high concentration of SNPs
is required to exert an antimicrobial effect.® Toxicity issues
associated with silver demand that silver be used at as low a
concentration as possible. To overcome this problem, SNPs
have been synthesized using various biological moieties
including antibiotics, enzymes, polysaccharides, and oligo-
peptides so as to enhance the antibacterial potential.’!! In
recent years, antimicrobial peptides (AMPs) have emerged
as excellent antimicrobial agents to address multidrug resis-
tance in bacteria.'>'* AMPs act like a “molecular knife”” and
facilitate the damage to bacterial cell membrane even at low
concentrations.'* Additionally, AMPs can stabilize SNPs by
exerting a polyvalent effect as they form layers on the surface
of SNPs and thus prevent agglomeration.'>!¢

The purpose of this study was to develop an innovative
strategy to enhance the antibacterial potency of SNPs and
test these functionalized SNPs for various medical applica-
tions. For this, 1) we have chosen polymyxin B (an AMP) to
synthesize biofunctionalized nanoparticles by a simple and
efficient method. Polymyxin B is a well-established cationic,
nonribosomal peptide known to exert antibacterial activity by
interacting with the lipid A component of lipopolysaccharide
(LPS) of the outer membrane of Gram-negative bacteria.'” 2)
We assessed the polymyxin B-capped silver nanoparticles
(PBSNPs) for their antibacterial and antibiofilm activity
against multidrug-resistant clinical isolate of Vibrio fluvialis
and Pseudomonas aeruginosa PAOL. 3) Further, we coated
stainless steel surgical blades with PBSNPs and tested their
ability to inhibit the growth of nosocomial pathogen P. aerugi-
nosa. 4) Finally, we tested the endotoxin removal efficiency of
PBSNPs from solution.

Materials and methods

Chemicals, reagents, and bacterial strains
Polymyxin B and proteinase K were obtained from Sigma
Aldrich (St Louis, MO, USA). Silver nitrate (AgNO,),
sodium borohydrate (NaBH,), crystal violet (CV), Luria
Bertani (LB) broth, Mueller Hinton (MH) broth, and
molecular biology grade methanol were obtained from EMD
Millipore (Billerica, MA, USA). The P. aeruginosa PAO1
strain resistant to gentamycin, ciprofloxacin, tobramycin,
oflaxacin, nalidixic acid, kanamycin, tetracycline, novobio-
cin, and vancomycin was provided by Prof Lori Burrows
of McMaster University, Canada. Vibrio fluvialis L-15318,
a multiple drug-resistant clinical strain, was isolated from
Infectious Diseases Hospital, Kolkata, India. The strain
shows resistance to ampicillin, kanamycin, rifampicin, nor-
floxacin, cephalothin, oxacillin, and vancomycin, and was a
kind gift from Prof Amit Ghosh of the National Institute of
Cholera and Enteric Diseases, Kolkata, India.

Facile synthesis and characterization of
PBSNPs

Synthesis of PBSNPs was based on a method described earlier
with some modifications.'® Briefly, SNPs were prepared by
the addition of freshly prepared silver nitrate (2 mM) and
NaBH, (0.6 mM) to a polymyxin B solution in methanol. The
resultant mixture was incubated for 0—30-minute time periods
at 30°C under illumination at 40 W yellow light (141.3 lux).
The optimum polymyxin B concentration for this reaction
was determined by a set of batch experiments where the con-
centration of the peptide was varied between 0 and 100 pg/
mL. The prepared PBSNPs were dialyzed against miliQ water
for 12 hours using a 10 kDa cut-off membrane to remove
unbound polymyxin B and free silver ions. The amount of
polymyxin B on biofunctionalized nanoparticles and their
stability in terms of polymyxin B leaching was estimated by
using the fluorescent ortho-phthaldialdehyde (OPA) assay."’
The unbound polymyxin B was removed from PBSNPs by
passing the sample through a 10 kDa molecular weight cut-
off spin-filter (Vivaspin, Vivaproducts, Inc., Littleton, MA,
USA). Twenty-five microliters of filtrate was mixed with
250 uL of OPA solution (1 mg/mL OPA dissolved with
2 uL/mL B-mercaptoethanol in 0.2 M borate buffer, pH 9.4)
and incubated for 1 minute. The OPA was excited at
350 nm, and emission was measured at 460 nm. The amount
of unbound polymyxin B in solution was calculated on
the basis of a standard curve plotted for polymyxin B. For
stability analysis, PBSNPs were kept for 12 hours at 37°C
and samples were withdrawn at different time intervals and
checked for leaching of polymyxin B in the solution. Further,
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the stability of PBSNPs stored at 4°C was also determined
by measuring the antibacterial activity over a period of
1 month. Citrate- capped silver nanoparticles (CSNPs) were
synthesized using a previously published method and were
used as control in the experiments.?” PBSNPs and CSNPs
were characterized by using UV-visible spectroscopy,
transmission electron microscopy (TEM), zeta potential,
dynamic light scattering (DLS), Fourier transform infrared
(FTIR), and circular dichroism (CD) spectroscopy. Surface
plasmon resonance (SPR) spectra of PBSNPs and CSNPs
were recorded using the UV—visible absorbance spectrometer
(SpectraMax Plus spectrophotometer, Molecular Devices
LLC, Sunnyvale, CA, USA). The stability of nanoparticles
was determined by measuring zeta potential using a Zetasizer
(Malvern Instruments, Malvern, UK). The morphology and
size of nanoparticles were observed using TEM (JEOL JEM-
2100F, JEOL, Tokyo, Japan). For TEM analysis, samples
were prepared on carbon-coated copper grids and examined
with an accelerating voltage of 200 keV. Concentration of
silver ions (Ag*) in CSNPs and PBSNPs was determined
by Atomic Absorption Spectrophotometer (AAS), (GBC
Scientific Equipment, Hampshire, IL, USA) using silver
nitrate (AgNO,) standards. The presence of polymyxin B
on the surface of SNPs and the effect of attachment on the
secondary structure of peptide were measured with FTIR
(Thermo Nicolet NEXUS 670 FTIR; GMI, Ramsey, MN,
USA) and CD spectroscopy (Chirascan™ CD Spectrometer;
Applied Photophysics Ltd, Leatherhead, UK), respectively.
CD measurements were carried out at 25°C using a cylindrical
fused quartz cell of 0.2 mm path length. Free polymyxin B
and citrate-capped nanoparticles were used as control.

Determination of minimum inhibitory
concentration (MIC), fractional inhibitory
concentration (FIC), and characterization
of bacterial morphology by scanning
electron microscopy (SEM)

The susceptibility of the microbial cells to CSNPs and
PBSNPs was determined by microbroth dilution assays of
the Clinical and Laboratory Standards Institute in MH broth
for both Gram-negative bacterial strains.?“?* The cellular
growth was observed at OD, after 10 hours. Growth above
10% of the OD at 600 nm (OD,
(lacking any antimicrobial agent) was considered uninhibited
growth. MIC is the lowest concentration of PBSNPs that
inhibited the visible growth of microorganisms. CSNPs with

) of the positive control

the same concentration were taken as a control. The assays
were repeated twice with three replicates in each plate.

To determine whether CSNPs (compound A) and polymyxin B
(compound B) worked synergistically or additively, the FIC
index was used. The FIC index was calculated as follows:

MIC of compound A in combination

MIC of compound A alone

MIC of compound B in combination

MIC of compound B alone

FIC index values lower than 0.5 indicate synergistic activity,
values in between 0.5 and 2.0 indicate additive effects, whereas
values above 2.0 indicate antagonistic effects.” For SEM
analysis, bacterial cells treated with MIC concentration of CSNPs
and PBSNPs were collected by centrifugation at 10,000 rpm for
10 minutes. The cells were primarily fixed with 2% glutaralde-
hyde followed by gradual dehydration with ethanol gradient
(25%, 50%, 70%, 80%, 90%, and 100%). The prepared samples
were coated with a layer of gold and observed under SEM (Ultra
Plus Field Emission; Carl Zeiss Meditec AG, Jena, Germany).

Biofilm inhibition assay

P. aeruginosa PAOI1 biofilm formation was achieved by
modifying the previously described assays.?*? Briefly,
P. aeruginosa PAO1 was grown overnight in LB medium at
37°C with shaking at 250 rpm. Fresh LB medium was seeded
with 1% of overnight culture and incubated at 37°C tillan OD |
of 1.0 was attained. To investigate the bactericidal effect of
CSNPs and PBSNPs on planktonic cells of P. aeruginosa PAO1,
different concentrations of CSNPs (2.4-25,000 Ag°® ng/mL)
and PBSNPs (4.3-4,500 Ag’ng/mL) were suspended in M63
minimal medium in a 96-well plate. The above culture was
diluted 1:100 in M63 minimal medium and added to varying
concentrations of CSNPs and PBSNPs to reach a concentra-
tion of 10 CFU/mL. Media subcultured with diluted cells
without SNPs was taken as positive control, and the plate was
incubated at 37°C for 6, 12, and 24 hours under static condi-
tion. M63 minimal medium alone was used as the negative
control. After incubation, the planktonic cells were removed,
and the wells were gently washed three times with 300 UL
of sterile 0.9% saline. The biofilm was stained with 300 uL
of 0.1% aqueous CV solution for 15 minutes at 30°C. The
stained film was washed thrice with 0.9% saline, air-dried, and
solubilized with 300 UL of 30% acetic acid. The solubilized
CV from each well was transferred to a new 96-well plate, and
the inhibition of the biofilm was quantified by measuring the
OD,,,** The above experiments were conducted in triplicates,
and the results were represented using two-way ANOVA
statistics of GraphPad Prism (GraphPad Software, San Diego,
CA, USA) for variation in independent experiments.
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the biofilm

To study the effect of PBSNPs on biofilm formation,
P. aeruginosa PAO1 was grown to an OD of 1.0 and diluted
1:100in M63 minimal medium. Aliquots of I mL (10 CFU/mL)
of diluted culture were transferred to a 6-well plate with a
sterile 13 mm coverslip along with MIC and sub-MIC of
PBSNPs in a final volume of 2 mL. Control samples were
prepared on a sterile glass coverslip with P. aeruginosa PAO1
cells (positive) and M63 minimal media (negative) without
any SNPs.?”2® The wells were washed twice with 3 mL of
sterile 0.9% saline. The coverslips were stained witha 1.5 mL
mixture of 0.8 UM SYTO9 green fluorescent dye and 10 uM
propidium iodide (PI) red fluorescent dye of Live/Dead stain-
ing kit (LIVE/DEAD® BacLight™ Bacterial Viability Kit,
Thermo Fisher Scientific, Waltham, MA, USA) and observed
under a fluorescence microscope (Axio Scope Al; Carl Zeiss
Meditec AG) at 1,000x magnification.

Viability analysis of PBSNPs-treated
P. aeruginosa PAO |

To examine the bactericidal effect of PBSNPs on planktonic
cells, P. aeruginosa PAO1was subcultured in fresh LB broth
and incubated at 37°C. Afteran OD_, 0of 0.4 was attained, 2 mL
of culture was centrifuged at 6,000 rpm for 5 minutes. The
cells were washed twice with sterile 0.9% saline and finally
resuspended in 2 mL of sterile 0.9% saline. To carry out the
Live/Dead staining of strain PAO1, 100 pL (10® CFU/mL)
of resuspended cells were treated with MIC (4.5 Ag° ug/mL)
of sonicated PBSNPs, whereas untreated cells were taken
as control. Three different samples, untreated (stained and
unstained) and MIC-treated (stained) PAOI cells, were
prepared. After incubation of 2 hours, samples were centri-
fuged at 10,000 rpm for 10 minutes at 4°C, supernatant was
discarded, and the cell pellet was resupended in 100 uL of
0.9% saline. Untreated and MIC-treated samples were stained
with a 1 uL of 1:1 mixture of solution A and B of Live/Dead
staining kit. Untreated, unstained sample was used as the
control. The samples were analyzed on a flow cytometer (BD
FACS Verse™ BD Biosciences, San Jose, CA, USA) to dis-
criminate between live and dead cells.?*° The above stained
samples were also visualized using fluorescent microscopy
at 1,000x magnification.

Electrophoretic deposition of polymyxin

and CSNPs
Electrophoretic deposition of PBSNPs and CSNPs was
performed on stainless steel surgical blades (No 15

Glassvan; DNP Enterprise, Gujarat, India) using procedure
described earlier.’! To observe the PBSNP coating on surgi-
cal blades, atomic force microscopy (NTEGRA; NT-MDT,
Moscow, Russia) was performed. Antibacterial activity of
PBSNPs, CSNPs, and uncoated surgical blades (negative
control) were tested on an MH agar plate spread with 100 uL
of 0.20D,
night at 37°C. To ascertain the contribution of polymyxin B

P. aeruginosa PAO1 cells and incubated over-

toward antibacterial activity, PBSNPs-coated surgical blade
was treated with proteinase K (5 mg/mL) for 1 hour at 37°C
followed by incubation with

P. aeruginosa cells on agar assay, as mentioned above.

Removal of endotoxin by PBSNPs

Endotoxin (Escherichia coli)removal efficiency of PBSNPs was
assessed using endpoint endotoxin assay kit (ToxinSensor™
Chromogenic Limulus Amebocyte Lysate Endotoxin Assay
Kit; GenScript USA Inc., Piscataway, NJ, USA). The Limu-
lus Amebocyte Lysate (GenScript USA Inc.) (0.05 EU/mL)
was incubated with 100 pL of PBSNPs and CSNPs (with
the same silver concentration, 4.5 pug/mL) separately for 30
minutes at 37°C, followed by centrifugation at 14,000 rpm
for 15 minutes. The presence of endotoxin was determined
in the supernatant as per manufacturer’s instructions. CSNPs
and standard endotoxin provided with the kit were taken as
controls. Endotoxin removal ability of PBSNPs and CSNPs
was compared by measuring the absorbance of chromogenic
mixture at OD

545°
in the supernatant was estimated from the standard curve.

Concentration of the remaining endotoxin

Results and discussion
Characterization of biofunctionalized
nanoparticles and evaluation of the

antibacterial activity

To optimize the synthesis of PBSNPs, a batch of experi-
ments were performed with varying concentrations of
polymyxin B (0-100 pg/mL) and a fixed concentration of
silver nitrate (340 pug/mL) with different incubation times
(0-30 minutes). The appearance of a yellow color and a sharp
plasmon resonance absorption band at 414 nm (Figure 1A)
in the UV—vis spectrum of the preparation is indicative of
nanorange monodispersed nanoparticles.’> TEM analysis
revealed that the PBSNPs were monodispersed and spheri-
cal in shape with a mean diameter of 15 nm (Figure 1B).
However, an increase in nanoparticle size (~130 nm; in
the presence of 0.1% tween-20) with polymyxin B capping
as estimated by DLS was observed, which is likely due to
biomolecule layering on the nanoparticles. These results are in
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spectra summarizing the presence of functional groups on (a) pure polymyxin B, (b) PBSNPs, (D) CD spectra for polymyxin B, PBSNPs, and CSNPs.
Abbreviations: PBSNPs, polymyxin B-capped silver nanoparticles; TEM, transmission electron microscopy; FTIR, Fourier transform infrared; CD, circular dichroism;

CSNPs, citrate-capped silver nanoparticles.

agreement with the findings that the hydrodynamic size of the
nanobioconjugates (through DLS) is often more than what was
observed under TEM.* For the rest of the experiments, a solu-
tion consisting of 340 pg/mL of silver nitrate and 60 pg/mL
of polymyxin B in methanol and an incubation time of
30 minutes was taken for nanoparticle synthesis. For CSNPs,
a characteristic SPR peak was observed at 415 nm (data not
shown). TEM data suggested that the prepared nanoparticles
were monodispersed and spherical in shape with a size range
of 1020 nm (Figure S1). The zeta potential of PBSNPs and
CSNPs was recorded to be 18.1+6 and —23+15 mV, respec-
tively, indicating the stability of the prepared nanoparticles.
The FTIR spectrum of PBSNPs was similar to the spectrum of
free polymyxin B (Figure 1C). Any change in the secondary
and tertiary protein structures alters hydrogen bonding between
the CO and NH groups in the peptide backbone, which results

in alterations of the primary, secondary, or tertiary amine bands
between 1,200 and 1,700/cm.**No such significant shifts were
observed in this IR region of PBSNPs and free polymyxin B.
In both cases, there was a peak at 1,635.85/cm typical of the
amide group, indicating no major alterations in the functional
groups of polymyxin B after capping on SNPs. CD spectrum
further confirmed that the polymyxin B preserved its second-
ary structure after capping on the nanoparticles.™> A negative
peak typical of helix structures was detected at 200 nm (peptide
m—T* transition) in the spectra of both the free polymyxin B in
water and the polymyxin B-capped nanoparticles (Figure 1D).%
No such peaks were observed in the case of CSNPs, which
were used as control.

It has been shown earlier that combined antibacterial
action of SNPs and polymyxin B in solution exerts a syn-
ergistic effect on bacterial pathogens.” A simple method
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to immobilize polymyxin B on SNPs will be helpful to use
these biofunctionalized nanoparticles as coatings for medi-
cal devices. Several studies have reported the conjugation
of biomolecules via simple adsorption, covalent attachment,
or electrostatic binding on the surface of nanoparticles for
developing antibacterial surfaces.”*! Recently, Soonhyang
et al" reported antibacterial property of polymyxin B that
was electrostatically conjugated to gold nanoparticles in a
complex two-step process. In the present study, the conditions
optimized for capping SNPs with polymyxin B are facile,
thus leading to a stable (no evidence of significant release
of polymyxin B in solution as measured by OPA assay) and
biologically relevant interaction of polymyxin B with nano-
particles. Moreover, the antibacterial property of the PBSNPs
did not alter significantly over a period of 1 month.

Owing to the presence of an extra outer membrane that
prevents antibiotics from crossing the double layer, Gram-
negative pathogens are known to be resistant to a variety
of antibiotics. To overcome this problem, Gram-negative
antibacterial drugs are being discovered that may be effec-
tive even without crossing the inner layer.”” A dearth of new
antibiotics and the development of antibiotic resistance has
led researchers to explore antimicrobial metals such as silver
in innovative ways. The biofunctionalized SNPs used in this
study clearly showed a decrease in MIC as compared with
CSNPs for their antibacterial activity against both antibiotic-
resistant Gram-negative bacteria (Table 1). The FIC index was
used to investigate the synergistic, additive, or antagonistic
effect between CSNPs and polymyxin B. The results showed
that the FIC indices were 1.485 for P. aeruginosa PAO1 and
0.922 for V. fluvialis, indicating that capping of polymyxin B
to the SNPs has produced the additive antimicrobial effect
on both pathogens (Table S1).Further, the morphological
effect of MIC of CSNPs and PBSNPs on both the cells were
studied using SEM. The results confirm extensive damage
to the cell membrane in the presence of PBSNPs (Figure 2C
and F) as compared with CSNPs (Figure 2B and E) and
untreated cells (Figure 2A and D). The plausible explanation
for the damage is that highly cationic polymyxin B peptides
first get attached to the bacterial surface and make small
and transient ion-permeable holes that disturb the functions
of the bacterial membrane. Subsequently, the combined
action of SNPs and polymyxin B led to a complete rupture

Table | MIC of polymyxin B, CSNPs, and PBSNPs

of the bacterial membrane, resulting in leakage of the cell
contents and finally cell death.*® These results indicate that
the enhanced antibacterial activity of PBSNPs was due to
the presence of polymyxin B molecules on the surface of
SNPs. The interaction of these conjugates provided ample
opportunity for both agents to act on the bacteria simultane-
ously, thus enhancing its inhibitory effect.”*** SEM images of
PBSNPs, CSNPs, and untreated cells at different magnifica-
tion for ¥ fluvialis (Figures S2—S4) and P. aeruginosa PAO1
(Figures S5-S7) are shown in the supplementary material.

Effect of biofunctionalized nanoparticles

on biofilm formation

Adhesion of planktonic cells on the surface of biomedical
implants and devices is a primary and indispensable step
for the initiation of biofilm formation.*#! This observation
prompted us to test the ability of these functionalized nano-
particles for their antibiofilm activity against P. aeruginosa.
Figure 3 shows that upon exposure of PAOI cells to MIC
of PBSNPs (4.5 ug AgmL, Figure 3A) and CSNPs
(12.5 ng Ag’/mL, Figure 3B), a complete inhibition of bac-
terial growth (OD, ) occurred, with the disappearance of
biofilm formation (OD;) after 6 hours of incubation. These
results reveal that PBSNPs display ~3-fold higher antibiofilm
activity as compared with CSNPs, suggesting a paramount
role being played by the capping agent polymyxin B. Concur-
rent inhibition of planktonic cell growth and biofilm forma-
tion with increasing concentration of PBSNPs suggests that
this formulation is refractory to the establishment of bacterial
biofilm likely due to inhibition of planktonic cells.

Live/Dead staining of bacteria in biofilm

To ascertain the antibiofilm activity of PBSNPs, P. aerugi-
nosa PAOI biofilm was assayed on the glass coverslip
with MIC (4.5 pg Ag’mL) and sub-MIC concentration
(2.25 ng Ag’/mL) of PBSNPs under stationary condi-
tions for 6 hours. The viability of the attached cells on the
coverslip was evaluated by a mixture of SYTO9 (stains the
total nucleic acid content of the cells, thus staining dead
as well as live cells) and PI dye (unable to penetrate the
intact cytoplasmic membrane of healthy cells, thus staining
only the dead cells).?*** Although cells were able to adhere
to the coverslip in MIC (4.5 ug Ag’mL) and sub-MIC

Strain MIC of polymyxin B (ug/mL) MIC of CSNPs (ug/mL) MIC of PBSNPs (ng/mL)
Vibrio fluvialis L-15318 8 12.5 4.5
Pseudomonas aeruginosa PAO | 4 12.5 4.5

Abbreviations: MIC, minimum inhibitory concentration; CSNPs, citrate-capped silver nanoparticles; PBSNPs, polymyxin B-capped silver nanoparticles.
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Figure 2 Scanning electron micrograph.

Notes: (A) and (D) show control cells (without SNPs). (B) and (E) show CSNPs-treated cells. (C) and (F) PBSNPs-treated cells. (A—C) Vibrio fluvialis L-15318 and (D-F)

Pseudomonas aeruginosa PAO1.
Abbreviations: SNPs, silver nanoparticles; CSNPs, citrate-capped silver nanoparticles; PBSNPs, polymyxin B-capped silver nanoparticles.
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Figure 3 Inhibition of biofilm formation of Pseudomonas aeruginosa PAO| cells.

Notes: (A) P. aeruginosa PAOI cells treated with PBSNPs, (B) P. aeruginosa PAOI cells treated with CSNPs. The line graph indicates the biofilm biomass at 550 nm (OD,, ),
and the bar graph represents the bacterial growth at 600 nm (OD, ).

Abbreviations: CSNPs, citrate-capped silver nanoparticles; OD, optical density; PBSNPs, polymyxin B-capped silver nanoparticles.
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(2.25 ug Ag’/mL) treatments, the relative cell density
was reduced as compared with the untreated cells, thus
demonstrating the inhibitory effect of PBSNPs. Figure 4
(A) shows the effect of MIC-treated cells that resulted in
the death of most of the bacterial cells. The ratio of (i) live
to (ii) dead cells was significantly higher in the case of sub-
MIC-treated cells (B) as compared with the MIC-treated cells
(A), while a confluent layer of live cells on the coverslip was
observed in the case of untreated cells (C). The inhibitory
effect of silver nanoparticle treatment on planktonic cells of

P. aeruginosa PAO1 was also observed in a recent study.?’
The killing efficiency of PBSNPs in our study was found to
be 2.5 times more effective than the reported values.?” This
highlights the importance of biofunctionalization of nano-
materials at surfaces for controlling infections.

Viability analysis of PBSNPs-treated

P. aeruginosa PAO | using flow cytometer
Viability analysis by standard plate assay may give a false
impression of the bactericidal nature of an antibacterial

Figure 4 Live/Dead staining of biofilm on glass coverslip.

Notes: (A) PBSNPs MIC-treated Pseudomonas aeruginosa PAOI cells, (B) PBSNPs sub-MIC-treated P. aeruginosa PAOI cells, and (C) untreated P. aeruginosa PAOI cells.

A-C: (i) represents green cells as live, and (i) red cells as dead.

Abbreviations: PBSNPs, polymyxin B-capped silver nanoparticles; MIC, minimum inhibitory concentration.
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agent by reducing the cultivability of cells, while they
remain dormant and recover later after a certain period of
time.* To confirm the killing efficacy of PBSNPs against
PAOIL planktonic cells, MIC-treated cells were stained with
Live/Dead stains and analyzed by flow cytometery, provid-
ing us with a real-time assessment of bacterial viability. 2
Figure 5 shows the flow cytometry analysis of untreated

(A) unstained cells, (B) stained cells as control samples,
and MIC-treated (C) stained cells as test sample. On the
basis of the staining profile, the cells were divided into
quadrants highlighting their viability status. In Figure 5A,
97.72% of untreated cells were gated in the LL region of
the scatter plot, signifying the unstained nature of cells.
Figure 5B shows that untreated but stained cells displayed an
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Figure 5 Live/Dead staining of planktonic Pseudomonas aeruginosa PAOI1 cells by flow cytometer and FM.

Notes: Flow cytometer scatter plot for (A) untreated and unstained P. aeruginosa cells, (B) untreated SYTO9/PI stained, and (C) PBSNPs MIC-treated P. aeruginosa PAO|
cells stained with SYTO9/PI stains was analyzed; LL shows the unstained cells, UL region represents live cells, and dead cells are seen in the UR region. FM of cells prepared
(D) untreated stained cells and (E) PBSNPs MIC-treated stained cells (i) represents live cells stained as green, (ii) dead cells stained as red.

Abbreviations: FITC, fluorescein isothiocyanate; PE, phycoerythrin; FM, fluorescence microscopy; PBSNPs, polymyxin B-capped silver nanoparticles; MIC, minimum
inhibitory concentration; LL, lower left; LR, lower right; Pl, propidium iodide; UL, upper left; UR, upper right.
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increase in green fluorescence signal, representing 87.72% of
the cells in the UL quadrant as viable. However, in the case
of MIC-treated PAOI cells, 97.34% of the cells were nonvi-
able and displayed a clear shift in both green and red fluores-
cence signals. These cells were observed in the UR quadrant
(signifying the killing efficiency of PBSNPs toward PAO1
cells) since dead cells take up both the stains (Figure 5C).
The flow cytometry data are in agreement with the fluo-
rescence microscopy data for both untreated (Figure 5D)
and treated (Figure 5E) stained cells. Live/Dead staining
results in combination with flow cytometry and microscopy
data strongly support the enhanced bactericidal potency of
PBSNPs against the nosocomial pathogen P. aeruginosa.

A

Antibacterial potency of polymyxin

B-capped nanoparticles coating

Antibacterial surfaces of materials used for medical devices
can complement the fight against the pathogens that propa-
gate in the sessile stage. Since PBSNPs inhibited one of the
biofilm-associated pathogen P. aeruginosa PAO1 effectively,
we tested whether the functionalized nanoparticles could be
adapted for coating on the surgical devices and whether they
could retain their inhibitory property following the composite
coating. For this, PBSNPs were electroplated on stainless
steel surgical blades to scrutinize their antibacterial potency.
Coating of PBSNPs onto the surgical blade was observed by
AFM study (Figure 6A). The antibacterial activity assayed

120
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80

pm

60

40

20

Figure 6 Characterization of coating and antibacterial activity of CSNPs and PBSNPs against Pseudomonas aeruginosa PAOI.
Notes: (A) AFM image of PBSNPs coated on surgical blade, (B) antimicrobial assay displaying the antimicrobial activity of (a) blade coated with PBSNPs, (b) blade coated
with CSNPs, (c) blade coated with PBSNPs followed by proteinase K treatment, and (d) uncoated blade against Pseudomonas aeruginosa PAO. Zone of inhibition is observed

surrounding the blade.

Abbreviations: AFM, atomic force microscopy; PBSNPs, polymyxin B-capped silver nanoparticles; CSNPs, citrate-capped silver nanoparticles.
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by the agar-diffusion test (Figure 6B) revealed that (a)
PBSNPs-coated blades showed enhanced antibacterial activ-
ity as compared with blades coated with (b) CSNPs alone
(smaller inhibition zone), (c) PBSNPs-coated stainless steel
blade when treated with proteinase K (as broad spectrum
serine-protease) exhibited significantly reduced antimicrobial
activity, and (d) uncoated stainless steel blades (no inhibi-
tion zone). These results confirmed that the enhancement in
antibacterial activity of PBSNPs-coated surgical blades was
due to polymyxin B.

Removal of endotoxin by PBSNPs

We expanded the utility of such biofunctionalized SNPs
further in medical applications. Polymyxin B is known to
interact with the LPS part of lipid A of Gram-negative bac-
terial cell walls. LPS is also known as endotoxin, which is
shed by Gram-negative bacteria and is notorious for causing
sepsis and septic shock.* Preservation of the biological activ-
ity of polymyxin B upon capping on SNPs prompted us to
investigate the ability of such biofunctionalized nanoparticles
to remove endotoxins from solutions using a conventional
chromogenic Limulus Amebocyte Lysate endotoxin assay
(Figure 7). The PBSNPs efficiently removed endotoxin from
the test samples (~97%) as compared with control (~16%).
The efficient removal of endotoxin could be attributed to
the polymyxin molecules present on SNPs owing to their
enhanced surface-to-volume ratio as compared with the
conventional column matrix.* Herein, we have exploited
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Figure 7 Endotoxin removal capability of PBSNPs.

Notes: (A) Control endotoxin (no agent added); removal by (B) PBSNPs,
(€) CSNPs. Original picture of the wells (top inset) along with graphical representation
(bottom). Percentage on X-axis represents the residual endotoxin after the treatment.
Abbreviations: OD, optical density; PBSNPs, polymyxin B-capped silver nano-
particles; CSNPs, citrate-capped silver nanoparticles.

PBSNPs as an efficient agent for endotoxin removal, which
could be developed further for removal of endotoxins from
other biological fluids while keeping the infections under
control.

Conclusion

Owing to multiple modes of action against bacterial patho-
gens, the inability of bacteria to develop resistance against sil-
ver is well established. In the present study, we have increased
the potency of silver by synthesizing biofunctionalized SNPs
(PBSNPs) using a facile method and have characterized them
using various biophysical and analytical techniques. Owing
to a simple and straightforward method of synthesis, on
functionalization, the AMP was found to retain its antibacte-
rial property, which was a problem as reported in a recent
study.* The capping of polymyxin B on the SNPs enhanced
the antimicrobial effectiveness of the nanoparticles. The extant
knowledge about the synergistic mode of action of SNPs along
with polymyxin B is well established. In this study, we have
immobilized this antibacterial peptide on SNPs and have thus
proposed an application of that knowledge in hospital settings.
The composite antimicrobial coating of PBSNPs on surgical
blades via electrophoretic deposition proved effective in inhib-
iting the biofilm-forming multiple antibiotic-resistant bacte-
rial strains. Biofilm formation on solid surfaces is a survival
strategy of bacterial populations. These biofilms have been
found to be associated with recalcitrant bacterial infections
in medical devices and patients with compromised immune
system.* The development of efficient antibacterial coating
has been recognized as a major challenge in mitigating biofilm
formation and controlling the infectious agents in hospital
settings. Polymyxin B-capped nanoparticles reported in this
study offer an opportunity to develop an effective strategy
to fight infectious agents in general and hospital-acquired
infections in particular. The usefulness of PBSNPs has also
been extended to endotoxin removal from solutions, which
widens the applications of these surface-modified nanopar-
ticles. Future challenges to this approach will be to study the
stability and physical layering of the AMP coating on medical
devices. Also, the performance of the antimicrobial coating
under different pathological conditions, including the ability
to resist biofilm formation and performance under necrotic
tissue with peptidases, needs detailed investigations before
this approach can be tested at the clinical stage.
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Supplementary materials

Figure SI Transmission electron micrograph showing citrate-capped silver nanoparticles (CSNPs).
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Figure S2 Scanning electron micrograph of PBSNPs-treated Vibrio fluvialis L-15318 at different magnifications (A) 20,000x and (B) 50,000x.
Abbreviation: PBSNPs, polymyxin B-capped silver nanoparticles.
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Figure S3 Scanning electron micrograph of CSNPs-treated Vibrio fluvialis L-15318 at different magnifications (A) 5,000%, (B) 20,000x, and (C) 50,000x.
Abbreviation: CSNPs, citrate-capped silver nanoparticles.
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Figure S4 Scanning electron micrograph of untreated Vibrio fluvialis L-15318 at different magnifications (A) 5,000, (B) 10,000x, and (C) 50,000x.
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Figure S5 Scanning electron micrograph of PBSNPs-treated Pseudomonas aeruginosa PAOI| at different magnifications (A) 5,000x, (B) 10,000x, and (C) 50,000x.
Abbreviation: PBSNPs, polymyxin B-capped silver nanoparticles.
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Figure S6 Scanning electron micrograph of CSNPs-treated Pseudomonas aeruginosa PAO| at different magnifications (A) 5,000%, (B) 10,000x, and (C) 50,000x.
Abbreviation: CSNPs, citrate-capped silver nanoparticles.
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Figure S7 Scanning electron micrograph of untreated Pseudomonas aeruginosa PAO| at different magnifications (A) 5,000, (B) 10,000, and (C) 50,000x.

Table SI Synergy or additive effect between CSNPs and
polymyxin B as presented in FIC index

Strain FIC index value for polymyxin B
Vibrio fluvialis L-15318 0.922
Pseudomonas aeruginosa PAO | 1.485

Abbreviations: CSNPs, citrate-capped silver nanoparticles; FIC, fractional
inhibitory concentration.
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