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Fig. 5 Relative fluorescence units (RFUs) of HER2 positive
and negative cells treated with several concentrations of Alexa
Fluor 488-labelled HBe core particles. RFUs were determined

by FACS measurement. (A) HBc, (B) AHBc and (C) Zygr2-AHBe.

White bars, SKBR3 (HER2, +++): grey bars, MCF-7 (HER2, +)
and black bars, HeLa (HER2, —).

A HBc

Z,,ero-AHBC

Hepatitis B core particle targeting HER2-expressing cells

HER2) and a HER2-negative human cervical cancer
cell (HeLa) at several concentrations. After 3h of in-
cubation, we measured the fluorescence intensity of
these cells by FACS.

As shown in Fig. SA, the addition of a wild-type
HBc particle caused a dose-dependent increase in
fluorescence for all three kinds of cancer cells
(SKBR3, MCF-7 and HeLa), indicating that the ori-
ginal HBc particle binds to the cells in a non-specific
manner. The addition of a AHBc particle did not ex-
hibit fluorescence for all three cells, supporting the
theory that the deletion of the arginine-rich domain
can cancel the non-specific binding ability of the ori-
ginal HBc (Fig. 5B). In contrast, the addition of a
Zyer2>-AHBc particle promoted an apparent fluores-
cence for SKBR3 cells in a dose-dependent manner
(white bars), whereas it never exhibited fluorescence
for the HeLa cells (black bars) (Fig. 5C).
Additionally, the addition of Zygr>-AHBc to
MCEF-7 showed a weaker fluorescence than in the
case of SKBR3 (Fig. 5C, grey bars). These results in-
dicate that Zpygro-AHBc specifically recognized
HER2-expressing breast cancer cells and that the bind-
ing amount of Zygr,-AHBc differed in accordance
with the HER2 expression levels in the cells.

Finally, to visually observe the binding ability of
these particles to the cells, Alexa Fluor 488-labelled
core particles were added into the cell cultures
(SKBR3, MCF-7 and HelLa) to give a final concentra-
tion of 10 ug/ml. After 3 h of incubation, the cells were
observed using a confocal laser scanning microscope
(Fig. 6). These results were consistent with the results
of the FACS analyses (Fig. 5). demonstrating that the
Zyer2-AHBce particle has the ability to specifically
bind to HER2-expressing breast cancer cells.

In conclusion, we developed a HBc particle display-
ing a Zygro affibody that specifically recognizes
HER2-expressing breast cancer cells. It would be pos-
sible to incorporate drugs into Zygro-HBc particles by
using the dissociation and association mechanism
regulated by salt concentration (24) or urea denaturant
(18), or by fusing peptidic drugs to C-terminal tail of
core protein (22). By inserting other types of affibody

MCF-7 Hela

Fig. 6 Fluorescence images of SKBR3 (HER2, +++), MCF-7 (HER2, +) and HeLa (HER2, —) treated with Alexa Fluor 488-labelled HBc core
particles (10 ug/ml). Cells were observed on a confocal laser scanning microscope. The fluorescence of Alexa Fluor 488 labeled HBc was shown in

white. Scale bars, 50 um.
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A bio-nanocapsule derived from the hepatitis B virus (HBV) is expected to be useful as a drug delivery
system carrier. Because various types of bio-nanocapsules have been developed, a simple and versatile
purification method for bio-nanocapsules would be useful. Therefore, this study was focused on estab-
lishing a simple purification method using affinity chromatography by inserting a histidine tag (His-tag)

into a bio-nanocapsule. The method achieved a simple, one-step purification with a yield that was 2.5-

Keywords:

Hepatitis B virus
Bio-nanocapsule

His-tag

Affinity chromatography

fold higher than conventional ultracentrifugation, and thus would be a desirable alternative method for
recombinant virus-like particle purification.

Crown Copyright © 2013 Published by Elsevier B.V. All rights reserved.

A bio-nanocapsule consisting of a hepatitis B surface antigen
(HBsAg) and a lipid bilayer is a hollow virus-like particle (Kuroda
et al.,, 1992) that has been studied as a carrier for drug delivery
systems (Yamada et al., 2003). Since wild type bio-nanocapsules
recognize specific hepatic cells, they are used as carriers to deliver
drugs to hepatocarcinomas (Yamada et al, 2003). In the past,
wild type bio-nanocapsules have also been altered into modified
bio-nanocapsules that recognize other types of cells by replac-
ing the hepatocyte recognition site in the pre-S region with
other targeting molecules (Kasuya et al., 2008; Shishido et al.,
2009a,b). For example, a Zyggo-displaying bio-nanocapsule (Zygga-
bio-nanocapsule) recognizes specific HER2-expressing cells that
include breast cancer cells and ovarian cancer cells (Shishido
et al., 2010). The Zyego is one of a type of affibodies that are the
mutant proteins derived from the Z domain of Staphylococcal pro-
tein A and function as affinity ligands (Orlova et al., 2006; Lee
et al., 2008). These wild type and altered bio-nanocapsules can be
mass-produced in yeast cells (Kuroda et al., 1992; Shishido et al.,
2010). Approaches using ultracentrifugation (Kuroda et al., 1992)
or affinity chromatography combined with gel filtration (Kasuya
et al., 2009) have been reported as methods for purification of
the bio-nanocapsules from crude yeast extract. The advantage of
the ultracentrifugation method is a general versatility, which is

* Corresponding author at: Department of Chemical Science and Engineering,
Graduate School of Engineering, Kobe University, 1-1 Rokkodaicho, Nada-ku, Kobe
657-8501, Japan. Tel.: +81 78 803 6196; fax: +81 78 803 6196.

E-mail address: akondo@kobe-u.ac.jp (A. Kondo).

available to purify both wild type bio-nanocapsules and altered
bio-nanocapsules; and, therefore, it is used conventionally for the
purification of bio-nanocapsules. However, the yield and degree
of purification are often not high enough because the density
gradient methods are laborious for the complete removal of for-
eign substances, and the relative number of required purification
steps leads to a loss in target proteins and time consumption.
However, the affinity chromatography method can provide high-
yield, high-degree purification using procedures that are simple
and brief. However, these methods have not been frequently used
to purify bio-nanocapsules, because it was believed they were
not applicable. This procedure commonly requires appropriate
purification columns that depend on the types of produced bio-
nanocapsules, such as a sulfated cellulofine column (for wild type
bio-nanocapsule; Kasuya et al., 2009) or a porcine IgG column (for
Z domain-displaying bio-nanocapsule; Kasuya et al., 2009), and
often there is a failure to find a suitable affinity column. Thus,
since both methods have advantages and disadvantages, a sim-
ple, versatile and high-recovery purification method that would
be applicable to any bio-nanocapsule would be useful. Therefore,
in the present study, an attempt was made to establish an affin-
ity chromatography method to purify bio-nanocapsules using the
His-tag that is a gold standard for protein purification (Sakamoto
et al.,, 2010) by fusing genetically hexahistidine sequences (His6)
to a targeting molecule substituted for the pre-S region within
the bio-nanocapsule. This simple method of only inserting a
His6-tag is expected to apply only to wild type and altered
bio-nanocapsules. Therefore, this study was focused on investi-
gating whether this method could be used to successfully purify

0166-0934/$ - see front matter. Crown Copyright © 2013 Published by Elsevier B.V. All rights reserved.
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Fig. 1. Schematic representations of constructed bio-nanocapsules (wild type bio-
nanocapsule, Zygrz-bio-nanocapsule and His6-Zyggz -bio-nanocapsule).

Zyerz-bio-nanocapsules using a His6-tag and its effectiveness was
compared with that of the conventional ultracentrifugation purifi-
cation method.

To purify bio-nanocapsules by His6 affinity chromatography,
a plasmid that would express the His6-tagged Zygro-bio-
nanocapsule in which His6 was fused to the N-terminus of a Zygga
fragment (Fig. 1) was constructed. The plasmid for expression of
the His6-tagged Zygro-bio-nanocapsule was constructed to replace
the pre-S region in the L protein with a His6-Zygr, molecule, as
described below. The fragment encoding His6-fused Zygro (His6-
Zuerz) was amplified by polymerase chain reaction (PCR) using
pGLDsLd50-Zygg, (Shishido et al., 2010) as a template with the
following primers: (5-GGG GGA TCC CAC CAC CAC CAC CAC CAC
GCG CAA CAC GAT GAA GCC GTA GAC AAC AAATTC AAC AA-3' and
5'-GGG GCG GCC GCCTTT CGG CGC CTAAGCATC AT-3'). The ampli-
fied fragment was digested with BamHI/Notl and ligated into the
BamHI/Notl sites of pGLDsLd50-Zyggz. The resultant plasmid was
designated as a pGLDsLd50-His6-Zygga. A Saccharomyces cerevisiae
AH22R~ yeaststrain was transformed with the constructed plasmid
using the spheroplast method, and was cultured and disrupted with
glass beads (Kuroda et al., 1992). Then the crude extract was exam-
ined as to whether it contained the His6-Zyggr2 fusion proteins by
western blotting using anti-His6 antibody and anti-protein A anti-
body (data not shown). Since the same sized bands were detected
in both lanes, the produced bio-nanocapsules contained His6 and
Zyerz as a fusion protein.

A crude yeast extract was purified by each of the purification
methods listed below. The degree of the purified samples col-
lected in each step of purification was evaluated by silver staining
using Sil-Best Stain One (Nacalai Tesque, Kyoto, Japan) (Fig. 2).
The ultracentrifugation purification method was followed in accor-
dance with the previous specified procedures (Kuroda et al., 1992).
The objective bands were shown through five steps of purifica-
tion, which contained polyethylene glycol (PEG) precipitation for
2 h (lane 4), dialysis for 6h after CsCl ultracentrifugation for 16 h
(lane 5), dialysis for 6 h after CsCl ultracentrifugation for 14 h (lane
6), dialysis for 6 h after sucrose ultracentrifugation for 10 h (lane 7),
and condensation (lane 8). However, it was thought that the puri-
fied samples contained unnecessary proteins, because other thin
bands and a smear band were also detected throughout the lanes.

Next, a His6 affinity chromatography method was performed
as described below. The crude extract was prepared by disrupting
the cultured yeast cells with glass beads in 75ml of dissoci-
ation buffer [7.5M Urea, 170mM Na;HPO,4, 40 mM NaH,POy,
15mM disodium ethylene diamine tetraacetic acid (EDTA/2Na),
2mM phenylmethylsulfonyl fluoride (PMSF), and 0.01% sorbi-
tan polyoxyethylene monooleate (Tween 80)]. The pellet was
removed by centrifugation at 14,000 x g and 4°C for 10 min. The

M 8 4.5 6 7 8

M 1 2

[kDa]
75

50

37

25
20

Fig. 2. Analysisof the degree of purification by silver staining. Lanes 1-2, His6 affin-
ity chromatography purification; lanes 3-8, ultracentrifugation purification. Sample
was subjected to SDS-PAGE followed by crude yeast extract (lane 1 and lane 3) into
an affinity column and dialyzed for 6 h (lane 2), PEG precipitation for 2 h (lane 4),
dialysis for 6 h after CsCl ultracentrifugation for 16 h(lane 5), dialysis for 6 h after CsCl
ultracentrifugation for 14 h (lane 6), dialysis for 6 h after sucrose ultracentrifugation
for 10 h (lane 7) and condensation (lane 8).

His6-Zyggra-bio-nanocapsule was separated from the crude extract
using Ni%*-chelate affinity chromatography. A column with 5ml
of Ni%*-chelate agarose (Nacalai Tesque) was pre-equilibrated
with a 5-fold volume of dissociation buffer. The crude extract was
loaded into the column and washed with 15ml of dissociation
buffer. Then, bound proteins were eluted with 15ml of elution
buffer (dissociation buffer with 1M imidazole). The eluate was
fractionated in 1 ml aliquots. The aliquots of each fraction were
analyzed by silver staining to select the fractions containing
proteins. The proteins of purified fractions were finally dialyzed in
phosphate-buffered saline (PBS) to remove the urea. The method
was very simple, and amounted to simply applying crude yeast
extract into the affinity column and dialyzing it for 6 h (lane 2). Two
objective, albeit different, bands were observed near 44 kDa that
were produced by the presence and absence of N-glycosylation,
as previously reported (Shishido et al, 2010). The thin band
observed at near 25 kDa was a degraded His6-fused protein. This
useless protein should be omitted by optimizing the process (e.g.,
changing the cultivation and/or extraction conditions) when the
bio-nanocapsules are used for commercial purposes. Nevertheless,
clear, objective bands were obtained without the smear bands
produced by ultracentrifugation purification, demonstrating a
high purity for the His6 affinity chromatography.

The collateral concentrations of proteins contained within each
step of purification were measured using a Lowry protein assay and
then the yields were calculated. In the case of the ultracentrifuga-
tion method (Table 1B), 1.3 mg protein (yield, 0.61%) was eventually
obtained. When combined with the results of silver staining, how-
ever, the actual yield would be less than 0.61%. In the case of the
His6 affinity chromatography method, 2.9 mg protein (yield, 1.52%)
was eventually obtained. From the results of the silver staining,
these values would be almost the same as the actual amount and
yield of the His6-tagged target protein, because the useless proteins
were rarely contaminated. As a result, the His6 affinity chromatog-
raphy method achieved a yield that was almost 2.5-fold higher
than that achieved with ultracentrifugation, despite being a simple
one-step purification (Table 1A).

To evaluate the quality of purified His6-Zygg2-bio-nanocapsules,
the diameter was measured by DLS using a Zetasizer Nano parti-
cle size analyzer (Malvern Instruments, Worcestershire, UK). The
His6-Zyggz-bio-nanocapsules purified by His6 affinity chromatog-
raphy were about 100nm in diameter, and were similar to the
His6-Zygga2-bio-nanocapsules that were purified via the ultracen-
trifugation method. Since both diameters were almost equal to that
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Table 1

The yield of purified protein for each step of (A) affinity chromatography method and (B) ultracentrifugation method. The number of steps was compatible with each lane of

Fig.2.
(A)
Step of affinity chromatography method Concentration [pg/ml] Liquid measure [ml] Mass [mg] Yield [%]
1. Crude extract 2940.1 62.5 191.1 100.00
2. After affinity purification 189.9 15.0 29 1.52
(B)
Step of ultracentrifugation method Concentration [pg/ml) Liguid measure [ml] Mass [mg] Yield [%]
3. Crude extract 3566.9 60.0 214.0 100.00
4. After PEG precipitation 3461.8 27.0 93.5 43.69
5. After ultracentrifugation 1 5221 55.0 287 13.41
6. After ultracentrifugation 2 154.2 47.5 7.3 3.41
7. After ultracentrifugation 3 28.0 103.8 2.9 1.36
8. After condensation 1331 10.0 1.3 0.61

of the Zyggra-bio-nanocapsules (without His6-tag) purified by the
ultracentrifugation method (Shishido et al., 2010), this indicated
that the insertion of a His6-tag into the Zygg,-bio-nanocapsule had
no influence on particle formation.

Finally, to determine the ability of cell specificity, the purified
bio-nanocapsules were reacted with Alexa Fluor 488 succinimidyl
esters (Invitrogen Life Technologies, Carlsbad, CA, USA) (2.6 mol
equivalent) in PBS for 1h at room temperature and the mixture
was dialyzed against PBS overnight to remove the free Alexa Fluor
488. Then, the bio-nanocapsules were added to HER2-positive
SKBR3 cells (human breast carcinoma) (Davison et al., 2011) and
HER2-negative Hela cells (human cervical carcinoma) (Jia et al.,
2003). The fluorescence of the cells was observed using a con-
focal laser scanning microscope (CLSM) (Fig. 3). The fluorescence
was observed in both SKBR3 cells treated with His6-Zygg2-bio-
nanocapsules purified by ultracentrifugation and the His6 affinity
chromatography also with Zyggo-bio-nanocapsules (without a
His6-tag) purified by ultracentrifugation, which indicated that the
His6-fused Zygro-bio-nanocapsules had no adverse effect on cell
specificity. This result showed that the insertion of a His6-tag into
the bio-nanocapsules is a successful alternate for the previously
reported bio-nanocapsule purification techniques.

In conclusion, this study was successful in developing a simple,
versatile and high-recovery purification method using His6 affin-
ity chromatography. This method permits the basic purification
of altered bio-nanocapsules, and would be useful for large-scale
purification in commercial applications. Furthermore, this method
could be applied uniformly to the purification of other recombinant

HisB-Z, gpy-blo-nanocaps: gy bilc- apsule (without Hisé)
purified Ly ultrsce: mi'upulul pur:.ud Lr-; Hish alinly :hlumuh.graphy purified by ultracenifugation

(3]

14

o

x

w

(7]

I

Fig. 3. Fluorescence images of HER2-positive SKBR3 and HER2-negative HelLa cells
treated with Alexa Fluor 488 labeled His6-Zygr2 -bio-nanocapsule purified by ultra-
centrifugation or His6 affinity chromatography and Zyggz -bio-nanocapsule (without
His6) purified by ultracentrifugation. Cells were incubated for 1h in the media
adjusted to 10 pg/ml as protein. After washing twice, cells were additionally incu-
bated for 2h and then observed by a confocal laser scanning microscope. Scale bar,
50 pm.

virus-like particles, such as HIV-1 (Sakuragi et al., 2002), adeno-
associated virus (Backovicetal., 2012) and dengue virus (Tanget al.,
2012), which have been purified using the conventional ultracen-
trifugation method.
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This is the first study to demonstrate sonoelectrocatalytic disinfection using titanium dioxide (TiO;) as an
anode for effective inactivation of Escherichia coli. In brief, a non-woven TiO, fabric used as an anode and a
platinum cathode were immersed in an E. coli suspension in which a positive potential was applied to
TiO, concomitant with ultrasound (US) irradiation. Two control experiments were performed using
E. coli suspensions to exhibit the effects of the sonoelectrocatalytic disinfection. One was disinfection
by applying a positive potential to a TiO electrode, but without US irradiation (electrochemical disinfec-
tion). The other was disinfection without applying a potential, but with US irradiation in the presence of
TiO, (sonocatalytic disinfection). The cell inactivation rate in sonoelectrocatalytic disinfection was syner-
gistically much more enhanced than the combined inactivation rates in electrochemical disinfection and
sonocatalytic disinfection. This synergistically enhanced inactivation rate of E. coli cells was attributable
to effective reaction of the sonocatalytically generated OH radicals with E. coli cells at the surface of the
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TiO; anode, which resulted from the electroadsorption of E. coli cells toward the TiO, anode.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Water treatments use various chemical and physical processes,
such as ozonation and irradiation with y-rays. Among these treat-
ments, electrochemical disinfection has been given considerable
attention because it is a simple and inexpensive method [1]. The
mechanism for electrochemical disinfection and the degradation
of organic pollutants are mainly categorized by two different
oxidation reactions: (1) direct oxidation in which pollutants are
oxidized at an anode surface by a direct electron transfer reaction
between bacterial cells and the electrode; and (2) indirect oxida-
tion in which oxidizing agents, such as HCIO and reactive oxygen
species (ROS), are electrochemically generated at the anode surface
and destroy the pollutants [2,3].

Ultrasound (US) irradiation is also an efficient method for inac-
tivation of bacteria and degradation of contaminants in water [4,5].
The mechanism underlying ultrasonic inactivation of bacterial cells
is based on physical and chemical effects. US irradiation of water
causes acoustic cavitations in which millions of small bubbles col-
lapse to achieve temperatures as high as 5000 K and pressures as
high as 100 MPa [6]. Such extreme conditions that occur when
the bubbles collapse, result in generation of high-speed microjets

* Corresponding author. Tel.: +81 76 234 4807; fax: +81 76 234 4829.
E-mail address: nshimizu@t.kanazawa-u.ac.jp (N. Shimizu).
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and highly active free hydroxyl (OH) radicals due to pyrolysis of
water [7]. These physical and chemical factors inactivate bacterial
cells. Recently, some papers reported on electrochemical disinfec-
tion used in conjunction with ultrasonic disinfection (sonoelectro-
chemical disinfection) [8].

Titanium dioxide (TiO,) is a photocatalyst that generates ROS
under ultraviolet (UV) irradiation [9]. ROS produced via photocat-
alytic reaction has been used for inactivation of bacteria as well
as degradation of harmful chemicals in water [10]. Since Butter-
field et al. first reported in 1997, there have been many reports
on electrochemical disinfection in conjunction with photocatalytic
disinfection using immobilized TiO; as an electrode and for photo-
catalysis (photoelectrocatalytic disinfection) [11-14]. However,
when using a photocatalytic reaction with UV irradiation, prob-
lems arising from the turbidity of waste water are not resolved,
which causes decrease in the efficiency of photocatalytic cell
inactivation.

In a previous study, we discovered that TiO, can act as a sono-
catalyst, i.e., the presence of TiO; particles enhanced OH radical
generation during ultrasonic irradiation, even in the dark, without
UV irradiation [15]. This sonocatalytic effect of TiO, particles has
been applied to the degradation of chemicals [16-19] and the
inactivation of bacteria such as Escherichia coli and Legionella
pneumophila [20-24]. TiO, enhances ultrasonic disinfection by pro-
moting the physical and chemical effects of US [25]. TiO, particles
act as additional nuclei that increase cavitation bubbles, resulting
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in extremely high temperatures and pressures when the bubbles
collapse [26]. These conditions promote the generation of micro-
jets and OH radicals. Moreover, thermal excitation of TiO» by extre-
mely high temperatures [27,28] and photoexcitation of TiO, by
sonoluminescence [29], resulting from the cavitation bubble
implosions, leads to the generation of OH radicals. However, to
date, no study has reported on electrochemical disinfection in con-
junction with sonocatalytic disinfection using TiO,.

Therefore, to develop a more efficient disinfection process, we
demonstrated “sonoelectrocatalytic disinfection using TiO," which
is a combination of electrochemical disinfection using TiO, as a
working electrode and sonocatalytic disinfection using TiO; as a
sonocatalyst, i.e., disinfection by applying potential to the TiO,
electrode in conjunction with US irradiation to a bacterial
suspension in the presence of TiO,. To evaluate the efficacy of
the sonoelectrocatalytic disinfection using TiO,, inactivation of
E. coli was examined. Moreover, membrane damage in E. coli cells
was also examined to understand the cellular processes leading to
cell death during sonoelectrocatalytic disinfection using TiOs.

2. Materials and methods
2.1. Materials

Non-woven TiO; fabrics (Yield Co., Ltd., Kyoto, Japan), measur-
ing 1.5 x 3.5 cm? were used as anodes for sonoelectrochemical
disinfection. A pure non-woven titanium (Ti) fabric of the same
size was also used as control, when necessary. The non-woven
TiO, fabrics were prepared by direct oxidation of a pure non-
woven Ti fabric by a previously described method [24]. Platinum
plate (1.5 x 1.5 cm?) was used as the cathode. The non-woven
TiO, fabrics were cleaned ultrasonically and sterilized in a steam
autoclave at 121 °C for 15 min prior to use. All chemicals used in
this study were reagent grade, and laboratory grade water was
prepared with an ultrapure water system.

2.2, Medium and microbial culture

Escherichia coli (NOVABlue™, Novagen Co. Ltd.) was used for
this study. A single colony of E. coli was isolated after culture on
a Luria Bertani (LB) agar plate (10 g/l tryptone, 5 g/l yeast extract,
5 g/l sodium chloride, and 15 g/l dextrose agar) and inoculated into
a 300-ml baffled Erlenmeyer flask containing 100 ml of LB liquid
media. The flask was incubated for 12 h at 37 °C on an orbital sha-
ker at 140 rpm. After incubation, the culture broth was centrifuged
at 3000 rpm for 10 min and washed twice with 100 mM phosphate
buffer solution (pH = 7.0), which was used as the electrolyte in the
sonoelectrocatalytic disinfection experiments. E. coli cells were
diluted with the phosphate buffer solution to adjust the cell con-
centration to approximately 10° CFU/ml for the disinfection and
microscopy experiments.

2.3. Sonoelectrocatalytic disinfection

Fig. 1 shows the experimental setup for the sonoelectrocatalytic
disinfection. A non-woven TiO, fabric (working electrode) and
platinum (counter electrode) were placed in parallel and separated
by 20 mm in a Pyrex glass reaction vessel (diameter, 30 mm;
volume, 50 ml) containing 10 ml of E. coli suspension in the elec-
trolyte. Chloride-free phosphate buffer solution was used as the
electrolyte to eliminate the generation of chlorine species such as
HCIO. The top of the electrodes were connected to a constant
current device (SEN7103 equipped with SS102J, Nihon Kohden
Co., Tokyo, Japan); the applied constant current was 10 mA. The
reaction vessel was set in the center of a US bath (UO 300 FB-P;

Water (20°C)
_..._H

Transducer

Amplifier

300 W, 36 kHz

Fig. 1. Diagram of the experimental apparatus for sonoelectrocatalytic disinfection.
The anode and cathode are a non-woven TiO, fabric (1.5 x 3.5cm?) and a Pt
electrode (1.5 x 1.5 cm?), respectively.

Kokusai Alpha Co. Ltd., Toyama, Japan; working volume: 5.81),
which was set at an operating frequency of 36 kHz. The US power
delivered to the sample was determined by a calorimetric method
[30], which was calculated as 0.28 W [24]. The water temperature
in the US bath was maintained at 20 £ 0.5 °C by connecting a circu-
lator. Sonoelectrocatalytic disinfection was performed in the dark
by covering the bath, and the reaction vessel was covered with
aluminum foil before and after disinfection to eliminate the effects
of illumination. During disinfection, samples (200 pl each) were
withdrawn carefully and used to evaluate the viable cell concen-
tration and cell membrane integrity.

To emphasize the unique characteristics of sonoelectrocatalytic
disinfection, two control experiments were performed. One was
disinfection by applying a positive potential alone to the TiO,
electrode, but without US irradiation (called electrochemical disin-
fection here). The other was disinfection without applying a poten-
tial, but with US irradiation of E. coli suspension in the presence of
TiO, (called sonocatalytic disinfection in the present study). In
some experiments, 30 mM of t-butanol (Sigma, St. Louis, MO,
USA) was also added to the reaction vessel as an OH radical
scavenging agent.

2.4. Observation of electroadsorption of E. coli

To directly observe the electroadsorption behavior of E. coli cells
toward TiO, anode, electrophoresis of the cells was continuously
monitored using a microscope. Here, E. coli strain expressing green
fluorescent protein (GFP) was used for easy tracking using a fluo-
rescence microscopy. The E. coli strain was prepared by introducing
the plasmid pQBI-T7-GFP (qBiogene, Inc. Irvine, CA, USA) and
inducing protein expression by adding isopropylthio-f-galactoside
according to the standard protocol. The non-woven TiO, fabric and
platinum electrodes were immersed in parallel and separated by
20mm in a petri dish containing the prepared E. coli cells
suspended in phosphate buffer solution. A positive potential was
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applied to TiO, against the counter electrode as described above.
Petri dish was placed on the stage of inverted microscope and fluo-
rescent microscopy images were acquired at prescribed time
intervals.

2.5. Analyses of cell viability and cell membrane integrity

To evaluate the cell viability, a withdrawn sample was diluted
appropriately and plated on LB agar plates. After incubation for
12 h at 37 °C, the viable cell concentration (N) was evaluated based
on CFU/ml. Cell survival ratio was calculated as N/N,, where Ny was
the viable cell concentration before disinfection.

To evaluate the cytoplasmic membrane integrity of the E. coli
cells, propidium iodide (PI) (Nacalai tesque, Inc., Kyoto, Japan)
was used. Pl is impermeable across the cytoplasmic membrane
and is excluded from viable cells, although it exhibits enhanced
fluorescence once it binds to intercellular nucleic acids. Pl was
added to a withdrawn sample at a final concentration of 60 uM
and incubated on ice for 10 min in the dark. The fluorescence
intensity of stained E. coli sample (F) was measured using fluores-
cence plate reader (Cytofluor 4000; Applied Biosystems, Foster
City, CA, USA) with a wavelength of 530 nm for excitation and
645 nm for emission. Changes in fluorescence intensity (AF) were
calculated as the difference between the F value for the described
disinfection condition and that for the control condition without an
applied potential or US irradiation.

3. Results and discussion
3.1. Bacterial cell inactivation by sonoelectrocatalytic disinfection

Fig. 2 shows the time course of the E. coli cell survival ratios dur-
ing disinfection with applying a positive potential to the TiO; elec-
trode andfor irradiating US. Without an applied potential or US
irradiation, there was no decline in the cell survival ratio, even
though the TiO, electrode was present. When only a potential
was applied to the TiO; electrode immersed in an E. coli suspension
(electrochemical disinfection), a slight decrease in the cell survival
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Fig. 2. Time course for the E. coli cell survival ratios during electrochemical,
sonocatalytic, and sonoelectrocatalytic disinfection. Open circles: control; open
triangles: electrochemical disinfection; open squares: sonocatalytic disinfection;
and open diamonds: sonoelectrocatalytic disinfection. Results are the means of five
independent experiments. Error bars indicate standard errors.

ratio was observed; the N/N, value was 0.65 at 60 min of disinfec-
tion. When only US irradiation of the TiO, electrode was used (son-
ocatalytic disinfection), the decrease in the cell survival ratio was
more significant; the NfN, value was 0.12 at 60 min of disinfection.
When a potential was applied to the TiO, electrode in conjunction
with US irradiation to the E. coli suspension (sonoelectrocatalytic
disinfection), the cell inactivation rate was synergistically much
more enhanced than the combined inactivation rates in electro-
chemical disinfection and sonocatalytic disinfection, where the
N[Ny value was 0.012 at 60 min of disinfection.

In electrochemical disinfection (open triangles in Fig. 2), E. coli
cells were adsorbed to a positively charged anode because of an
electroattractive interaction between bacterial cells and the anode
because the surface charge of the E. coli cell wall was negative in a
wide range of solutions including phosphate buffer solution
(pH=7) [31]. Although the surface electric charge of TiO, was
originally negative at pH 7 [32], the electroadsorption behavior
of E. coli cells toward the positively charged TiO; anode was con-
firmed by direct monitoring using fluorescence microscopy
(Fig. 3 and video data in Supplementary information). Moreover,
E. coli cells were inactivated by direct oxidation at the surface of
the TiO, anode and by indirect oxidation because of ROS generated
at the TiO, surface. The lifetime of ROS is so short that oxidation of
E. coli cells by ROS primarily occurred at the anode surface and not
in the bulk phase. Chlorine species, such as HCIO, which shows rel-
atively longer lifetime and works in the bulk phase, was not
formed in this study because a chloride-free phosphate buffer

<€ >

Anode: TiO, Cathode: Pt

Fig. 3. Movement of E. coli cells towards the TiO; anode during application of a
constant current (10 mA). Fluorescent microscopic images are of E. coli cells that
express GFP. A, B, and C are time series images acquired at intervals of 2.3 s. Arrows
in each image indicate the same E. coli cells. Horizontal bars = 10 um.
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solution was used as the electrolyte. Therefore, E. coli cells were ad-
sorbed and inactivated mainly at the surface of the TiO, electrode
in electrochemical disinfection employed in the study. However,
the cell inactivation rate itself was quite low compared with that
examined at other conditions.

During sonocatalytic disinfection using TiO, (open squares in
Fig. 2), disinfection occurred both in the bulk phase and at the
TiO, surface. In the bulk phase, E. coli cells were inactivated by
the microjet shear stress and the OH radicals generated under US
irradiation. Moreover, at the surface of the TiO, electrode, E. coli
cells were inactivated by OH radicals generated by sonocatalytic
excitation of TiO,. In our previous study, the amount of OH radicals
that were generated by sonocatalytic excitation of TiO, was signif-
icantly greater than the amount generated by US irradiation alone
[26]. However, in the sonocatalytic disinfection using the TiO; elec-
trode employed in this study, TiO, was not suspended as particles
but was immobilized as an electrode and could not disperse in the
bulk phase. Moreover, there was no electroattractive interaction
between the TiO, anode and E. coli cells as the surfaces of both
TiO; and E. coli cells were negatively charged in the phosphate buf-
fer solution (pH = 7). Therefore, the sonocatalytically generated OH
radicals at the surface of the TiO, anode could not be effectively
utilized to inactivate E. coli cells during its lifetime.

In the sonoelectrocatalytic disinfection using TiO, as electrode
(open diamonds in Fig. 2), direct and indirect oxidation of E. coli
cells took place at the surface of TiO; electrode, similar to electro-
chemical disinfection. Simultaneously, E. coli cells were inactivated
in the bulk phase by the microjet shear stress and the OH radicals
generated, similar to sonocatalytic disinfection. However, because
of the applied potential to the TiO, electrode, electroadsorption of
E. coli cells toward TiO, anode surface was expected, which accel-
erated the E. coli inactivation by the sonocatalytically generated
OH radicals at the surface of the TiO, anode. Thus, it was consid-
ered that synergistically enhanced inactivation rate in the sono-
electrocatalytic process was attributable to the effective cell
killing by the sonocatalytically generated OH radicals at the TiO,
anode surface which was due to attractive interaction between
TiO, anode and E. coli cells.

3.2. Validation of the synergistically enhanced cell inactivation by
sonoelectrocatalytic disinfection

As described in the previous section, the synergistically en-
hanced cell inactivation during sonoelectrocatalytic disinfection
was attributed to the electroadsorption of E. coli cells to the TiO,
anode surface, which sonocatalytically generated OH radicals. To
verify this assumption, we performed two more control experi-
ments. One was sonoelectrochemical disinfection using Ti as an an-
ode, instead of TiO,. The other was sonoelectrocatalytic
disinfection by applying a negative potential to TiO,. In these con-
trol experiments, E. coli cells were adsorbed to the Ti anode and Pt
anode, respectively, which did not sonocatalytically generate OH
radicals at their surfaces. Thus, these control experiments excluded
the assumed cause of the synergistic effect.

The filled symbols in Fig. 4 indicate the time course for the cell
survival ratios during sonoelectrochemical disinfection using Ti as
anode and sonoelectrocatalytic disinfection using TiO, as a counter
electrode. In both cases, the cell inactivation profile was slower
than that with sonoelectrocatalytic disinfection using TiO, as the
working electrode; these roughly overlapped the profiles for sono-
catalytic disinfection using the TiO, electrode. This suggested that
the disinfection efficiency was not synergistic, but was simply the
sum of electrochemical disinfection and sonocatalytic disinfection
using the TiO, electrode. Based on the results of these control
experiments, it was confirmed that the reason why sonoelectrocat-
alytic disinfection exhibited a synergistically enhanced inactiva-
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Fig. 4. Time course for the E. coli cell survival ratios during control disinfection
experiments with sonoelectrocatalytic disinfection using a TiO; anode. Filled
diamonds: control sonoelectrocatalytic experiment when Ti was used as the anode
in place of TiO;; filled squares: control sonoelectrocatalytic experiment when
applying a negative potential to the TiO, electrode. Other results are for the same
conditions as in Fig. 2 (Open circles: control experiment; open triangles: electro-
chemical disinfection; open squares: sonocatalytic disinfection; and open dia-
monds: sonoelectrocatalytic disinfection). Results are the means of five
independent experiments. Error bars indicate standard errors.

tion rate was that the sonocatalytically generated OH radicals
could react with E. coli cells at the TiO, anode, which resulted from
the electroadsorption of E. coli cells to the TiO, anode surface.

3.3. Contribution of OH radicals to sonoelectrocatalytic disinfection

To check the contribution of OH radicals on cell inactivation
during sonoelectrocatalytic disinfection, t-butanol was employed
as an OH radical-scavenging agent. Fig. 5 shows the time course
for the cell survival ratios during electrochemical, sonocatalytic,
and sonoelectrocatalytic disinfection after addition of 30 mM
t-butanol. Regardless of the method used, the disinfection rate
was slightly reduced by the addition of t-butanol compared with
the control experiments, wherein OH radical was used as a scav-
enging agent. Thus, this suggested that OH radicals contributed
to the electrochemical, sonocatalytic, and sonoelectrocatalytic dis-
infection methods examined in this study.

3.4. Effects of sonoelecatalytic disinfection on membrane of E. coli cells

We considered that there were three lethal mechanisms in-
volved in sonoelectrocatalytic disinfection. The first was direct
electron transfer from the cells to the electrode surface induced
electrochemically, where the cellular constituents are oxidized
and the cell membrane is irreversibly permeabilized [33]. The sec-
ond was shear stress in the bulk phase due to the collapse of cav-
itation bubbles that were generated ultrasonically, in which case
the cell membrane was ruptured. The third was oxidation due to
ROS in the bulk phase generated ultrasonically and ROS at TiO, an-
ode surface generated electrochemically and sonocatalytically, in
which case the cell membrane injury was caused by a membrane
lipid peroxidation reaction [24,34]. Thus, the cell membrane injury
was probably common and the first process that would result in
cell death during sonoelectrocatalytic disinfection. Therefore, we
examined injury to the outer cell membranes and the cytoplasmic
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Fig. 5. Time course for the E. coli cell survival ratios during electrochemical,
sonocatalytic, and sonoelectrocatalytic disinfection after adding a OH radical
scavenging agent. Open and filled symbols are disinfection in the absence and
presence of the OH radical scavenging agent (30 mM t-butanol), respectively.
Symbols are as in Fig. 2 (Circles: control experiment; triangles: electrochemical
disinfection; squares: sonocatalytic disinfection; and diamonds: sonoelectrocata-
Iytic disinfection). Results are the means of five independent experiments. Error
bars indicate standard errors.
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Fig. 6. Changes in fluorescence intensity of E. coli cells stained with Pl during
electrochemical, sonocatalytic, and sonoelectrocatalytic disinfection. Symbols are
as in Fig. 2 (Open triangles: electrochemical disinfection; open squares: sonocat-
alytic disinfection; and open diamonds: sonoelectrocatalytic disinfection). Results
are the means of five independent experiments. Error bars indicate standard errors.

membranes of E. coli cells during disinfection.Fig. 6 shows the time
course for the fluorescence intensities of Pl-stained E. coli samples
that were withdrawn during electrochemical, sonocatalytic, and
sonoelectrocatalytic disinfection. The fluorescence signals derived
from PI were indices of injuries to the cytoplasmic membranes of
E. coli cells, The fluorescent signals were highest with
sonoelectrocatalytic disinfection, followed by sonocatalytic and
electrochemical disinfection. Moreover, the fluorescence signal in
sonoelectrocatalytic disinfection was synergistically much more
enhanced than the combined data in electrochemical disinfection

and sonocatalytic disinfection. These results were consistent with
the disinfection trends shown in Fig. 2, which indicated that cell
membrane injury was the main lethal mechanism against E. coli
cells for these disinfection methods.

4. Conclusions

In conclusion, sonoelectrocatalytic disinfection by applying po-
tential to the TiO, electrode in conjunction with US irradiation of
E. coli suspension synergistically enhanced the cell inactivation
rate compared with the combined inactivation rates in electro-
chemical disinfection using the TiO, electrode and sonocatalytic
disinfection in the presence of a TiO, sonocatalyst. Sonoelectrocat-
alytic disinfection had a synergistically enhanced inactivation rate
because sonocatalytically generated OH radicals at the surface of
the TiO; anode could be effectively utilized to inactivate E. coli cells
as a result of the electroadsorption of E. coli cells toward the TiO,
anode.

Acknowledgements

This research was supported in part by a Grant-in-Aid for
Scientific Research (B) (No. 16310055 and No. 19300182 to
N. Shimizu) from the Ministry of Education, Culture, Sports,
Science, and, Technology of the Japanese Government. Non-woven
TiO; and Ti were provided by Mr. Y. Ito, Yield Co., Ltd.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.ultsonch.2012.10.
007.

References

[1] G.E. Stoner, G.L. Cahen, M. Sachyani, E. Gilbadi, The mechanism of low
frequency a.c. electrochemical disinfection, Bioelectrochem. Bioenerg. 9 (1982)
229-243,

[2] A. Anglada, A. Urtiaga, I. Ortiz, Contributions of electrochemical oxidation to
waste-water treatment: fundamentals and review of applications, ]. Chem.
Technol. Biotechnol. 84 (2009) 1747-1755.

[3] ). Jeong, 1Y. Kim, ). Yoon, The role of reactive oxygen species in the
electrochemical inactivation of microorganisms, Environ. Sci. Technol. 40
(2006) 6117-6122.

[4] P. Piyasena, Inactivation of microbes using ultrasound: a review, Int. ]. Food
Microbiol. 87 (2003) 207-216.

[5] P. Chowdhury, T. Viraraghavan, Sonochemical degradation of chlorinated
organic compounds, phenolic compounds and organic dyes - a review, Sci.
Total Environ. 407 (2009). 2474-292.

|6] K.S. Suslick, Sonochemistry, Science 247 (1990) 1439-1445.

[7] K. Suslick, The chemical effects of ultrasound, Sci. Am. 260 (1989) 80-86.

[8] E. Joyce, TJ. Mason, S.S. Phull, ].P. Lorimer, The development and evaluation of
electrolysis in conjunction with power ultrasound for the disinfection of
bacterial suspensions, Ultrason. Sonochem, 10 (2003) 231-234.

[9] A. Fujishima, K. Honda, Electrochemical photolysis of water at a semiconductor
electrode, Nature 238 (1972) 37-38.

[10] A. Fujishima, T.N. Rao, D.A. Tryk, Titanium dioxide photocatalysis, ).
Photochem. Photobiol. 1 (2000) 1-21.

[11] LM. Butterfield, P.A. Christensen, T.P.]. Curtis, Gunlazuardi, Water disinfection
using an immobilized titanium dioxide film in a photochemical reactor with
electric field enhancement, Water Res. 31 (1997) 675-677.

[12] M. Baram, D. Starosvetsky, ]. Starosvetsky, M. Epshtein, R. Armon, Y. Ein-Eli,
Enhanced inactivation of E. coli bacteria using immobilized porous TiO,
photoelectrocatalysis, Electrochim. Acta 54 (2009) 3381-3386.

[13] N. Philippidis, E. Nikolakaki, 5. Sotiropoulos, I. Poulios, Photoelectrocatalytic
inactivation of E. coli XL-1 blue colonies in water, J. Chem. Technol. Biotechnol.
85 (2010) 1054-1060.

[14] M. Cho, EL. Cates, ].-H. Kim, Inactivation and surface interactions of MS-2
bacteriophage in a TiO; photoelectrocatalytic reactor, Water Res. 45 (2011)
2104-2110.

[15] N. Shimizu, C. Ogino, M.F. Dadjour, K. Ninomiya, A. Fujihira, K. Sakiyama,
Sonocatalytic facilitation of hydroxyl radical generation in the presence of
Ti0s, Ultrason. Sonochem. 15 (2008) 988-994.

[16] A.B. Pandit, P.R. Gogate, S. Mujumdar, Ultrasonic degradation of 2:4:6
trichlorophenol in presence of TiO; catalyst, Ultrason. Sonochem. 8 (2001)
227-231.






Bioorganic & Medicinal Chemistry Letters 23 (2013) 1797-1802

ELSEVIER

Contents lists available at SciVerse ScienceDirect
Bioorganic & Medicinal Chemistry Letters

journal homepage: www.elsevier.com/locate/bmcl

& Madicinal

Cell-SELEX based selection and characterization of DNA aptamer

recognizing human hepatocarcinoma

Kazuaki Ninomiya?, Kazuhiko Kaneda®, Satoshi Kawashima®, Yusuke Miyachi€, Chiaki Ogino ,

Nobuaki Shimizu **

* Institute of Nature and Environmental Technology, Kanazawa University, Kakuma-machi, Kanazawa 920-1192, Japan
" Division of Material Engineering, Graduate School of Natural Science and Technology, Kanazawa University, Kakuma-machi, Kanazawa 920-1192, Japan
¢ Department of Chemical Science and Engineering, Graduate School of Engineering, Kobe University, 1-1 Rokkodaicho, Nada-ku, Kobe 657-8501, Japan

ARTICLE INFO ABSTRACT

Article history:

Received 13 November 2012
Revised 9 January 2013
Accepted 12 January 2013
Available online 22 January 2013

Keywords:

DMA aptamer
Cell-SELEX

HepG2

Cancer cells
Dissociation constant

HepG2 cells.

Single-stranded DNA aptamers recognizing human hepatocarcinoma were isolated by means of a system-
atic evolution of ligands by exponential enrichment using whole cells as targets (cell-SELEX). After 11
rounds of cell-SELEX procedure using human hepatoma HepG2 cells as targets and human normal hepa-
tocyte cells as counterparts, 12 independent DNA aptamer candidate sequences were obtained. The spe-
cific interaction between selected DNA aptamers and targeted cell was confirmed. Dissociation constants
of the 12 sequences obtained were also estimated in the range of 19-450 nM. Moreover, the consensus
secondary structure was found in the isolated aptamers, which was responsible to the recognition of

© 2013 Elsevier Ltd. All rights reserved.

Aptamers are single-stranded oligonucleotides (ssSDNA or RNA)
capable of binding to target molecules with high affinity and spec-
ificity'? due to their tertiary structures.” Aptamers have the fol-
lowing attractive features as molecular probes compared with
that of conventional antibodies:** low molecular weight, quick
and reproducible synthesis, easy modification, long-term stability,
low toxicity, low immunogenicity, and fast tissue penetration.
These advantages have made aptamers an excellent alternative
as molecular probes for clinical applications.®” Aptamers are se-
lected from random ssDNA or RNA libraries with approximately
10'3-10"% diversity through cycles of in vitro affinity selection
and amplification known as SELEX (Systematic Evolution of Li-
gands by EXponential enrichment)."? A counterselection is em-
ployed in the SELEX procedure to collect ssDNA or RNA
sequences that only interact with target molecules, but not with
control molecules. Consequently, aptamer candidates specifically
binding to target molecules are enriched.

To date, hundreds of aptamers have been selected against differ-
ent targets ranging from small molecules to live cells and are cata-
loged in an online database.® In most cases, aptamer selection has
been performed using simple target molecules such as purified pro-
teins (protein-SELEX). However, recent studies reported aptamer
selection against complex targets, such as cell membrane proteins®

* Corresponding author. Tel.: +81 76 234 4807, fax: +81 76 234 4829.
E-mail address: nshimizu@t.kanazawa-u.ac.jp (N. Shimizu).

0960-894X/$ - see front matter @ 2013 Elsevier Ltd. All rights reserved.
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or whole cells (cell-SELEX). When investigating molecular probes for
cancer, cell-SELEX has advantages over protein-SELEX. First, there is
no need to purify and immobilize molecular targets and target mol-
ecules can maintain native folding and glycosylation states at the
surface of cells.'®!" Moreover, new molecular probes can be ob-
tained even without prior knowledge of potential target molecules
of cancer cells.'? There have been several reports on cell-SELEX-
based selection of aptamers against cancer cells, such as leuke-
mia,”*" "3 liver,'® lung,'”'? glioma,>*?' colon,?? and ovarian® cells.

Research group of Tan et al. isolated the ssDNA aptamer that
recognizes mouse liver cancer cells by cell-SELEX;'® and demon-
strated that one of the isolated ssSDNA aptamer also recognize hu-
man liver cancer cells.?* However, no information was given on
which sequence was important for specific binding to human liver
cancer cells. In the present study, some ssDNA aptamers recogniz-
ing human liver cancer cells are directly isolated by the cell-SELEX
using human hepatoma HepG2 cells as targets and human normal
hepatocyte cells as counterparts, in order to extract the consensus
sequence. Furthermore, we discuss the relationship between pre-
dicted secondary structure of the isolated aptamers and the bind-
ing affinity, and find the important consensus sequence and
secondary structure in the isolated aptamers, which is responsible
to the recognition of human liver cancer cells.

To monitor the enrichment of ssDNA aptamer candidates during
cell-SELEX cycles, flow cytometric analysis was conducted for
HepG2 cells (target cells) incubated with the FITC-labeled ssDNA
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Table 1
Sequences of isolated ssDNA aptamers and their binding affinities toHepG2 cells

Percent in H T
11" round Dissociation
Sequence of random region (50 nt) Group  Subgroup Name : constant, Ky
enriched
[nM]
pool [%]
TAACTCAATAAGCTAGGTGGGTGGGGGACACTACCCGGGGGTGGTTGGGT A A-1 28.8 450 =+ 360
CAACTCAATAAGCTAGGTGGGTGGGGGACACTACCCGGGGGTGGTTGGGT A-2 8.8 214 + 82
TAACTCAATAAGCTAGGTGGGTGGGGGACACTGCCCGGGGGTGGTTGGGT B B-1 17.6 111 = 41
CAACTCAATAAGCTAGGTGGGTGGGGGACACTGCCCGGGGGTGGTTGGGT B-2 4.4 27 £ 1
TAACTCAATAAGCTAGGTGGGTGGGGGACACTATCCGGGGGTGGTTGGGT 1 C-1 8.8 20 £+ 8
TAACTCAATAAGCTAGGTGGGTGGGGGACACTACTCGGGGGTGGTTGGGT C C-2 44 19 i+ . 1
CAACTCAATAAGCTAGGTGGGTGGGGGACACTACTCGGGGGTGGTTGGGT C-3 2.2 50 £ 21
TAACTCAGTAAGCTAGGTGGGTGGGGGACACTATCCGGGGGTGGTTGGGT C-4 2.2 141 = 59
TAACTCAATAGGCTAGGTGGGTGGGGGACACTACCAGGGGGTGGTTGGGT D D-1 44 195 + 131
CGATGGCGGTGGGTGGGGGACAAAT TTGGGGGGCGTTGGGTGTTIGTGGT I E E-1 11.1 64 = 10
GGTGGTGGGGAGGGGGTTGCTGGGT CGCGACTAGGAAACTCATGCGGTAA 11 F F-1 4.4 370 + 311
TTCCGCAATGGCCCTCGATTACTGTCCCTACCACATGAGTTTCCCACATC v G G-1 2.2 153 £ 352
Underlined nucleotides in the sequence of group I indicate residues that differ from A-1.
Nucleotides marked with red and blue color indicated the consensus sequences.
The K, values are the mean + standard error obtained from three independent experiments.
A B C D
AG =-4.93 : AG =-5.91
AG =-5.51 AG=-4.28
E F G
AG =-4.3]
AG =-5.51

Figure 1. Secondary structures of ssDNA aptamers predicted by mfold software.?® Letters (A-G) correspond to the aptamer subgroups listed in Table 1. The secondary
structures marked with red and blue rectangles correspond to the sequences marked with red and blue text in Table 1. The numbers within the secondary structures indicate

free energy changes calculated by the software.

pool obtained from various rounds of cell-SELEX ( see references and
notes for the detailed experimental procedures®®). The peak of the
histogram was shifted to a higher fluorescent intensity as cell-SE-
LEX proceeded up to round 7, and no further enhancement of the
fluorescent signal was observed from rounds 8-11 (see Fig. S2A).

This indicates that ssDNA aptamers with higher affinity to HepG2
cells were enriched by the first 7 rounds of cell-SELEX. On the other
hand, when normal hepatocytes (counter cells) were incubated
with the FITC-labeled ssDNA pool obtained from round 11, there
was no substantial difference in the fluorescent histogram com-
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Figure 2. Flow cytometry histogram of HepG2 cells (target cells, A) and normal
hepatocytes (counter cells, B). The cells were incubated with the FITC-labeled
ssDNA aptamer isolated after cell-SELEX rounds. Final concentration of the ssDNA
aptamer was 200 nM in binding buffer.

pared with the initial ssDNA library (see Fig. S2B). These results
indicate that the ssDNA aptamers specifically recognizing HepG2
cells could be enriched by the cell-SELEX procedure employed in
this study. To confirm specific binding of the enriched ssDNA pool
to target cells, fluorescent microscopy analysis was performed on
HepG2 cells incubated with the FITC-labeled ssDNA pool from
round 11 of cell-SELEX. Bright fluorescence was observed in HepG2
cells (Fig. S3B; target cells), while there was no fluorescence in nor-
mal hepatocytes (Fig. S3D; counter cells). Thus, individual ssDNA
aptamer clones were isolated from the ssDNA pool obtained by
round 11 of cell-SELEX.

After 11 rounds of cell-SELEX, the enriched aptamer pools were
cloned and sequenced. Twelve independent aptamer sequences
were obtained (Table 1) and they were categorized into 4 groups
(1, 11, 111, and 1V) based on sequence similarities. Group I made up
82.2% of the ssDNA pool after 11 rounds of cell-SELEX. Group I
was further categorized into 4 subgroups (A-D) based on the sec-
ondary structures predicted by mfold software®® (available at
http://www.bioinfo.rpi.edufapplications/mfold/). Namely, 12 inde-
pendent aptamer sequences were categorized into 7 subgroups (A-
G). The estimated secondary structures of the 7 subgroups are
shown in Figure 1.

To test the specific binding of the isolated ssDNA aptamers to
target cells, flow cytometric analysis was conducted on HepG2
cells (target cells) incubated with the FITC-labeled ssDNA aptamer.
Figure 2A shows the fluorescent histogram of representative ssDNA
aptamer sequences. Irrespective of the aptamer sequences, the

peak of the histograms were similarly shifted to the higher fluores-
cent intensity compared with cases using the initial ssDNA library.
By contrast, when the normal hepatocytes (counter cells) were
incubated with the FITC-labeled ssDNA aptamer, the fluorescent
histogram overlapped with cases using the initial ssDNA library
(Fig. 2B). Thus, isolated ssDNA aptamers could specifically recog-
nize HepG2 cells. To confirm specific binding of isolated ssDNA
aptamers to target cells, fluorescent microscopy analysis was per-
formed on HepG2 cells incubated with FITC-labeled ssDNA. As
shown in Figure 3A-C, bright fluorescence was observed in HepG2
cells irrespective of the aptamer sequence used, while there was no
fluorescence in normal hepatocytes (Fig. 3D-F; counter cells). Thus,
the isolated ssDNA aptamer was specifically attached to HepG2
cells.

To evaluate binding affinity of the isolated ssDNA aptamer to
target cells, the binding assay was conducted for the 12 sequences
obtained (see Fig. S4), and Ky values were determined. As listed in
Table 1, the Ky values of the 12 sequences obtained were in the
range of 19-450 nM. The lowest K4 values were found in subgroup
C out of the 7 subgroups listed in Table 1.

The ssDNA aptamer recognizing liver cancer cells had been iso-
lated by Shangguan et al. using the cell-SELEX method with mouse
liver cancer cells as targets and mouse normal cells as counter-
parts.'® The isolated aptamer could specifically recognize mouse li-
ver cancer cells, and also differentiated human liver cancer cells
and normal cells.** In the present study, ssDNA aptamers that rec-
ognized human hepatoma HepG2 cells was isolated. The K; value
of the isolated aptamer was found to be 19 nM, which was similar
to that of the reported aptamer recognizing human liver cancer
cells (7.2 nM)** and to that of general antibodies. No similarity in
nucleotide sequence and the predicted secondary structure was
found between the ssDNA aptamers reported in the previous study
and that isolated in the present study.

After aptamer isolation via SELEX rounds, truncation of aptamer
sequences with maintaining binding affinity is usually conducted
to reduce the cost of chemical synthesis, decrease the risk of ran-
dom degradation, and increase tissue penetration rate.** In gen-
eral, the length of minimized aptamers ranges from 25 to 45
nucleotides. The minimum aptamer sequences that maintain bind-
ing functionality has been experimentally determined by trial and
error. Recently, the minimum aptamer sequences have been deter-
mined based on consensus sequences or consensus secondary
structures predicted for the isolated aptamers.2”-%

In the present study, primary sequences of the 12 aptamers
clones were analyzed, and two guanine-rich consensus sequences
were found in groups I, II, and Ill, marked with red and blue text
in Table 1. Each of the nine isolated aptamer sequences in group
I had the same consensus sequences and only a few differences
in nucleotides. However, the K, values were quite different, and
lower Ky values were mainly observed in subgroup C (Table 1).
Therefore, the secondary structure of the isolated aptamers was
predicted to discuss the relationship between aptamer binding
affinity and predicted secondary structure.

Figure 1A-D revealed that even a few differences in nucleotides
could result in different secondary structures of the aptamers in
group L. The predicted structures marked with red and blue rectan-
gles in Figure 1 correspond to the consensus sequences marked
with red and blue text in Table 1. We found that all the predicted
secondary structures in group I had a common loop-stem struc-
ture, marked with red rectangles in Figure 1A-D. Thus, this consen-
sus loop-stem structure was considered to be a key motif for
binding to HepG2 cells. On the other hand, consensus sequences
marked with blue text in Table 1 resulted in the formation of dif-
ferent types of loop-stem structures near the consensus loop-stem
structure, as shown in Figures 1A, B, and D. We speculated that
these different types of loop-stem structures caused steric hin-
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-

Figure 3. Fluorescent microscopic images of HepG2 cells (target cells, A, B, and C) and normal cells (counter cells, D, E, and F). The cells were incubated with the FITC-labeled
ssDNA aptamer isolated after cell-SELEX rounds, that is, aptamer clone A-1 (A and D), aptamer clone C-1 (B and E), and aptamer clone D-1 (C and F). The images are overlays of

fluorescent and bright-field images. Scale bars, 50 pm.

-

Figure 4. Fluorescent microscopic images of HepG2 cells (target cells) incubated with the FITC-labeled ssDNA aptamer. (A) Isolated ssDNA aptamer C-2; (B) ssDNA library C-
2/Ns; (C) round 3 selected ssDNA pool; (D) round 5 selected ssDNA pool; and (E) round 7 selected ssDNA pool. The images are overlays of the fluorescent and bright-field

images. Scale bars, 50 pm.

drance that limits the binding of the consensus loop-stem struc-
tures to their targets on HepG2 cell surfaces. This explains why
the Ky values of subgroups A, B, and D were greater than those of
subgroup C because no loop-stem structures were observed in
the vicinity of the consensus loop-stem structures in subgroup C.

To examine the contribution of the consensus loop-stem struc-
ture marked with red rectangles in Figure 1C to the specific bind-
ing, randomization was introduced into the five nucleotides
forming the loop structure (g-g-g-g-a) in the isolated ssDNA apt-
amer C-2. The randomization of these five nucleotides did not af-
fect the predicted secondary structures of the isolated ssDNA
aptamer C-2. (The resultant ssDNA pool was designated as C-2/
Ns.) For evaluating the binding of the ssDNA pool C-2/Ns to target
cells, fluorescent microscopy analysis was performed on HepG2
cells incubated with the FITC-labeled ssDNA pool C-2/Ns. There
was no fluorescence in the case of ssDNA pool C-2/Ns (Fig. 4B),
although the bright fluorescence was observed in the case of iso-

lated ssDNA aptamer C-2 (Fig. 4A). These results suggested the
importance of the nucleotide sequence forming loop structure
marked with red rectangles in Figure 1C for the specific binding
to HepG2 cells.

Moreover, cell-SELEX was conducted again by using the ssDNA
pool C-2Ns as initial library. (This procedure was designated as the
2nd cell-SELEX.) To monitor the enrichment of ssDNA aptamer candi-
dates during the 2nd cell-SELEX cycles, fluorescent microscopic anal-
ysis was conducted for HepG2 cells (target cells) incubated with the
FITC-labeled ssDNA pool obtained from various rounds of the 2nd
cell-SELEX. As shown in Figure 4B-E, fluorescent signal on the images
became larger as cell-SELEX proceeded up to round 7, and the fluores-
cent signal in the case of round 7 selected ssDNA pool was larger than
that for the case of isolated ssDNA aptamer C-2 (Fig. 4E and A). This
indicates that ssDNA aptamers with higher affinity to HepG2 cells
than the isolated ssDNA aptamers C-2 were enriched by the 7 rounds
of the 2nd cell-SELEX. Therefore, it was confirmed again that the
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nucleotide sequence forming loop structure marked with red rectan-
glesinFigure 1C was important for the specific binding to HepG2 cells.
Moreover, it was suggested that the binding affinity of ssDNA aptamer
against whole cancer cells can be further enhanced, by using both
combinatorial screening of ligand (cell-SELEX) and rational determi-
nation of important sequence based on the prediction of consensus
secondary structures.

In conclusion, ssDNA aptamers recognizing human hepatoma
HepG2 cells were isolated using cell-SELEX. The K4 value was
determined to be 19 nM, and the consensus sequence and second-
ary structure were found in the isolated aptamers, which was
responsible to the responsible to the recognition of HepG2 cells.
It is suggested that the minimum aptamer sequence that maintains
binding affinity can be designed by extracting the consensus loop-
stem structure mentioned above and elongating the stem structure
to provide the aptamer with enough stability. As for aptamer-
based cancer therapy, various types of targeted drug delivery sys-
tems (DDS) have been shown to achieve efficient and selective
delivery of anticancer drugs to tumors. Typical examples include
targeted DDS using drug-aptamer conjugates®® and self-assembled
nanovehicle-aptamer conjugates, such as liposomes2®?! mi-
celles*? and biodegradable polymers.>* On the other hand, our pre-
vious study reported a new targeted DDS for cancer therapy that
delivers titanium dioxide (TiO,) nanoparticles to tumor tissues
with subsequent generation of hydroxyl radicals from TiO, nano-
particles activated by external ultrasound irradiation.*® The con-
struction of the TiO; nanoparticle-aptamer conjugate will be able
to provide sonodynamic cancer therapy with enhanced treatment
specificity and efficacy.
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Human hepatoma HepG2 cells, used as target cells for cell-SELEX, were
purchased from RIKEN cell bank (Tsukuba, Japan). Primary normal human liver
hepatocyte cells, used as counterparts of HepG2 cells, were purchased from DS
Pharma Medical Co. Ltd (Osaka, Japan). HepG2 cells were cultured in Dulbecco's
modified Eagle’s medium (DMEM; Nakarai Tesqu, Kyoto, Japan) supplemented
with 10% (vfv) fetal bovine serum (FBS; Invitrogen GIBCO, Carlsbad, CA, USA).
Normal hepatocyte cells were cultured in a medium prepared by CSC complete
medium kit R (DS Pharma Medical Co. Ltd, Osaka, Japan). In both cases, media
were supplemented with 100 U/ml penicillin, 100 pg/ml streptomycin, and
0.25 pgfml amphotericin B (Nakarai Tesqu). Cells were maintained at 37 °C
under 5% CO; atmosphere.

For cell-SELEX, 1 = 10° cells suspended in 5 ml medium were seeded in 60-mm
collagen type I coated culture dish (AGC Techno Glass Co. Ltd, Tokyo, Japan) and
incubated for 48 h up to approximately 2 x 10° cells. The cell monolayer
adhered to the dish was washed thrice with Dulbecco’s phosphate buffered
saline with calcium chloride and magnesium chloride (D-PBS(+)) before
addition of the ssDNA pool or isolated ssDNA aptamer. Binding buffer used
for dissolution of ssDNA was D-PBS(+) supplemented with 1 mg/ml bovine
serum albumin (BSA; Nakarai Tesqu), unless otherwise noted.

The ssDMA library contained a central randomized sequence of 50 nucleotides
(nt) flanked by 23- and 22-nt primer hybridization sites (5'-CAGCTCA
GAAGCTTGATCCTGTG-50nt-GACTCGAAGTCGTGCATCTGCA-3'). A fluorescein
isothiocyanate (FITC)-labeled sense primer (5'-FITC-CAGCTCAGA AGCTTGAT
CCTGTG-3') and a biotinylated (Bio) antisense primer (5'-Bio-TGCAGATGCA
CGACTTCGAGTC-3') were used in PCR for the synthesis of double-labeled,
double-stranded DNA (dsDNA) molecules. These oligonucleotides were
synthesized and purified by reverse phase HPLC (Operon Biotechnologies,
Tokyo, Japan).

As shown in Figure 51, a round of the cell-SELEX procedure consisted of (i)
negative selection using counter cells, (i) positive selection using target cells,
(iii) elution of ssDNA from the target cells, (iv) PCR amplification of dsDNA, and
(v) separation of ssDNA for the next round of cell-SELEX. Prior to negative
selection, 200 pmol of the ssDNA pool dissolved in 500 pl of the binding buffer
was denatured by heating at 95 °C for 5 min and refolded by cooling on ice for
10 min. Moreover, the refolded ssDNA pool was incubated in the empty culture
dish at 37 °C for 45 min and recovered. (i) For negative selection, the prepared
ssDNA pool (400nM) was incubated with the normal hepatocyte cell
monolayer on the dish (counter cells) at 37°C for 45min in the CO,
incubator. A supernatant containing the unbound ssDNA was recovered and
used for a subsequent positive selection step. (ii) The recovered ssDNA pool was
incubated with HepG2 cell monolayer on the dish (target cells) at 37 °C for
45 min in the CO; incubator. To remove ssDNA not bound to HepG2 cells, the
dish was washed twice with 2 ml of the binding buffer, unless otherwise noted.
(iii) For elution of ssDNAs bound to the target, HepG2 cell monolayer was
harvested by enzymatic treatment at 37 °C for 3 min using 500 pl of trypsin-
EDTA solution (2.5 g/l trypsin and 1 mM EDTA-2Na in D-PBS({-); Nakarai Tesqu,
Kyoto, Japan). The harvested cell suspension was heated at 95 °C for 10 min to
elute the bound ssDNA from the cell surface. The eluted ssDNA solution was
serially filtered with 0.45 pm and 0.22 pm micro membrane to remove cell
debris, and then desalted by ethanol precipitation. (iv) The eluted ssDNA was
amplified by PCR with FITC-labeled sense primers and biotin-labeled antisense
primers (2 min at 94 °C, followed by 15 cycles of 15 s at 94 °C, 15 s at 55 °C, and
305 at 72°C, followed by 10 min at 72 °C); Taq polymerase and dNTPs were
obtained from Toyobo Co Ltd, Osaka, Japan). (v) FITC-labeled sense ssDNA was
separated from the biotinylated antisense ssDNA strand using streptavidin-
coated Sepharose beads (Streptavidin HP Spin Trap; GE Healthcare, Tokyo
Japan) and denaturation in alkaline conditions (0.2M NaOH). After
neutralization and desalination, the recovered FITC-labeled ssDNA pool was
used for the next round of cell-SELEX or to monitor the progression of cell-
SELEX by flow cytometry.

The negative selection step was skipped during rounds 1-7 of the cell-SELEX
procedure. To decrease non-specific binding, the binding buffer was
supplemented with 20% FBS and 1 mg/ml BSA after round 6. Moreover, to
acquire aptamers with high affinity, the wash strength in the positive selection
step was gradually enhanced by increasing the number of washes (from 2 to 5)
and the volume of wash buffer (from 2 to 5 ml). After 11 rounds of cell-SELEX,
the selected ssDNA pool was PCR amplified using unmodified primers and
cloned into Escherichia coli using the TA cloning kit (Takara Bio Inc., Shiga,
Japan). Clones were sequenced by standard automated DNA sequencing
methods.

Flow cytometric analysis was performed to monitor the enrichment of aptamer
candidates in the initial ssDNA library during cell-SELEX rounds or to test the
binding affinity of isolated ssDNA aptamers to target cells. HepG2 and normal



1802

hepatocyte cell monolayers were detached using non-enzymatic cell
dissociation solution (Takara) because enzymatic cell dissociation using
trypsin could cleave cell surface proteins to which aptamers bind. After
washing twice with D-PBS(+), 3 x 10 cells were incubated with 200 ul of the
FITC-labeled ssDNA pool (200 nM) or FITC-labeled ssDNA aptamers (0-200 nM)
in the binding buffer at RT for 30 min in the dark. The cells were then washed
twice with binding buffer and suspended in 300 pl of binding buffer. The
fluorescent signal from the cells was detected using a flow cytometer (EPICS XL-
MCL ADC, Beckman Coulter, Inc., Brea, CA USA) by counting 5000 events. The
FITC-labeled initial ssDNA library was also used as a negative control.

In evaluating the binding affinity of isolated ssDNA aptamers to target cells,
mean fluorescent intensity was determined from the flow cytometry histogram
data. Here, the mean fluorescence intensity determined using the initial ssDNA
library at corresponding concentrations was regarded as signal caused by non-
specific binding and was subtracted from the mean fluorescence intensity
obtained using the isolated ssDNA aptamers. The equilibrium dissociation
constant (K,) of the aptamer-cell interaction was determined by fitting the
following equation to the relationship between mean fluorescence intensity of
specific binding (F) and aptamer concentration (Ca) using the non-linear least
square method.
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Sidewall modification of multiwalled carbon nanotubes (abbreviated as MWCNTSs) was
achieved using Allivum sativum (garlic) extract by an acid-free green process. These organo-
sulfur modified-MWCNTSs were then decorated with gold nanoparticles and examined by
transmission electron microscopy. The presence of organosulfurs over the modified nano-
tube surface was confirmed. Nanotube surface modification and subsequent presence of
thiols as an active linker was confirmed by Raman spectroscopy, Fourier transform infrared
spectroscopy, energy dispersive X-ray and X-ray photoelectron spectroscopy. In the
absence of these organosulfurs (thiols), no gold nanoparticle attachment was observed.
Both small (1-8 nm) and large (12-20 nm) gold nanoparticles were found to decorate the

modified nanotube surface suggesting coalescence among nanoparticles.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

In recent years, nanoscience and nanotechnology has made
considerable progress towards synthesis and characterization
of new materials due to their wide-spread application in
everyday life. Much of this success was possible due to chem-
ical modifications or functionalization of carbon nanotube
(CNT) surface [1]. This combination of chemically modified
nanotubes decorated with nanoparticles has found tremen-
dous usage in electronics, sensors, biomedical applications,
catalysis, H, storage, etc. [2]. Gold nanoparticles (Au NPs) in
particular, happens to be a key material and building block
for newer technologies owing to their unique set of properties
at nanoscale [3]. Several methods for functionalizing CNTs
followed by Au NP deposition on the modified nanotube sur-
face were proposed recently. Satishkumar et al. [4] showed
that CNTs upon harsh acid treatment allowed tagging of me-
tal nanoparticles (including Au NPs) on the modified nano-

* Corresponding author: Fax: +81 78 803 6196.
E-mail address: akondo@kobe-u.ac.jp (A. Kondo).

tube surface. Also, Jiang et al. [5] showed selective
attachment of Au NPs on nitrogen-doped multi-walled carbon
nanotubes (MWCNTSs) with H,S04~HNO; chemical treatment.
Similarly, surface activation by carboxylic acid [6] and thio-
amide-carboxyl [7] surface has been reported for immobiliza-
tion of metal NPs. The general idea which prevailed was that
pristine CNTs are inert structures and harsh pre-treatment is
needed to create ‘openings’ on the CNT surface for attaching
other chemical groups. However, Ellis et al. [8] demonstrated
weak hydrophobic anchoring of Au NPs by utilizing thiol cap-
ping on acetone (-OH group) activated CNT surface. Similarly,
other techniques were also reported [9-11] for Au NP attach-
ment on CNT surface. However, most of these techniques
were without any chemical modification of nanotube surface
thereby limiting the binding strength and capacity of Au NPs
over the nanotube surface. Since, CNTs are not ideal struc-
tures and contain defect sites and impurities [12], this makes
them ideal site for addition reactions [13]. These defect sites

0008-6223/$ - see front matter © 2013 Elsevier Ltd. All rights reserved.
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can be exploited to tag metal nanoparticles onto the CNT sur-
face without any harsh treatment as demonstrated by Zanella
et al. [14] to tag gold nanoparticles via thiol linkages [15-17].
These sulfur linkages when attached to the defect sites, open
new possibilities for attaching other chemical groups (includ-
ing nanoparticles) at the vacancy defect sites. Although, con-
siderable efforts have been made in pre-treatment of CNTs as
discussed previously, most of these techniques require exces-
sive usage of toxic solvents, acid pre-treatment and rigorous
process control at high temperatures. Thus, there is a need
to functionalize CNTs in a more benign and eco-friendly man-
ner. With this aim, we hereby provide a novel biogenic meth-
od for CNT surface thiolation and subsequent attachment of
Au NPs by utilizing organosulfur plant extract. Garlic is one
such natural source of organosulfur compounds [18] where
total sulfur content ranges from 0.35% to 1% of its dry weight
[19]. Here, we report CNT surface modification by utilizing
natural organosulfurs from Alllium sativum (Garlic) and its ef-
fect on the deposition of Au NPs onto the modified CNT sur-
face under ambient reaction conditions with an acid-free
green process. This biogenic study has the potential to evolve
into biomimetic study with advanced interdisciplinary re-
search to provide innovative surface modification strategies
for carbonaceous materials in future.

2. Experimental
2.1.  CNT surface modification

Prepared MWCNTs from chemical vapor deposition (CVD)
process (Aldrich, USA; 95% purity, 6-9 nm; 5 pm) were used.
CNT surface modification was carried out by freshly chopped
garlic (100 g) cloves, which were crushed and extracted with
20 mL aqueous solution of water:ethanol (95:5 v/v). This ex-
tract was centrifuged at 35009 to remove any suspended sol-
ids and the supernatant was retained. It is important to note
that 80% of organosulfurs in garlic cloves convert to allicin
(diallyl thiosulfinate) by enzymatic activity of allinase (natu-
rally present in garlic) which converts alliin (3-(2-propen-
ylsulfinyl)alanine) upon being cut in the presence of water
in a period of 10-15 s [20]. At elevated temperatures, alliin rap-
idly converts to diallyl trisulfide (DATS) and diallyl disulfite
[21]. Since, CNT sidewall functionalization is affected with
the curvature of carbon nanotubes [22], we preferred small
diameter MWCNTSs for thermal activation in plastic vials by
solvent-free process [23] of baking reactant mixture at ele-
vated temperature. MWCNTs (10 mg) were placed together
with organosulfur extract (2mL, 80mg dry weight) and
heated at 110 °C for 4 h in sealed vials. This reaction mixture
was sonicated for 15 s at every hour to homogenize the reac-
tion solution. Excess of organosulfur extract was removed
from the reaction mixture by centrifugation at 3500g for
2 min. Finally, organosulfur modified multi-walled nanotubes
(to be referred as OS-MWCNT) was obtained.

2.2.  Decoration of gold nanoparticles on CNTs

Gold nanoparticles were prepared by the reaction of HAuCl,
(Sigma) and citric acid (Aldrich). In a typical experiment,

5 mg of OS-MWCNT was dispersed in 1-butanol (5 mL) and
sonicated for 10 min. Then, 0.016 g of HAuCl, and 0.017 g cit-
ric acid, both dissolved separately in 5 mL of 1-butanol were
stirred for 30 min to produce Au NPs [24] before being added
dropwise into the dispersion of OS-MWCNTSs. Final volume
was set to 10 mL. This dispersion was vigorously stirred at
room temperature for 3h with intermittent sonication of
15s at every 30 min. After this procedure, solid phase was
separated by centrifugation (3500g for 10 min) and washed
six times with 1-butanol to remove any non-linking Au NP
from the CNT surface. Finally, we obtained our desired prod-
uct of OS-MWCNTSs decorated with Au NPs (Au-OS-MWCNT)
which were dried at 60 °C and stored away from light in a vac-
uum desiccator. As a control test, same procedure of Au NP
deposition was performed with pristine MWCNTs.

2.3.  Characterization of Au-CNT nanocomposite

Preliminary analysis of Au NP deposition over the modified
CNT surface was done by NanoDrop 3300 Fluorospectrometer
operated at 400-600 nm with relative fluorescence units (RFU)
at 540 nm. MWCNTs - with and without Au NP attachment
dispersed in 1-butanol were transferred to carbon coated grid
for transmission electron microscopy (TEM) measurements
by Hitachi H-7100 transmission electron microscope and Jeol
JEM 1011 electron microscope operated at 100 and 200 kV,
respectively. Images obtained were analyzed using Image]
1.43M software. Transmission mode Fourier transform infra-
red (FT-IR) spectroscopy was carried out using Jasco FTIR-
680 plus coupled to a high performance computer. The results
reported here were obtained from 200 scans ata 4 cm ™ reso-
lution and were verified five times with different nanocom-
posite samples prepared and stored under identical
conditions. Energy dispersive X-ray (EDX) analysis was done
to confirm sulfur linkages present over the nanotube surface
using JEOL JSM6400 operating at an accelerating voltage of
15 kV and working distance of 15 mm; resulting spectra were
analyzed using Spectra Manager ver. 1.06.02. Raman spectra
was obtained by using the 514.5nm line of an Ar* laser
(100 mW) analyzed by a JOBIN-YVON monochromator Model
U-1000 for 10 cycles each of 16s. Confirmatory analysis for
sidewall addition of thiol onto CNT surface was done by
X-ray photoelectron spectroscopy (XPS) obtained from JEOL
JPS9010 MC photoelectron spectrometer operating at 10 kV
and 30 mA. The results obtained were analyzed by SpecSurf
ver. 1.7.3.9 software.

3. Results and discussion

Fig. 1a shows fluorospectra of OS-MWCNT decorated with Au
NPs and spectra of Au NPs alone (Fig. 1b).

Both samples showed distinct surface plasmon resonance
peak (SPR) at 540 nm when laser excitation was made in the
white light region. This characteristic absorbance at
520-540 nm suggest towards the presence of gold nanoparti-
cles linked over the modified CNT surface. The SPR peak
remained after repeated washing and vigorous sonication.
This preliminary result indicated that Au NPs may be
attached onto the modified nanotube surface. Also, retention



