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Abstract

Silver nanoparticles (Ag NPs) are receiving much attention due to their
various physical, chemical and antimicrobial properties. The aim of this study is
to synthesize the Ag NPs using various capping agents ("B-cyclodextrin, starch,
sodium citrate and chitosan") and investigate the effective capped Ag NP, based
on their particle size, stability and antibacterial properties against a range of
gram positive and gram negative bacteria (Escherichia coli, Staphylococcus aureus,
Pseudomonas aeruginosa and Bacillus mesentericus). This will contribute to further
understanding the effects of capping agents on how they can improve stability
and properties of Ag NPs as well as help determine their potential for future
application as an alternative treatment to antibiotics against multidrug resistant
bacteria. The capped Ag NPs were characterized by UV-Vis spectroscopy, FTIR
and DLS.The UV-Vis spectra exhibited an absorption band between 400-430 nm
for all capped Ag NPs, indicating colloidal spherical shapped Ag NPs. Amongst
all the synthesized capped Ag NPs, greater stability was achieved by the sodium
citrate capped Ag NPs (SC-Ag NPs) until six weeks. The smallest particle size was
observed for chitosan capped silver nanoparticle (CH-Ag NPs) and both chitosan
capped Ag NPs and sodium citrate capped Ag NPs (SC-Ag NPs) proved to be
the most effective capping agents in terms of antibacterial activities with CH-
Ag NPs consistently displaying the strongest and broadest antibacterial activity
against all tested bacteria followed by SC-Ag NPs. Conclusively, the influence of
capping agents on Ag NPs was seen to better stabilize Ag NPs to varying degrees
and enhance their antibacterial activity when compared to uncapped Ag NPs.
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Antibacterial, B-Cyclodextrin, Chitosan, Capping agent, Sodium citrate,
Starch, Silver nanoparticles, Multidrug resistant

Introduction

In recent times, silver nanoparticles (Ag NPs) are receiving much of the
attention due to their various physical and chemical properties (e.g. high electrical
and thermal conductivity, surface-enhanced Raman scattering, chemical stability,
catalytic activity, and non-linear optical behavior to name a few), broad spectrum
of antimicrobial activity and low toxicity to humans [1]. Furthermore, increasing
hospital and community-acquired infections due to bacterial multidrug- resistant
(MDR) pathogens for which current antibiotic therapies are not effective,
represents a growing problem. The emergence of such resistance against newly
developed antibiotics brings about a major need for innovative treatments. Ag
NPs are seen as potential viable innovative alternative treatment to antibiotics for
the fight against infection due to their various known antimicrobial properties.
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Ag NPs are also widely used in the food industry (food
packaging materials, sensors etc.) and the medical sector
(applications in disinfecting and biocidal sprays for treatment
of burn wounds, coating in medical devices, wound dressings,
bond prostheses and heart valves) [2]. In addition, Ag NPs
have found further applications in textile coatings, filtration
membranes, soaps, paint and in water purification systems
where they serve as effective disinfectants [3-5]. The properties
of Ag NPs are related to their shape and size [6]. Specifically,
in relation to their antimicrobial capability, the cytotoxicity
of Ag NPs has been shown to increase as the particle size
decreases which is believed to be attributed to easier uptake,
easy dissolution and smooth release of silver ions along with
increased surface area [7]. Small particle sized Ag NPs have a
larger surface area to come in contact with microbial cells and
hence will have a higher interaction with microbial cells. Their
shape is also correlated with their antibacterial potential. In a
study by Pal et al. [8, 9] whereby different shaped Ag NPs were
investigated for their antibacterial activity, it was concluded
that truncated triangular Ag NPs demonstrated bacterial
inhibition with a silver content of 1 pg, whilst spherical ones
inhibited bacteria with a silver content of 12.5 pg and rod-
shaped NPs inhibited bacteria with a silver content of 50-
100 pg. Similarly, Hong et al. [10] found that cubed Ag NPs
and spherical shaped Ag NPs displayed stronger antibacterial
activity than wired ones due to the larger surface area of the
cubes and spheres which is also in agreement with the findings
of Gao et al. [11] whereby sphere shaped Ag NPs exhibited
the greatest antibacterial activity due to the larger surface area.

Apart from their unique properties, one limitation of
Ag NPs is that they are unstable under most environmental
conditions with evidence emerging of them coalescing,
agglomerating, oxidizing and forming large clusters which
results in losing such properties. It also influences their
bioavailability and thus effectiveness as an antibiotic
alternative. They are intrinsically hydrophobic and as a result
tend to aggregate in aqueous solutions also. To combat this
problem, a surface coating or functionalization to avoid NPs
agglomeration is suggested will provide stability to the NPs.
Stabilization of Ag NPs can be achieved utilizing capping
agents which bind to the surface providing electrostatic, steric
or electro-steric repulsive forces between particles which results
in improved stability and water solubility of the nanoparticles
whilst also helping prevent coalescing/ agglomeration and
enhancing their antimicrobial effect [12].

There are many different coatings used to stabilize Ag
NPs such as carboxylic acids, polymers, polysaccharides and
surfactants. Various types of polymers have previously been
explored as potential coatings including polyvinylpyrrolidone
(PVP), polyacrylate, polyvinylalcohol (PVA), polyacrylamide,
and thiol-modified oligonucleotides whilst polysaccharides
such as gum arabic, sophorolipids and other sugars are also
common coatings [13-15]. Moreover, biological agents such
as bovine serum albumin (BSA) fatty acids and several fungi,
including Lactobacillus, Fusarium oxysporum and Aspergillus
flavus have further been investigated and proven to be effective
capping agents for Ag NPs [16, 17].

However, with the best of author knowledge limited
studies have been conducted which compare a range of capped
Ag NPs and their influence on the Ag NPs stability and
performance as an antibacterial agent. Therefore, the aim of this
study is to synthesize Ag NPs using various different capping
agents (B-cyclodextrin, starch, sodium citrate and chitosan)
and investigate the effective capped Ag NPs, based on their
particle size, stability and antibacterial properties against a
range of gram positive and gram negative bacteria (Escherichia
coli, Staphylococcus aureus, Pseudomonas aeruginosa and Bacillus
mesentericus) in order to determine the most effective capping
agents and the potential application for capped Ag NPs as
a future antibiotic alternative for multidrug resistant bacteria.

Materials and Methods

Synthesis of capped silver nanoparticles

All capped silver nanoparticles (sodium citrate, B
cyclodextrin (B-CD), starch and chitosan) were synthesized
according to the published articles with some slight
modification. In brief, the precursor silver nitrate (1 mM, 50
mL) was heated until boiling and then 5 mL of 1% sodium
citrate was added dropwise. The solution was mixed vigorously
until a colour change to pale yellow occurred which indicated
the formation of sodium citrate capped Ag NPs [18]. The
B-CD capped Ag NPs were prepared by mixing the aqueous
10 mM B-CD solution into equal volumes of 2 mM silver
nitrate for 15 minutes. Equal volumes of ice-cold 20 mM
sodium borohydride were then slowly added to the solution
which were then left for a period of time to stabilize [19], The
starch capped Ag NPs were synthesized by mixing an aqueous
solution of 1 mM silver nitrate with 1% (w/v) starch solution
until a homogenous solution was achieved. The resulting
solution was then autoclaved at 15 psi pressure at 121 °C for
5 minutes. This resulted in a color change of the solution to
yellow, which aforementioned above indicated the formation
of Ag NPs [20]. The chitosan capped Ag NPs were prepared by
mixing 2 mL of silver nitrate (10 mM) with 47 mL of chitosan
solution (0.2% (w/v)) for a duration of 30 minutes. 0.008 g
of sodium borohydride was then added quickly to the silver
nitrate/chitosan solution from which a bright yellow colour
was observed [21]. The control Ag NPs were synthesized with
sodium borohydride without using any capping agents [22].
All chemicals utilized were purchased from Sigma Aldrich,
Ireland and were used without any further purification. All
solutions were prepared with distilled water.

Characterisation

All capped and uncapped Ag NPs were characterized
using a UV-Visible spectrophotometer and wavelength
ranges of between 300-700 nm (UV-1800 Shimadzu UV
Spectrophotometer) operating at a resolution of 2 nm.
The stability of all prepared Ag NPs was monitored weekly
by observing with the UV-Visible spectrophotometer for
a duration of 3 weeks in order to find the change in the
characteristic peak. The average particle size (hydrodynamic

diameter) was determined at 25 °C by Dynamic Light
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Scattering (DLS) using a Malvern Zetasizer Nano instrument
(Malvern Instruments) equipped with a 4 mW He-Ne laser
and measured using an automatic mode with a scattering
angle of 90°. The sample was loaded into a quartz microcuvette
and five measurements were performed from which the mean
result was recorded.

Bacterial strains and growth conditions

Gram-negative bacteria E. co/i and P, aeruginosa and Gram-
positive bacteria S. aureus and B. mesentericus were prepared,
sub-cultured and maintained on Nutrient agar and stored at
4 °C. A single colony of each microbe was inoculated into 10
mL of Nutrient broth and incubated overnight at 37 °C whilst
shaking at 200 rpm. The optical density of the overnight culture
was adjusted to 0.5 McFarland turbidity standard (equivalent to
1.5 x 10® colony-forming units (CFU)/ mL) using a Densimat
photometer (BioMérieux, France). The adjusted bacterial
suspension was then further diluted with Nutrient broth to give
a final concentration of 1x 10° CFU/ mL.

Antibacterial activity

The antibacterial activity of the different capped and
uncapped (control) Ag NPs was determined by the microtitre
well broth dilution method [23]. Sodium citrate, p-CD,
starch and chitosan capped samples were diluted with sterile
water (1:1) and starch and uncapped Ag NPs were used as
an undiluted sample. 200 pl of the nanoparticles (NPs)
samples were added to the first row of the microtitre plate.
The remaining rows were filled with 100 pl of Nutrient
broth. Two- fold serial dilutions were then performed along
each row by taking 100 pl from the first row of NPs samples
and diluting them into the next row and so on. 100 pl of the
prepared bacterial suspension (1 x 10° CFU/ 100pl) were then
added into all the wells. Negative (Ag NPs 100ul with sterile
nutrient broth 100 pl), positive (sterile nutrient broth 100 pl
with bacterial suspension 100 pl) and blank controls (200 pl
Nutrient broth) were included in each microtitre plate. The
plates were incubated for 18 hours in a microtitre plate reader
(PowerWaveTM Microplate spectrophotometer and BioTek
Synergy HT Multidetection Microplate Reader) at 37 °C.
Samples were tested in duplicate on each plate and each plate
was analysed in triplicate.

Minimum inhibitory concentration (MIC) and Minimum
bactericidal concentration (MBC)

From the microtitre well broth dilution method, the
minimum inhibitory concentration of the capped and
uncapped Ag NPs was determined by observing which was
the lowest concentration of each of the capped nanoparticle
(NPs) samples required to suppress the growth of each
bacterial strain. The lowest concentration which suppressed
bacterial growth was recorded as the MIC of the sample.

The MBC was determined from the microtitre well plate
by taking an inoculum from a well in each row and plating
it onto Nutrient agar. The plates were incubated overnight
at 37 °C and then observed for bacterial growth. No growth
indicated the sample is bactericidal at that concentration
whilst growth following incubation is indicative the sample is

bacteriostatic at that concentration. The lowest concentration
at which no growth occurred was recorded as the MBC.

Percentage inhibition

The antibacterial activities of all synthesized uncapped and
capped Ag NPs against the gram-positive and gram-negative
bacterial strains were determined by calculating the percentage
of inhibition of growth using the below formula [19].

_ (C18—CO)—(T18—T0)
(C18 — C0)

1% 100

where I is the percentage inhibition of growth, C18 is the
optical density (OD) at 600 nm of the blank compensated
positive control of the organism at 18 h, CO is the blank-
compensated OD at 600 nm of the positive control of
the organism at 0 h, T18 is the OD at 600nm of the blank
compensated negative control of the organism in the presence
of test sample at 18 h and TO is the negative control-
compensated OD at 600 nm of the organism in the presence
of test sample at O h.

Kinetic measurement of bacterial growth

'The effect of uncapped and capped Ag NPs on all tested
bacterial strains were determined over time by measuring
the OD,, every hour following 30 seconds of agitation.
Antibacterial kinetics were analyzed graphically as a plot of
contact time versus OD, .

Statistical analysis

Statistical differences between multiple comparisons were
evaluated using analysis of variance (ANOVA) followed by
least significant difference testing. All data was statistically
analyzed using STATGRAPHICS centurion XV.

Results and Discussion

Characterisation of synthesized silver nanoparticles

Characterisation of Ag NPs is important in order to
evaluate the functional physicochemical properties for their
behavior, bio-distribution, safety and efficacy. Characterisation
of the synthesized Ag NPs was investigated using UV-Visible
Spectroscopy and DLS. Figure 1 shows the synthesized
capped and uncapped Ag NPs surface plasmon resonance
(SPR) absorption band between 375-417 nm which indicates
the Ag NPs were spherical in shape as an SPR around 400 nm
is correlated with this shape. If the particles were not spherical,
the absorption band would of appeared at longer wavelengths
[24].In Ag NPs, the conduction band and valence band lie very
close to each other in which electrons move freely. These free
electrons give rise to a SPR absorption band, occurring due to
the oscillation of electrons of Ag NPs in resonance with the
light wave [25]. Since the intensity of the plasmon resonance
band depends on particle size, shape, metallic material and its
surrounding environment, the number of particles cannot be
related linearly to the absorbance intensities.
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Figure 1: UV-Visible spectra of capped (B-CD, Chitosan, Sodium Citrate,
Starch) and uncapped Ag NPs.

'The particle size distribution of synthesized capped and
uncapped Ag NPs colloidal solution were studied by DLS
(Table 1) which measures a hydrodynamic size of the particles
and size distribution in solutions/suspensions [26]. Majority
of peaks fall between 10-100 nm with some observed above/
below this range. It was noted that among all the samples, the
control and chitosan Ag NPs were mono dispersed. Results
further indicated that in descending order, the size of the
capped and uncapped Ag NPs were as follows: starch-Ag NPs
(122.42 nm) > uncapped-Ag NPs (68 nm) > B-CD Ag NPs
(58.7 nm) > sodium citrate-Ag NPs (42 nm) > chitosan-Ag
NPs (37 nm) (Table 1). Chitosan capping agents provide a
large number of hydroxyl groups that can co-ordinate with the
metal ions. In addition, they provide a means of controlling the
size, shape and dispersion of the NPs and subsequent release
of the active ionic silver. Capping Ag NPs with chitosan
polymeric compounds has also been shown to modify their
biodegradability and may be attributed to forming smaller
nanoparticles without aggregation [27].

Table 1: Particle size distribution of synthesized capped and uncapped
Ag NPs.
Capped /Uncapped Ag NPs Particle Size (nm)
B-CD-Ag NPs 58.7+3.2
Sodium Citrate-Ag NPs 42+52
Chitosan-Ag NPs 37+1.2
Starch-Ag NPs 122.42+2.3
Uncapped-Ag NPs 68 +4.6

The difference in the silver nanoparticles morphology &
size noted in this study between the capped and uncapped
samples is due to the organic compounds used for capping
agents as it is known that the control of such characteristics of
nanoparticles is largely influenced by choice of capping agent,
capping agent concentration and reaction temperature [28].

Stability of Ag NPs

UV-Visible spectroscopy was employed to monitor the
stability of Ag NPs overtime. Measurements were taken on
day 1, week 3 and week 6 of testing (Figure 2). Uncapped Ag

NPs exhibited an absorption peak at 403 nm in comparison
to absorption peaks of between 400 nm — 430 nm which were
noted for the capped samples.

Uncapped

[rev—

Wimieng [nlh]

Figure 2: UV-Visible spectra of uncapped, p-CD, sodium citrate (SC),
\chitosan (CH) and starch capped Ag NPs.

J

Overall, B-CD capped Ag NPs maintained the greatest
stability over time with no significant changes observed over
the duration of the testing. The B-CD capped Ag NPs solution
remained stable for the 6 weeks with no color change observed
demonstrating the superior ability of B-CD as a capping
agent to stabilize silver nanoparticles to retain and enhance
their properties. Unlike the p-CD capped Ag NPs, a slight
color change in the uncapped sample was observed in week 6
indicating the particles started to aggregate due to the absence
of a capping agent.

In comparison, for the sodium citrate, chitosan and
starch capped silver nanoparticles there was a clear shift in
absorption peaks after one week with the absorbance seen
to increase each week for sodium citrate capped Ag NPs.
Furthermore, there was a color change observed in the
sample when monitored for 6 weeks from dark yellow to
cloudy orange yellow thus suggesting the beginning of the
agglomeration process. Contrastingly for CH-Ag NPs and
starch-Ag NPs, a major decrease in absorbance after week 1
was evident for both samples. The increasing integrated peak
area of the band designates decreased inter particle spacing,
which is also evidence of aggregation. Moreover, there was
a slight color change of both samples from light yellow to
almost transparent and a slight change in viscosity, signifying
agglomeration also.

Antibacterial Activity
Percentage Inhibition
With the rise in demand for new treatments to develop
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drug resistant microbes to fight against disease, the various
capped Ag NPs were tested for their activity against different
bacterial strains which was determined based on percent of
inhibition, minimum inhibitory concentration and minimum
bactericidal concentration and comparing the results to that
of the uncapped equivalents. All tested Ag NPs inhibited
bacterial growth to different extents with antibacterial activity
found to be dependent on the silver concentration with
increased inhibition, which is in agreement with the findings
of Hong et al. [10] and Ugwoke et al. [1].

'The bacterial percentage inhibition (>99%) was achieved
by all capped and uncapped Ag NPs against all tested bacterial
strains at different silver concentrations (Table 2). f-CD Ag
NPs and chitosan capped Ag NPs (CH) showed the strongest

'This was followed by sodium citrate (SC) capped Ag NPs
where >99% inhibition was achieved against P, aeruginosa and B.
mesentericus and 89% and 88% inhibition of S. aureus and E. coli
respectively at a silver concentration of 9.6 ppm. In comparison,
63% bacterial inhibition was achieved against B. mesentericus
and >91%, 94% and 98% for P, aeruginosa, S. aureus and E. coli
respectively in the presence of the uncapped sample (control)
at a silver concentration of 10.6 ppm, which is notably a higher
silver concentration than sodium citrate and chitosan capped
Ag NPs. In addition, the bacterial inhibition in the presence
of uncapped Ag NPs was seen to be greater than that of starch
Ag NPs against the tested bacterial strains which was expected
since the uncapped Ag NPs maintained greater stability than
the starch capped Ag NPs over the 6 weeks (Figure 2).

/Table 2: Percentage growth inhibition of various bacteria in the presence of uncapped and capped Ag NPs (B-CD, starch, sodium citrate (SC), chitosan
(CH) containing different concentrations.
B-CD capped Ag NPs
56.3 ppm 28.2 ppm 14.1 ppm 7.0 ppm 3.5 ppm
E. coli 100 + 0.2 100 + 0.5 100 + 0.4 100 + 0.4 15+ 8.0
S. aureus 100 = 14 100 = 10.0 100 = 15 26 £ 14.0 10+ 12.0
P aeruginosa 100 £ 0.5 100+ 1.1 94+1.3 77 £+ 4.8 71+43
B. mesentericus 100 12 100 + 10.0 100 £ 15 26 +14.0 12 +10.0
Starch capped Ag NPs
169 ppm 84.2 ppm 42.3 ppm 21.1 ppm 10.6 ppm
E. coli 100 + 0.6 99+0.2 99 +£0.3 99 £ 0.6 86 +21.5
S. aureus 100 £ 0.8 99 +0.3 81+14.8 49+6.1 17 2.4
P aeruginosa 99 £0.3 99£0.3 81+29.1 61 +34.1 31+9.3
B. mesentericus 99+0.1 99+£0.2 99 +0.7 88 +3.9 23+6.4
Sodium citrate capped Ag NPs
76.8 ppm 38.4 ppm 19.2 ppm 9.6 ppm 4.8 ppm
E. coli 99+0.1 99+£0.2 99+0.7 88 +3.9 23+6.4
§. aureus 100 0.3 99+0.8 99=+1.1 89+15.4 22+10.9
P aeruginosa 100 + 0.3 99+£0.3 99+0.8 99+0.2 21+5.6
B. mesentericus 100 + 1.0 99+0.1 99 +0.2 99+0.1 68 £22.0
Chitosan capped Ag NPs
33.8 ppm 16.8 ppm 8.5 ppm 4.2 ppm 2.1 ppm
E. coli 100 + 0.5 99+1.0 99+1.5 99+75 13 +14.0
8. aureus 100 £1.2 99+£0.7 99 +0.7 99+0.5 52+11.8
P, aeruginosa 100 £ 0.5 100 + 0.3 99+ 0.6 98+1.8 37+85
B. mesentericus 100 + 0.6 99 £0.6 99 +0.6 99+0.5 86 +13.0
Control
42.3 ppm 21.2 ppm 10.6 ppm 5.3 ppm 2.6 ppm
E. coli 100 + 0.5 100 = 1.7 98 +0.2 89 £25 12 +18.6
8. aureus 100 + 0.4 98+0.9 94 +4.8 3383 12 £10.8
P, aeruginosa 100 + 0.3 100 + 0.8 91+1.6 29£6.7 13+10.8
B. mesentericus 100 £ 0.9 100 £ 1.3 63+3.5 40+9.5 11+ 16.8
\C _/
antimicrobial activity and broadest action against E. cofi, MIC and MBC

S. aureus and B. mesentericus with >98% inhibition at silver

The MIC and MBC values of the capped and uncapped
(control) Ag NPs are shown in table 3. All tested capped

concentrations of 14.1 and 4.2 ppm respectively.
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Table 3: MIC and MBC of capped (B-CD, starch, sodium citrate, chitosan) and uncapped Ag NPs against tested bacteria.
Microorganisms p-CD Starch Sodium citrate Chitosan Uncapped
MIC* MBC* MIC* | MBC*| MIC* | MBC* | MIC* MBC* MIC* MBC*
E. coli 7 7 21 21 19 19 4 4 21 21
S. aureus 14 14 84 84 10 10 4 4 42 42
P aeruginosa 28 28 84 84 10 10 8 8 21 21
B. mesentericus 14 14 42 42 10 10 4 4 21 21
*concentration in ppm

Ag NPs displayed bactericidal properties against the tested

bacteria at different silver concentrations.

Among all the tested capped Ag NPs, chitosan capped Ag
NPs showed the highest antibacterial activity against E. co/i,
S. aureus, and B. mesentericus with MIC and MBC values of
4 ppm. This was followed by sodium citrate capped Ag NPs
with an MIC and MBC value of 10 ppm against §. aureus, P

aeruginosa and B. mesentericus.

Uncapped Ag NPs exhibited bacterial inhibition of E.
coli, P aeruginosa and B. mesentericus at silver concentrations of
21 ppm and a similar concentration was required to kill these
bacteria, however approximately double this concentration
was required to kill S. aureus. In addition, uncapped Ag NPs
showed 4 times higher MIC and MBC values against S. aureus
and P, aeruginosa and 2 times higher MIC and MBC values
against B. mesentericus, than the starch capped Ag NPs due
to the smaller size (Table 1). Among all the capped Ag NPs,
the increasing antibacterial activity was as follows: chitosan
capped Ag NPs > sodium citrate capped Ag NPs > B-CD
capped Ag NPs > uncapped Ag NPs> starch capped Ag NPs.

Growth Kinetics

The bacterial growth kinetics in the presence of capped and
uncapped Ag NPs at various concentrations were determined
in which it was observed that the capped Ag NPs displayed
good antibacterial properties against all tested strains over an
18 hrs incubation period.

Figure 3a, shows the delaying of E.co/i bacterial growth
until 10 hrs of incubation in the presence of most of the
synthesized capped Ag NPs at different concentrations. The
slowest bacterial growth was noted for starch-Ag NPs which
may be due to the fact a higher concentration of starch was
used in comparison to the rest of the capping agents. -CD, SC
and CH Ag NPs delayed bacterial growth upto between 7-8
h after which rapid growth occurred but signs of deceleration
towards the last few hours (211h) was observed interestingly.
Contrastingly, the control Ag NPs proved to delay bacterial
growth of E. co/i only up to 7 hrs which then rapidly continued
growing for the remainder of the incubation period with no
sign of any more inhibition.

Figure 3b shows the bacterial growth of S. aureus. Bacterial
growth was delayed up until 13 hrs and 9 hrs in the presence
of sodium citrate capped Ag NPs (SC) at [4.8 ppm] and
chitosan (CH) capped Ag NPs at [2.1 ppm] respectively thus

indicating the superior antimicrobial activity of these capped

Ag NPs against S. aureus. In comparison, for the uncapped
Ag NPs [at 2.6 ppm] rapid bacterial growth was evident
after 8 hrs of incubation with no signs of deceleration. B-CD
capped Ag NPs appeared to have weak activity against this
particular bacterial strain as growth was only delayed for 4 hrs
of incubation after which an increase in growth was evident.

Figure 3c, shows the growth kinetics of P aeruginosa
from which it is seen that sodium citrate capped Ag NPs at
[4.8 ppm] and chitosan (CH) capped Ag NPs at [2.1 ppm]
displayed strong antibacterial influence on this strain delaying
growth until 12 hrs of the 18 hrs incubation period after which
accelerated growth occurred. Among all synthesized capped
Ag NPs, again due to the higher concentration of starch Ag
NPs [10.6 ppm] it displayed the greatest antibacterial activity
against this bacterial strain followed by CH-capped Ag NPs
at the lowest concentration of 2.1 ppm thus indicating the
superior activity of this sample.
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Figure 3: Bacterial growth curves of bacteria (a) E. co/i (b) §. aureus (c) P
aeruginosa and (d) B. mesentericus in the presence of synthesised capped
(B-CD, sodium citrate, chitosan, starch) Ag NPs at different concentrations

\(ppm)-

Figure 3d,shows the bacterial growth curve of B. mesentericus
in the presence of capped and uncapped Ag NPs in which it
was observed the strongest antibacterial activity was exerted
by sodium citrate capped Ag NPs at [4.8 ppm] which growth
was suppressed until 13 hrs, followed by starch Ag NPs [10.6
ppm] up to 11 hrs. Again B-CD capped Ag NPs had little affect
against this bacterial strain as bacterial growth was evident after
just 6 hrs. To compare, control Ag NPs delayed growth only
until 5 hrs. In the presence of chitosan capped Ag NPs at 2.1
ppm, very little growth was observed, indicating the superior
antimicrobial activity of this sample against B. mesentericus.

Journal of Food Chemistry & Nanotechnology | Volume 6 Issue 4,2020

194



An Investigation on Effect of Capping Agent on Silver Nanoparticles Antibacterial Activity

Murphy et al.

Overall it can be said depending on the bacterial strain the
different capped samples had varying degrees of antibacterial
activity. In summary, the strongest antibacterial activity was
exerted predominantly by chitosan capped Ag NPs followed
by sodium citrate capped Ag NPs against all strains which
is presumed to be due to the fact both of these samples had
the smallest particle sizes of 37 + 1.2 nm and 42 = 5.2 nm
respectively among all the samples. Aforementioned, the
smaller size of the capped Ag NPs means they have a larger
surface area to come in contact with microbial cells and thus
have a higher interaction with microbial cells to inhibit their
growth [7, 11]. The lag phase of the four bacterial strains
appeared to be prolonged with a sharp deceleration of the log
phase and maintenance at the stationary phase in capped Ag
NPs in comparison to their uncapped equivalents where the
bacteria were seen to continue to grow over the 18 h incubation
period. The findings of this study of the antibacterial activity
of Ag NPs are in line with other work done by several other
researchers who have also previously demonstrated Ag NPs to
be effective against various gram-negative and gram-positive
bacteria but the mechanism of how Ag NPs kill pathogens is
not fully understood [8, 29]. The mechanisms of antibacterial
action of the capped Ag NPs may be due to the releasing Ag*
ions into bacteria and accumulating on the cell membrane,
further disrupting the integrity of the cell wall and membrane
causing the leakage of cell constituents and inducing the
bacterial cell death [10, 11, 30].

'The capped Ag NPs enhanced the antibacterial activities,
which may be attributed to a biodegradable capping agent
forming smaller nanoparticles without aggregation. These
have a high surface-to-volume ratio and undergo a higher
level of interaction with the bacterial cell surface than the
larger uncapped Ag NPs, resulting in higher antibacterial
activity. It is proposed that intimate contact between Ag NPs
and organisms may enhance the transfer of Ag ions to the
bacterial cell, whilst bacterial degradation of the chitosan
polysaccharides promotes the release of silver ions. These
results are in accordance with a previous report in which Ag
NPs synthesized by disaccharides had higher antibacterial
activities than those synthesized by monosaccharide [31].
However, further investigations need to be done to further
investigate how Ag NPs interact with bacteria and the
mechanism by which they inactive the cells.

Conclusion

In summary, capping Ag NPs can improve their stability
and enhance their antibacterial properties. Among all
synthesized capped Ag NPs chitosan capped Ag NPs were the
smallest in size followed by sodium citrate capped Ag NPs. The
varying sizes between the capped and uncapped Ag NPs is not
fully understood but there is evidence from scientific literature
this may be linked to the choice of capping agent, capping
agent concentration and experimental conditions which are
deemed important for the control of Ag NP morphology
and size. With respect to the stability of synthesized Ag NPs,
CH-AgNPs remained stable up to one week, whereas sodium

citrate Ag NPs and B-CD capped Ag NPs were stable until

six weeks. In addition, chitosan capped Ag NPs and sodium
citrate capped Ag NPs both proved to be the most effective
capping agents in terms of antibacterial activity as CH-Ag NPs
consistently displayed the strongest and broadest antibacterial
activity against all tested gram-positive and gram-negative
bacteria followed by SC-Ag NPs. The antibacterial properties
of Ag NPs was also seen to be dependent on particle size with
smaller particle sizes allowing for greater activity due to the
larger surface area allowing close contact with the microbial
cells. Further investigations need to be conducted to better
understand the mechanism of action of all synthesized capped
Ag NPs and their interaction with gram-positive and gram-
negative bacteria to inhibit their growth.
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