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a b s t r a c t
We used pulsed laser ablation in liquid to fabricate silver chloride (AgCl) nanocubes directly from a bulk
Ag target in sodium chloride (NaCl) solution. We optimized particle size and investigated the surface
properties of the cubes for their Surface Enhanced Raman Scattering (SERS) behavior relative to Rhodamine 6G (R6G). The SERS behavior was related to the surface properties, clearness, and morphology,
i.e., varied atomic arrangements and surface energies of different facets of the cubes. In addition, we have
demonstrated that our easily synthesized AgCl cubes were antibacterial with a high efﬁciency to decontaminate Escherichia coli upon contact. Our results can be extended to generate particle-based coatings
with antibacterial properties.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction
Silver-based materials are being used in the development of biological and pharmaceutical processes [1], as coating materials for
medical devices [2], for orthopedic or dental graft materials [3],
or for water sanitization [4]. Since silver displays multiple modes
of inhibitory action to microorganisms [5–7], with the arising and
increased resistance of number of microorganism toward multiple
antibiotics [8], and continuous emphasis on reducing health cost,
research has also focused on developing new types of low cost,
effective coatings [9–11]. Recent research has shown that silver
chloride (AgCl) exhibits surface enhanced Raman scattering (SERS)
capabilities and can be employed for the fabrication of photographic paper and photochromic lenses [12–19]. These capabilities
are considered to originate from the controlled shape of Ag clusters
formed in the AgCl lattice [13,15,16,18,19], although the surface
Ag+ complexes may also play an important role [12]. The Ag clusters form by a self-sensitization process of AgCl, namely, Ag+ ions
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combine with photo-induced electrons to form Ag0 atoms/clusters
upon light irradiation [20]. Despite their large SERS-based applications there had been only few methods available to generate AgCl
materials with ﬁne control over their properties for SERS detection. Moreover, to our knowledge, there has been no previous study
that combines the inhibitory effects of AgCl with its SERS detection capabilities to generate analytical tools used for detection and
decontamination.
AgCl-related materials were synthesized by precipitation reactions between Ag+ and Cl− ions via wet chemical methods; the
shape of the clusters was controlled when surfactant was used in
the preparation [13,16,18,19]. AgCl cubes were fabricated with the
use of poly(vinyl pyrrolidone) and further modiﬁed into AgCl:Ag
by post heat-treatment at elevated temperatures [19]. Recently,
AgCl nanocubes fabrication was demonstrated via a simple reaction between silver nitrate (AgNO3 ) and sodium chloride (NaCl)
in ethylene glycol [21]. Our group has shown that excimer laser
ablation of Ag target in aqueous solutions of NaCl directly generates AgCl cubes in the absence of surfactant molecules [14]. Pulsed
laser ablation in liquid is a technique widely used for nanocrystal
fabrication [22,23]. The technique is not only reliable and easily
applicable, but also skips additional steps that could lead to surface
contaminations thus increasing the potential applications related
to surface properties of the synthesized particles. Current research
trend in this area is to fabricate functional nanostructures utilizing
the merits of this technique [24] with focus on the synthesis of the
nanostructure formation and growth. Herein we report for the ﬁrst
time on the antibacterial activity and efﬁciency of AgCl nanocubes
and nanobars prepared by pulsed laser ablation of Ag target in
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Scheme 1. Concept ﬁgure of the AgCl preparation by pulsed laser ablation of Ag target in NaCl solution (a) and their antibacterial testing using standard plating assay and
gram negative bacteria (b).

aqueous solutions of NaCl. We also investigate their SERS activities
against Rhodamine 6G in order to formulate new analytical tools
for detection and decontamination.
2. Materials and methods
2.1. Fabrication and characterization of AgCl cubes
AgCl particles in the form of cubes were fabricated using a laser
ablation method previously described [14]. Brieﬂy, a silver target
(99.99% pure, Kurt J. Lesker Company, USA) was placed in a rotating
glass beaker ﬁlled with aqueous solution of 0.005 M NaCl (≥99.0%
pure, Mallinckrodt Baker, Inc., USA). A KrF excimer laser with wavelength of 248 nm, pulse width of 30 ns, and repetition frequency of
10 Hz, was focused onto the target surface. Continuous ablation of
the target was performed for 20 min at a laser ﬂuence of ∼8 J/cm2 .
The products were isolated and collected by centrifugation. Puriﬁcation and re-dispersion steps in Milli-Q water were also employed
to remove any residual NaCl. Scanning electron microscopy (SEM)
was performed on a JEOL JSM-6330F ﬁeld emission at 10 kV. X-ray
diffraction (XRD) patterns were collected on an X-ray diffractometer (Bruker D8) with Cu K␣ radiation.

2.3. Antibacterial efﬁciency of AgCl cubes
To evaluate the antibacterial efﬁciency of AgCl cubes produced
as previously described, a vial containing the cubes (1 mg/ml) was
incubated with different concentrations of bactericidal suspensions (2–5 × 105 CFU/ml) and placed on a shaker at 300 rpm. For
evaluating the kinetics of bactericidal killing, 10 l solution was
withdrawn after 30 min, 1, 3, 6, 12, 18 and 24 h respectively and
spread onto a nutrient agar plate. The nutrient agar plates were
obtained by poring a sterilized mixture of 1 L Milli-Q water containing nutrient broth (8 g, Difco, USA) and 12 g of Agar (Sigma, USA)
in 100 O.D. × 15 mm H Petri dishes (Fisher, USA). The nutrient agar
plates were plated with the 10 l of bacteria or bacteria incubated
with AgCl were incubated at 37 ◦ C for 24 h. Bactericidal efﬁciency
was determined by counting colonies grown on the nutrient agar
surface and by comparing colony counts obtained after bacteria
incubation with AgCl cubes with those obtained from control nutrient agar plates (i.e., where the bacteria was plated without exposure
to the AgCl nanocubes). Every experiment was performed in duplicate and ﬁve independent sets of experiments were performed per
total and for a relevant statistic.
2.4. Bactericidal efﬁciency of AgCl containing plates

2.2. Preparation of Escherichia coli (E.coli)
A seed culture of Escherichia coli was prepared by inoculating
2×YT media (16 g/L tryptone, 10 g/L yeast extract and 5 g/L NaCl;
Fisher Scientiﬁc, USA) supplemented with 200 g/ml ampicillin
(Fisher Scientiﬁc, USA) and 30 g/ml chloramphenicol (Fisher Scientiﬁc, USA) with a frozen cell stock of E. coli BL21 Star (DE3) pLysS
cells (Invitrogen, USA). The seed culture was incubated overnight at
37 ◦ C on an orbital shaker and then used to inoculate a main culture
of 1 L 2×YT media also supplemented with 200 g/ml ampicillin
and 30 g/ml chloramphenicol. The main culture was incubated
at 37 ◦ C at 250 rpm in a 2 L bafﬂed ﬂask until an optical density at
600 nm (OD600) of 0.6 was reached. Cells were subsequently pelleted by centrifugation at 4500 rpm for 5 min and resuspended in
a phosphate buffer solution (PBS, 10 mM, pH 7.5, Dulbecco’s Phosphate Buffered Saline, Sigma, USA). This step was repeated at least 3
times to remove all the nutrient media. In order to obtain an approximate measure of cell density in terms of CFU/ml, the adsorption of
the bacterial suspension was measured at 600 nm (Absorbance of
1 at 600 nm corresponds to 8 × 108 CFU/ml) [25].

In other experiments, 10 l of AgCl cubes were incubated in
∼20 ml mixture containing nutrient broth and agar (prepared as
previously described) at 90 ◦ C. The mixture was pored onto Petri
dishes and left to cool down at room temperature. The plates were
then incubated with 10 l E. coli solution at 105 CFU/ml and the
antibacterial efﬁciency by slow release of the Ag+ ions was evaluated after incubation of the plates at 37 ◦ C for 24 h. The antibacterial
efﬁciency was reported relative to control experiments (i.e., bacteria grown on nutrient agar plates).
2.5. SERS tests
Several drops of solution containing AgCl cubes were deposited
on silicon wafers; the wafer was dried in air and at room temperature. Rhodamine 6G (R6G, 99% pure, Acros Organics, USA) aqueous
solutions (concentration of 10−11 –10−5 M) were then dripped on
the AgCl deposits and evaporated. The SERS spectra were recorded
with a Renishaw S2000 Raman spectroscope using an argon-ion
laser (514.5 nm) and through a 50× microscope objective. The
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Fig. 1. XRD spectrum of the products fabricated by excimer pulsed laser ablation of
Ag target in NaCl solution.

incident laser power was kept at 10% of 50 mW with accumulation
time of 10 s.
3. Results and discussions
AgCl particles were prepared using pulsed laser ablation of Ag
target in NaCl solution (Scheme 1(a)). To remove any residual NaCl,
particles were washed and redispersed by centrifugation and ﬁltration in Milli-Q water. The structure of the laser-produced particles
was characterized by XRD. Fig. 1 shows the XRD spectrum; the
peaks can be indexed into cubic phase of AgCl (JCPDS card no.

31-1238). The predominance of (2 0 0) and (4 0 0) peaks indicates
that the AgCl particles have cubic shapes.
To further conﬁrm the morphology of particles produced by
pulsed laser ablation in liquid, we performed SEM analysis (Fig. 2).
As shown in Fig. 2(a), the nanoparticles have well-deﬁned cubic
morphologies with the edge lengths of the cubes being about
100–200 nm (Fig. 2(b)). The pulsed laser ablated sample also contained nanobars; the arrows in Fig. 2(c) and (d), respectively
pointed out ﬁve independent nanobars. As shown, the nanobars
have different aspect ratios: [1] 1.6, [2] 2.5, [3] 2.6, [4] 3.6, and
[5] 6.7, respectively. To our knowledge, no previous demonstration
of nanobars was reported. Nanobars could offer unique immobilization nanosupports because of their high volume-surface ratio
[26]. Our results also show that smaller nanoparticles seem to have
appeared on the surface of the nanobars and nanocubes as revealed
by Fig. 2(d). This was previously reported for AgCl under intensive electron beam irradiation, with the irradiation heat partially
decomposing the AgCl [14].
As synthesized and puriﬁed nanocubes were further tested for
their antibacterial properties upon contact with gram negative E.
coli grown following standards protocols (Scheme 1(b)). Fig. 3(a)
shows the atomic force microscopy of the bacterial colonies while
the inset shows the 3D image of a single E. coli isolated from
the culture. The nanocubes were incubated in the bacterial solution; samples were extracted after different incubation periods and
plated onto nutrient agar plates. The antibacterial efﬁciency was
reported relative to the control nutrient agar plates, namely plates
incubated with non-exposed E. coli. Our results showed that there
is a considerable decrease in the number of colonies of E. coli upon
their incubation with the nanocubes (Fig. 3(b)). Visual counting
reveals >95% antibacterial efﬁciency against 105 CFU/ml of bacteria
in only 3 h incubation, all relative to control samples (Fig. 3(c)).

Fig. 2. SEM images of the laser-produced AgCl particles: (a) a general view, (b) magniﬁed image of nanocubes, (c) and (d) nanobars are observed in the products (indicated
by the arrows).
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Fig. 3. (a) Atomic force microscopy of the bacterial colonies. Inset: 3D image of a single E. coli. (b) Agar plates marked with colonies of bacteria. The number of colonies after
different incubation time of bacteria with AgCl is reported relative to control plates. (c) Percentage of E. coli killing upon incubation with AgCl for different amount of time.

We correlated the high decontamination capability recorded in
our experiments with the shape of the AgCl particles. Speciﬁcally, on their {1 0 0} facets these synthesized AgCl nanocubes are
either positively or negatively charged and thus active, leading to
enhanced bacterial adsorption and thus increased decontamination
[27].
The bacterial samples (with or without nanocubes) were also
inspected with SEM to further conﬁrm that there were no bacteria
left after incubation with AgCl nanocubes. Fig. 4(a) shows bacteria
in SEM while Fig. 4(b) identiﬁes nanocubes embedded in cellular
debris. To conﬁrm the presence of bacteria or cellular debris and
nanocubes, we also used Energy Dispersive X-ray analysis (EDX).
The EDX spectra (Fig. 4(a) and (b) inset, respectively) display peaks
corresponding to the difference of energy levels for which the most
X-rays had been emitted by each individual sample tested; each of
these peaks corresponds to a single element in the specimen. As
shown, no Ag or Cl peaks were indentiﬁed for bacteria (Fig. 4(a)
inset), however the spectrum changed to include those elements
and others (which were the mark of the cellular debris) upon incubation of bacteria with AgCl.
We suggest that, due to their controlled geometry and capacity for decontamination (as shown by our results), one can
use pulsed laser synthesized nanocubes as a contact biocidal

compound. We envision incorporating the nanocubes into a
polymer or paint matrix that spatially stabilize and physically
immobilize them at the surface while the porosity of the matrix will
further allow for ion (Ag+ ) or small molecule diffusion. Such matrix
interactions would further be used for antibacterial decontamination. An interesting capability of such matrix would also permit
detection of the decontaminant upon binding.
To test the feasibility of our hypothesis we performed preliminary SERS analysis. The SERS activities of AgCl nanocubes were
evaluated by using R6G as probing molecules. Fig. 5 shows the
Raman spectra of 10−11 –10−5 M R6G. On bare Si wafer coated
with 10−5 M R6G, only a peak at 520 cm−1 associating with Si was
observed, while on AgCl nanocubes coated with 10−5 M R6G, multiple peaks were observed. The observed peaks were identiﬁed with
the ﬁngerprint features of R6G Raman spectrum [28]. These results
indicate that AgCl nanocubes could largely enhance the Raman signal of R6G molecules. We observed that the intensities of the peaks
are concentration dependent, with a decrease in the peak intensity
being recorded when the R6G concentration decreases. At concentrations of 10−7 and 10−9 M, only the band peaked at 1598 cm−1
dominates, while at 10−11 M all the peaks were invisible because
much fewer R6G molecules were present on AgCl cubes. This result
indicates that the AgCl nanocubes obtained using pulsed laser

Fig. 4. (a) E. coli in SEM (arrows point to selected bacteria). Inset: the EDX spectrum of E. coli. (b) AgCl nanocubes embedded into a mass of cellular debris (arrows point to
selected nanocubes). Inset: the EDX spectrum of the AgCl embedded in the cellular debris.
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Fig. 5. SERS spectra of R6G on AgCl particles and bare Si wafer (control).

ablation can be used in the analytical environment for routine SERS
detection measurements. Further, we also performed preliminary
experiments in which we incorporated the nanocubes in nutrient
agar plates and tested their decontamination properties by slow
release of Ag+ ions and upon exposure to bacteria. Our results show
that for only 5 g of nanocubes there was 92% killing of E. coli by
slow release of ions.
Combining AgCl SERS with AgCl antibacterial efﬁciency and suspending such AgCl nanocubes or nanobars in paint of polymer
matrices, would lead to generation of coatings with detection and
bactericidal capabilities. Moreover, if deposition by drop-coating or
nebulizer spray techniques of AgCl nanocubes onto copper, silicon,
and plastic substrates is chosen, one could extend even further the
applications of such nanoparticles for detection and decontamination.
4. Conclusions
We have synthesized nanocubes and nanorods of AgCl using
a simple and efﬁcient process of pulsed laser ablation in liquid.
The synthesized nanocubes possess antibacterial properties with
high decontamination capability of gram-negative bacteria, namely
E. coli. Moreover, as synthesized nanocubes have SERS detection
capabilities, that makes them potential candidates for analytical
laboratories.
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