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Abstract. Silver nanomaterials (AgNMs) ubiquitously known for their biological applications are studied here in terms
of their shape-dependent antibacterial and anti-biofilm effect. Chemically synthesized nano-cubes (AgNCs) with size
range around 150–200 nm were compared for their biological activity with commercial nano-sphere (AgNS) of comparable size (*160 nm). The antibacterial activity against both Escherichia coli and Staphylococcus aureus showed higher
activity for nano-cubes compared with nano-spheres.The synergistic role of AgNMs with antibiotic ampicillin was also
found promising. A four times enhancement and an increase of nearly 25% of antibiotic activity at 0.0625 mg ml–1
concentration was found with 0.05 mg ml–1 of AgNCs in agar and broth media, respectively. Anti-biofilm effect towards
E. coli and S. aureus was also evaluated. AgNCs showed equal importance in biofilm disruption with 20% inhibition
activity, which was yet again found better in-comparison with AgNSs. The study shows that AgNCs with distinct faces
and edges could show efficient anti-bacterial effect and so such intelligently designed material could pave path for
imminent medical challenges.
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Introduction

Morphological difference of nanomaterials helps in tuning
their physiochemical properties by improvising their economic implications [1,2]. Change of shape could be modestly attained by a planned synthesis route through various
chemical and physical methods playing with different
experimental conditions [3,4]. Mastery over shape alteration
of nanomaterial open plethora of opportunities to overcome
nanomaterial limitations.
Silver nanomaterial (AgNM), a traditionally known
antibacterial agent, is widely explored in its nano-sphere
(AgNS) form [5–12]. Different sizes of AgNS have also
been studied in terms of their cytotoxicity towards human
alveolar cell [13]. While other shapes of AgNMs, like
nanorods, triangle, tripods, octagonal, prism, cubes, ferns,
etc. that are synthesized on lab level [14], have fewer
studies on their biological applications. Pal et al [15] in
their work have compared Ag nano-forms: sphere, triangulated and rod shape for antibacterial activity. The active
facet of triangular nano-plates of Ag showed higher

antibacterial property. Shape-induced bacterial toxicity was
shown to increase from sphere to rod to wire or triangle, but
on other hand, they also showed similar trend of toxicity for
human alveolar cells [15]. Thus, utilizing these shapes for
antibacterial effect could adversely affect if induced in
human cells. In this respect, it would be better to have
moderate alteration in spherical morphology with negligible
change in toxicity level for attaining improved anti-microbial property. On this hypothesis, we tried to prepare silver
nano-cubes (AgNCs) and compare their antibacterial
activity with commercialized silver nano-spheres (AgNSs).
Additional importance of nano-materials in microbiological world had aroused due to alarming antibiotic resistance problem. Worldwide pathogenic microbes are
becoming resistant towards medication due to extensive
utilization of anti-infection agents. To overcome this
problem some highly complex, tedious and monetary
expensive techniques have been tried, such as chemical
modifications of anti-infection agent by adjustment of blactam moiety or giving combination of antibiotic together
[16,17]. However, we require new restorative methods that
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are cost effective, easy to implement and have least negative side effects.
Synergistic role of nanoparticle with antibiotic is one
such route to solve the resistance problem. AgNM widely
reconnoitered for its antimicrobial activity is also under
exploration for its synergistic ability. Recent study by
Khatoon et al [18] have focused on one-step formation of
silver nanoparticle with ampicillin as capping and reducing
agent. The synthesized formulation showed better antibacterial activity. Another study by Zou et al [19] have
simultaneously administered nanoparticle and antibiotic to
correlate their better performance with upregulation of
reactive oxygen species (ROS) production. In addition to
this, other studies also support synergistic role of silver
nanoparticle with antibiotic emphasizing on detection of
involved mechanism [20]. However, synergy of antibiotic
with other shapes of nano-Ag is still under infancy.
Therefore, we have further extended our study to find the
synergistic role of AgNCs with ampicillin antibiotic and
compare it with commercial AgNSs.
Colonization of abiotic surfaces by the formation of
biofilm is very old, yet another important issue to be solved
in medical science. In 1980s, it was reported that biofilm
formations are creating high infectious environment [21]
and their eradication involves higher concentration of
antibiotics than bacteria in suspensions [22]. In the last
decade, many organic and inorganic nanoparticles had been
explored for anti-biofilm activities [23–25]. Silver
nanoparticles synthesized via green chemistry route is also
widely utilized for biofilm disruption studies [26,27]. Here
also silver in nano-spheres form is well studied, nonetheless
other nanostructures are under-flourished for anti-biofilm
application. Our study has tried to compare nano-cube form
of AgNM for their anti-biofilm activity, which is not yet
reported anywhere to our knowledge. Hence, overall our
study aims to highlight the role of nano-cube (AgNCs)
shape of AgNM in enhancing its anti-bacterial activity.

2.

Materials and method

Silver nano-sphere (Sigma Aldrich 675318 12103JE), silver
nitrate, poly(vinyl pyrrolidone), ethylene glycol, dilute HCl,
acetone, ampicillin (171254-5GM; Calbiochem), sterile
Luria Bertini broth (LB), Luria Bertini agar (LA), Mueller
Hinton broth (MHB) and Mueller Hinton agar (MHA)
(Sigma–Aldrich) were used throughout the assay. LB and
LBA are used for bacterial growth and preservation,
respectively; while MHB and MHA are used for antibiotic
susceptibility testing.

2.1

Experimental method

2.1a Preparation of AgNCs: AgNCs were prepared by
polyol method, as reported by Srivastava et al [28]. First,
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0.8 M poly(vinyl pyrrolidone) (PVP, Loba Chemie) was
dissolved in 10 ml of ethylene glycol (EG) solution and
mixture was heated at 180°C with continuous stirring at 300
rpm. After mixing, 0.5 ml 0.1 N HCl was added. Then, 10
ml EG solution (0.12 M) and silver nitrate (Aldrich) were
injected drop-by-drop by syringe into the solution at a flow
rate of 0.6 ml min–1. The temperature was maintained for 15
min. After naturally cooling to temperature, the Ag cubes
were dispersed in acetone and obtained by centrifuging the
solution several times with DI water.
2.1b Bacterial culture and propagation: The bacterial
strains used in the study include ATCC strains of
Staphylococcus aureus (S. aureus-25923) and Escherichia
coli (E. coli-25922), obtained from All India Institute of
Medical Sciences (AIIMS), New Delhi, India. The strains
were preserved and maintained for the experiments in LB
agar plates after revival in LB broth at 37°C. Antimicrobial
susceptibility profile of different bacterial strains against
different antibiotics used in the study was predetermined
using two reference methods: disc diffusion and broth
microdilution as per the CLSI (Clinical and Laboratory
Standard Institute) protocol.
Under aseptic conditions, bacterial colonies of different
strains were transferred individually into a 10 ml LB containing capped conical flask and placed overnight in incubator at 37°C. After 12–18 h of incubation, cells were
centrifuged at 3000 rpm for 3 min. The supernatant media
were discarded and washed twice in PBS by breaking cell
pellet followed by recentrifuging. This removes debris and a
clean bacterial suspension is obtained followed by suspending cells in fresh MHB for susceptibility testing against
NCs and NSs at different concentrations. The absorbance of
the bacterial suspension prepared was recorded by UV–
visible spectrophotometer at 600 nm (OD600). The cells
were adjusted in the range of 0.15 to 0.3 OD600, which was
considered to have cells between 108 and 109 cells ml–1.
This suspension was further diluted to obtain a concentration of 107 cells ml–1 for disc diffusion and 104 to 105 cells
ml–1 for broth microdilution method for testing of
antibacterial.
2.1c Antibacterial activity test of antibiotics: The two
standard ASTs performed include agar disc diffusion and
broth dilution method, as per the guidelines from CLSI. For
agar disc diffusion, MHA plates were inoculated with logphase bacterial cell suspension of S. aureus and E. coli at
cell concentration described above. Sterile filter paper discs
were placed on the agar plates after which they were soaked
with 10 ll of 1 mg ml–1 of antibacterial solution
(Ampicillin, AgNCs, AgNSs) used in study. The plates
were further incubated for 18–24 h at 37°C in an incubator.
The assessment of antibacterial activity and the
interpretation of results was based upon visualization/
appearance of a circular zone of inhibition. For broth
microdilution method, bacterial cells were added to serially
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diluted concentration of antibiotics in 96-well plates,
followed by incubation step. The bacterial cells that were
cultured in a solution having no antibiotics served as the
positive control. However, MHB with no cells served as
negative control in order to validate the results. The
synergistic activity of NCs and NSs in combination with
ampicillin was observed after treatment of bacterial cells at
a constant concentration of ampicillin (0.065 mg ml–1) with
different concentrations of AgNCs and AgNSs.
2.1d Anti-biofilm activity: To evaluate anti-biofilm
activity, overnight grown bacterial cultures were diluted
in MHB to obtain desired concentration of 106 cells ml–1.
The culture was further transferred in 96-well plate and left
for 48 h for growth of adherent bio-film. These were
subjected to different concentrations of nano-cubes and
nano-spheres followed by incubation at 37°C for 24 h. After
the incubation, the medium was discarded and the plate was
washed gently for 2–3 times with sterile PBS to remove the
free-floating, detached bacterial cells. The cells were further
fixed with 2% sodium acetate and the remaining biofilm
was stained with a 0.1% of crystal violet solution for 20
min. The plates were washed 3–4 times with sterile water to
remove excess stain. The plates were then air dried at room
temperature. After drying, 95% ethanol was added and plate
was read at 595 nm.

3.
3.1

Results and discussion
AgNCs characterization

Nano-cubes were synthesized by the previously described
method [28]. The well-dispersed cubes were characterized
by scanning electron microscopy (SEM) and dynamic light
scattering (DLS) techniques, which showed their size range
between 150 and 200 nm. The SEM micrograph shown in
figure 1 describes the shape of the synthesized material as a
perfect nano-cube with the stability of these nano-materials.

Figure 1.
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Anti-bacterial study of synthesized nano-cubes

The well-characterized nano-cubes were utilized for antibacterial property evaluation. Two different strains of bacteria, namely E. coli and S. aureus, which are the common
Gram-positive and Gram-negative species, were isolated
and cultured as per the standard procedure. The colonies
were exposed to AgNCs for a day with different concentrations to observe the anti-bacterial effect of nano-cubes on
them. Antibacterial properties of AgNCs were measured
both by Broth media and Agar solid plate method. The
concentration of nano-cubes was kept low from 0.1, 0.05 to
0.025 mg ml–1 and their effect on percentage inhibition was
plotted against both the strains. As shown in figure 2a, with
increase in concentration from 0.025 to 0.1 mg ml–1, percentage inhibition was found to increase both for E. coli and
S. aureus. The zone of inhibition was also measured by
solid agar plate, which was found to increase with concentration increment (shown in supplementary figures S2
and S3). Nevertheless, further higher concentration was not
tried, which could yield a higher percentage inhibition of
bacteria. It is often reported that silver nanoparticles are
more potent towards Gram-negative than Gram-positive
bacteria. However, here in this study nano-cubes at higher
concentration showed similar effect for both the strains of
bacteria [29].

3.3 Comparison of anti-bacterial properties of nanocubes with nano-spheres
AgNCs were further compared for their anti-bacterial
activity with AgNSs, which is the commonly synthesized
nano-shape for majority of nanomaterials. Nowadays,
AgNSs are commercially available as they are widely utilized for commercial products. Since the commercially
available spheres are of size *160 nm, a similar size range
of nano-cubes were synthesized and were compared
together for anti-microbial property. The commercial

(a) SEM image of synthesized silver nano-cubes. (b) DLS of nano-cubes in water.
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Figure 2. (a) Percentage inhibition of E. coli and S. aureus with increase in concentration of nanocubes.
(b) Comparison of nanocubes and nanospheres at a particular concenration (0.025 mg ml–1) for growth of
bacterial colony.

nano-sphere in a dispersed solution with a concentration of
25 lg ml–1 of silver and nano-cubes of similar concentrations were compared, supposing that all other conditions
except shape is similar in both. The Ag nano-cubes and
nano-spheres were subjected to anti-bacterial study against
both E. coli and S. aureus as described above. Interestingly,
at such a low concentration nano-spheres do not show any
zone of inhibition, while a small distinct inhibition zone of
0.2 mm was observed (shown in supplementary figure S1).
This was further confirmed by broth culture study. An
increase of nearly 2 to 4% growth inhibition was seen in
nano-cubes compared with nano-spheres, as shown in
figure 2b for both E. coli and S. aureus.
Shape effects of silver nano-materials (AgNMs) are the
major concern in this study. In this study, AgNCs are
compared with AgNSs for their efficient anti-bacterial
activity. In the past literatures, the effect of AgNMs on antimicrobial activity have shown diverse results, which states
that there could be multiple factors behind the enhanced
ability of any particular particle. This factor in term of
AgNMs could be the size of nano-material, which says
smaller the size higher is the anti-microbial activity. The
functional group alters the surface charges and allows better
dispersion of nano-materials altering its anti-microbial
activity and the shape of nano-material. On the account of
shape of nano-material, two most important factors play
role, which are contact areas and active facets. For killing
bacterial cells, AgNMs with higher specific surface areas,
i.e., nano-cubes could adhere more closely/strongly to cell
membrane of the bacterial cells in comparison to nanospheres. Once the first step for anti-bacterial activity, i.e.,
adherence of nano-materials is over, the mechanism behind
the bacterial cell death activates. Here comes the role of
active facets, nano-cubes with sharp edges and active facets
as {100} have higher energy, showing stronger reactivity.
Facet reactivity towards anti-microbial activity had been
reported in other nanomaterials by Ren et al [30] and in
silver by Pal et al [31,32]. Thus, nano-cubes could cause

more rapid and strong damage to cell membranes, which
effect the metabolism of bacterial cells by increase of ROS
generation or through DNA damage leading to cell death
and hence an enhanced anti-bacterial effect could be possible for AgNCs.

3.4 Concentration effect of antibiotic on anti-microbial
activity
Ampicillin is one of the common antibiotics used against a
wide variety of microorganism. Since its usage is explored
from a long time, microorganisms have also developed
resistant towards ampicillin. So it is required to use less
amount of ampicillin with some supplement for getting an
enhanced antimicrobial ability. In this sense, concentration
effect of ampicillin on S. aureus was first evaluated. Three
different concentrations of about 0.0625 to 0.25 mg ml–1
were subjected for anti-bacterial study. Minimum zone of
inhibition was found lower than 90% with lower concentration (0.0625 mg ml–1) of ampicillin, i.e., minimum
inhibitory concentration was not attained at this concentration. However, with increase in concentration an increase
in zone of inhibition was found, as shown in table 1. Hence,
the lower concentration was further chosen considering it as
the concentration at which bacteria are resistant towards
ampicillin. So the synergistic role of AgNM was evaluated
at this concentration of antibiotic.

3.5

Synergistic effect of antibiotic with AgNCs and AgNSs

In the present biological world, one of the alarming problem
is resistance of bacteria towards antibiotic. In-order to
overcome this, so often a multiple combination of antibiotics or a high dosage of antibiotics is administered. Rather
than using the high dosage, it is always recommended to
add a supplement with antibiotic.
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Table 1.

Concentration effect of ampicillin against S. aureus.

Microorganism
S. aureus
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Concentration of ampicillin
(mg ml–1)

Zone of
inhibition (mm)

0.0625
0.125
0.25

0.7
1.3
1.9

In a recent report by Khatoon et al [18], AgNMs were
synthesized in situ with antibiotic, where the functional
groups of antibiotic help to reduce and form AgNSs. It
could be another effective way to use AgNM as a supplement to enhance the ability of antibiotics, but could be
difficult to incorporate with different antibiotics. While in
some study, directly the silver ions in the form of nitrate salt
of silver were incorporated synergistically with antibiotics
and the mechanism behind their antibacterial effect was
evaluated. It was found that upregulation of ROS was one of
the lethal factor for synergistic role of Ag? ions with
antibiotics. The increase in ROS level could be due to the
disruption of thyroxine (Tyx) and glutathione (GSH) system, which in turn could have been attacked by Ag? ions
and ebselen compound [19]. In-another similar study,
enhanced ROS level was again noted for effectiveness of
Ag nanomaterial. To understand the role of membrane
permeability, anti-bacterial ability was evaluated in synergy
of nano-Ag with detergents or ATPase-inhibiting agents.
Here they concluded that nano-Ag do not require to increase
the permeability of outer membrane; however, effects ATPassociated metabolism or protective actions [20]. Many
such studies show effective synergistic role of spherical
AgNMs with antibiotics.
However, as the shape effect of AgNMs for anti-microbial activity is in dormant state, the same condition continues with synergistic evaluation of different shapes of
AgNMs. Until now, no such study has compared the synergistic effect of AgNMs, in terms of their different shape.
Howsoever, an intelligent move towards synthesis of varied
shapes of similar nano-material enhances our curiosity to
find synergistic role of different shapes, along with their
comparison with each other. Hence, our motto lies in
evaluation of synergistic role of AgNCs with antibiotic,
more importantly comparing them on shape basis. First of
all, the antibiotic concentration at which minimum inhibitory concentration was not attained was determined and
selected so as to add AgNMs as supplement to it for
achieving 90% or above percentage inhibition of bacterial
population. As discussed in above section, the concentration
of antibiotic was taken low of about 0.0625 mg ml–1 and to
this was added three concentrations of AgNCs. Figure 3a
shows the zone of inhibition in agar plate with different
concentrations of antibiotic, in which smallest zone of
inhibition (ZOI) concentration, which was 0.0625 mg ml–1,
was chosen to evaluate the synergistic effect. When
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microbes were subjected to nano-cubes along with 0.0625
mg ml–1 concentration of antibiotic, they showed an
enhanced ZOI. Figure 3b shows the increase in ZOI of
0.0625 mg ml–1 antibiotic, which was administered with
0.05 mg ml–1 of AgNCs.
The broth culture medium was also subjected to similar
antibiotic and nano-cubes concentration. It was observed
that only antibiotic showed less than 90% inhibition both
for E. coli and S. aureus. When added nano-cubes of different concentrations, as shown in figure 4a, E. coli population showed an enhanced inhibition percentage, which
was observed to increase with increase in concentration of
nano-cubes. Hence, nano-cubes with 0.1 mg ml–1 showed
highest synergistic effect with antibiotic enhancing its
overall inhibition percentage over 90%. However, in S.
aureus, figure 4b, the least concentration of nano-cubes
0.025 mg ml–1 itself showed an enhanced inhibition percentage. Comparison of nano-cubes with nano-spheres for
their synergistic effect was also done simultaneously. It
could be similarly seen in figure 4a and b, for E. coli and S.
aureus both when nano-spheres were administered with
antibiotic, no enhancement in inhibition percentage was
observed. While with similar concentration of nano-cubes,
i.e., with 25 lg ml–1 a 10% increase in E. coli inhibition and
40% increase in S. aureus inhibition have been observed
with nano-cubes compared to nano-spheres. Synergistic
effect of low concentration of AgNCs with ampicillin is
also shown in supplementary figure S4. Thus, nano-spheres,
a common shape, could intelligently be replaced with its
nano-cubical form due to their enhanced anti-microbial
activity. In this regard, here it would be beneficial to add
that instead of going to more effective but highly toxic
smaller size nanoparticles, which is normally today’s trend
or fashion, it would be wiser to select a differently slight
modified shape with larger size. This indeed should be less
toxic and more beneficial. Hence, shape plays an important
role in nanomaterials and should be studied in depth for
better utilization.

3.6 Comparison of nano-cubes with nano-spheres
on cytotoxicity of human alveolar cell lines A549
In order to validate the usage of nano-cubes, it is recommended to investigate the toxicity of nano-cubes on human
cell lines. In this respect, as-synthesized AgNCs were
compared with AgNSs for their toxic effect on human
alveolar cell line A549. AgNSs of larger size is more likely
considered to be non-toxic towards human cells compared
to its co-partners, like silver nanowires (AgNWs), Agnanopyramids, etc. AgNWs compared with silver nanospheres on A549 cells found nanowires to be strongly
affecting alveolar epithelial cells, showing that shape
effects the toxicity [33]. Hence, here nano-cubes were also
compared with nano-spheres, where it was found an
insignificant difference between their percentage cell
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Figure 3. (a) Concentration effect of antibiotic on solid agar plate of S. aureus and (b) synergistic effect
of ampicillin with nano-cubes.

Figure 4.

Synergistic effect of silver nanomaterial with ampicillin on (a) E. coli and (b) S. aureus.

viability, as shown in figure 5. This suggest that nano-cubes
having less toxicity and more anti-microbial effect is better
substitute for nano-spheres.
This lesser toxicity of AgNCs could be attributed through
two different factors: one being the shape of A549 cells,
which are different from bacteria cells. Hence, overall effect
of nano-cubes could be different for different cell structures.
Another major factor is the formation of protein corona with
AgNMs, which shows that composition plays an important
role in formation of corona with AgNMs and different
protein molecules, like fetal bovine serum, human serum
albumin, tubulin, biological fluids etc. [34]. Formation of
agglomerated particles with biological fluids forming corona could significantly alter their toxicity [35,36]. Hence,
both particles having similar composition could show insignificant difference in cytotoxicity. Interestingly, other
shapes of AgNMs like triangulated, rod, wire show higher
anti-bacterial activity, they exhibit stronger toxicity towards

Figure 5. Cell viability study on A549 cell lines for silver nanospheres (NS) and silver nano-cubes (NC).
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human alveolar cells [33,37] and so nano-cube shape of
AgNMs holds great importance in such applications.

3.7

Anti-biofilm activity of AgNCs on E. coli and S. aureus

Surface-adhered microorganism producing exo-polymeric
substance form biofilm structure. Nanomaterials owing to
their nanosize and large surface area allow better adsorption, absorption, availability and penetration, which allow
them to be an essential anti-biofilm component. Silver
nanostructures hold great importance in anti-microbial
property, so they could also be utilized for anti-biofilm
activity. Shape of AgNMs could be another important factor
in determining their activity. Here, AgNCs were evaluated
for their anti-biofilm property. Three different concentrations of nano-cubes were tested, which showed an increase
in biofilm inhibition activity with an increase in concentration, more promisingly for E. coli than S. aureus bacterial
species, as shown in figure 6a. The percentage inhibition
ability of nano-cubes were also compared with commercially available nano-spheres. In addition, the adhered film
and the disrupted biofilm after incubating with AgNCs are
visualized after staining with crystal violet, which is given
in supplementary figure S5. Nano-cubes showed better
inhibition activity than nano-spheres even at a lower concentration of 25 lg ml–1. The better activity of nano-cubes
could be attributed to its distinct boundary eight facet shape,
allowing edges playing role in disruption of biofilm structure. Howsoever, the exact mechanism behind the antibiofilm activity has to be explored in order to fully utilize
the importance of cubical structure.
Thus, overall, the authors have envisaged synthesizing
AgNCs and studying their antibacterial activity in comparison to commercial AgNSs. According to several studies,
shape-induced bacterial toxicity was shown to increase
from sphere to rod to wire or triangle, but on the other hand,
they also showed similar trend of toxicity for human
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alveolar cells [30,37]. This arises the need to synthesize
antibacterial nanoparticles, which are non-toxic for human
cells. The AgNCs synthesized and characterized in this
study have shown antibacterial efficacy (both alone and in
combination with ampicillin) along with lesser toxicity
towards human cells, which make them a competent
member for futuristic anti-bacterial drug commodity.
The time duration of antibiotic administration during
common bacterial infections, such as community-acquired
pneumonia, uncomplicated urinary tract infection, cellulitis,
is 5–7 days [38]. Under such conditions in clinics, bacteria
could adhere on the surfaces and could form thick bio-films,
which are becoming major cause behind chronic, nosocomial and medical device-related infections. Due to the
antibiotic resistant nature of biofilms, the use of antibiotics
alone is ineffective for treating biofilm-related infections,
which arises the need of such compounds that can be used
in a synergistic manner in combination with antibiotics.
Although antibiotics do offer some adverse events,
including resistance, still they are the pillars of modern
medicine practices. Similarly, silver nanoparticles do have
certain limitations still; they are widely used in abovementioned areas under the specified guidelines and regulations to reduce the potential risk associated with their usage
[39].
Since, bacteria are gaining resistance to these antibiotics
co-administration of antibiotics, with silver nanoparticles
can be crucial in reverting the phenomenon by reducing its
pace of development either by blocking the resistance or by
enhancing the action of antibiotic. In this study, the authors
have studied the antibacterial; anti-biofilm and synergistic
effect of ampicillin, an antibacterial drug and AgNCs that
could provide novel insights in the field of healthcare
industry. We have tried to enhance the effect of antibiotics
using a very low concentration of nanomaterial and hence
its applicability as a nano drug could be promising. However, the concern towards long-term effect on human health
due to usage of AgNCs is an important work to be carried

Figure 6. Percentage biofilm inhibition: (a) nano-cubes at three different concentrations of 0.1,
0.05, 0.025 mg ml–1 for E. coli and S. aureus. (b) Nano-cubes and nano-sphere comparison at a
particular concentration of 0.025 mg ml–1.
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out in future. In order to justify their application in humans,
the toxicity of nano-cubes was assessed on human alveolar
cell lines (A549). Here, we found an insignificant difference
between the percentage cell viability in cell lines treated
with nano-cubes in comparison to nano-spheres, which
indicates the possibility of their use in humans.
Research on long-term effect of different shapes of
AgNMs is still in infancy. Number of research data are
available for size effect-induced toxicity and mainly reports
of toxicity for AgNSs are in abundance. A recent review on
engineered AgNM-related toxicity has complied different
in-vitro and in-vivo studies on AgNMs [40]. However, the
compiled data show only a few in-vivo studies are till date
reported on different shape-induced toxicity. AgNWs toxicity are assessed in different in-vivo models, while other
shapes are still untouched. Studies on mice have shown
AgNWs length effect on immune response [41,42] and on
frustrated phagocytosis [43]. Comparative studies of
AgNWs, nano-spheres and nano-plates on fish epithelial
cell and embryos have shown less toxicity of AgNWs than
nano-plates [44]. Study of AgNWs on Daphnia magna have
shown chronic toxicity effect of AgNWs [45]. In this
respect, long-term effect of AgNCs in in-vivo model have to
be performed in near future for understanding the toxicityrelated issues that could be generated after their long-term
exposure. Our group is involved in toxicity study of nanomaterials on Drosophila melanogaster [46,47] model,
where we administer nano-materials for their entire life
cycle and study their effect on generations, which could
clearly answer the long-term effect of AgNCs. These
studies on D. melanogaster model could also be extended to
humans; since on genetic level, neurological level and many
other biochemical pathways have lot many similarities
between D. melanogaster and humans. Hence, long-term
effect of nano-cubes on human health could be evaluated
through such studies.

4.

Conclusions

Our study suggests the importance of shape effect on
anti-microbial property. The AgNCs, a less explored
shape, showed better anti-bacterial effect in comparison
to nano-spheres. The synergistic effect of AgNCs is also
evaluated with antibiotic ampicillin, which showed its
positive role in the presence of AgNCs. When compared
with AgNSs, synergistic role of AgNCs were found to be
more pronounced than AgNSs. Nano-cubes with active
facet and sharp edges could possibly be better anti-bacterial and anti-biofilm agent, thus showing the importance
of shape effect for better biological applicability. In this
regard, it is suggested that an intelligent design of shape
could alter the properties and applications of nano-materials. Hence, newer shapes should be explored for biological applications.
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