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Fig. 1 - (a) SPR observed in Au-0S-MWCNT; (b) SPR observed in Au NP solution.

of optical absorption spectra suggested that there is no ad-
verse influence on the nanoparticles. We noted that Au NPs
do not attach to pristine MWCNT (control) when observed
after same amount of washing as stated above. Likewise,
TEM, EDX and XPS analysis also confirmed the same that no
Au NP attachment was done over the pristine MWCNTs under
the same set reaction conditions (data not shown).

TEM images of Au-OS-MWCNTs showed gold nanoparti-
cles on the surface of organosulfur modified MWCNTS, as is
evidenced in Fig. 2.
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Fig. 2b shows TEM micrograph of OS-MWCNT decorated
with gold nanoparticles of size 5-15 nm. A micrograph of pris-
tine MWCNT (control) is shown in Fig. 2a for comparison.
Gold nanoparticles (without being deposited onto the modi-
fied nanotube surface) exhibited face-centered cubic (fcc)
structure as indicated by {111} and {200} facet diffraction pat-
tern in Fig. 2d. Fig. 2c shows adherence of several Au NPs
along the sidewall of OS-MWCNT. Au NPs attached on the
OS-MWCNT surface showed similar fcc-type diffraction pat-
tern associated with Au NPs alone along with the interlayer
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Fig. 2 - (a) TEM image of unmodified CNT; (b) TEM image of Au-OS-MWZCNT; (c) High resolution image of Au-0OS-MWCNT; (d)
XRD pattern obtained from Au NP; (e) XRD pattern obtained from Au-0S-MWCNT; (f) Au NP particle size distribution on 0S-
MWCNT surface.
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Fig. 3 - (a) FT-IR spectra of unmodified MWCNT; (b) FT-IR spectra of Au-OS-MWGCNT.
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Fig. 4 - (a) EDX data of OS-MWCNT (without Au NP deposition); (b) EDX data of Au-OS-MWGCNT.

spacing of graphite sheets (0.34 nm) as shown in Fig. 2e. The
close proximity of Au NPs to OS-MWCNT despite constant
washing suggests certain level of adherence between them.
Average Au NP particle size distribution on OS-MWCNT is de-
picted in Fig. 2f where variation in the Au NP size happened
due to the presence of other organic moieties in garlic extract.
This is in accordance with Zhong's [25] finding that the posi-
tion of nano-gold surface plasmon band depends on particles
size, distance between the Au NPs and interaction of Au NPs
with molecules on the surface. Red shift (SPR @ 520-540 nm)
indicates that either the interparticle spacing is short, or the
particle aggregation is bigger. In our cases, if CNTs are suc-

cessfully modified with organothiol groups on the sidewall
of MWCNTSs, gold nanoparticles should be closely packed
along with certain level of particle aggregation due to other
organic moieties present in the garlic extract. This was veri-
fied when gold nanoparticle solution was subjected to garlic
extract under similar reaction conditions which resulted in
particle aggregation. To understand more about active func-
tional groups present over the modified nanotube surface,
we carried out transmission mode FT-IR measurements. FT-
IR spectrum of unmodified MWCNT is shown in Fig. 3a.
OS-MWCNT decorated with Au NPs (Fig. 3b) showed signa-
ture bands at 1635, 1575 and 1395 cm™* associated with the
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Fig. 5 - Raman spectra of (a) pristine MWCNT and (b)
organosulfur modified MWCNT.

stretching of nanotube backbone. Also, evidence of utilizing
openings/defects in graphite wall of MWCNT was denoted
by characteristic absorbance of —C=C at 2200-2400 cm ™ re-
gion. Similar result was obtained by Zhang et al. [26] with ni-
trile group addition on the sidewall of CNT. It is important to
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note that the band obtained at 1003 cm ™" confirms the pres-
ence of thiocarbonyl center whose presence was detected by
absorption in 1250-1000 cm ™ region. Since, absorption occurs
in the same region as C—O stretching, considerable interac-
tions can occur within these vibrations within a single mole-
cule. EDX study (Fig. 4) further confirmed the presence of
sulfur in functionalized MWCNT.

Fig. 4a shows EDX spectra of OS-MWCNT (without Au NP
attachment) and Fig. 4b shows Au-OS-MWCNT. Gold loading
of around 0.78 atomic wt.% was obtained in Au-OS-MWCNT
while no such result was obtained from control sample. We
also observed the characteristic 2:1 stoichiometric ratio be-
tween sulfur and gold at some reaction sites over the Au-
0S-MWCNT suggesting formation of dithiols as active biolin-
ker. However, this ratio varied from reaction site being ob-
served over the Au-OS-MWCNT surface. We found that OS-
MWCNT can have sulfur content in the range of 0.4-1 atom-
ic wt.%. Upon pyrolysis, the garlic extract confirmed the pres-
ence of around 0.17% of sulfur left in the reaction mixture.
Further, the initial sulfur concentration in the organosulfur
extract was found to be around 1.8%.

Surface modification was confirmed by Raman spectros-
copy as shown in Fig. 5.
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Fig. 6 - XPS spectra (a) C 1s spectra of modified and unmodified MWCNTSs; (b) Au 4f spectra of Au NPs attached onto Au-0S-
MWZCNTSs; (c) S 2p spectra of 0S-MWCNT; (d) S 2p spectra of Au-OS-MWCNTs.
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Fig. 5a shows Raman spectra of pristine MWCNTs while
Fig. 5b shows that of OS-MWCNTs. Pristine MWCNTSs showed
G and D bands at 1580 and 1338.9 cm ™, respectively. These G
and D bands got shifted to 1582 and 1353.4 cm™?, respectively
in case of 0S-MWCNTSs. The higher upshift in D-band region
towards the higher wavelength and lower shift in G-band is
commonly observed in case of dopants containing oxygen
atoms in their structure. It is known that oxygen can easily
get attached to the defect sites in nanotube network leading
to greater modification in defect band [27]. Further, the G/D
intensity ratio of pristine MWCNTs (1.18) as compared to
OS-MWCNTSs (1.16) suggests decrease in relative sample pur-
ity due to CNT surface modification. These chemical modifi-
cation results in the upshift of G and D bands which are
related to direct electron charge transfer process from the
nanotube to the acceptor molecule and are generally time-
dependent [28]. Thus, Raman spectra confirmed the surface
modification took place while FT-IR and EDX suggested to-
wards the presence of sulfur (organothiols) in the reaction
mixture. Confirmatory proof of organosulfur modified nano-
tube surface with facilitating Au NP attachment was obtained
by XPS data as shown in Fig. 6.

In present case (Fig 6a), unmodified MWCNT C1 component
of C 1s spectrum was represented at 284.5 eV [29]. This when
compared to Au-OS-MWCNT composite showed an increase
of C 1s spectral peak width upon functionalization, from 1.4
to 1.9 eV. This is expected when electron delocalization be-
comes limited [30,31] as a result of interactions between thiols
and CNT sidewall. Broadening is also observed due to overlap-
ping of CNT and organosulfur C 1s spectral envelopes, which

causes an increased intensity in binding energy region around
286.5 eV [32] (C-SH) as observed in our case. Both contributions
are manifested as increases in peak width and asymmetry. OS-
MWCNTs after treatment with Au NP solution exhibits a new
peak at Au 4f region (Fig. 6b) together with C 1s peak at
285.5 eVand S 2p peak between the regions 162-164 eV respon-
sible for thiolinteractions. In Fig. 6b, component at84.5 eV (88.2
for the 4f5/2 component) is assigned to Au®. In particular, the
positions of the Au 4f7/2 signal assigned to the Au® peak present
abindingenergy sensitively higher respect to the 84 eV value of
bulk gold (88 eV for the 4f5/2 component). This is an indication
of the presence of very small gold nanoclusters in the samples
due tothe presence of metallic nuclei that acts ascenters for the
successive grow of the gold nanoparticles. This can also result
from the coalescence of Au NPs when deposited over the OS-
MW(CNTSs as observed in this study. Further, decrease inrelative
peakintensities between the two S 2p spectra (Fig. 6c and d) can
be clearly observed after Au NP attachment which further sup-
ports that S-moieties are responsible for Au NP attachment.
Characteristic sulfur-oxygen interaction at around 168 eV re-
gion was also observed which is common in case of natural
organosulfurs. This confirms that the attachment of Au-NPs
to modified CNT surface can be achieved via thiol and thiocar-
bonyl linkages. Similar results were reported by Nakamura
et al. [33] for carbon surface modification via elemental sulfur
and subsequent interaction with Au NPs.

Finally, based upon our experimental observation, we were
able to hypothesize a free-radical mechanism (Fig. 7) which
may be responsible for CNT surface modification in presence
of alliin/allicin as major organosulfur groups in garlic. The
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Fig. 7 — Schematic representation of MWCNT surface modification in presence of garlic organosulfur extract.
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thiolated CNTs obtained as end-product can then be used for
Au NPs deposition over the modified nanotube surface.

These results clearly demonstrate that organosulfur
groups (alliin/allicin as major products) present in the garlic
extract are responsible for attachment of Au NPs over the
modified nanotube surface and in absence of these ‘bio-link-
ers’, no Au NP attachment was observed. We strongly believe
that biogenic methods have the potential to provide advanced
surface/material modification strategies in the growing field
of carbonaceous materials.

4, Summary

We have shown ‘one-pot’ sidewall attachment of Au NPs to
MWCNTs treated with garlic plant extract (organosulfurs) by
a facile eco-friendly process. As per our knowledge, this is
the first study to effectively utilize plant phytochemicals for
sidewall modification of CNTs under moderate temperature
conditions. Such bio-inspired materials may facilitate novel

synthesis and application routes in a more sustainable man-_

ner. Finally, an interdisciplinary research will aid in better
understanding of underlying mechanism and properties this
nanocomposite may possess.
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Abstract

Room-temperature extracellular biosynthesis of gold nanoparticles (Au NPs) was achieved using Escherichia coli K12
cells without the addition of growth media, pH adjustments or inclusion of electron donors/stabilizing agents. The
resulting nanoparticles were analysed by ultraviolet-visible (UV-vis) spectrophotometry, atomic force microscopy,
transmission electron microscopy and X-ray diffraction. Highly dispersed gold nanoplates were achieved in the
order of around 50 nm. Further, the underlying mechanism was found to be controlled by certain extracellular
membrane-bound proteins, which was confirmed by Fourier transformation-infrared spectroscopy and sodium
dodecyl sulfate polyacrylamide gel electrophoresis. We observed that certain membrane-bound peptides are
responsible for reduction and subsequent stabilization of Au NPs (confirmed by zeta potential analysis). Upon de-
activation of these proteins, no nanoparticle formation was observed. Also, we prepared a novel biocatalyst with Au
NPs attached to the membrane-bound fraction of £ coli K12 cells serving as an efficient heterogeneous catalyst in
complete reduction of 4-nitrophenol in the presence of NaBH, which was studied with UV-vis spectroscopy. This is
the first report on bacterial membrane-Au NP nanobiocomposite serving as an efficient heterogeneous catalyst in
complete reduction of nitroaromatic pollutant in water.

Keywords: Gold nanoparticles, Extracellular biosynthesis, Green catalysis, Escherichia coli, Nitrophenol degradation,

Water treatment

Background

Gold nanoparticle (Au NP), being the most stable
mono-metallic nanoparticle, promises to be a key ma-
terial and building block for newer technologies in the
twenty-first century. Gold in its bulk state is regarded as
a noble metal and is very unreactive because of its com-
pletely filled d-band [1]. However, at nanoscale, it is
proving to be an important material for catalysis owing
to its shape, size and crystal structure arrangement [2].
Due to this new set of properties, it has found wide-
scale application in optics, electronics, catalysis, fabrica-
tion and biomedical utilities [3]. Generally speaking,
physical methods of producing gold nanoparticles
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involve heating of gold at reduced pressure to generate
gold vapour, while chemical synthesis requires a redu-
cing agent (generally citrate) followed by addition of a
stabilizing agent [4-7]. However, these chemical meth-
ods deliver at the cost of expensive reducing and
capping agents and toxic solvents along with tedious
process control. To overcome these issues, several
biogenic synthesis processes have been reported owing
to the constant need for cost-effective eco-friendly
synthesis of Au NPs. Microbial systems have found an
important role in nanoparticle production due to their
natural mechanism for detoxification of metallic ions
through reduction which can be achieved extracellularly
or intracellularly through bioaccumulation, precipita-
tion, biomineralization and biosorption. Ogi et al. [8]
showed gold nanoparticle formation in the presence of
H, gas pumped with Shewanella algae cell extract.

licensee Springer. This is an Open Access article distributed under the terms of the Creative Commons
ttpy//creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction

in any medium, provided the original work is properly cited.
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adjustment was made. Control reactions included 0.01
M HAuCl, solution prepared with soluble (supernatant)
fraction and uninoculated HAuCl, solution prepared
with Milli-Q water.

Characterization of biogenic gold nanoparticles
UV-visible spectra were obtained using a Hitachi U2000A
UV-vis spectrophotometer (Tokyo, Japan). The formation
of Au NPs was monitored by UV-vis spectra of the
reaction mixture from 210 to 800 nm.

Primary study of nanoparticle shape and size was carried
out using an SPI-3800N atomic force microscope with
SPA 400 soundproof housing sample holder connected to
an imaging system (Seiko Instruments, Chiba, Japan). Five
microlitres was taken from the reaction mixture and
placed on the glass grid and dried at room temperature.
The images were obtained using SPI'Win (3800N) ver. 3.02]
(Wyandotte, MI, USA).

Morphology and grain size of these nanoparticles
were analysed using a Hitachi H-7100 transmission
electron microscope. Two microlitres was taken from
the two reaction mixtures and placed on carbon-coated
copper grids and dried at room temperature. The trans-
mission electron micrographs and the SAED patterns
were recorded at an acceleration voltage of 100 kV. The
images were analysed using the Image] 1.43M software.

FT-IR analysis was done using Jasco FT/IR-680 plus
(Easton, MD, USA) coupled to a high-performance
computer. The samples (100 pL) were placed over the
ATR analyser, and the resulting spectra were analysed
using Spectra Manager ver. 1.06.02. Zeta potential mea-
surements were performed using the Malvern Zetasizer
Nano ZS model ZEN3600 (Malvern, UK) equipped with
a standard 633-nm laser.

Confirmatory study of resulting Au NPs was done by
XRD using a Rigaku RINT-TTR diffractometer (Tokyo,
Japan) equipped with a parallel incident beam (Gébel
mirror) and a vertical 8-8 goniometer. Samples were
placed directly on the sample holder. The X-ray diffract-
ometer was operated at 50 kV and 300 mA to generate
CuKa radiation. The scan rate was set to 5° mil™". Iden-
tification of the metallic gold was obtained from the
JCPDS database.

Preparation of biomass-supported Au nanocatalyst in 4-
nitrophenol degradation

The reduction of 4-NP by NaBH, was studied as a model
reaction to probe catalytic efficiency of a biomass-
supported Au catalyst for heterogeneous systems. Under
experimental conditions, reduction does not proceed at
all simply with the addition of NaBH, or biomass alone.
However, in the presence of a biomass-supported Au
catalyst, it proceeds to completion with formation of
4-aminophenol (4-AP). To study the reaction in a

Page 3 of 9

quartz cuvette, 2.77 mL of water was mixed with 30 pL
(102 M) of 4-NP solution and 200 pL of freshly pre-
pared NaBH, (10" M) was added. The Au NP reaction
mixture along with the MBF was dried for 24 h at 90°C,
and 5 mg of biomass-Au NP composite (size approximately
50 nm, 4.2 x 107° mol dm™>) was added to the above reac-
tion mixture. A similar technique was used by Narayanan
and Sakthivel [20] by coating fungal mycelia-coated Au
NPs on glass beads. UV-vis spectra of the sample were
recorded at every 2-min interval in the range of 200 to
600 nm. The rate constant of the reduction process was
determined by measuring the change in absorbance of
the initially observed peak at 400 nm, for the nitrophe-
late ion as the function of time.

Results and discussion

Characterization of biogenic Au NPs

Gold nanoparticle formation was primarily observed by
UV-vis spectroscopy and AFM. After a series of experi-
mentations, we found that MBF of E. coli K12 strain has
certain proteins which are responsible for reducing Au
cations into Au NPs. A distinct pink colour was observed
due to the phenomenon of surface plasmon resonance
(SPR) [21] (Figure 1a) in the reaction mixture containing
MBF of the bacterial cell after 24 h. No colour formation
was present in the control sample consisting of soluble
fraction (Figure 1b) and gold ion solution without
inoculum (Figure 1c). The same is shown in the inset of
Figure 1. UV-vis spectra (Figure 1) of aqueous reaction
mixtures showed no increase in absorbance after 24 h,
suggesting formation of stable nanoparticles in the reac-
tion mixture. It should be noted that the SPR peak
broadening and associated decreased intensity is be-
cause of the interaction between the membrane fraction
and Au NPs in the reaction mixture. [22] This can be
understood by the fact that when these Au NPs are in
the vicinity of bacterial cells, membrane fraction or lipo-
polysaccharides, they tend to adhere to these substrates,
thereby reducing the peak intensity (adding scattering
background) as compared to otherwise observed SPR of
Au NPs alone. This also suggests that in the case of
biogenic synthesis of nanoparticles, the presence and
intensity of SPR should not be the sole criterion for
concentration assessment.

It is important to note that no colour change was
observed in control solutions consisting of cell soluble
fraction and gold cation solution (without inoculum),
suggesting the absence of nanoparticle formation. This
was further verified when these samples were examined
by AFM as shown in Figure 2.

The AFM probe detected discrete circular nanoparti-
cles (Figure 2a,b) from the MBF reaction mixture, while
no such formation was observed in the soluble fraction
or gold cation solution without inoculum (Figure 2c,d).
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Figure 1 UV-vis spectra observed after 24 h. (a) SPR due to Au NP produced by MBF; (b) no SPR absorbance in soluble fraction; (€) no SPR
absorbance in gold ion solution without inoculum. The inset figure corroborating the same in the above-mentioned samples, respectively. J

The 2D profile obtained by AFM suggested strong shape
control (circular) with a size around 50 nm. This strong
shape control indicated that apart from reducing
proteins present in the MBF, certain organic groups
must be acting as stabilizing agent. To investigate the
same, the membrane-bound reaction mixture was sub-
jected to FT-IR analysis to analyse the chemical groups

responsible for nanoparticle synthesis. FT-IR spectra
(Figure 3a) showed distinct absorption in the region
1,800 to 1,600 cm ' responsible for amide linkages in
the reaction mixture,

FT-IR spectra (Figure 3a) confirmed the presence of
vibration bands centred at 1,841, 1,787, 1,756, 1,725,
1,692, 1,680, 1,661, 1,650, 1,634 and 1,603 cm ', This

Figure 2 AFM imaging of biogenic Au nanospheres after 24 h by membrane-bound fraction of cells (a-d).

(a) 2-D shape distribution of Au NP
formed by membrane bound fraction

(b) 3-Dimage (size distribution) of
Au NP formed by membrane bound
fraction

(¢) 3-D image of soluble cell extract
(no NP)

(d) 3-Dimage of control without
innoculum (no NP)
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highlights the presence of amide I (C=0) and amide II
(N=H) groups present in the reaction mixture. It is likely
that the amide carbonyl group (C=0) arises from
peptide coupling in proteins from the extracellular
membrane fraction of the bacterial cell. This supports
the fact that the secondary amide C=0 stretching which
forms protein/Au bioconjugates may have a role in
stabilization of nanoparticles [23]. Generally, in the case
of biogenic synthesis, the presence of active chemical
groups like amino, sulfhydryl and carboxylic groups
plays a key role in reduction of metallic ions and subse-
quent formation of nano/microparticles. Since amino
and carboxyl groups were detected by FT-IR, it strongly
suggested towards the presence of certain proteins in
the reaction medium responsible for Au NP biosyn-
thesis. Further, aqueous stability of Au NPs were tested
by zeta potential analysis. It should be noted that if
active groups on biomass carry greater positive charge at
low pH, it weakens the reducing power of biomass and
allows AuCl;  ions to get closer to the reaction site
[24]. This decreases the reaction rate and causes strong
biosorption between Au NPs and biomass resulting in
particle aggregation. Since the bacterial cell wall of E. coli
is negatively charged, it tends to thermodynamically
favour the formation of nanoparticles at low pH as
observed in our case. This was confirmed by zeta poten-
tial analysis of the Au NP solution with a mean Z-pot

of -245 + 3.1 mV, suggesting a stable gold colloid
solution. To further investigate the role of proteins in
nanoparticle formation, MBF was treated with 1%
-mercaptoethanol (B-met) and heated for 30 min at
95°C. This treatment caused disruption of disulfide
bonds within the multimeric chains of peptide and
eventually resulted in loss of activity. In the absence of
reducing activity by membrane-bound proteins, no
nanoparticle formation was observed with B-met-treated
MBF. This was further verified by FT-IR analysis
(Figure 3b) with disappearance of most bands around
the 1,600 cm ™’ region. The peak observed at 1,075 cm
corresponds to the thiocarbonyl group due to the
addition of mercaptoethanol in the reaction mixture.
This suggested that certain membrane-embedded
proteins may be responsible for reducing Au’®* to Au
nanoparticles (Au”). The membrane proteins respon-
sible for nanoparticle synthesis were run along with
B-met-treated membrane proteins in SDS-PAGE gel
(data not shown) which confirmed the presence of
different sizes of protein bands in the reaction mixture,
of which 25 and 73 KDa seemed to be of importance.
Upon treatment of MBF with B-met, there was absence
of a protein band at 73 KDa, and subsequently, no
nanoparticle formation was observed, suggesting its
crucial role in the reduction process. Also, a shorter
peptide (25 KDa) was found to be adhered to the
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synthesized nanoparticles, suggesting its role in
stabilization of nanoparticles. This is in accordance with
our recently reported study where we concluded that
ionic reduction in some bacteria takes place due to
certain proteins along the lipopolysaccharides/cell wall
which reduces the metallic ions in its vicinity of the bac-
terial cell, thereby producing stable nanoparticles [25].

Subsequently, resulting nanoparticles were analysed
by TEM and XRD. TEM images (Figure 4a) confirmed
the presence of discrete nanoparticles in the range of
approximately 50 nm. Some small nanoparticles were
also visualized suggesting inherent polydispersity as
generally observed in the case of biogenic synthesis.
Nanoparticle size was calculated without the encasing
membrane-bound proteins. It was observed that the
nanoparticles obtained were highly discrete, were circu-
lar in shape and did not show aggregation with the
neighbouring particles. Also, single-crystalline struc-
tures of biogenic nanoparticles were further supported
by their corresponding SAED analysis as shown in
Figure 4b with characteristic {111}, {200} and {220}
diffraction patterns suggesting a face-centred cube (fcc)
arrangement.

Finally, confirmation of gold nanoparticles was done
via XRD which confirmed the presence of synthesized
gold (Figure 5). Bragg's reflections observed in the
diffraction pattern could be indexed on the basis of fcc-
type crystal arrangement. The strong diffraction peak at
38.21° is ascribed to the {111} facet of the fcc-metal gold
structure. The other two peaks can be attributed to
{200} and {220} facets at 44.19° and 64.45°, respectively.
It is important to note that the ratio of intensity be-
tween {200} and {111} peaks is lower than the standard
value (0.47 versus 0.53). Also, the ratio between {220}
and {111} peaks is lower than the standard value (0.32
versus 0.33). These observations indicate that gold
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nanoplates (and not nanospheres, although both will
exhibit circular plane) were formed in majority by the
reduction of Au(Ill) by membrane-bound fraction of
E. coli K12 and are dominated by {111} facets. Further,
most of the {111} planes parallel to the surface of the
supporting substrate were sampled.

Catalytic activity of Au-MBF biocatalyst in 4-nitrophenol
degradation

Aqueous 4-NP shows maximum UV-vis absorbance at
317 nm [26]. When NaBH4 (pH > 12) was added to
reduce 4-NP, an intense yellow colour appeared due to
formation of 4-nitrophenolate ion red-shifting the
absorption peak to 400 nm [27]. The reaction does not
proceed, and the peak remained for several days in the
absence of Au catalyst [28,29]. Also, no peak change
was observed in the control reaction consisting of MBF
only without Au NPs.

Normally, -NO,-containing aromatic compounds are
inert to the reduction via NaBH,;. However, with the
addition of MBF-Au NP biocatalyst, the colour faded to
a colourless solution (as shown in Figure 6a) and the
peak at 400 nm decreases with the appearance of the
peak at 290 nm corresponding to the formation of 4-AP
[30]. Au NPs present in the biocomposite helped in the
transfer of electron from BH; ~ ions to the nitro group
of 4-NP and reducing it to 4-AP, which was qualitatively
monitored by UV-vis spectroscopy as shown in Figure 6b.
Since the concentration of bionanocomposite catalysing
the reaction was very low, measurement of the absorption
spectra of 4-NP and the reduction product 4-AP was
not disturbed by the light scattering due to the catalyst
carrier particles in the reaction mixture. As the
concentration of NaBH, used was much higher than
that of 4-NP, it is assumed that the concentration of
BH, ~ remains constant during the reaction, and in this

t..bq

."‘5-

of obtained Au NPs.

Figure 4 TEM images of biogenic Au nanoparticles after 24 h. (a) Discrete gold nanoparticles of size approximately 50 nm; (b) SAED pattern
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Figure 5 XRD spectra of Au® as obtained by membrane-bound fraction of E. coli K12 cells.

context, the order of reaction can be considered as a  stability to the biocatalyst framework. Further, the
pseudo-first-order reaction [31]. We found good linear = biomass alone in the absence of Au NPs was inert to
correlation of In(A) and time, and the kinetic reaction the reaction. This ‘green catalyst’ will greatly reduce
rate constant under the given set of reaction conditions  the cost incurred in bioremediation with an added
was estimated to be 1.24 x 10> min~'. However, it advantage of being a totally eco-friendly synthesis
should be noted that the reduction rate of 4-NP can be  process. Although there may be a few drawbacks like
influenced by the concentration of catalyst, size of polydispersity of nanoparticles which may affect the
catalyst, concentration of reactants and temperature quality of nanobiocatalyst, nonetheless considering the
[32]. Here, we observed that the biomass-supported economic viability and facile green synthesis, this study
catalyst proved to be a sturdy substitute for catalyst helps in better understanding of bacteria-mediated
matrix as biogenic nanoparticles tend to adhere/adsorb  nanoparticle synthesis and associated development of
to the biomaterial matrix because of certain active biocatalysts for the reduction of nitroaromatic pollutants.
chemical groups, which in turn may impart additional

Conclusions
- : \ Extracellular membrane fraction of E. coli K12 was
= i (b) found to be responsible for the biogenic synthesis of
H @ N . - gold nanoparticles at room temperature without pH
‘ lf‘ - g adjustment. Gold nanoplates were obtained in majority

in the size range of around 50 nm. We concluded that

|
- e . o I certain proteins embedded in the membrane fraction
- I cause formation and stabilization of Au NPs. In the
| A o, 1 absence of these proteins (activity loss by B-met treat-
— [ o ‘3{;‘ = ment), no nanoparticle formation was observed. Since
o L Wavelength [m] biogenic nanoparticles are stabilized ‘naturally’ in the
Figure 6 Degradation of 4-nitrophenol and UV-vis absorption presence of active biomass, their efficacy in the preparation
spectra. (a) Schematic representation of degradation of of heterogeneous catalyst was examined. We provided an
4-nitrophenol from pale yellow into colourless solution in the innovative approach to utilize biogenic gold nanoparticles
presence of MBF-Au” heterogeneous catalyst; (b) UV-vis absorption adsorbed over the cell membrane fraction to be used as a

spectra during the reduction of 4-nitrophenolate ion by Au NPs heterogeneous catalyst s cata]ysing Complete degradation
bound to MBF over a time period of 10 min.

. of 4-NP. A distinct advantage of this study lies in the fact
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that the facile green synthesis process can be seamlessly
aligned with the preparation of nanobiocatalyst which may
find numerous applications in catalysis, bioremediation
studies, etc. This research has the potential to promote
membrane fractions (proteins) for continuous synthesis of
different types of NPs (see Additional file 1) and subsequent
development of associated bionanocomposite resulting in
improved material synthesis and application by biogenic
systems.

Additional file

Additional file 1: Supplementary information. It contains information
about SDS-PAGE and preparation of membrane-bound fraction (MBF)
column reactor for continuous synthesis of Au NPs.
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Directed assembly of metal oxide nanoparticles with the aid of DNA was investigated. One-dimensional
arrangement of zirconia (Zr0;) nanoparticles using DNA as a template was shown by TEM observation. It is
considered that the DNA-directed assembly of ZrO, nanoparticles is due to the Coulomb interactions between
the negatively charged DNA and positively charged ZrO, nanoparticles.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

When used as building blocks for nanostructures, nanoparticles
make further miniaturization of structures and devices possible [1].
Recently assembling nanoparticles on the nanoscale has received
considerable attention [2-11], and one tool for creating these assemblies
is biomaterials. Deoxyribonucleic acid (DNA) is an appropriate biopoly-
mer template for constructing defined inorganic materials, and highly
selective base-pairing interactions between complementary single-
strand DNA chains have been used in nanoassemblies. Additionally,
native double-helical DNA can directly interact with metal ions and their
complexes, and the role of DNA in assembling metal nanoparticles has
been reported [12-20]. Recently, assembly of metal oxide nanoparticles
has been demonstrated by surfactant capping on the nanoparticles
[21,22]. However, DNA-directed assembly of metal oxide nanoparticles
remains a challenge.

Metal oxide ceramic nanoparticles have been extensively investi-
gated due to their successful applications and potential in various
fields such as electronics, catalysis, pharmaceutics, energy storage,
and medical applications, and using DNA to assemble metal oxide
nanoparticles may allow novel hybrid nano-biomaterials with synergetic
properties and functions to be realized. Zirconia (ZrO,) is an attractive
ceramic material due to its excellent mechanical, tribological and thermal
properties, and good oxygen ionic conductivity. Its nanoparticles have

= Corresponding author. Tel./fax: + 81 6 6879 4370.
E-mail address: ohara@jwri.osaka-u.ac,jp (5. Ohara).

0167-577X/% - see front matter © 2012 Elsevier B.V. All rights reserved.
doi:10.1016/j.matlet.2012.03.094

a broad range of applications, including thermal barrier coatings, solid-
state electrolytes, solid oxide fuel cells, oxygen sensors, and heteroge-
neous catalysts etc. [23-29]. From the viewpoint of several key
applications, the assembly of ZrO, ceramic nanoparticles has been
eagerly anticipated. The aim of this communication is to elucidate
the directed assembly of ZrO, nanoparticles with the aid of DNA. Herein,
we show the first example of a one-dimensional arrangement of metal
oxide nanoparticles without surfactant capping using DNA as a template.

2. Experimental

The ZrO, ceramic nanoparticles, which were synthesized by a
hydrothermal reaction, were a colloidal solution. Aqueous solution of
ZrOCl, - 8H,0 was mixed with KHCO,/KOH solution. Then the solution
was hydrothermally treated at 150 °C for 1 h in the Teflon lined stainless
steel vessel. The detailed hydrothermal synthesis is described in a
previously reported method [30]. After the reaction, ZrO, nanoparticles
in the solution were purified by washing ten times with deionized
water and 5 M of HCl was added to the product for dispersion of the
nanoparticles in water. The particle size distribution of the obtained
Zr0, nanoparticle colloidal solution was measured by the dynamic light
scattering (DLS) method, whereas transmission electron microscopy
(TEM) was used to observe the ZrO, nanoparticles and their assembled
nanostructures.

Two types of DNA solutions were used in this study: N-DNA and a
short DNA fragment. The ZrO, nanoparticles were assembled by A-DNA
as follows. A\-DNA, which was 48,502 base-pairs (bp) long, was purchased
from TaKaRa Biotechnology (Dalian) Co., Ltd. The original concentration
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was 0.3 pg/uL, and the equivalent base pair concentration was 450 pmol/L.
The buffer was 10 mmol Tris-HClI-1 mmol EDTA, pH=8.0, A260/
A280=1.8-2.0 (DNA purity). A260 and A280 are the optical spectrom-
eter measurement of absorbance at the wavelengths of 260 nm and
280 nm, respectively. The A-DNA solution (450 umol/L bp concentration)
was diluted to a 1 umol/L bp concentration by adding a 0.0025 mol/L HCl
solution to maintain the pH of A-DNA near 3.0. A 900 pL ZrO, solution
(concentration 50 umol/L) with a HCl solution was prepared to maintain
a constant pH value of 3.0. Then 900 LL ZrO, solution was added to the
900 pL solution of 0.5 umol/Lbp N-DNA to make a 1800 pL compound
solution of 0.25 pmol/L bp N-DNA.

The short DNA fragment, which was 50 bp linear and double-
stranded, was purchased from Lonza Rockland Inc. To realize a pH of
3.0, the 100 pL short DNA fragment of 138.5 umol/L was diluted ten-fold
to a 1000 pL solution of 13.85 umol/L with HCl solution (0.0025 mol/L).
In the same manner, the zirconia solution (11.3 mmol/L) was diluted
two thousand times with a HCl solution to make a 1000 pL solution with
a zirconia concentration of 5.65 pmol/L. Then 1000 pL zirconia solution
was added to the 1000 pL short DNA fragment solution to yield a mixed
solution with a pH of 2.8. The absorption spectrum and zeta potential
of DNA solutions were evaluated using an ultraviolet-visible (UV-vis)
scanning spectrometer and a zeta potential analyzer, respectively.

3. Results and discussion

Fig. 1a and b shows a photograph and particle size distribution of
the obtained transparent ZrO, colloidal solution. The ZrO, nanoparticle
surface contains numerous positive charges at a pH value of 3 because
the isoelectric point of ZrO, ceramic is around 5-6, and due to the
electric repulsion force in water, each ZrO, nanoparticle is assumed to
be dispersed separately. The average diameter of the ZrO, nanoparticle
is about 5 nm, and has a very narrow particle distribution (Fig. 1b).
Fig. 1c shows a TEM picture of the ZrO, nanoparticles. Although the
primary ZrO, nanoparticles on the TEM grid aggregate after drying the
colloidal solution, the primary nanoparticles are about 5 nm, which is
consistent with that measured by DLS. Hence, it is concluded that the
Zr0, nanoparticles can be dispersed perfectly in water under this low
pH condition. :

Fig. 2 shows the TEM picture of the mixed solution of ZrO,
nanoparticles and N-DNA, and indicates that a network is formed as
the ZrO, nanoparticles are assembled on the DNA strands. In contrast,
without DNA, the ZrO; nanoparticles are aggregated randomly on the
TEM grid (Fig. 1c). However, the ZrO, nanoparticles are arranged in the
presence of A-DNA and the morphology agrees well with the assembly
of metal nanoparticles by A-DNA [13,20]. This TEM observation suggests
that DNA plays an active role in the directed assembly process of ZrO,
nanoparticles.

The length of the A-DNA molecule is very long compared to the size of
Zr0, ceramic nanoparticles. Thus, to confirm that the ZrO, nanoparticles
are arranged on DNA, a short DNA fragment with a short length was
used. 50 bp of the short DNA fragment corresponds to 17 nm, because
the length of one bp is 0.34 nm. Fig. 3 shows the TEM picture of ZrO,
nanoparticles assembled on the short DNA fragment, and illustrates
that several ZrO, nanoparticles form an array on the short DNA. Although
some ZrO, arrays aggregate each other, the ZrO, nanoparticles are
aligned along the DNA template, as seen in Fig. 3, which reflects the linear
morphology of the DNA.

The absorption spectrum and zeta potential of DNA in the working
buffer were measured in order to consider the interaction between the
DNA molecules and the ZrO, nanoparticles. It is thought that the short
DNA fragment is stable in the acidic solution, because the absorption
property around at 270 nm is not changed in comparison with that
in the water. Then, it is confirmed that the short DNA fragment has
negative charge even in the acidic solution. Futhermore, when the
concentartion of the short DNA fragment increases, each ZrO, nanopar-
ticle is individually observed on the TEM grid (Fig. 4). Therefore, the one-
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Fig. 1. (a) Photograph and (b) particle size distribution of the synthesized transparent
zirconia nanoparticles in water. (c) TEM image of the synthesized zirconia
nanoparticles.

dimensional (1D) arrangement is likely due to the Coulomb interactions
between the negatively charged DNA and positively charged ZrO,
nanoparticles.

To date, some groups have reported the assembly of metal oxide
nanoparticles by DNA templates [21,22]. However, both nanoparticles
were capped by surfactant such as tetramethylammonium hydroxide
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Fig. 2. TEM image of a zirconia nanoparticle assembly by A-DNA.
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Fig. 3. TEM image of the zirconia nanoparticle assembly by a short DNA fragment.
Concentration of the DNA is 13.85 pmol/L.

Fig. 4. TEM image of the zirconia nanoparticle assembly by a short DNA fragment.
Concentration of the DNA is 138.5 pmol/L.

(TMAH) or cetyltrimethylammonium bromide (CTAB) in order to
improve their dispersibility in solution, and the surfactant played an
important role in assembling the nanoparticles on DNA. In contrast, the
Zr0, nanoparticles used in this study are very stable in water without
surfactant capping. Hence, we succeeded in DNA-directed assembly of
metal oxide nanoparticles for the first time.

4. Conclusion

The role of DNA in assembling metal oxide nanoparticles without
surfactant capping was investigated. ZrO, nanoparticles are assembled

on DNA by Coulomb interactions between the negatively charged DNA
and positively charged ZrO, nanoparticles. We believe that this directed
assembly of metal oxide nanoparticles by DNA will yield novel hybrid
nano-biomaterials with synergetic properties and functions.
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ARTICLE INFO ABSTRACT

Background: Gemcitabine (GEM) is used to treat various carcinomas and represents an advance in pancreatic
cancer treatment, In the screening for DNA polymerase (pol) inhibitors, a glycoglycerolipid, monogalactosyl
diacylglycerol (MGDG), was isolated from spinach.
Methods: Phosphorylated GEM derivatives were chemically synthesized. In vitro pol assay was performed
according to our established methods. Cell viability was measured using MTT assay.
Results: Phosphorylated GEMs inhibition of mammalian pol activities assessed, with the order of their effect ranked
as: GEM-5'-triphosphate (GEM-TP) > GEM-5'-diphosphate> GEM-5"-monophosphate>GEM. GEM suppressed
growth in the human pancreatic cancer cell lines BxPC-3, MIAPaCa2 and PANC-1 although phosphorylated GEMs
showed no effect. MGDG suppressed growth in these cell lines based on its selective inhibition of replicative pol spe-
cies. Kinetic analysis showed that GEM-TP was a competitive inhibitor of pol « activity with nucleotide substrates,
and MGDG was a noncompetitive inhibitor with nucleotide substrates. GEM combined with MGDG treatments
revealed synergistic effects on the inhibition of DNA replicative pols c and <y activities compared with GEM or
MGDG alone. In cell growth suppression by GEM, pre-addition of MGDG significantly enhanced cell proliferation
suppression, and the combination of these compounds was found to induce apoptosis. In contrast, GEM-treated
cells followed by MGDG addition did not influence cell growth.
Conclusions: GEM/MGDG enhanced the growth suppression of cells based on the inhibition of pol activities.
General significance: Spinach MGDG has great potential for development as an anticancer food compound and
could be an effective clinical anticancer chemotherapy in combination with GEM.

© 2012 Elsevier B.V. All rights reserved.
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1. Introduction

Cancer is a major, worldwide, public health problem, and epidemio-
logic and animal studies have indicated that vegetables and fruits with
chemopreventive natural products, alone or in mixtures, are associated
with reducing the risk of developing cancer [1-3]. DNA polymerase

Abbreviations: pol, DNA-dependent DNA polymerase (EC. 2.7.7.7); MGDG, mono-
galactosyl diacylglycerol; GEM, gemcitabine; GEM-TP, gemcitabine-5'-triphosphate;
GEM-DP, gemcitabine-5"-diphosphate; GEM-MP, gemcitabine-5-monophosphate; dTTP,
2'-deoxythymidine-5'-triphosphate; dNTP, 2'-deoxynucleotide-5'-triphosphate; DMSO,
dimethyl sulfoxide; PBS, phosphate-buffered saline; FBS, fetal bovine serum; ssDNA,
single-stranded DNA; ICsg, 50% inhibitory concentration; LDsg, 50% lethal dose
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(DNA-dependent DNA polymerase [pol], E.C. 2.7.7.7) catalyzes deoxyri-
bonucleotide addition to the 3’-hydroxyl terminus of primed double-
stranded DNA molecules [4]. As pols play important maintenance
roles in key eukaryotic systems, such as DNA replication, recombination
and repair [5], pol inhibitors can be employed as anticancer chemother-
apy agents because they inhibit cell proliferation. Based on pol inhibi-
tors' strategic effects, we have been screening for mammalian pol
inhibitors from natural phytochemical products in vegetables and fruits
for over 15 years.

The human genome encodes at least 15 DNA pols that conduct cellular
DNA synthesis [6,7]. Eukaryotic cells contain 3 replicative pols (o, &
and £), 1 mitochondrial pol (vy), and at least 11 non-replicative pols
(B, ¢ M 8, L K N\ 1 v, terminal deoxynucleotidyl transferase (TdT) and
REV1) [8,9]. Pols have a highly conserved structure, with their overall
catalytic subunits showing little variance among species; conserved
enzyme structures are usually preserved over time because they perform
important cellular functions that confer evolutionary advantages. On the



