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Abstract Faceted silver nanostructures including trian-

gular nanoprisms, nanotetrahedra, and nanodecahedra were

synthesized via a facile photochemical method at con-

trolled wavelengths using spherical nanoparticles as the

seeds. Scanning transmission electron microscopy studies

showed that the resulting nanostructures were much larger

in size (20–50 nm) than the spherical seed nanoparticles

(under 5 nm), and X-ray diffraction as well as high-reso-

lution transmission electron microscopy measurements

confirmed that these nanostructures exhibited predomi-

nantly {111} faceted surfaces. Importantly, the silver

nanostructures demonstrated markedly better antimicrobial

activity than the spherical seed nanoparticles as evidenced

by a lower minimum inhibitory concentration and more

dramatic changes in both growth rate and lag phase at

lower concentrations, which were attributed to the greater

reactivity of the {111} faceted surfaces toward oxygen-rich

bacterial surface moieties that allowed for more rapid

localization to bacterial cells and increased interactions

with structurally vital outer-membrane proteins. These

results highlight the significance of surface morphologies

of metal nanostructures in the manipulation of their anti-

microbial activity.

Introduction

The biocidal effects of silver have been known for thou-

sands of years as there is evidence of ancient Greeks

incorporating silver into wound dressings to stimulate

healing and storing water in silver vessels for preservation

[1]. The medical uses of silver have since expanded, as the

first scientific publication on its effectiveness for treating

newborn postpartum eye infections opened many scien-

tists’ curiosity and led to a surge of research into the

applications of silver as a biocidal agent [2]. Silver has

been found to be the most promising bactericidal agent in a

plethora of scenarios, attributed to its exceptional activity

at relatively low concentrations and limited toxicity toward

eukaryotic cells [3]. Its effectiveness stems from its broad-

spectrum effect on bacterial cells, as silver ions interact

with multiple cellular targets affording the biggest advan-

tage over target-specific, small-molecule antibiotics.

The mechanisms of silver toxicity have been thoroughly

investigated by several groups, and there is general con-

sensus on three primary mechanisms that lead to cell death:

membrane lysis via peroxidation of structural lipids by

reactive oxygen species (ROS), protein inactivation result-

ing from the binding and oxidation of thiol moieties on

structurally relevant residues, and transcriptional arrest due

to DNA condensation caused by the binding of silver ions to

DNA molecules [4]. For instance, Kim et al. have shown

evidence for ROS generation by silver ions through electron

paramagnetic resonance (EPR) studies and membrane lysis

of affected cells by transmission electron microscopy
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(TEM), lending evidence for silver’s role as an initiator of

membrane peroxidation [5]. In the same study, the role of

free radicals as active species was also supported as bacterial

cultures having the antioxidant N-acetylcysteine added in

addition to silver nanoparticles were found to have much

higher survivability. Silver, as a soft acid, reacts preferen-

tially with soft bases such as thiols which are essential

components of protein tertiary structures. It has been shown

that these soft–soft interactions are the underlying driving

force behind silver’s toxicity toward bacterial cells, as a

study conducted by Xu et al. in 2012 comparing the toxicities

of metal ions with varying softness found a trend in which

softer metals such as silver, mercury, and cadmium dem-

onstrated higher antimicrobial activity than harder metals

such as zinc, nickel, and cobalt [6]. Several other groups have

studied interactions of silver with thiol moieties of cysteine

residues on proteins critical for cellular respiration, such as

NADH dehydrogenase, which is responsible for causing

cellular transcriptional arrest [7–10]. Additionally, silver has

been found to react preferentially with N7 of the GC and AT

base pairs of DNA and not the phosphate groups of the DNA

backbone as previously thought, resulting in helix conden-

sation and transcriptional arrest [11]. Due to the multitude of

mechanisms by which silver elicits its antimicrobial activity,

it has become the most promising candidate for antimicrobial

applications such as surface coatings, medical wound

dressings, and water filtration.

With the advent of nanotechnology, highly effective

silver nanostructures have now been developed which have

a markedly enhanced activity when compared to silver salts

[5, 12–15]. Recent advancements have been made in

delivery mechanisms for biocidal silver, with hydrogels,

polymers, and porous structures such as zeolites being uti-

lized for both structural support and release of silver ions

[16–18]. This improved activity is largely attributed to sil-

ver nanostructures having an exceptionally large surface-

area-to-volume ratio with smaller particles having a larger

degree of exposed surface area. This enhanced active sur-

face area affords a greater level of contact with bacterial cell

walls and allows for increased rates of silver ion dissolution

thereby resulting in higher bactericidal activity [19]. Pal

et al. recently found evidence that bactericidal activity is

also shape-dependent, with triangular silver nanoprisms

having predominantly {111} facets demonstrating superior

activity when compared to spherical and cubical nanopar-

ticles of similar size [20]. This study indicates that the

activity is highly dependent on surface structure and sug-

gests that the silver {111} facet is most favorable for anti-

microbial applications due to its high atom density. This

surface structure not only increases the likelihood of silver

atoms binding to bacterial cell membrane and cell wall

constituents but also enhances dissolution rate of silver

atoms from the nanoparticle surface via oxidation by

molecular oxygen and hydroxide molecules as evidenced

by cyclic voltammetry studies comparing the dissolution

between different silver facets [21]. Given the evidence,

nanostructures with predominantly {111} faceted surfaces

warrant further investigation to shed light on the nature of

their enhanced antimicrobial activity. This is the primary

motivation of the present study.

Photochemical synthesis of silver nanoprisms has gained

much attention since Jin et al. first reported a simple light-

induced ripening of silver nanospheres into nanoprisms [22].

This process was found to produce triangular, hexagonal, and

circular nanoplates which were nearly flat (\10 nm thick) in

high yield. The growth of these anisotropic nanostructures is

the result of excitation of nanoparticle surface plasmon res-

onance (SPR) causing redox processes to occur preferen-

tially at surfaces with more intense induced electromagnetic

fields. Specifically, when the in-plane dipole resonance is

excited, ‘‘hot’’ electrons and ‘‘hot’’ holes are generated and

concentrated at surfaces on the nanoparticle in the same

plane as the dipole excitation. At these surfaces, ‘‘hot’’ holes

oxidize surface-bound citrate molecules into 1,3-aceton-

edicarboxylate and carbon dioxide though the photo-Kolbe

mechanism, where the hydroxyl group of sodium citrate

donates an electron pair to the central carbon atom forming a

carbon–oxygen double bond which subsequently causes the

central carbon to undergo heterolytic cleavage with the rest

of the citrate molecule thereby releasing carbon dioxide [23].

NMR studies have previously shown supporting evidence of

emerging 1,3-acetonedicarboxylate, with a corresponding

peak at d = 3.49 ppm, upon photoexcitation of the silver

nanospheres into triangular nanoprisms [24]. Localization of

hot holes onto surface-bound citrate molecules initiates these

irreversible decarboxylation reactions which transfer elec-

trons to the silver nanoparticle causing in-plane surfaces to

charge cathodically. This subsequently reduces Ag? ions in

solution to Ag0 resulting in selective in-plane growth [23–

25]. Triangular nanoprisms are found to have a maximum-

induced electromagnetic field localized at the tips from

electron energy loss spectroscopy (EELS) when their in-

plane SPR is excited. This allows for these photo-induced

redox cycles to occur most rapidly on these surfaces, which

explains why these structures dominate the final particle

population after prolonged irradiation. This has indeed been

observed experimentally [26]. Such a plasmon-mediated

growth method provides a unique control of the structural

morphology through synthetic parameters such as pH, silver

ion concentration, citrate concentration, and most interest-

ingly, excitation wavelength [27–29]. Triangular nanop-

risms with varying edge-length have indeed been

synthesized using the same synthetic conditions by merely

varying the photoirradiation wavelength to excite the in-

plane surface plasmon. Recently, light-emitting diodes

(LEDs) have also been utilized as cost-effective radiation
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sources and found to produce triangular nanoprisms similar

in morphology and at equivalent yields [25, 30]. These

resulting nanoplate structures have predominantly {111}

faceted surfaces, providing a facile, energy-efficient method

for the synthesis of anisotropic silver nanostructures that can

be utilized to shed light on the structural root of silver

nanoparticle antimicrobial activity.

In this study, a facile photochemical synthesis route is

used for the preparation of anisotropic silver nanostructures

by utilizing LEDs as the radiation source and only sodium

citrate as the stabilizing agent. The resulting nanostructures

were found to be markedly larger than the silver seed

nanoparticles and comprised predominantly {111} surfaces

as evidenced by HRTEM and XRD measurements. The

antimicrobial efficacy of these faceted nanostructures was

quantified and compared to that of the silver seed nano-

particles within the context of MIC, growth rates, and lag-

phase duration over a dilution series. The results indicate

that the antimicrobial activity is sensitively dependent on

the nanoparticle surface morphologies.

Experimental section

Materials

Silver nitrate (99.9 %, STREM Chemicals), sodium citrate

dihydrate (Fisher), sodium borohydride powder (98? %,

ACROS), Miller Luria broth (Fisher), and 4-(2-hydroxy-

ethyl)-1-piperazineethanesulfonic acid (HEPES, 1 M,

GIBCO) were used as received. All solvents were obtained

from typical commercial sources and used without further

treatment. Water was supplied by a Barnstead Nanopure

water system (18.3 MX cm).

Photochemical synthesis of faceted silver

nanostructures

To prepare faceted silver nanostructures, silver seed

nanoparticles were first synthesized through reduction of

silver nitrate (0.1 mM) with sodium borohydride (0.5 mM)

in the presence of sodium citrate (0.6 mM). In brief, a

250 mL three-neck flask was filled with 96.5 mL of

nanopure water, and to this, 0.5 mL of 20 mM silver nitrate

and 2 mL of 30 mM sodium citrate were added. The flask

was bubbled with nitrogen for 30 min in an ice bath; then

1 mL of a freshly prepared, 50 mM ice-cold sodium

borohydride solution was added rapidly under vigorous

stirring. The solution initially turned pale yellow, then

gradually into brighter yellow after about 5 min of stirring

indicating the formation of small silver nanoparticles. This

solution was stirred for 10 min to allow for complete

reduction, and then the flask was removed from the ice bath

and placed between two 40 W blue LEDs (Hongke

Lighting kem = 455–475 nm) for up to 24 h, leading to the

production of silver nanostructures of varied shapes.

Characterizations

HRTEM images were acquired with a Phillips CM300 at

300 kV, and STEM images were taken by a FEI Quanta 3D

FEG dual beam SEM/FIB. About 300 individual nano-

structures were counted in HRTEM and STEM images to

determine particle size and shape distributions. XRD pat-

terns were collected with a Rigaku SmartLab PXRD within

the range of 20� to 80� (2h) at a rate of 1�/min and a 0.02�
step size under CuKa radiation (k = 1.5418 Å). Solutions

of the samples were first mixed with acetonitrile at a 1:1

ratio and lyophilized for 48 h. The resulting solid was then

placed on a glass microscope slide for characterization and

analyzed using PDXL-2 software. UV–vis spectra were

acquired by an Agilent Cary-60 UV–vis spectrometer, and

bacterial optical density was measured in a Molecular

Devices VERSAmax microplate reader.

Bacterial growth kinetics

Escherichia coli (ATCC# 25922) was first grown by spread-

ing frozen liquid culture (20 % glycerol, -72 �C) on Luria

broth (LB) agar and incubating at 37 �C overnight. From this

plate, a single colony was selected and used to inoculate 3 mL

of liquid LB and allowed to shake at 37 �C for 18 h. The

resulting overnight liquid culture was centrifuged at 5000 rpm

for 5 min and re-suspended in a sterile aqueous 20 mM

HEPES solution. The re-suspension was diluted with fresh

HEPES solution to an optical density of 0.10 at 600 nm and

used for inoculation. A 96-well plate was used to contain all of

the growth solutions with each wellbeing filled to a final

volume of 200 lL with 80 lL of sterile LB, 20 lL of the

inoculation solution, and varying volumes (100, 90, 80, 70, 60,

50, and 40 lL) of each antimicrobial agent and enough water

to bring the final volume to 200 lL. Immediately upon

inoculation, the 96-well plate was placed in the plate reader

where the optical density at 600 nm for each well was mea-

sured every minute with 10 s mixing periods between reads

over the 18 h incubation period at 37 �C.

Results and discussion

Photochemical synthesis of faceted silver

nanostructures

Silver seed nanoparticles were first prepared by chemical

reduction of silver nitrate with sodium borohydride in the

presence of sodium citrate in water. Figure 1a depicts a
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representative TEM micrograph of the resulting nanopar-

ticles. One can see that the seed nanoparticles are mostly

spherical in shape, and statistical analysis based on about

300 nanoparticles showed a nearly unimodal distribution of

the particle size with approximately 80 % of the particles

having a diameter less than 5 nm, and the average diameter

was estimated to be 4.76 ± 3.88 nm, as manifested in the

core size histogram in panel (C).

In addition, well-defined crystalline lattice fringes can

be seen in high-magnification TEM studies, as manifested

in the top inset to panel (A) where the lattice spacing was

estimated to be 0.231 nm, closely matching the value for

fcc Ag(111) planes [31]. Consistent results were obtained

in selected-area electron diffraction (SAED) that is depic-

ted in the lower inset, where the circles are consistent with

fcc Ag(111). Interestingly, three dotted lines can also be

seen, suggesting the formation of an hcp phase within the

nanoparticles, which is consistent with results from the

XRD measurements (vide infra) [32].

In contrast, after photoirriadiation for 24 h by blue LEDs

(455–475 nm), the size and shape of the silver nanoparticles

exhibited a drastic change, as shown in Fig. 1b. First, one

can see that the nanoparticles are now significantly larger

and composed of a number of interesting shapes. For

instance, both sharp-tipped and truncated triangular

nanoprisms can be seen in the micrograph with the edge-

lengths varying from 10 to 40 nm, as depicted in panel (D).

Other unique nanostructures such as decahedra and tetra-

hedra can also be identified, which were likely formed by

thickening and edge-selective fusion of the triangular

nanoprisms [33, 34]. Such structures have also been

observed in early studies and thought to originate from

crystal twinning of the initial seed nanoparticles [25, 35–

40]. For instance, Zheng et al. studied the effect of LED

excitation wavelength on the shape distribution of the

resulting nanostructures and found that under 455 nm

photoirradiation, nanodecahedra were the predominant

species, but when 519 nm light was used, triangular

nanoprisms were the major species [38]. In the present

study, the structural distribution (Figure S1) obtained from

the TEM study presented above shows that decahedral

nanoparticles accounted for only 27 % of all structures

observed, whereas sharp-tipped and truncated triangular

nanoprisms represented approximately 50 % of the popu-

lation. In contrast, the overall yield of decahedral structures

obtained by Zheng et al. was much higher (*90 %). This is

likely due to their use of PVP as a shape-directing stabilizer,

as it binds preferentially to silver {100} facets and likely

promotes the growth of triangular nanoprisms into nano-

tetrahedra and their subsequent fusion into nanodecahedra.

Lattice fringes of the resulting silver nanostructures are

also very well defined, as depicted by the high-resolution
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TEM image in the inset to Fig. 1b, where fcc Ag(111)

crystal planes can be identified with an interlayer spacing

of 2.37 Å. Additionally, domains with a somewhat larger

lattice spacing of 2.47 Å can also be seen (Figure S2). This

might be attributed to internal stacking faults parallel to the

basal {111} faces that created local hcp regions within the

nanostructure and hence caused elongation along the {111}

direction [41, 42]. Consistent results were obtained in XRD

measurements (vide infra).

The structural evolution was manifested in UV–vis

absorption spectroscopic measurements, as depicted in

Fig. 2. It can be seen that for the seed nanoparticles (black

curve), an absorption band at kmax = 390 nm can be

readily identified, which is the characteristic SPR of small

silver nanoparticles [43]. Upon irradiation by the LED

lights, the nanoparticle solution gradually changed in color

from yellow to orange indicating the formation of aniso-

tropic silver nanostructures. In fact, this might be moni-

tored directly by acquiring the solution’s UV–vis profiles

over a 4 h irradiation period with a 30-min induction per-

iod as depicted in Fig. 2. One can see that upon photoir-

radiation, the absorption at 390 nm began to decline and

concurrently, new peaks at 475 and 343 nm started to

emerge and grow (black arrows), forming an isosbestic

point at about 435 nm (red arrow). These new absorption

features were characteristic of the in-plane dipole

(475 nm), in-plane quadrupole (390 nm), and out-of-plane

dipole (343 nm) plasmon resonances of silver nanoprisms,

respectively [27, 29]. Similar absorption features have also

been observed with silver nanotetrahedra and nanodeca-

hedra [35, 38]. Additionally, the in-plane dipole resonance

peak was found to blue shift somewhat over more

prolonged irradiation time going from 475 nm after 4 h of

irradiation to 465 nm after 24 h of irradiation, which is due

to gradual truncation of the as-formed triangular nanop-

risms. This truncation is caused by a decline of preferential

in-plane growth, likely due to diminishing citrate concen-

tration resulting in a decreasing surface coverage of the

{111} facets by the protecting ligands, as well as gradual

excitation of the in-plane quadruple SPR of existing tri-

angular nanoprisms which caused localization of hot

charge carriers along the edges of triangular nanoprisms

and promoted growth perpendicular to the basal {111}

planes of the structures [24, 44]. Note that once photoir-

radiation was turned off, the resulting faceted nanoparticles

remained structurally stable in ambient as manifested by a

virtually invariant UV–vis absorption profile.

More insights about the crystalline structures were

obtained in XRD measurements. From Fig. 3, it can be

seen that the faceted nanostructures (red curve) exhibited a

series of diffraction peaks that are consistent with fcc silver

(solid bars, JCPDS 00-004-0783) at 37.9� (111), 44.5�
(200), 64.5� (220), and 77.5� (311). Three additional peaks

can also be seen at 21.8�, 30.0�, and 34.4� that might be

assigned to the diffractions of NaAgO (101), (310), and

(311) crystalline planes (dotted bars, JCPDS 01-088-1567),

respectively, suggesting the formation of silver oxide on

the nanostructure surface. Furthermore, the faceted nano-

structures also exhibited a broad peak at 39.2�, along with

an even weaker one at 37.2� (labeled with asterisks), which

suggests the formation of an hcp lattice arrangement,

consistent with the TEM results presented above in Fig. 1

[32, 39, 42]. A similar diffraction profile can be seen with

the seed nanoparticles as well (black curve), except that the

diffraction for the silver oxide (330) at 40.9� became
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apparent, whereas the (301) peak at 34.4� diminished. One

may also see that the Ag(111) diffraction peak was much

more intense with the faceted nanostructures than with the

seed nanoparticles, indicating a marked increase of the

crystalline {111} facets, in agreement with HRTEM stud-

ies (Fig. 1) [45].

Overall, one can see an increase in size of the faceted

nanostructures from the initial spherical particles after

photoirradiation, as evidenced by measurements of the

particle diameter if spherical and edge-length if triangular,

tetragonal, or decahedral. This is expected as photoexci-

tation results in an increased rate of photo-induced redox

cycles for structures having SPR modes in the LED

emission range leading to growth along the planes of the

excited SPR over time. This process is also reflected in the

almost complete absence of spherical particles after 24 h of

irradiation as oxidation of the small (\10 nm) particles

provides the source of Ag? ions for nanoprism growth due

to their lower redox potentials than those of larger particles

[46, 47]. Due to this photo-mediated growth process,

solutions irradiated for longer periods of time exhibited a

higher concentration of silver nanostructures with surfaces

composed primarily of {111} facets. These nanostructures

therefore serve as an appropriate means by which to relate

the nanoparticle surface structure to antimicrobial activity,

as detailed below.

Antimicrobial activity

The antimicrobial activity of the silver seed nanoparticles

and faceted nanostructures was then quantified and com-

pared by monitoring the growth of E. coli cultures in liquid

media over time. A 96-well plate with a dilution series of

each sample was used to characterize the concentration

dependence of relevant growth parameters. The most

important of these parameters is the minimum inhibitory

concentration (MIC), defined as the concentration of an

antimicrobial agent at which bacterial cultures demonstrate

no observed growth throughout the incubation period as

evidenced by a lack of increase in optical density at

600 nm that corresponds to light scattering of bacterial

cells. In this study, 20 lL of an E. coli suspension with an

optical density of 0.1 at 600 nm (corresponding to an initial

cell density of approximately 1.67 9 107 cells/mL [48]) in

aqueous 20 mM HEPES was added to a dilution series of

the silver seed nanoparticles and faceted nanostructures

prepared by photoirradiation for 24 h. From the growth

curves depicted in Fig. 4, two general trends were noted.

First, from these growth curves, it is clear that solutions of

both the as-prepared seed nanoparticles and LED-irradiated

silver nanostructures exhibited an inhibitory effect on the

growth of the E. coli colonies when compared with the

blank control. Second, the faceted nanostructures clearly

showed enhanced antimicrobial activity as compared to the

seed nanoparticles, with an MIC of 4.9 and 5.4 mg/mL,

respectively. This is somewhat surprising as the seed

nanoparticles are much smaller in size than the faceted

nanostructures (Fig. 1), and thus, with their greater effec-

tive surface area, one would anticipate greater membrane

penetration capability. In fact, such a behavior has been

observed by Agnihotri et al. in a study of the antimicrobial

activity of silver nanoparticles within the size range of

5–100 nm [49]. However, in the present study, as depicted

in Fig. 1c, d, size distributions acquired by analysis of

TEM images show that the faceted nanostructures con-

tained mostly particles between 20 and 40 nm in diameter/

edge-length with only 10 % of the particles having a

diameter less than 10 nm. In stark contrast, 80 % of the

seed nanoparticles had a diameter of less than 5 nm and

only 14 % having diameters greater than 10 nm. Therefore,

the enhanced activity of the faceted nanostructures strongly

suggests that surface morphologies might actually play a

dominant role in the determination of the antimicrobial

activity. As triangular nanoprisms, nanotetrahedra, and

nanodecahedra are faceted predominantly by highly reac-

tive {111} surfaces, these nanostructures exhibit an

exceptionally strong affinity to sulfur-containing mem-

brane proteins and oxygen-containing functional groups of

lipopolysaccharide molecules which constitute 25 and

75 % of cell wall surfaces, respectively [21, 50, 51]. This

would allow these highly faceted silver nanostructures to

efficiently localize to E. coli cell walls, penetrate the outer

membrane, and release silver ions into the periplasmic

space. These ions would then bind to peptidoglycan poly-

mers, resulting in disruption of cell wall synthesis and rapid

entry of silver ions into the cytoplasm which allows silver

to exert its toxic effects to intercellular targets such as

DNA, as well as eventual membrane lysis from turgor

pressure. Additionally, due to their large size, these nano-

structures might easily cause a major disruption of the cell

membrane once localized as they would interact with a

greater number of cell wall targets per particle compared

with the smaller, spherical seed nanoparticles. Localization

of these larger structures to the cell walls would therefore

result in physical membrane lysis through structural dis-

tortion as well as through free radical-induced peroxidation

of membrane lipids, which has been suggested by previous

studies [4, 52]. Furthermore, this membrane disruption

might cause changes in membrane permeability which

would adversely affect cellular respiration and inhibit the

metabolism of bacterial cells, the effects of which could be

observed in changes in the growth rate and the duration of

lag phase for colonies treated with these silver

nanostructures.

The growth of bacterial colonies is typically modeled as

a first-order reaction:
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dN

dt
¼ kN; ð1Þ

where N is the number of bacteria at time t, and k is the

first-order rate constant. As the optical density of bacteria

is proportional to the concentration [48], this equation can

be rearranged to

ln
A

Ao

� �
¼ kt; ð2Þ

where A and A0 are the absorbance at 600 nm of the bac-

terial solution at time t and zero, respectively. Thus, a

linear regression of ln(A/A0) versus t should yield a quan-

titative assessment of the growth rate constant k of the

bacterial culture. Additionally, the lag phase (tL), defined

as the time between inoculation and initiation of the log

phase, is a measure of the amount of work required for a

bacterial colony to adapt to its environment and provides

another perspective by which to view changes in growth

kinetics [53]. This value is typically measured from growth

curves as the point at which the slope of the exponential

growth phase intersects a horizontal line drawn from the

initial absorbance value of the colony.

From the growth curves in Fig. 4, the values of growth

rate constants were then calculated by linear regression,

and the lag-phase durations were measured for E. coli in

solutions of the as-prepared seed nanoparticles and faceted

silver nanostructures. The results are shown graphically in

Fig. 5 (and summarized in Table S1). A clear difference

can be observed in the growth kinetics for E. coli, where

faceted nanostructures (red bars) exhibited markedly

enhanced activity in inhibiting bacterial growth than the as-

prepared seed particles (black bars), with a lower growth

rate constant (k) (i.e., slower growth) and longer lag-phase

duration (tL) at all particle concentrations, in good agree-

ment with the MIC values estimated above. Notably, the

difference in lag-phase duration is quite marked, with the

silver seed nanoparticles having 2, 3, and 4 times shorter

duration periods than the faceted nanostructures at 2.2, 2.7,

and 3.2 lg/mL solution concentrations, respectively. At

higher concentrations, this difference appears to decline

going from less than three times the duration at 3.8 lg/mL

to slightly above two times the duration at 4.3 lg/mL,

indicating that a maximum growth inhibition occurred at

lower concentrations. This is further supported by values of

the growth rate constant calculated at these concentrations,

with the most dramatic difference between the two silver

nanostructure samples occurring at 2.7 lg/mL where the

E. coli cultures treated with silver seed nanoparticles

exhibited a growth rate constant of 6.0 9 10-3 min-1,

almost twice as much as that of the faceted nanostructures

(3.1 9 10-3 min-1).

Both solutions of silver nanostructures displayed a con-

centration at which they exerted their maximal effects on

bacterial growth and lag-phase duration independently, with

the growth rate being affected maximally at lower concen-

trations than lag-phase duration. This is expected as bacte-

rial cells may withstand a certain degree of inhibition before

having their growth drastically affected. Silver seed nano-

particles demonstrated their maximum decline in growth

rate between 2.7 and 3.2 lg/mL at which growth rate con-

stants decreased from 6.0 9 10-3 to 4.1 9 10-3 min-1 and

a maximum increase in lag-phase duration between 3.8 and

4.3 lg/mL at which lag-phase duration increased by

145 min (from 305 to 450 min). The changes of these

critical growth parameters occurred at lower concentration

for the faceted nanostructure solutions, with a maximum

decline in growth rate occurring between 2.2 and 2.7 lg/mL

where growth rate constant decreased from 4.8 9 10-3 to

3.1 9 10-3 min-1 and a maximum increase in lag-phase

duration between 2.7 and 3.2 lg/mL at which lag-phase

duration increased by almost 6 h (from 450 to 805 min),

respectively. This difference in critical concentrations at

which these growth parameters are maximally affected is

likely due to the different mechanisms of inhibition acting

on the bacterial cells. Because silver seed nanoparticles are

smaller and more prone to oxidation, they would affect

bacterial cells primarily by releasing silver ions into and
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around the bacterial cells which will subsequently penetrate

the outer-membrane and bind respiratory chain dehydro-

genases embedded in the inner-membrane [8, 54]. This

mechanism is supported by surface-enhanced Raman

spectroscopy (SERS) studies performed by Zeiri et al.

which suggest that silver ions localize near flavin-contain-

ing cellular components, two of which are likely

NADH:ubiquinone oxidoreductase and succinate dehydro-

genase that contain flavin mononucleotide and flavin ade-

nine dinucleotide, respectively [55]. This is particularly

likely as both of these proteins contain a high density of

sulfur-containing moieties such as structurally significant

cysteine residues and a large number of iron-sulfur clusters

involved in their redox processes [56, 57]. Binding of silver

ions to these proteins likely causes a severe disruption of

their function and eventually leads to a complete collapse of

membrane-potential through leakage of protons and intra-

cellular potassium ions [58–60]. In contrast, faceted silver

nanostructures are much larger and, due to their highly

{111} faceted surface structure, have an enhanced affinity

for the oxygen-containing groups of the O-antigen domain

of lipopolysaccharide molecules resulting in attractive for-

ces which allow for rapid localization to gram-negative

bacterial outer membranes. This is advantageous as these

nanostructures will more likely have a significant portion of

their mass intact upon localizing to a bacterial cell resulting

in a much larger silver ion reservoir at the site of activity.

Upon localization, these structures could also exert addi-

tional structural damage by binding to OmpA and Lpp

proteins which are major constituents of the outer-mem-

brane and provide a physical linkage between the outer-

membrane and the peptidoglycan layer [58, 61]. Because

these proteins cover much of the surface, large silver

nanostructures can bind to multiple units and cause severe

perturbation of the outer-membrane structure resulting in pit

formation and cell lysis [54]. Because these larger nano-

structures can physically lyse bacterial cells as well, a lower

concentration is required to cause severe inhibitory effects

and is reflected in both the larger change in lag-phase

duration, and lower MIC values. Both seed and faceted

nanostructures have similar maximal decreases in growth

rate constant, and this could be attributed to the role of the

inhibitory actions of silver ions that dominate at lower

concentrations as the probability of large silver nanostruc-

tures localizing to a significant population of bacterial cells

is low. This supports the idea of faceted silver nanostruc-

tures having an enhanced inhibitory effect on bacterial

growth via additional membrane disruption mechanisms,

despite a marked increase in size, and warrants a closer

investigation in future studies as to the exact processes

responsible for this activity. Comprehensive elucidation of

these underlying mechanisms will require additional trans-

criptomics and thorough microscopic studies of silver

nanostructure-treated bacterial cells.

Conclusion

A variety of faceted silver nanostructures, including tri-

angular nanoprisms, nanodecahedra, and nanobipyramids

were synthesized by photoirradiation of silver seed nano-

particles with blue LEDs and demonstrated enhanced

antimicrobial activity when compared with smaller,

spherical silver nanoparticles. TEM studies revealed that

these nanostructures had predominantly {111} faceted

surfaces which not only aided in binding to bacterial cell

walls but also in the dissolution of silver ions into bacterial

cells. Growth kinetics measurements revealed that the

faceted silver nanostructures demonstrated a lower MIC as

well as lower concentrations at which growth rate constant

and lag-phase duration were critically affected. This is

postulated to be due to larger, {111} faceted silver nano-

structures that caused physical disruption of bacterial cell

walls through binding of outer-membrane proteins crucial

for cell wall integrity in addition to the typical inhibitory

mechanisms exhibited by ionic silver. These findings sug-

gest that the antimicrobial activity of silver nanostructures

is more structure-dependent than is generally accepted and

provides a biochemical basis for this. Further inquiry into

the effects of {111} faceted silver nanostructures on the

cellular components of bacterial cells will shed light on

these mechanisms.
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