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A  new  synthetic  route  was  utilized  for  the  formation  of  size-selective  Ag  nanoparticles  (NPs)  exploiting
UV-irradiation  techniques.  The  one  step  process  exclusively  generates  Ag  NPs  of  smaller  sizes,  larger
sizes  and  aggregated  nanostructures.  The  reduction  of  Ag(I)  was  done  in  the  presence  of  adenosine
tri-phosphate  (ATP)  under  30 min  of UV-irradiation.  ATP served  as  a dual  role,  a  reducing  agent  and
a  stabilizing  agent  for the  formation  of  Ag NPs.  The  mechanisms  of  the  particle  formation  and  the  effects
of different  reaction  parameters  were  studied  in  details.  The  synthesized  particles  were  stable  for  more
than a  month  under  ambient  condition  without  indication  of  oxide  formation.  Moreover,  the  method  did
g NPs
TAB
V-irradiation
scherichia coli

not  need  any  harsh  reduction  conditions.  The  synthesized  negatively  charged  ATP–Ag  NPs has  been  mixed
with  bacteria  Escherichia  coli and  studied  their  interaction.  Finally  a  comparative  study  was  made  with  the
ATP–Ag NPs  with  positively  charged  CTAB–Ag  NPs.  The  results  indicated  that  positively  charged  Ag NPs
deposited  better  with  the  bacterium  surface  compared  to the negatively  charged.  The  present  research
might find  important  applications  for the  synthesis  of  other  nanomaterials  as  well  as  to  understand  the

icro
interactions  of  NPs  with  m

. Introduction

In recent years, synthesis and characterization of colloidal metal
articles in the ‘neglected dimension’ have shown tremendous

mportance due to their promising application in chemistry, biol-
gy, physics, materials science, medicine, and electronics. Metal
anoparticles exhibit special properties when compared to their
ulk element. This is possible because of their high surface-to-
olume ratio and unique optical [1],  electronic [2],  magnetic [3]
nd catalytic [4] properties. Most of these properties are strongly
epend upon the size and shape of the particles as well as
he surrounding medium. Among the different colloidal metal
anoparticles (NPs), novel metal NPs have shown particular inter-
st due to their close lying valence and conduction bands in which
he electron moves freely. As the properties of novel metallic
anoparticles change with their size and shape, an effective route is

equired for synthesis of NPs with control of the same. Among the
arious synthetic routes, chemical synthesis methods are superior
o physical methods for controlling the size and shapes.
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It is proven that Ag NPs are superior to other metals due to
their high electric conductivity [5],  optical properties [6],  antimi-
crobial effect [7],  use as oxidative catalyst [8] and spatial Raman
spectroscopic [9] behavior. Moreover, Ag NPs have strong surface
plasmon resonance (SPR) band in the visible region and that helps
the study of the evolution and characterization of the particles in
solution. In the literature there are a number of chemical meth-
ods reported for the synthesis of Ag NPs [10–16].  The easiest and
well-known method is the reduction of silver ions in the presence
of NaBH4 or tri-sodium citrate to obtain negatively charged Ag
NPs [10,11]. Several other methods include polyol process [12], �-
radiolytic process [13], sonochemical process [14], laser irradiation
techniques [15] and microwave heating [16]. Liu et al. synthesized
size-selective Ag NPs in poly-vinyl-pyrrolidone solution in the pres-
ence of metallic seed particles [17]. Tan et al. synthesized Ag NPs
by the reduction of Ag salt using potassium bi-tartrate as a reduc-
ing agent and stabilized the particles in a polymeric solution [18].
Kundu et al. synthesized Ag nanocubes using microwave heating
method for a very short time in poly (styrene) sulfonate (PSS) solu-
tion [19]. A photochemical method was  used for the synthesis of
SERS (surface enhanced Raman scattering) active Ag NPs in sil-
ica matrix [20]. Gedanken’s group synthesized Ag NPs on silica
spheres using a sonochemical deposition method [21]. Recently,

our group synthesized Ag NPs in a non-ionic surfactant media using
alkaline 2,7-dihydroxy naphthalene (2,7-DHN) as reducing agent
under microwave irradiation techniques [16]. Most of the above
methods were either time consuming, needing multiple steps for

dx.doi.org/10.1016/j.jphotochem.2011.03.024
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
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Table  1
Details concentrations, size of the particles, UV-irradiation time for the formation of ATP stabilized Ag NPs.

Set number Final conc. of ATP
solution (M)

Final conc. of
AgNO3 solution (M)

Time of
UV-irradiation (min)

Color of the
final product

Shape of the
particles

Diameter of the
particles (nm)

1 9.09 × 10−2 9.09 × 10−3 30 Yellowish Spherical ∼3.5 ± 1.5
2 9.09  × 10−2 9.09 × 10−4 30 Light orange Spherical ∼37 ± 0.5
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3  9.09 × 10−3 9.09 × 10−4 30 

he synthesis, or generated various shapes with uncontrollable size
istributions.

Recently, different biological molecules like proteins [22], pep-
ides [23], amino acids [24] and DNA (deoxyribo-nucleic acid) [25]
ave been used for the synthesis and fabrication of metal NPs. The
ucleic acid or nucleotide mediated synthesis of metal NPs is an
merging area. The major advantage of nucleotide mediated syn-
hesis is that the size and the chemical property of the NPs can
e tuned according to the structure of the nucleic acid. The other
dvantages are, (a) they can bind with different metal ions via dif-
erent well established binding modes, (b) nucleic acid in solution
rovide well defined 3-D shape which can be used for molecu-

ar building blocks like squares [26], cubes [27], T-junctions [28],
tc., (c) nucleic acid sequences are much more cost-effective than
olypeptide sequences. Kelley and Eaton reported earlier that the
hemical properties of the NPs could be changed according to the
onstituent nucleotide or nucleotide tri-phosphate building blocks
29,30]. Recently, we synthesized metal [31] and semi-conductor
2] nanowires using DNA as template either using microwave
eating or UV-irradiation method. Adenine coated Ag NPs were
ynthesized by Wei  et al. by the reduction of Ag ions in NaBH4 solu-
ion [32]. In the present work, we use UV-irradiation to synthesize
g NPs using adenosine-tri-phosphate (ATP) as a stabilizing and
educing agent.

Here, we report the size-selective synthesis of Ag NPs using
 simple photochemical approach. The reduction of Ag(I) ions
as done in the presence of ATP under 30 min  of continu-

us UV-irradiation. ATP acted as a reducing agent during the
ynthesis as well as a stabilizing agent after the formation of
he NPs. The method produced various sized and aggregated
g NPs via tuning the metal ion-to-ATP-molar ratio. The syn-

hesized Ag NPs were deposited on the bacterium Escherichia
oli (E. coli) to study their interactions. Moreover, positively
harged CTAB (cetyl trimethylammonium bromide) stabilized Ag
Ps were also synthesized and deposited on the bacteria. Finally

 comparative study was  conducted. It was found that posi-
ively charged Ag NPs (CTAB stabilized) interacted better with
he bacteria surface compared to the negatively charged (ATP sta-
ilized) Ag NPs. To the best of our knowledge, the synthesis of
ize-selective Ag NPs using ATP under UV-irradiation and their
nteractions with bacteria E. coli have not been reported before.
he present synthesis processes as well as the interactions study
ith bacteria are simple, straightforward, reproducible, and cost

ffective.

. Experimental

.1. Reagents

Adenosine tri-phosphate (ATP), silver nitrate (99%), and cetyl
rimethyl ammonium bromide (CTAB, 99%) were purchased from

igma–Aldrich and used without further purification. Sodium boro-
ydride (NaBH4) was also purchased from Sigma–Aldrich. The
e-ionized (DI) water was used for the entire synthesis process as
ell as in the NPs–bacteria interaction study.
Dark orange Honey comb like aggregated ∼12 ± 0.5

2.2. Instruments

UV–visible (UV–vis) absorption spectra were recorded in a
Hitachi (model U-4100) UV-VIS-NIR spectrophotometer equipped
with a 1 cm quartz cuvette holder for liquid samples. A high-
resolution transmission electron microscope (HR-TEM) (JEOL JEM
2010) was used at an accelerating voltage of 200 kV. The energy
dispersive X-ray spectrum (EDS) was recorded with an Oxford
Instruments INCA energy system connected with the TEM. The XRD
analysis was done with a scanning rate of 0.020 S−1 in the 2� range
35–85◦ using a Bruker-AXS D8 Advanced Bragg-Brentano X-ray
Powder Diffractometer with Cu K� radiation (� = 0.154178). The
X-ray photoelectron spectroscopy (XPS) analysis was  carried out
using a Kratos Axis Ultra Imaging X-ray photoelectron spectrom-
eter with monochromatic Al K� line (1486.7 eV). The instrument
integrates a magnetic immersion lens and charge neutralization
system with a spherical mirror analyzer, which provides real-time
chemical state and elemental imaging using a full range of pass
energies. The emitted photoelectrons were detected by the ana-
lyzer at a passing energy of 20 eV with energy resolution of 0.1 eV.
The incident X-ray beam was normal to the sample surface and
the detector was  45◦ away from the incident direction. The analy-
sis spot on the sample was 0.4 mm by 0.7 mm.  A xenon lamp from
Newport Corporation at a wavelength of 260 nm on the sample
was used for UV-photoirradiation. The approximate intensity was
20 ± 0.5 �W and the bandwidth of irradiation was 260 ± 8 nm. The
distance of the sample from the light source was  15 cm. The sample
was placed over a wooden box with a stand to make the light shine
on it directly.

2.3. Size-selective synthesis of ATP stabilized Ag NPs

Size-selective Ag NPs were synthesized by varying the concen-
trations of AgNO3 with the concentrations of aqueous ATP solution.
The solution mixture containing ATP and AgNO3 are mixed well
with a magnetic stirrer and then placed under UV-irradiation for
about 30 min. For a typical synthesis, 6 mL of 0.1 (M)  ATP solution
was mixed with 0.6 mL  of 0.1 (M)  AgNO3 solution and the solu-
tion mixture was UV-irradiated for 30 min. The formation of silver
particles started within 5 min  of UV-irradiation as light yellowish
color is observed in the solution mixture. Finally after 30 min  of
UV-irradiation the color changed to deep reddish yellow. This solu-
tion contains spherical Ag NPs with smaller sizes. For other two
sizes like larger spheres and aggregated Ag particles we  varied the
concentration of AgNO3 and ATP keeping the UV-irradiation time
fixed for 30 min. The details concentrations, size of the particles,
UV-irradiation time is given in Table 1. The colors of the synthe-
sized Ag NPs were stable for more than a month in the dark under
ambient condition without change in any optical properties.

2.4. Synthesis of CTAB-stabilized Ag NPs
Positively charged CTAB stabilized Ag NPs are synthesized
according to the previous report by Yonezawa et al. [33]. In the
synthesis we mixed 10 mL  of 5 × 10−3 (M)  AgNO3 with 50 mL of
10−2 (M)  CTAB solution and stirred well. Initially, after mixing the
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in curve D, Fig. 2. Curves E and F in Fig. 2 shows the SPR bands for
larger sizes and aggregated Ag NPs, respectively. With the increase
in particles size, the absorption maxima were also shifted towards

Fig. 2. UV–vis absorption spectra at various stages of ATP–Ag NP synthesis. Curve A
shows the absorption spectra of aqueous AgNO3 solution. Curve B shows the absorp-
tion spectra of aqueous ATP solution having a band at ∼258 nm.  Curve C shows the
S. Kundu, H. Liang / Journal of Photochemistry

ixed solution shows white turbidity due to the formation of
gBr. Finally, 5 mL  of 0.4 (M)  ice-cold NaBH4 solution was added
rop wise while stirring vigorously. Stirring was continued another
5–20 min  after complete mixing of NaBH4. The solution color
hanged to dark yellow confirmed the formation of Ag NPs and
he solution was stable for more than a week in ambient condition.

.5. Preparation of sample for UV–vis, TEM, EDS, XRD, and XPS
nalysis

The Ag NPs were characterized using UV–vis, TEM, EDS, XRD, and
PS measurements. The Ag NPs solution after successive centrifu-
ation was re-dispersed in DI water and used for the measurement
n UV-vis spectrophotometer. The samples for TEM and EDS were
repared by placing a drop of the corresponding Ag NP solution
nto a carbon-coated Cu grid followed by slow evaporation of sol-
ent at ambient condition. For XRD and XPS analysis, silicon (Si)
afers were used as the substrates for the thin film preparation.

he wafers were cleaned thoroughly in acetone and sonicated for
bout 20 min. The cleaned substrates were covered with the Ag NP
olution and dried in a vacuum chamber. After the first layer was
eposited, subsequent layers were deposited by repeatedly adding
ore Ag NP solution and drying. Final samples were obtained after

–10 depositions and then analyzed using XRD and XPS techniques.

.6. Preparation of bacteria samples and their incubation with Ag
Ps

Bacteria, E. coli strain DH5� was used in our current research.
hese bacteria strains were generously collected from the depart-
ent of Biology at the Texas A&M University. The E. coli was

rown in the liquid LB (Luria–Bertani) media at 37 ◦C and stirred
t 250 rpm for overnight (∼16 h). After completely grown, the bac-
eria solution containing E. coli was taken in a small centrifuge tube
nd varied amounts of Ag NPs (both ATP and CTAB stabilized) mixed
eparately. The mixed solution containing Ag NPs and bacteria was
ncubated for different times and then spotted over a TEM Cu grid
or analysis. The bacteria Ag NPs after spotting on TEM grid were air-
ried overnight and then analyzed using TEM and EDS. The detailed
esults are given in later part of Section 3.

. Results and discussion

.1. UV–vis spectroscopy study

Monodispersed Ag NPs with different sizes were synthesized by
he reduction of AgNO3 with ATP under 30 min  of UV-irradiation.
TP not only acted as a stabilizing agent but also as a reduc-

ng agent for the reduction of Ag(I) to Ag(0). ATP directed the
rowth of Ag NPs and produced different sizes. The ATP is

 multifunctional nucleotide generally used in cells as a co-
nzyme. One molecule of ATP consists of a three phosphate group
hich is attached with ribose sugar and that sugar binds with

denine base. Fig. 1A shows the chemical structures of nucle-
side, nucleoside-monophosphate, nucleoside-diphosphate, and
ucleoside-triphosphate. Fig. 2 shows the UV–vis spectrum of the
eaction mixture at different stages of the synthesis process. The
olorless aqueous solution of AgNO3 has a very small intense peak
t ∼302 nm in the visible region (curve A, Fig. 2). The aqueous ATP
olution has an absorption band at ∼258 nm due to the presence of
romatic base molecule (curve B, Fig. 2). The mixing of ATP with
gNO3 (curve C, Fig. 2) resulted a small peak shift as well as a

ecrease in absorbance value. This was probably due to interac-
ions of ATP with Ag(I) ions. After UV-irradiation for 30 min  with
he solution containing ATP and AgNO3, a new peak appeared at
18 nm due to the SPR of spherical Ag NPs [10–16,19,20]. The peak
Fig. 1. (A) Chemical structure of the different nucleosides. (B) Schematic repre-
sentation how the different parts of ATP having different specific roles for Ag-NPs
synthesis.

at 418 nm is due to the formation of smaller sized Ag NPs as shown
absorption spectra of the mixture of ATP with AgNO3. Curves D, E and F show the
surface plasmon resonance (SPR) band for the formation of different sizes Ag NPs.
The inset shows three different color images indicated with S1, S2, and S3 containing
Ag  NPs of different sizes. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 3. Transmission electron microscopy (TEM) images for the synthesis of ATP–Ag NPs after 30 min  of UV irradiation with variation of reaction conditions. (A and B) Shows
the  low and high magnified TEM images of spherical Ag NPs having average particles diameter ∼3.5 ± 1.5 nm.  The inset of (A) shows its corresponding higher magnified
image.  (C and D) Shows the low and high magnified image of bigger size spherical Ag NPs having average particles sizes ∼37 ± 5 nm.  The inset of (B and D) shows their
c ted A
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orresponding SAED patterns. (E and F) Shows the low magnified images of aggrega
ingle  Ag particle from the aggregates are ∼12 ± 5 nm.  The inset of (E and F) shows 

igher wavelength region which was well matched with the liter-
ture report previously. For larger size spherical particles (curve E,
ig. 2), we observed a broad absorption band ranged from 370 to
70 nm with an absorption maxima at 470 nm.  Similarly for aggre-
ated Ag NPs (curve F, Fig. 2), we observed a broad peak in the range
f 370 and 600 nm with an absorption maxima at 490 nm.  The inset
f Fig. 2 shows three different color images indicated with S1, S2,

nd S3 containing Ag NPs of different sizes. S1 signifies the Ag NPs
ith smaller size, S2 signifies the Ag NPs with larger size, and S3 the

ggregated Ag NPs. The synthesized Ag NP solutions were stable for
ore than a month under dark in the ambient condition.
g NPs and the average lengths are more than 10 �m and the average diameters of a
orresponding higher magnified images.

3.2. Transmission electron microscopy (TEM) analysis

Fig. 3 shows the transmission electron microscopy images of
various sized and ATP stabilized Ag NPs. Those were synthesized
with the above method (details given in experimental section) after
30 min of UV irradiation. Fig. 3A and B shows the low and high
magnified TEM image corresponding to the curve D in Fig. 2. Parti-

cles are spherical, separated with an average size of ∼3.5 ± 1.5 nm.
The inset of Fig. 3A shows its corresponding high magnified image.
The inset of Fig. 3B shows the corresponding selected area elec-
tron diffraction (SAED) pattern confirming that the ATP stabilized
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ig. 4. Energy dispersive X-ray spectrum (EDS) of the ATP–Ag NPs showing the
eaks for C, O, Cu, P, and Ag.

g NPs are single crystal. Fig. 3C and D shows the low and high
agnified images corresponding to curve E in Fig. 2. Here the par-

icles are bigger in size than previous one and the average particles
izes are ∼37 ± 5 nm.  Fig. 3D shows the image of a single particles
nd the inset shows the corresponding SAED pattern. It confirms
hat the single crystal nature of the particles. Fig. 3E and F shows
he low magnified images of aggregated Ag NPs taken from differ-
nt parts of the same samples (corresponding to curve F, Fig. 2).
rom the image it is clear that small Ag NPs aggregated to form the
oney-comb like structure. The lengths of the aggregated struc-
ures are more than 10 �m.  The inset of Fig. 3E and F shows their
orresponding high magnified images. From those, it is clear that
he average diameters of a single Ag particle from the aggregate-
is ∼12 ± 5 nm.  These smaller particles are aggregated together to
orm the honey comb-like structure. From the above TEM analysis
t is clear that different reaction condition produces different sizes
g NPs.

.3. Energy dispersive X-ray spectroscopy (EDS) analysis

Fig. 4 shows the results obtained from the energy dispersive X
ay spectroscopy (EDS) analysis. EDS analysis is used to determine
he elements present in the synthesis. The spectrum consisted of
ifferent peaks from the C, O, Cu, P, and Ag. The C and Cu peaks
ame from the C-coated Cu TEM grid used for the analysis. The P
nd O peaks came from the ATP used for the synthesis of Ag NPs.
he high intense Ag peak came from the Ag NPs. The above EDS
esult confirms the presence of Ag NPs in the sample.

.4. X-ray diffraction (XRD) analysis

Fig. 5 shows the powder X-ray diffraction pattern of ATP stabi-
ized Ag NPs. The peaks were assigned to diffraction from the (1 1 1),
2 0 0), (2 2 0), (3 1 1), and (2 2 2) planes of silver NPs (JCPDS card
umber 4-0783) [24]. These diffraction peaks confirm the presence
f a face-centered cubic (fcc) structure of crystalline Ag NPs. The
izes of the Ag NPs were measured by the X-ray diffraction peak’s
ine width using the Debye formula for small crystal spheres. The

ean diameters of the Ag particles are consisted with the result

rom the TEM image. According to the literature, the specific shape
f any fcc nano crystal mainly depends by the ratio between growth
ates along the <1 0 0> and <1 1 1> directions [34]. Here in our syn-
hesis, we used ATP as a stabilizing agent so the selective interaction
Fig. 5. Powder X-ray diffraction (XRD) pattern of the ATP–Ag NPs having the diffrac-
tion  from the (1 1 1), (2 0 0), (2 2 0), (3 1 1), and (2 2 2) planes of silver NPs.

between the ATP and different crystal facets of Ag NPs alters the
growth rate along the different crystal directions.

3.5. X-ray photoelectron spectroscopy (XPS) analysis

Fig. 6 shows the X-ray photoelectron spectroscopy (XPS) images
of a self-assembled Ag NPs film. The sensitivity of XPS in chemical
analysis stems mostly from its ability to resolve the chemical iden-
tity of the atoms from the measured binding energies. Fig. 6A shows
the overall survey and Fig. 6B the Ag (3d) XPS spectra. The survey
spectrum consists of the characteristic peaks of O(1s) at 529.5 eV,
C(1s) at 282 eV and Ag(3d) peaks. The Ag(3d) region is characterized
by a doublet which arises from the spin–orbit coupling (Ag 3d5/2
and Ag 3d3/2) as shown in Fig. 6B. The two intense Ag peaks appear
at a binding energy of 374.1 (for Ag 3d3/2) and 368 (for Ag 3d5/2) eV
which clearly indicates the formation of Ag NPs. The peak positions
are in agreement with the previous literature [16,35]. In the survey
spectrum we did not observe peaks for the oxide formation which
indicates the stability of Ag NPs. The O(1s) peak came from the ATP
which is bound to the surface of the Ag NPs.

3.6. Effects of other reaction parameters

To standardize the reduction process we examined the variation
of reaction parameters like concentration of ATP and Ag(I) ions and
the UV-irradiation time. The best result with size selective Ag NPs
and aggregated Ag NPs are formed in the concentrations given in
the experimental section and in Table 1. We  have seen that when
Ag(I) concentration is very high (≥10−1 M),  the formation of Ag
NPs is very fast (within 5–6 min  of UV-irradiation) but particles
gets precipitated after few hours of the synthesis. Similarly, when
the concentration of Ag(I) is low (≤10−4 M),  the formation of Ag
NPs took longer time (>3 h) and formed an un-uniform particles
sizes. We  also varied the concentrations of ATP and observed that a
higher concentration mostly small size spherical particles formed
and at lower ATP concentration either bigger or aggregated Ag NPs
formed. We  also varied the UV-irradiation time and observed that
30 min  is sufficient for the formation of size-selective Ag NPs. The

Ag NPs started formation within 3–5 min  of UV-irradiation and
completed after 30 min  of UV-irradiation. A long irradiation time
(more than 2 h) results the precipitation of the Ag NPs. We  tested
our reaction with normal conventional heating procedure using
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we have seen that smaller spheres were formed at a high concen-
tration of both Ag(I) and ATP. At a high Ag(I) concentration once
the nucleation started, a huge number of Ag nuclei were formed.
Due to high concentration of ATP, the pre-formed Ag nuclei did
ig. 6. X-ray photoelectron spectrum (XPS) of the ATP–Ag NPs. (A) is the overall
urvey spectra and (B) is the spectra for Ag (3d) regions.

onventional heater or using water bath but none of them resulted
he formation of Ag NPs in the experimental time scale. Thus all
bove control experiment proved that the size-selective Ag NPs
ere formed only at a specific concentration as given in Table 1.

.7. Reaction mechanism of Ag NPs formation

The formation of size-selective Ag NPs was initiated by the
eduction of Ag(I) ions in the presence of ATP under UV-
hotoirradiation. In our proposed synthesis both the presence of
TP and the UV-irradiation is extremely necessary for the formation
f Ag NPs. In the absence of ATP, no Ag particles formed due to the
bsence of reducing agent while in the absence of UV-irradiation
o particles formed due to lack of formation of radical species in the
olution mixture. So a proper concentration of ATP and a sufficient
V irradiation is necessary for the formation of Ag NPs. Kumar and
ital [36], and Green et al. [37] group reported earlier that nucle-

sides like ATP, guanosine triphosphate (GTP) acted as a capping
gent and templates for the formation of metal and semi-conductor
Ps. In their study they used these nucleosides only for capping
f templating agents but they did not reveal their reducing prop-

rty. This nucleotide or nucleic acid based NPs synthesis is a new
pproach because one could tune the NPs size and their physico-
hemical property according to the nucleic acid structure and their
ompositions. Earlier Kelley [29] and Eaton [30] group reported
hotobiology A: Chemistry 222 (2011) 25– 33

earlier that properties of NPs could be tuned according to the con-
stituent RNA sequence or nucleotide tri-phosphate building block.
During discussion of reaction mechanisms, one important issue to
be discussed is about which group acted as reducing agent for Ag(I)
reduction. The ATP molecule contains hydroxyl groups on its sugar
part as shown in Fig. 1. It has been reported that molecules contain-
ing hydroxyl group could act as a reducing agent in NPs synthesis
under UV-irradiation [38–42].  Different hydroxyl compounds like
ascorbic acid [38], TX-100 [39], dendrimer [40], 2,7-DHN [41], and
poly (vinyl) alcohol (PVA) [42] could act as a reducing agent in
NPs synthesis in the presence of UV-irradiation. These compounds
have hydroxyl group on their skeleton which undergoes hydroxylic
cleavage to a hydroxyl radical in the presence of UV-irradiation. The
UV light generated hydroxyl radicals that could act as a reducing
agent for reduction of metal ions to metal (0). Our  group reported
earlier that hydroxylic compounds could reduce Au(III) [43], Pd(II)
[44], Pt(IV) [45] and Rh(III) [42] ions to produce their correspond-
ing NPs with different morphology. We  also reported previously
that DNA having hydroxyl groups in its sugar could act as a reduc-
ing agent in the synthesis of metal [31] and semi-conductor [2]
nanowires. These hydroxyl groups probably acts as a reducing agent
and are oxidized to ketones after the reduction. So here it is rea-
sonable to assume that the hydroxyl radicals were formed during
UV-irradiation of the solution mixture containing Ag ions and ATP
promoted the reduction of Ag(I) to Ag(0). Once the nucleation of
Ag(0) started to grow, it would involve in multiple steps and even-
tually generate Ag NPs in different sizes. In the first step of reduction
of Ag(I) to Ag(0), Ag atoms were formed. The Ag atoms subsequently
grew to form small Ag nuclei and finally the crystalline Ag particles.
The ATP molecule having different groups were adsorbed onto the
surface of these crystal particles and slowed down the growth rate
of different crystal facets. Finally after 30 min  of UV-irradiation, dif-
ferent sized Ag NPs were formed which in turn depended upon
the concentrations of both Ag(I), ATP and UV-irradiation time. We
assume that different parts of ATP have some specific roles in NPs
synthesis (as shown in Fig. 1B). The three phosphate group and ‘N’
group assisted NP growth, the amine group helped for NP stabi-
lization, and the hydroxyl group in the sugar part helps the radical
generation. Similar types of results were shown earlier with GTP by
Berti and Burley for the synthesis of inorganic NPs [46]. In our study,
Fig. 7. Transmission electron microscopy (TEM) images of positively charged CTAB
stabilized Ag NPs having average particles diameter ∼45 ± 5 nm.  Inset shows the
corresponding higher magnified image.
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Fig. 8. Transmission electron microscopy (TEM) images of the bacteria E. coli with the Ag NPs at different reaction conditions. (A and B) Shows the image of only bacteria
E ows t
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.  coli at different magnifications having average diameter is ∼4 ± 1 �m. (C and D) Sh
Ps  for 30 min. The inset of (C) shows the corresponding high magnified image. (E a
0  min of incubation.

ot get much free space to grow thus formed mall size Ag NPs.
hen the Ag(I) concentration was relatively low, lesser number

f Ag nuclei were formed and received much space to grow and to
orm a bigger sized Ag NPs. The aggregated Ag nanostructures were
bserved both at a lower concentrations of Ag(I) and ATP. At lower
oncentration the interaction of the cationic part or the ATP with

ifferent crystal facets was slow and growth of the particles took
lace in all directions and produced big size aggregated particles.
nce a particle was formed, they tried to bind with the nearest par-

icles in order to lower the surface energy which was facilitate to
he low and high magnified TEM image of the bacteria after incubation with ATP–Ag
Shows the low and high magnified TEM image of the E. coli with CTAB–Ag NPs after

low concentration of ATP. So the aggregated spherical Ag nanos-
tructures were formed in the solution. It is well known that the
formation of definite size and shape depends mostly on two  fac-
tors, firth the faceting tendency of stabilizing agents and second the
growth kinetics of Ag that is rate of supply of Ag(0) to the different
crystallographic planes. The similar growth mechanism of the Ag

particles formation was reported [16,21]. The present method of
Ag NPs formation can find various important applications as ATP
on its surface. They can act as a molecular spacer for SERS study or
other biological applications. We  also tested our study with other
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ucleoside like ADP, AMP  which results Ag particles but detailed
tudy will be discussed in future. Taking the ATP stabilized Ag NPs
nd CTAB stabilized Ag NPs, we further study their interactions with
acteria E. coli as discussed below.

.8. Interaction of Ag NPs with the bacterium E. coli

The interactions of Ag NPs against gram negative bacterium E.
oli has been studied in details. In the study we used two types of
g NPs, one is synthesized using ATP via the present method and
nother using previously reported method. The ATP stabilized Ag
Ps are negatively charged whereas CTAB stabilized Ag NPs are
ositively charged. The bacterium E. coli, is one of the important
ood borne pathogens in the food industry. Recently, nano-sized
articles are used widely as an antimicrobial agent [47]. Sondi and
alopek et al. studied the interaction of Ag NPs with E. coli and
bserved that majority of Ag NPs were located on the membrane
f the cells [48]. Another study revealed that interaction of E. coli
ith nano sized Ag particles resulted in an immediate dissipation

f the proton motive force and killing the cells [49]. The ATP stabi-
ized Ag NPs that we used were 37 ± 5 nm in diameter where as the
TAB stabilized Ag NPs were 45 ± 5 nm in diameter. Fig. 7 shows
he TEM image of CTAB stabilized positively charged Ag NPs and
he inset shows the corresponding higher magnified image. From
hose images it is clear that the average diameter of the CTAB–Ag
Ps was ∼45 ± 5 nm.  Fig. 8 shows the TEM image of the bacteria
ith the Ag NPs. Fig. 8A and B shows the TEM image of bacte-

ia E. coli at different magnification and different orientations. The
verage length of the bacteria was ∼4 ± 1 �m.  The diameter of the
acteria could be changed by controlling the growth time during

ncubation at 37 ◦C. For two different types of NPs, we  calculated
he number of particles and added approximately the same num-
er of particles during the incubation with bacteria such that we
ould compare their interactions. The number of particles or the
urface area of the particles in solution was calculated based on
he concentration of silver salt used to make the solution. This cal-
ulation technique was based on three points into consideration.
irstly, we assume that most of the particles in a particular solu-
ion were in same shape as confirmed from TEM images. Secondly,
he density of bulk silver was the same as that of the NPs that had
een confirmed by the similar crystal structure and bond lengths.
inally the yield of NPs was assumed to be 100%, i.e., that all the
g salt is converted to Ag NPs. Fig. 8C and D shows the low and
igh magnified TEM images of the bacteria after incubation with
TP–Ag NPs for 30 min. From the image it is seen that some of the
g NPs interact with the bacteria surface and some not. The inset of
ig. 8C shows the corresponding high magnified image. The inter-
ctions of ATP–Ag NPs with bacteria surface and un-interacted Ag
Ps are clearly indicated with red arrows in Fig. 8D. (For interpre-

ation of the references to color in this text, the reader is referred to
he web version of this article.) Fig. 8E and F shows the TEM image
f the E. coli with CTAB stabilized Ag NPs after 30 min  of incubation.
ig. 8E is the low magnified image where as Fig. 8F is the high mag-
ified image. From the two images it is clear that a high number
f NPs are interacted on the bacteria surface compared to previous
nes (Fig. 8C and D). The red arrows indicate the CTAB–Ag NPs on
he bacteria surface like before. The interactions of the two  differ-
ntly charged Ag NPs with bacteria are most likely to be with the
ipopolysaccharide component of the outer membrane surface of
he E. coli. The gram negative bacterium surfaces are chemically dif-
erent than the gram positive bacterium surface. The gram positive
acterium surface contains the teichoic acid group which has nega-

ively charged phosphate group whereas gram negative bacterium
urface mostly contains proteins, phospholipids and lipopolysac-
harides (LPSs) [50,51]. The phospholipids and LPS in the outer
embrane also contain negatively charged phosphate group. So the
Fig. 9. Energy dispersive X-ray spectrum (EDS) of the bacteria itself (A) and bacteria
and  Ag NPs conjugates (B).

interaction or the depositions of NPs on the bacterium surface are
different. When ATP–Ag NPs are mixed with the bacterium surface
they repeal each other and the deposition is less (as shown in Fig. 8C
and D). On the other hand, CTAB–Ag NPs are oppositely charged so
they attracted and deposition is more on the bacterium surface (as
shown in Fig. 8E and F) compared to ATP–Ag NPs. We  found that a
specific charge of the NPs is strongly affecting their deposition on
the bacteria substrate. To further confirm the NPs deposition on the
bacterium surface an EDS study was  done as shown in Fig. 9A and
B. Fig. 9A shows the EDS of only bacteria itself and 9B for the bacte-
ria and Ag NPs conjugates. We  checked with both ATP–Ag NPs and
CTAB–Ag NPs for this study. Fig. 9B shows the additional Ag peak
including the other as in Fig. 9A. This result confirms that Ag NPs
deposited on bacteria cell wall and they interacted with the sur-
face. So our present study give us an idea about how the different
surface charge of NPs interact different ways with the microorgan-
isms. Although at the point we are not fully clear whether the NPs
are inserted inside the bacteria cell wall or not, further studies are
required to investigate this. These will be reported in near future.

4. Conclusion

In the present research, we  have demonstrated two  new aspects.
First, we were able to synthesize size-selective Ag NPs within
30 min of UV-irradiation in the presence of ATP. ATP served as a

reducing agent during the synthesis as well as stabilizing agent after
the formation of Ag particles. The synthesis was efficient, straight
forward and did not need any harsh reduction conditions. The syn-
thesized particles were stable for more than a month under ambient
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onditions without indication of oxide formation. Second, we have
tudied the interactions of positively and negatively charged Ag
Ps with bacterium E. coli. We  observed that positively charged Ag
Ps deposited better with the bacteria surface compared with the
egatively charged. The present research could find new applica-
ions for a fast synthesis process of other nanomaterials as well as
o understand the interactions of NPs with microorganisms.
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