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Figure 1. Photo of SWNT solid prepared by Figure 2. Schematic illustration of SP
testing method.
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Table 2. The mechanical properties of SWNT solids evaluated by SP testing method.

Yong’s modulus  Fracture stress  Fracture energy

Sample type Esp (GPa) Tsp (MPa) Gsp (N/m?)
As-prepared SWNT 0.74 33.6 0.40
Purified SWNT (1) 0.77 33.2 3.50
Purified SWNT (2) 0.63 46.8 35.52
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Figure 7. Raman spectra of a) Purified SWNT
(2), b) Purified SWNT (1) and c) As-prepared
SWNT after prepared by SPS method.
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ABSTRACT We demonstrate the validity of very simple methods for site-controlled
carbon nanotube growth using a radio-frequency magnetron-type plasma-enhanced
chemical vapor deposition technique, Enhanced plasma density and optimized ion-
bombardment energy achieved by magnetic field introduction are found to be respon-
sible for the uniform and well-aligned carbon nanotube growth. Based on these results,
we attempted to perform experiments on site-controlled carbon nanotube growth using
very convenient methods such as scratching or simply masking a substrate surface

where carbonaceous materials deposit.
PACS 61.46.+w; 52.80.Pi; 81,15.Gh

1 Introduction

Because of their unique and
prominent properties, carbon nanotubes
have attracted a great deal of attention
both scientifically and industrially, Es-
pecially, extensive studies have focused
on the development of simple and con-
trolled nanotube growth techniques for
the purpose of industrial applications to
various fields [1]. Concerning the site-
selective growth, numerous techniques
such as electron-beam lithography [2],
a template method using porous mate-
rials (3], and ion-beam surface treat-
ment [4] have been reported so far.
When we use electron-beam lithogra-
phy or the ternplate method, which have
been regarded as the representative tech-
niques to prepare catalytic arrays, multi-
walled carbon nanotubes (MWNTs)
are generally produced in a highly
site-controlled manner. However, their
growth is limited to a very smal] area (in
the case of the lithography technique) or
involves following some cumbersome
processes (in the case of the template

method) such as wet etching and clean-
ing. On account of the relatively easy
control of ion-bombardment energy and
jon flux toward growing nanotubes, on
the other hand, plasma-enhanced chem-
ical vapor deposition (PECVD) has
extensively been used for the individ-
ual and vertically aligned growth of
the MWNTs in relation to their poten-
tial applications mainly as an electron
emitter [5]. Here, we demonstrate very
simple methods for the site-controlled
MWNT growth in a quite large area
using a radio-frequency PECVD (rf-
PECVD) technique.

2 Experimental

In order to construct an rf
(13.56 MHz) magnetron-type plasma
apparatus, a magnetic field (0 < B, <
340 G) is externally imposed parallel
to a cylindrical rf electrode (3¢m in
diameter) using solenoid coils [6]. Dif-
ferent from the prevailing parallel-plate
PECVD units, the cylindrical f elec-
trode is made of Ni and surrounded

=] Fax: +81-22/263-9375, E-mail: hatak| 7 @ec.ecei.tohoku.ac. jp

by a grounded cylindrical chamber
(13cm in inner diameter and 30-cm
long). This unique geometry gives rise
to lower plasma sheath voltages at the
if electrode and higher plasma densi-
ties, which may endow optimal growth
conditions. Essential plasma parameters
such as plasma density n,, electron tem-
perature T, and plasma potential ¢, are
measured by a Langmuir probe.

Figure 1a shows the effect of gas
pressures on the radial profile of plasma
density with B, = 170 G. It is found that
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the plasma density is enhanced in the
vicinity of the rf electrode and reaches
a maximum when the working pressure
is 0.5Torr. It is to be noted that the
product of electron-cyclotron frequency
(wee) by electron-neutral collision time
{Ten) is of the order of wee ey = | under
these conditions, which is an import-
ant quantity in magnetic confinement
of plasmas. In addition to this, the dc
voltage component (Vi) of and the dc
current density (Jir) toward the rf elec-
trode can be externally controlled as
presented in Fig. 1b by connecting a dc
power supply to it through a low-pass-
filter circuit.

As a pretreatment (7], Ar sputtering
has been performed for 15 min with the
rf power of 1 kW. After this, a 15-min
glow discharge (1-kW rf power, CHy :
H; =9 : 1) gives rise to vertically grown
MWNTs on the powered rf-electrode
surface. Field-emission scanning elec-
tron microscopy (FE-SEM, Hitachi S-
4100) and field-emission transmission
electron microscopy (FE-TEM, Hitachi
HF-2000) are mainly employed to char-
acterize the features of the carbon nano-
tubes grown.

3 Results and discussion

Firstly, according to Fig. 2a
showing the feature of MWNTSs grown
for 3 min, itis observed that the MWNTSs
start to grow from, mainly, the top of
protruding nano-islands (see inset) with
various diameters. Thus, these islands
formed by Ar plasma treatment are
considered to play an important role
in the nanotube formation, particularly
at the primitive stage of the nanotube
formation. Although carbon nanotube
tip-growth mechanisms, which are com-
monly observed in the case of PECVD
and explained in terms of surface ad-
sorption on the catalyst, decomposition,
diffusion, and final precipitation of car-
bon species in the form of a honeycomb
structure, are frequently predicted in the
literature {1, 8, 9], the specific investiga-
tion of the nucleation stage has almost
never been reported. Very recently, we
have reported the time evolution of the
nucleation and further vertical growth
using the PECVD method and found
that the nanotube nucleation process
firstly takes place through the catalyst
tip formation preferentially from the
protruding nano-islands due to an en-

FE-SEM images. a After 3-min
nanotube growth, h uniform and well-aligned
MWNTs, e MWNT structure damaged by plasma
ion bombardment

FIGURE 2

hanced sputtering effect by the electric
ficld concentration at the topmost region
of the nano-islands, as shown in the inset
of Fig. 2a[10].

In order to investigate effects of
magnetic field in our magnetron-type
rf-PECVD, the dc component of the
if electrode, Vi, is externally changed
for typical magnetic fields (170 and
340 G) under the conditions of 0.5 Torr,
CHy:Ha =9: 1, and the f power of
1000 W for 15min. As we can see
in Fig. 2b, uniform, dense, and well-
aligned MWNTs grow in the exter-
nally biased case of Jif = 1.5 mA/cm?,
Vi = =235V, On the other hand, when
Vi becomes extremely low, which is
accompanied with an increase of ion
flux (J =4.0mA/cm?, Vg = =570 V),

the nanotubes once formed are dam-
aged due to a sputtering effect by both
the high ion-bombardment energy and
a surplus of ion flux from the plasma,
as shown in Fig. 2c. From this result,
it is clearly indicated that not merely
ion flux, J, but also ion-bombardment
energy, Vi, has to be optimized for
the dense and well-aligned nanotube
growth.

As explained above, the PECVD
method is advantageous to controlled
nanotube growth because the configura-
tion and structure of resultant nanotubes
grown can be varied by controlling the
ion flux and the bombardment energy,
which has not seen in any other nano-
tube formation methods. Utilizing this
versatility of the PECVD method, we
attempt to control the nanotube growth
site in a simple way. Before inducing
the mixture-gas discharge, the polished
Ni surface was scratched linearly using
a commercial sandpaper. After that, the
mixture gas is discharged without the
plasma prefreatment under the same
condition of Fig. 2b. Figure 3 shows
a FE-SEM image of MWNTs which
arc produced in the form of a linear ar-
ray in this case. When the Ni surface
is scratched, linearly arrayed projec-
tions are formed along both sides of the
scratch line. Since these projections are
considered to play the same role as the
nano-islands in Fig. 2a, vertically well-
aligned MWNTs are finally produced in
a controlled manner.

On the other hand, we also attempt
to produce the MWNTSs in a large and
selected area under the similar condi-
tion of Fig. 2¢. In this situation, a region

‘l‘: ll I i

FIGURE 3 FE-5EM image showing the linearly
arrayed MWNTSs grown in the case of using the
scratching method
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of the rf-electrode surface, which is ex-
posed to the plasma, is baneful to the
vertical growth due to the intensive sput-
tering. Here, we introduce a commercial
mesh in order to wrap a surface of a Ni
substrate attached onto the rf electrode
and therefore mask it to avoid the harm-
ful sputtering phenomenon.

FE-SEM images in Fig, 4 show that
the MWNTs are distributed with a high
uniformity in alarge area (see, in particu-
lar, Fig. 4a) and their location strongly
supports the site-controllability (Fig. 4b
and c). It is found that the MWNTs are
formed beneath the mesh with a high
density and a growthrate of 0.1 wm/min.
On the contrary, it is hard to con-
firm the existence of MWNTSs grown
in the plasma-exposed regions, which
s due to the direct sputtering of the
high-energy positive ions, as already
mentioned. A FE-TEM image of the in-
dividual MWNT in the same sample is
giveninFig. 4dandrevealsthat the nano-
tube growth proceeds by the tip-growth
mechanism because the Ni catalyst ap-
pears at the tube apex. Based on these
results of the direct observations, a sim-
ple model describing the real situation
is schematically illustrated as presented
in Fig. 4e. In this study, it is conceived

that MWNT growth characteristics be-
neath the mesh are similar to those of
the thermal CVD rather than the usual
PECVD because the Ni substrate surface
isheatedto ~ 650 °Cbyplasmaionbom-
bardment and the affluent carbonaceous

species such as CH, radicals are supplied
from the localized plasma state by the

magnetic field introduction. Itis anunde-
niable factthat these methods introduced
here might notbe superiortotheelectron-
beamlithographic patterning or template
technique in a sense of the precise site
control. However, in the case of carrying
out coarse patterning in a large area, our
methods have the obvious advantage that
we only need the really simple process,
scratchingormaskingaplate. Inaddition,
although our cylindrical PECVD system
can not be directly applied to prevail-
ing flat substrates, it is very helpful to
apply it to a light source with a cylindri-
cal geometry [11]. Moreover, if further
detailed investigations are performed re-
garding the electric field concentration
effect in the nanoscale, the selectivity in
our methods is expected to be improved.

4 Conclusions

In summary, we have inves-
tigated the optimal plasma condition

for the well-aligned MWNT growth
and attempted to produce MWNTS in
an easy manner with site-controlled
growth using a cylindrical ff magnetron-
type PECVD unit. It is found that the
ion flux and the ion-bombardment en-
ergy have to be oplimized in order
to grow uniform, well-aligned, and
density-controlled nanotubes. In a series
of experiments it is finally demonstrated
that very simple methods basically mak-
ing use of the ion-bombardment energy
are effective and available in a wide
sense for the site-controlled carbon
nanotube growth
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Ba?*-alginate coated vesicles {(Ba®*-ALG) containing highly dispersed carbon nanofibers (CNFs) were success-
fully produced for the first time using 2n encapsulation technique. These Ba?*-ALG/CNFs composite vesicles showed
high capabilities in trapping DNA-interactive types of chemicals. For example, 10.0 mL of the vesicles took 0.43 pimol
of ethidium ions up from contaminated water within 8 min. Biocompatibility experiments performed in vitro and in vivo
provided promising results, suggesting potential applications in in-situ environmental remediation. Kilogram quantities

of the Ba?*—ALG/CNFs composite vesicles can be produced within a few hours.

DNA-interactive chemicals, such as ethidium ions, are capa-
ble of interacting with DNA with high affinities. This type of
chemical is responsible for causing DNA damage and/or
frame-shift mutagenesis induction, also known as the key-ini-
tial processes in carcinogenesis.!> We demonstrated in our
previous studies*” that materials having DNA as functional
sites, such as Ba’*-alginate coated vesicles containing dou-
ble-stranded DNA (purified from salmon milt), are capable
of trapping this type of chemical from contaminated waters.
DNA leakage, which results in performance degradation and
a limited lifetime of the functional materials, however, has
been a major drawback of these materials.®

In this study, we use carbon nanofibers (CNFs) as the func-
tional sites for trapping DNA-interactive chemicals. Adsorb-
ents with high capabilities were obtained successfully by en-
capsulating the highly dispersed CNFs in Ba?*—alginate coated
vesicles. In recent years, carbon nanomaterials, especially
the so-called carbon nanotubes (CNTs), discovered first by
lijima,° have attracted great attention due to their unusual
morphologies. An analytical chemical study carried out by
Cai and co-workers'' demonstrated that multi-walled CNTs
(MWCNTS) can trap some aromatic chemicals, such as bisphe-
nol A, 4-n-nonylphone, and 4-rert-octylphenol from contami-
nated water by passing the contaminated water through a car-
tridge filled with MWCNTs. The targeted species trapping was
achieved by the hexagonally arrayed carbon atoms of the

graphite sheets of the external faces of the MWCNTs,!112

CNFs are built up also by hexagonally arrayed carbon atoms
with the 002 planes being piled up along the direction of the
fiber axis. These graphite platelets stacked in a perfectly
arranged conformation resulted in generating a unique system
comprising entirely of slit-shaped wall-nanopores.'? If these
wall-nanopores can be also activized for trapping DNA-inter-
active chemicals, higher elimination efficiencies than can be
achieved with MWCNTSs can be obtained.

Experimental

Dispersing CNFs Using Alginate. Sodium alginate (viscosity
and pH at 20 °C were 300400 cP and 6.0-8.0, respectively, for a
20.0-mg/mL aqueous solution), the dispersing agent used
throughout this study, was obtained from Wako Chemical Indus-
tries (Osaka, Japan). Sodium alginate (Na*-ALG) was dissolved
in deionized water to prepare the aqueous Nat-ALG solutions.
CNFs (diameter, 50-250 nm; length, 2-15 pm; purity > 90%;
those produced in the laboratory were based on the chemical
vapour deposition;* Figs. 1A and B show the SEM and TEM im-
ages) were added to the aqueous Nat-ALG sclutions and were
well-mixed by a combination of high-shear mixing and sufficient
ultra-sonication. The aqueous Nat-ALG/CNFs colloidal solu-
tions were centrifuged at 4000 rpm for 30 min. A very small
amount of black precipitate from the aqucous solution was ob-
served (which was removed from the aqueous colloidal solution).

Published on the web October 9, 2004; DOI 10.1246/bcsj. 77.1945
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Fig. 1. SEM image (Fig. 1A) and TEM image (Fig. 1B) of
the synthesized/purified carbon nanofibers (CNFs).
SEM (Hitachi S4800) was operated at 15 kV; while
TEM (Hitachi H-800) was operated at 200 kV. Platelet
CNFs in which the 002 planes are piled up along the fiber
axis direction together with the herringbone CNFs in
which the 002 planes are distrusted on the two sides at
an angle with respect towards the fiber axis were observed.

Fig. 2. A photograph of a 100-mL glass-vial containing
CNFs being highly dispersed in the Nat-ALG aqueous
solution. Concentrations of CNFs and Na*-ALG were
0.5 mg/mL and 20.0 mg/mL, respectively.

Figure 2 shows a photograph of a 100-mL glass vial containing the
aqueous NaT—ALG/CNFs colloids. Concentrations for CNFs and
Nat-ALG were 0.50 mg/mL and 20.0 mg/mL, respectively. No
precipitation was observed from this aqueous celloidal solution
during a three-week observation period. Aqueous Nat-ALG/

CNFs as Adsorbents for Ethidium Elimination

CNFs colloids with a high uniformity were obtainable up to a con-
centration of 1.0 mg/mL for CNFs using the 20.0 mg/mL aqueous
Na*-ALG solution as the dispersing solution. The uniformity of
the aqueous Na*-ALG/CNFs colloids was measured by calculat-
ing the linearity of the calibration curve for CNFs in the Nat-
ALG/CNFs colloidal solutions using UV—vis at 260 nm as the de-
tection. Zeta potentials of the aqueous Nat-ALG/CNFs colleids
were measured using an electrophoretic light scattering spectro-
photometer (ELS-8000, Otsuka Electronics, Osaka, Japan). FT-
IR spectra of Na*-ALG in the aqueous Na*t~ALG/CNFs colloids
were measured using a FT/IR-460 (Jasco, Tokyo, Japan}.

Biocompatibility Tests. Normal human fibroblasts (HF) were
used as the typical cells (obtzined from BioWhitteker Inc.) to per-
form the in vitro experiments. A MTS [3-(4,5-dimethylthiazol-2-
y1)-5-(3-carboxymethoxyphenyl}-2-(4-sulfophenyl)-2 fi-teraazoli-
um) cell proliferation assay kit was purchased from Promega.
Dulbecco’s modified Eagle's minimal essential medium (D-
MEM), L-glutamine, and fetal bovine serum (FBS) were pur-
chased from Sigma. The aqueous Nat—ALG/CNFs colloidal solu-
tion containing 1.0 mg/mL of CNFs and 20.0 mg/mL of Nat-
ALG was diluted to 1/10, 1/100, and 1/1000 with D-MEM con-
taining 5.0% FBS and 50 pg/mL kanamycin. An aqueous solution
containing Na*-ALG alone (20.0 mg/mL; the control vehicle)
was also diluted to the same degree with the same medium as
for Nat-ALG/CNFs. HF were seeded in 96-multiwell plates at
2 % 10% cell/well and maintained in 200 pL. D-MEM containing
10% FBS and 50 pg/mL kanamycin for 3 days at 37 °C. The me-
dium was replaced with the medium containing the Na*-ALG/
CNFs or the control vehicle and were further incubated for 1-7
days at 37 °C. After the incubation, cell growths were evaluated
by MTS assay. For the MTS assay, the medium was substituted
for 100 pL of Eagle’s minimal essential medium (without Phenol
Red) containing 333 pg/mL MTS and 25 uM phenazine metho-
sulfate solution. After incubation for 2 h at 37 °C, the absorbance
at 485 nm of each well was measured. The cell growth was calcu-
lated from the value of Aszs at 2 h after MTS processing.

Eight 8-week-old Jc1:SD male rats {purchased from Clea Japan,
Inc.) were used to perform the in vivo experiments. These rats
were quarantined and acclimatized for six days. One was vsed
without any administration while the others were single dosed
orally using a stomach tube. The dose values were 10 mg/kg
for CNFs and 200 mg/kg for Na*t—ALG of the body weight. Gross
observations and body weights were recorded weekly. During the
term of observation, animals were starved for 16 h, anesthetized,
and then blood and senim samples were collected. Necropsy was
also performed for observing changes in the glandular stomach.

Encapsulating CNFs.  An IER-20® system (Inotech, Dotti-
kon, Switzerland) was used for encapsulating CNFs to form
BaZt-alginate coated vesicles. The IER-20® system consisted of
a syringe and 2 pump, a pulsation chamber, a vibration system,
a nozzle, an electrode, an ultra-sonication vibration system along
with an electrostatic supply system, and an O-ring-shaped elec-
trode. The aquecus Na*—ALG/CNFs colloids were forced into
the pulsation chamber using the syringe pump. These aqueous col-
loids were then passed through the precisely drilled sapphire-
nozzle (nozzle size, 300 pm) and were separated into droplets
of equal size on exiting the nozzle. These droplets passed through
the electrostatic field between the nozzle and the ring electrode
and acquired electrostatic charges on their surfaces. Electrostatic
repulsion forces dispersed the droplets as they fell in to the hard-
ening solution, i.e., the aqueous solution containing 100 mM of
barium chloride. The resultant vesicles were rinsed thoroughly
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with deionized water using a 100 um mesh sieve. Reference vesi-
cles (without containing CNFs) were also prepared under these
identical experimental conditions.

Adsorptive Capability Studies. Three 45-mL conical-bot-
tomed tubes, each containing 10.0 mL of the reference vesicles,
the vesicles containing highly dispersed CNFs, and the vesicles
containing low-dispersed CNFs, were held vertically using a
tube-stand, 15.0 mL of a 30.0 pM ethidium bromide aqueous so-
lution were then added to each of the tubes. At about ten minutes
after mixing the ethidium solution with the vesicles, approximate-
ly 3 mL of the bulk-phase solutions were collected and measured
using a UV-vis spectrometer (Jasco UV-550).

Results and Discussion

Insights in to the Dispersion Mechanism. A characteris-
lic absorption band derived from the CNFs is seen at around
260 nm for the aqueous Nat-ALG/CNFs colloidal solutions.
The linearity, #2, of the calibration curve for CNFs in the aque-
ous Nat—ALG/CNFs colloidal solutions at 260 nm was found
to be better than 0.9986, indicating a high uniformity of the
aqueous Nat-ALG/CNFs colloidal solutions. Samples used
for deriving the calibration curve were the aqueous Nat~
ALG solutions containing 0, 0.1, 0.2, 0.3, 0.4, and 0.5 mg/
mL of the CNFs with the concentration of Nat-ALG in each
sample being fixed at 20.0 mg/mL. The stability of the aque-
ous Nat—ALG/CNFs colloids was measured by calculating
the concentration of the CNFs versus the sediment time,
similar to the methed reported by Jiang and co-workers.'?
Changes in the CNF concentrations were found to be smaller
than 0.4% over three-weeks at room temperature.

The zeta potentials of the Na*—ALG/CNFs colloids were
measured. Zeta potential values, {, were calculated from the
particle velocities based on the Helmholtz—-Smoluchowski
equation ({ = 4npn/D, where, (L, 1, and D are the electro-
phoretic mobility, viscosity, and the dielectric constant of the
liquid in the boundary layer, respectively).!® As can be seen
from the £ vs pH plots (Fig. 3), the maximum { value of the
Na*-ALG/CNFs colloids was —58.03 mV. This again indi-
cates a high stability (repulsion) of the Na*-ALG/CNFs col-
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Fig. 3. Zeta potential ({) of the aqueous Na*-ALG/CNFs
colloids (@, 0.50 mg/mL for CNFs and 20.0 mg/mL for
Nat—ALG) and ¢ of the aqueous solution containing
Nat-ALG alone (Q, 20.0 mg/mL of Na*-ALG) versus
pH.
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loids. The ¢ vs pH plots (Fig. 3) for the Na*-ALG/CNFs col-
loids and that for the agucous solution containing Na*-ALG
alone were virtually identical, indicating the zeta potentials
of the Nat-ALG/CNFs colloids are governcd by alginate
ions. A decrease in the absolute value of ¢ is seen for both
samples as the pH decreased (pH of the samples were adjusted
using 1.0 mol L~! HCI) for all pH value studies. This implies
that alginate attached tightly to the CNFs throughout the entire
pH range. Note the Na*-ALG/CNFs colloids condensed as
the pH reached smaller values (2.99 and 1.51).

Alginate is a linear, water-soluble 1,4-linked copolymer of
B-p-mannuronate (M) and/or ¢-L-guluronate (G). M and G
can be arranged in homopolymeric [poly(8-b-mannosyluro-
nate, M—M-M)] and poly(a-L-gulosyluronate, G-G-G) or het-
eropolymeric (M—G-M) blocks,'!® as illustrated in Fig. 4.
FT-IR spectra of alginate alone (the reference sample) and
the Na*-ALG/CNFs colleids were measured, as shown in
Fig. 5. The typical characteristic bands found for the reference
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Fig. 4. Three possible molecular structures of alginate. The
homopolymeric M-M-M- and G-G-G- and M-G-M-
linked alginate.
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Fig. 5. FT-IR spectra of Na*—ALG (upper-trace) and that
of Na*t-ALG/CNFs colloids (lower-trace) in the solid
state using the potassium bromide (KBr) peliet method.



1948 Bull. Chem. Soc. Jpn., 77, No. 10 (2004}

sample (without containing CNFs) were (i) 1627.63 and
1419.35 em™! {carboxylate), (i) 947.84 ecm ! (& | — 4 link-
age), and (iii} 890.95 cm~! (@-L-gulopyranuronic ring).
respectively. While for Nat-ALG/CNFs, they were (i)
1613.16 and 1413.57 cm~!, (ii) 943.98 em™!, and (iii) 887.8
cm™!, respectively. These shifts (decrease) in the alginate
characteristic bands again indicate alginate being attached
tightly to the CNFs. The characteristic band of the sugar back-
bones increased from 811.88 cm~! in the reference sample (al-
ginate alone) to 814.77 cm™! in the Na*—ALG/CNFs, suggest-
ing the attaching of alginate to the CNFs is governed by their
sugar backbones.

From these experimental observations, we suggest that com-
plexes, i.e., alginate/CNFs, were formed in the aqueous Na*—
ALG/CNFs colloidal solutions. This can be attributed to the
hydrophobic interactions occurring between the sugar back-
bones of alginate and the external surfaces of CNFs, The neg-
atively charged moieties of the alginate/CNFs complex, i.e.,
the carboxylate groups, produce high zeta potentials, which
stabilize the complexes in the aqueous electrolyte solutions.

Biocompatibility of Alginate/CNFs. Adsorbents of high
biocompatibility are highly desirable in environmental reme-
diation, especially in the case of in situ elimination of the tar-
geted pollutants from the contaminated animals. In the in vitro
experimental study with normal human fibroblasts (HF) as the
typical cells, the relative cell growth (RCG), which was calcu-
lated by dividing a mean value of the treated cells by a mean
value of untreated cells (cultured with 5% FBS), was found as
high as 100 & 5% at 1-day and 2-days after the administration
of Na*—-ALG/CNFs and/or Nat-ALG. RCG were better than
85 & 5% even at 7-days after the administration. On the other
hand, in the in vivo experimental study with rats as the typical
animals, an increase in white blood cells (WBC) was observed
at 1-week and 2-weeks after the administrations (WBC, uL~!,
increased from 5100 in the untreated rat to 7700 and §100 in
the rats given the control, while they increased to 7900 and
8400 for the rats given the Na*~-ALG/CNFs colloids). The
B-globulin fraction also increased from 16.2% in the untreated
ratto 21.7% and 21.5% in the rats treated with Na*-ALG and/
or Na*—ALG/CNFs. Deep plica of the glandular stomach
were observed at 1-week after the administration with Nat—
ALG and/or Na*t-ALG/CNFs. Changes in the other parame-
ters were smaller than +10%. All hematological and biochem-
ical data recovered to normal levels 3-weeks after the admin-
istration. Both in vitro- and in vivo-experiments showed that
alginate and the alginate/CNFs complexes had no or very little
detrimental impact on the cells/animals studied in this study.

Adsorptive Capability of the Vesicles. Three gelling so-
lutions, (i) an aqueous solution containing sodium alginate
alone at 20.0 mg/mL, (ii)) CNFs at 0.5 mg/mL highly-dis-
persed in 20.0 mg/mL Na*-ALG solution, and (iii) CNFs at
0.5 mg/mL simply dispersed (mixed by ultra-sonication for
5 min) in 20.0 mg/mL Na*-ALG solution, were prepared
and used for preparing the reference vesicles (those did not
contain CNFs), the vesicles containing highly dispersed CNFs,
and the vesicles containing low-dispersed CNFs, respectively.
A typical microscopic observation of the vesicles containing
highly dispersed CNFs are shown in Fig. 6. Vesicles having
a diameter in the range of 400-800 micrometers were ob-
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Fig. 6. Microscopic observation of the Ba’*-alginate coat-
ed vesicles containing highly dispersed CNFs. The vesi-
cles were produced using an aqueous colloidal solution
containing 0.50 mg/mL CNFs and 20.0 mg/mL Nat-
ALG as the gelling solution with an aqueous solution con-
taining 100 mM BaCl, as the gelatinizing solution.
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Fig. 7. UV-vis absorptions of an aqueous solution contain-
ing 30.0 uM ethidium bromide (A-trace); 15 mL of this 30
pM ethidium bromide solution being mixed with, the
Ba”—a]ginate vesicles (reference vesicles; B-trace), the
vesicles containing low-dispersed CNFs (C-trace), and
the vesicles containing highly dispersed CNFs (D-trace)
at 10 min after the solution/vesicles mixing.

served. The nozzle diameter strongly influenced the vesicle
size. Generally, vesicles are produced with an average diame-
ter two times larger than the nozzle diameter. However, the
average vesicle diameter can be adjusted by about £20% by
varying the jet velocity and the vibration frequency. Kilogram
quantities of the vesicles can be produced within a few hours
using this encapsulation system. The Ba**—ALG/CNFs com-
posite vesicles are both chemically and mechanically stable,
and are much heavier than water (hence it is easy to isolate
the vesicles from water).

Ethidium tons were chosen as the typical DNA-interactive
species. They are highly water-soluble and used worldwide
as an intercalating fluorescent dye for detecting DNA. Fifteen
millilitres of the model contaminated water (prepared by dis-
solving ethidium bromide in deionized water at a concentra-
tion of 30.0 puM) was mixed with 10.0 mL of the vesicles.
At about ten minutes after the mixing, approximately 3 mL
of the bulk-phase solutions were collected and were measured
using a UV—vis spectrometer. Figure 7 shows the results. The
absorbance of the model contaminated water before the treat-
ment, i.c., the 30.0 uM ethidium bromide aqueous solution, at
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Fig. 8. Changes in concentrations of ethidium ions as a
function of the contact time for a 15.0 mL of an aqueous
solution containing 30.0 pM ethidium bromide after mix-
ing that solution with 10.0 mL of the reference (Ba’*-
ALG) vesicles (upper-trace) and with the Ba?*-ALG/
CNFs composite vesicles (lower-trace).

480 nm was as high as 0.142. This, however, dropped to 4.9 x
10-? after mixing this solution with the vesicles containing
highly dispersed CNFs. Mixing the contaminated water with
the vesicles containing low-dispersed CNFs also resulted in
lowering the absorbance (which dropped to (.058). This
change, however, was much smailer than that observed for
the vesicles containing highly dispersed CNFs. The control
vesicles showed very little capability in trapping ethidium
jons, suggesting the uptake of the targeted species is governed
by the CNFs.

Figure 8 shows changes in the concentration of ethidium
ions in the aqueous solution as a function of the contact time
(15.0 mL of the 30.0 uM ethidium bromide aqueous solution
were mixed with 10.0 mL of the vesicles containing the highly
dispersed CNFs). The concentration of ethidium ions in the
aqueous solution decreased rapidly as the contact time increas-
ed. It reached 0.98 uM and remained unchanged at about 8 min
after mixing the solution with the Ba?*~ALG/CNFs compo-
site vesicles. In other words, 10.0 mL of the Ba?*~ALG/CNFs
composite vesicles took 0.44 pmol of the ethidium ions up and
this uptake was accomplished within 8 min. The adsorptive ex-
periments were performed three times, and the average value
of the capacity for trapping ethidium ions for 10.0 mL of the
vesicles obtained using the aqueous Nat-ALG/CNFs colloi-
dal solution containing 0.5 mg/mL for CNFs and 20.0 mg/
mL for Nat-ALG as the gelling solution was as high as
0.43 pmol (RDS < +£1.2%).

Identical experiments were also performed using Ba?*-algi-
nate coated vesicles containing highly dispersed multi-walled
carbon nanotubes (MWCNTSs) as the adsorbents. MWCNTs
(diameter, 2040 nm; length, 1-5 um, purity > 90%, as
recommended by the manufacturer) were purchased from
Nang Lab. and were used as received. Methods for preparing
the aqueous Na'-ALG/MWCNTs colloids, Ba**-ALG/
MWCNTSs composite vesicles, and for studying the capability
for trapping ethidium ions were the same as for the CNFs. The
capacity for trapping ethidium tons was found to be 0.42 pmol
(RDS < +1.3%, n=13) for 10.0 mL of the Ba**-ALG/
MWCNTSs vesicles obtained using an aqueous solution con-
taining 0.50 mg/mL MWCNTs and 20.0 mg/mL Na*-ALG
as the gelling solution. This capacity value is virtually identi-
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cal to that of the Ba**-ALG/CNFs composite vesicles, indi-
cating the ethidium ions were unable to distribute in to the
wall-nanopores of the CNFs. In other words, to accumulate
the DN A-interactive chemicals in the wall-nanopores, it is nec-
essary to expand the inter-planar distance among the graphite
platelets of the CNFs.

Conclusion

Dispersing carbon nanofibers and/or nanotubes with a high
uniformity into aqueous solutions is crucial for achieving the
goal of utilizing these fascinating materials as high-perform-
ance adsorbents for absorbing/eliminating DNA-interactive
type chemicals, The major goal in this study was achieved us-
ing alginate as the dispersing agent. Alginate is a non-toxic,
naturatly occurring linear polysaccharide (found widely in
brown seaweed). Its gelling properties, together with its high
biocompatibility, can generate a number of analytical-chemi-
cal, environmental, and biotechnological applications. Our dis-
persing approach based on alginate provides advantages over
the previous methods:'#-2% (1) aqueous colloidal solutions con-
taining CNFs and/or CNTs in pristine forms can be prepared
in large-scales in a single step with a very simple manipulation
procedure, (i) the resultant aqueous colloids are highly bio-
compatible, and (iii) the colloids can be rearranged further
as vesicles, providing a desirable approach to utilizing these
nano-sized materials for macro-scaled applications. The selec-
tivity of the Ba?*—ALG/CNFs (also the Ba*'-ALG/CNTs)
composite vesicles for adsorbing DNA-interactive chemicals,
especially for aromatic compounds having planar structures,
is high. This is because the hexagonal arrays of the carbon
atoms of the graphite sheets are the functional sites for trap-
ping the targets. Note that columns packed with the entire
CNFs and/or MWCNTSs may also provide high trapping capa-
bilities. They are, however, impractical for large-scale water
treatment. This is because of the high backpressure that must
be overcome to drive water through the packed column.

This study was partly supported by Grant-in-Aid for
Research on Nano-medicine #H14-nano-021 from the Ministry
of Health, Labor and Welfare.
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Caged Multiwalled Carhon
Nanotubes as the Adsorbents for
Affinity-Based Elimination of lonic
Dyes
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Multiwalled carbon nanotubes (MWECNTs) were used as .
the active elements for the first time for affinity-based
elimination of ionic dyes, MWCNTs were encapsulated in
cross-linked alginate {ALG) microvesicles using Ba?* as
the bridging ion. The BaZ*—alginate matrix constitutes a
cage which holds the physicallytrapped MWCNTs. The cage
carries negative charges on its surface. The cage
restricts the access of anions of large molecular weight,
such as humic acids, because of electrostatic repulsion, The
cage also restricts the access of colloids of large size,
because of size exclusion. lonic dyes partition into the cage
and then are captured by MWCNTs probahly on the

basis of van der Waals interactions occurring between
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the hexagonally arrayed carban atoms in the graphite
sheet of MWCNTs and the aromatic backbones of the dyes.
As a result of these interactions the target species,
namely, the ianic dyes, are eliminated efficiently by the
MWCNTs of Ba?t —ALG/MWCNT composite adsorbents. The
adsorptive capacities for elimination of acridine erange,
ethidium bromide, eosin bluish, and orange G {the model
species used for this study) were found as high as 0.44, 0.43,
0.33, and 0.31 umol, respectively, for 1.0 mg of the caged
MWCNTs. Adsorptive experiments with carbon nanofibers
and activated carbons as the adsorbents were also
performed. The MWCNT-based adsorbents provided the
best capability for the affinity-based elimination of these
targeted species. Biocompatibility experiments performed in
vitro and in vivo provided promising results, suggesting
potential applications of the caged MWCNTs in in

situ environmental remediation.

Introduction

Dyes have long been recognized to he capable of causing
environmental contaminations. First, dyes, especially the azo-
type dyes (1), are suspected to be carcinogenic and are known
to have potent acute and/or chronic effects on exposed
organisms, depending on the exposure time and dye
concentration. Second, dyes are capable of absorbing/
reflecting sunlight; this can have a strong detrimental effect
on the growth of bacteria to levels sufficient to biologically
degrade impurities (2, 3). Moreover, dyes are highly visible
to the human eye; this can cause aesthetic contamination
even at very low concentrations. Wastewaters from colorant
industrials (such as from the textile, pulp, paper, and carpet
manufacturing industries}) contain dyes which should be
eliminated to avoid environmental contaminations. A num-
ber of promising techniques have been established for
elimination of dyes from contaminated waters. Physical
adsorption appears to offer the best advantages (4—7),
although the chemical degradation (8—10) and the bio-
degradation approaches {11—13) also find applications.
Here, we report experimental data on the first use of
carbon nanotubes as the active elements for affinity-based
elimination of dyes. Carbon nanctubes (CNTSs) are the tubular
derivatives of fullerenes first discovered by lijima in 1991
(14). CNTs can be classified into multiwalled carbon nano-
tubes (MWCNTS) (14) and single-walled carbon nanotubes
(SWCNTs) {15), according to the graphene layers in the walil
of the nanotubes. Because of their unusual morphology and
unique electronic, mechanical, and chemical properties,
CNTs have been the subject of many theoretical and
experimental studies since their discovery. With the great
progress in synthesizing/purifying CNTs, attention has been
recently directed to their fields of practical applications. So
far, potential application of CNTs to environmental protec-
tion/remediation has been very little explored. An environ-
mental analytical chemical study of Cai and co-workers
demonstrated that cartridges filled with MWCNTs are capable
of extracting bisphenol A, 4-n-nonylphenol, 4-tert-octylphe-
nol (16), and several phthalate esters {17) from contaminated
waters. Cartridges or columns packed with CNTs may provide
high elimination capabilities; they are, however, impractical
for large-scale water treatment. This is because of the high
back-pressure that must be overcome to drive water through
the packed cartridges and/or columns. Another adverse factor
currentlyrestricting the application of CNTs to environmental
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protection/remediation is their high costs, which are about
1000 times higher than those of the traditional activated
carbons. .

These difficulties encountered in environmental applica-
tions with CNTs as the active elements were overcome by
formation of “caged CNTs”. As defined in this laboratory,
the caged CNTs are cross-linked alginate vesicles containing
physically trapped CNTs. The cross-linked alginate consti-
tutes a polymer “cage”, holding physically trapped, highly
dispersed CNTs. The polymer cage allows bidirectional
diffusion of chemicals of small molecular weight but restricts
the freedom of kinetic distribution of molecules and/or
colloids of large size. lonic dyes partition into the vesicles
and then are captured by CNTs on the basts of affinity-based
adsorption. Humic acids and colloidal particles, on the other
hand, are unable to diffuse across the cage. This provides a
desirable approach to protect the active elements from being
damaged by adsorbing chemicals and/or colloids of large
size. The caging (encapsulating) technique is also a practical
approach to overcome the high cost and/or high-pressure
difficulties encountered in the use of CNTs for environmental
remediation.

Materials and Methods

Dispersion of MWCNTs Using Alginate, Sodium alginate
(the viscosity and pH at 28 °C were 376 cP and 7.10,
respectively, for a 10.0 mg/mL aqueous solution} was
obtained from Wako Chemical Industries (Osaka, Japan).
Sodium alginate (Na*—ALG) was dissolved in deionized water
to prepare the aqueous Na*—ALG solution at a concentration
of 10.0 mg/mL. MWCNTSs (CVD products, outer diameter 15
+ 5 nm, length 1-5 um, purity >90%, as stated by the
manufacturer) were purchased from Nanolab (Massachu-
setts) and were used as received, MWCNTSs were introduced
to an aqueous Na*—ALG (10.0 mg/mL) sclution and were
then well-mixed by a combination of high-shear mixing and
sufficient ultrasonication. The uniformity of the aqueous
Na*—ALG/MWCNT colloids was measured by calcu-
lating the linearity of the calibration curve for MWCNTSs
int the Na*—ALG/MWCNT colloidal solutions using UV-vis
at 254 nm as the detection method. £ potentials of the
aqueous Nat—ALG/MWCNT colloids were measured
using an electrophoretic light scattering spectrophotometer
(ELS-8000, Otsuka Electronics, Osaka, Japan). FT-IR spectra
of Na*—ALG in the aqueous Na*—ALG/MWCNT colloids were
measured using an FT/IR-460 (Jasco, Tokyo, Japan).
Preparation of Cross-Linked Alginate Microvesicles. An
1ER-20 encapsulation system (Inotech, Dottikon, Switzerland})
was used for vesicle preparation. The aqueous Na*—ALG/
MWCNTs colleids (precursor solution) were forced into the
pulsation chamber using a syringe pump. These aqueous
colloids were then passed through a precisely drilled sapphire
nozzle (nozzle size 200 4m) and were separated into droplets
of equal size on exiting the nozzle, These droplets passed
through the electrostatic field between the nozzle and an
O-ring electrode and acquired electrostatic charges on their
surfaces. Electrostatic repulsion forces dispersed the droplets
as they fell into the hardening (coagulation) solution, which
was an aqueous solution containing 100 mM bariurn chloride
(see the schematic diagram in Figure 1). The resultant vesicles
were rinsed thoroughly with deionized water using a 100 #m
mesh sieve. Reference vesicles {without containing MWCNTSs),
vesicles containing activated carbons, and vesicles containing
CNFs were also prepared under identical encapsulation
conditions. The activated carbans {activated charcoal, pow-
der) were obtained from Wako Chemical Industries, while
CNFs (diameter 50—250 nm, length 2—15 um, purity > 90%)
were synthesized in the laboratory on the basis of the
chemical vapor deposition method (18). The Ba?*—ALG
vesicles are both mechanically and chemically stable, and

FIGURE 1. Schematic diagram of the encapsulation system: {A)
syringe pump; (B} pulsation chamber; (C) vibration system; (D)
frequency generator; (E) electrostatic charge generator; {F) nozzle;
{G) 0-ring electrode; (R} coagulation solution; {I) magretic stirrer.

are much heavier than water; hence, it is easy to isolate the
vesicles from the treated water,

Biocompatibility Studies. Balb ¢/3T3 cells were used to
perform the in vitro experiments. The cells were seeded to
48-multiwell plates at 6000 cells/well (300 uL/well) and
cultured in Dulbecco’s modified Eagle's minimal essential
medium {DMEM]) containing 10% fetal bovine serum (FBS)
for 3 days at 37 °C. The media containing the alginate vesicles
were prepared by suspending 100, 50, and 10 mg of vesicles
in 1.0 mL of DMEM containing 10% FBS to give solutions
containing 100, 50, and 10 mg/mL alginate vesicles, respec-
tively. The medium of the 48-multiwell plates was replaced
with 300 gL of the media containing the alginate vesicles,
and the cells were further incubated at 37 °C, After 48 h of
incubation, the cell proliferation was evaluated by 3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sul-
fophenyl}-2H-tetrazolium {MTS} assay. For MTS assay, the
media were replaced with 100 L of Eagle’s minimal essential
medium (without Phenol Red), and 25 uL of a mixture of
MTS (Promega) and phenazine methosulfate solution (2.0
mg/mL MTS, 0.92 mg/mL phenazine methosulfate) was
added to each well, After incubation for 1 h at 37 °C, the
absorbance at 490 nm of each well was measured. The cell
number was quantified by means of the bioreduction activity
of viable cells.

Twelve 10-week-old Crj:CD(SD) IGS male rats {purchased
from Charles River Japan, Inc.) were used to perform the in
vivo experiments. These rats were quarantined and ac-
climatized for 6 days. Three were used without any admin-
istration, whilc the others were dosed orally using a stomach
tube for 1 week. The dose volumes were 5.0 mL/kg of body
mass, Gross observations and body masses were recorded
daily. During the term of observation, the animals were
starved for 16 h and anesthetized, and then blood and serum
samples were collected. Necropsy was also performed for
observing changes in the glandular stomach.

Adsorption Studies. A given volume of the model-
contaminated water containing a known quantity of dye was
mixed with a known volume of the vesicles using a 100 mL
conical-bottomed test tube, The concentration of dye in the
aqueous phase was measured using a UV spectrophotometer
{Tasco UV-550), Acridine orange and ethidium hromide
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FIGURE 2. UV-vis absorption spectrum of the dispersing solution
{(which was prepared by dissolving sodium alginate in deionized
water at a concentration of 10.0 mg/mL, the bottom trace} and that
of the dispersed MWCNTs at concentrations of 100, 50, 25, and 10
ppm {from top to bottom, respectively).

(cationic type} and eosin bluish and orange G (anionic type)
were used as the model species torepresent the water-soluble,
ionic dyes. The adsorptive experiments were performed using
Ba’*—ALG composite vesicles (i.e., the control vesicles}, Ba**—
ALG vesicles containing MWCNTs (caged MWCNTS), vesicles
containing CNFs (caged CNFs), and vesicles containing
activated carbons (caged ACTC) as the adsorbents. Hamic
acids (HAs; obtained from Wako Chemical Industries} were
used as the model species to represent water-soluble,
naturally occurring compounds of high molecular weights.

Encapsulation of CNTs in Ba?*—ALG vesicles is a desirable
approach to restrain adsorbents of small size; this, however,
may create mass-transfer problems. Te figure out this point,
the adsorptive experiments were also performed using the
as-purchased MWCNTs (also CNFs and activated carbons)
as the adsorbents. A high-pressured filtration process (the
aqueous solution containing dye mixed with MWCNTs, CNFs,
or activated carbons was filtered through two stacked
polycarbonate filters of 100 nm pore size} was necessary to
remove the adsorbents.

Results and Discussion

Aqueous Alginate/MWCNT Celloids. Normally, CNTs (in-
cluding both SWCNTs and MWCNTSs) are seen as powders
ofvisible size because of the strong van der Waals attractions
occurring among the individuals. To encapsulate CNTs in
vesicles, it was necessary to disperse CNTs with high
uniformity in the encapsulating solutions. Approaches to
dispersion of CNTs in organic sclutions have been developed,
mainly based on chemical attachment of appropriate blocks
to the carboxylic groups (which are produced by oxidation
of CNTs using strong acids) (189, 20). The so-called side-wall
organic functionalization technique (21, 22) also finds
application. On the other hand, wrapping of water-soluble
polymers around CNTs is a simpler vet powerful technique
for dispersing CNTs in aqueous solutions. Polymers used in
previcus studies for CNT dispersion are poly(vinyipyrroli-
done) (PVP), poly(styrenesulfonate) (PSS} (23), deoxyribo-
nucleic acid (DNA) (24—26), starch (27), and Arabic gum
(28). In this study, we use alginate for dispersing the as-
purchased powders of entangled CNTs in aqueous solutions,
The uniformity of MWCNTs in the aqueous alginate solution
was calculated by measuring the linearity of the calibration
curve for MWCNTs in the aqueous Nat—ALG/MWCNT
colloidal solutions at 254 nm. The linearity, r?, was found to
be better than 0.9981, indicating MWCNTs were being
dispersed in the aqueous Na*—ALG colloidal solutions with
high uniformity. Samples used for deriving the calibration
curve were the aqueous Na*—ALG solutions containing 0,
10, 25, 50, and 100 ppm MWCNTSs, with the concentration
of Na*—ALG in each samplebeing fixed at 10.0 mg/mlL. Figure
2 shows UV-—vis absorption spectra of the samples; a
characteristic absorption derived from the dispersed MWCNTs
is seen around 254 nm. The stability of the aqueous Na*—
ALG/MWCNT colloids was measured by calculating the
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FIGURE 4. FT-IR spectra of Na*—ALG (upper trace} and Nat—
ALG/MWCNT cuolloids {lower trace)} in the solid state using the
potassium bromide {KBr) pellet method.

concentration of the MWCNTS versus the sediment time,
similar to the method reported by Jiang and co-workers (25).
Changes in the MWCNT concentrations were found to be
smaller than 1.3% over 7 days at rcom temperature.

The £ potential was measured by calculating the colloid
velocities on the basis of the Helmholtz—Smoluchowski
equation ({ = 4mun/D, where u, 5, and D are the electro-
phoretic mobility, viscosity, and dielectric constant of the
liquid in the boundary layer, respectively) (30). The ¢ value
for the Na*—ALG/MWCNT colloids was found to be as high
as —63.50 mV. This again indicates the high stability of the
Na*—ALG/MWCNT colloids. Figure 3 shows the § versus pH
plots for the Na*—~ALG/MWCNT colloids and that for the
aqueous sclution containing Na*—ALG alone. At higher pH
values (5.01, 6.02, 7.10), the alginate/MWCNT colloids showed
slightly higher absolute ¥ potentials than the sample con-
taining sodium alginate alone, while, at the fower pH values,
the § potentials for both samples were virtually identical. A
decrease in the absolute value of § is seen for both samples
as the pH decreases (the pH values of the samples were
adjusted using 1.0 M HCI). MWCNTs precipitated as the pH
reached 2,01 and 1.51. The high § potential value and thereby
the high stability of the alginate/ MWCNT colloids are aresult
of formation of alginate/ MWCNT complexes in the colloidal
solution. FT-IR spectral measurement (Figure 4) gives
chemical evidence to support this conclusion. Frequencies
of the carboxylic group of alginate for the alginate/ MWCNT
sample shifted from 1628.6 and 1417.4 cm™! to 1618.9 and
1413.5 cm™{, indicating alginate interacting with MWCNTs,
On the other hand, the frequency of the « 1-4 linkage for
the alginate/MWCNT sample decreased from 949.8 to 945.8
cm ™}, suggesting the interaction of alginate with MWCNTs
is governed by the hydrophobic sugar backbones of alginate.
The frequency of f-mannuronic residues (M) at 8929 cm™!
and that of g-guluronic residues (G} at 815.7 cm™! were
observed, suggesting the alginate used for this study is built
up in the M—G—M arrangement (31, 32).

Riocompatibility of the Caged MWCNTSs Adsorbents of
high biocompatibility are highly desirable for in situ envi-
ronmental remediation. In the in vitro experiments with Balb
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FIGURE 6. Body mass changes as afunction of the number of dosed
days. The rats were treated with the Ba?* —alginate control vesicles
{left-hand column), caged MWCNTs {centra! column), and caged
ACTC (right-hand column).

¢/3T3 cells as the typical cells, cells cultured with the caged
MWCNTs showed higher cell density than cells cultured
without the vesicles (Figure 5). Similar results were also
observed for cells cultured with the control vesicles (Ba?t—
alginate vesicles) and vesicles containing activated carbons
{caged ACTC). The vesicle provided some beneficial effects
on cell attachment/growth, and as a result, higher cell
densities were provided. The media containing caged
MWCNTSs and caged ACTC at 100 mg/mL gave lower cell
densities than the media containing the control vesicles at
the same concentration, The caged MWCNTs and the caged
ACTC may adsorb the essential factors, such as the trace
amount of growth factors, for cell growth. On the other hand,
in the in vivo experimental study with rats as the typical
animals, the caged MWCNTSs and the caged ACTC showed
some enhancement effects on body mass gain (Figure 6).
Hematological data and biochemical data for the vesicle-
dosed rats were found to be identical to those for the
untreated rats (the verification values were <+8.9%, n = 3).
A change of the deep plica of the glandular stomach was not
observed for the vesicle-dosed rats. Both in vitro and in vive
experiments demonstrated that the caged MWCNTS (also
the caged ACTC and the Ba?*—alginate vesicles) are highly
biocompatible with the cells/animals studied in this study.

Adsorption Studies, Four precursor solutions, (i) an
aqueous solution containing sodium alginate alone at 10.0
mg/mL, (ii) MWCNTSs, (iii) CNFs, and (iv} ACTC, each at 0.1
mg/mL, being highly dispersed in 10.0 mg/mL Na*—ALG
solution, were prepared and used for preparing the reference
vesicles (Ba2*—ALG), caged MWCNTS, caged CNFs, and caged
ACTC, respectively. A typical microscopic observation of the
vesicles containing MWCNTSs, i.e., the caged MWCNTSs, is
shown in Figure 7. Vesicles having a diameter in the range
of 400—600 um were observed. The nozzle diameter strongly
influenced the vesicle size. Generally, vesicles are produced
with an average diameter 2 times larger than the nozzle
diameter. However, the average vesicle diameter can be

adjusted by about £20% by varying the jet velocity and the
vibration frequency. Kilogram quantities of the vesicles can
be produced within a few hours using this encapsulation
system.

A 15 mLsample of model-contaminated water (prepared
by dissolving acridine orange (AQ) in defonized water at a
concentration of 10.0 x#M) was mixed with 3.0 mL of the
vesicles. About 30 min after the mixing, approximately 3 mL
of the bulk-phase solution was collected and measured using
a UV—vis spectrometer. Figure 8 shows the results. The
absorbance of the model-contaminated water before the
treatment, i.e., the 10.0 uM AO aqueous solution, at 492 nm,
was as high as 0.38. This value, however, dropped to 0.037
and 0.042 after this solution was mixed with the vesicles
containing MWCNTs and the vesicles containing CNFs,
respectively. Vesicles containing activated carbons also
showed the ability to lower the absorbance (which dropped
te 0.071). This change, however, was smaller than that
observed for the vesicles containing MWCNTs {also the
vesicles containing highly dispersed CNFs). The control
vesicles showed very little capability in trapping AOQ, sug-
gesting the uptake of the targeted species is governed by the
carbon particles. The capability in trapping ethidium bromide
({(ET)Br) from the contaminated water was also found in the
order caged MWCNTSs > caged CNFs > caged ACTC > control
vesicles.

Figure 9 shows the experimental data on elimination of
eosin bluish (EOB) obtained by mixing 15 mL of the model-
contaminated water (prepared by dissolving EOB in deionized
water at a concentration of 10.0 M) with 3.0 mL of the
vesicles. The caged MWCNTSs showed the highest adsorptive
capabilities, followed by the caged ACTC and then the caged
CNFs, for elimination of EOB. The control vesicles (Ba2*~
ALG) showed no capability for adsorbing EOB. Similar results
were also observed for elimination of orange G (OG).

The Ba**~ALG cage showed some detrimental (resistant)
effects on mass transfer for elimination of anionic dyes (EOB
and OG). This was observed by comparison of the rates of
uptake of EOB using the caged MWCNTs and the as-
purchased MWCNTs (MWCNT powder alone) as the active
element. As can be seen in Figure 10A, the uptake of the
targeted species was accomplished within 10 min when the
MWCNT powders alone were used as the adsorbent. It,
however, took 23 min to achieve the goal when the caged
MWCNTs were used.

The resistant effects on mass transfer were extremely large
for anions of large molecular weight. This was observed
experimentally using HAs as the targeted species. As can be
seenin Figure 10B, HAs showed high affinity toward MWCNTSs
in the powder forms but no affinity toward MWCNTs in the
caged form, In other words, HAs were unable to diffuse across
the Ba?t—alginate cage. HAs exclusion can be attributed to
the electrostatic repulsion and/or the size exclusion effect of
the Ba®*—ALG matrix. The sclective permeation properties
of the cage provide a desirable approach to protection of the
active elements from being damaged by adsorbing chemicals
of large molecular weights.

Table 1 summarizes the ultimate capacity for elimination
of AQ, (ET)Br, EOB, and OG for 1.0 mg of MWCNTSs used in
the caged and/or powder forms. Experimental data on the
ultimate adsorptive capacity for the activated carbons and
CNFs are also given in Table 1 for comparison. MWCNTSs
showed the highest capabilities for elimination of both the
cationic and anionic types of the model species; this was
irrespective of whether the powder form or the caged form
was used as the adsorbent. CNFs gave higher capabilities
than activated carbons for elimination of the cationic type
ofdyes (namely, AO and (ET}Br}. On the other hand, however,
activated carbons showed higher capabilities than CNFs for
elimination of the anionic type of dyes (i.e., EOB and QG).
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FIGURE 8. UV-vis absorption spectrum of an aqueocus solution
containing 10.0 #M AO and that of 15 mL of this 10.0 xM AOQ solution
mixed with Ba’t-alginate vesicles {reference vesicles), caged

ACTC, caged CNFs, and caged MWCNTs {from top to hottom,
respectively) 30 min after the solution/vesicle mixing.

0.8
s 06
= 04
0.2
0 L
350 450 550
A (nm)
FIGURE 9. UV-—vis absorption spectrum of an aqueous solution
containing 10.0 uM EOB and that of 15 mL of this 10.0 4M EQB
solution mixed with 3.0 mL of caged CNFs, caged ACTC, and caged
MWCNTs (from top to bottom, respectively} 30 min after the solution/
vesicle mixing. Note that the solution mixed with Ba?* —alginate
vesicles (reference vesicles) showed an absorption spectrum
identical to that of the untreated solution.

MWCNTs offer the best capabilities for adsorbing dyes. This
can be attributed to the fact that the hexagonally arrayed
carbon atoms in the graphite sheets of MWCNTSs are the
active sites for trapping the targets. CNFs are built up also
by hexagonally arrayed carbon atoms, but the 002 planes
pile up along the direction of the fiber axis. These graphite
platelets stack in a unique conformation in which only the
edge sites are exposed (33). CNFs are typically highly defective
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FIGURE 7. Microscopic chservation of the Ba®* —alginate-coated vesicles containing highly dispersed MWCNTs. The vesicles were
produced using an aqueous colloidal solution containing 0.10 mg/mL {namely, 100 ppm) MWCNTs and 10.0 mg/mL Na*—ALG as the
precursor solution with an agreous solution containing 100 mM BaCl; as the coagulation solution.
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FIGURE 10. {A) Effects of the Ba?*-cross-linked alginate cage on
the rate of uptake of EOB by MWCNTs: {®) MWCNTSs encapsulated
in the cage; {O) MWCNTs alone. JA;] = the initial concentration
of EOB. [A] = the concentration of EOB in the aqueous solution
found after the solution was mixed with the adsorbents. (B) Effects
of the Ba?*-cross-linked alginate cage on the rate of vptake of HAs
by MWCNTs: (¢} MWCNTs encapsulated in the cage; (O} MWCNTs
alone. [A;) =the initial concentration of HAs. [A] = the concentration
of HAs in the agueous solution found after the solution was mixed
with the adsorbents.

and therefore should have a considerably large number of
carboxylic groups on the exposed edges of the purified CNFs.
The carboxylic groups are the beneficial sites for elimination
of cationic dyes, and as a result, higher capabilities for
elimination of A} and (ET)Br are obtained. These negatively
charged groups, however, can have resistant effects on mass
transfer for anionic dyes. The very low capability Lo eliminate
EOB and OG by the CNF-based adsorbents gives the
experimental evidence to support this conclusion.



FIGURE 11. Schematic representation of the advantageous performances of the caged MWCNTs. The Ba** —alginate cross-linked matrix
constitutes a cage which holds the physically trapped MWCNTSs. The cage carries negative charges (NCS) on its surface. The cage restricts
the access of anions of large molecular weights, such as HAs, because of electrostatic repulsion. The cage also restricts the access
of CLS becavse of size exclusion. Dyes partition into the cage and are captured by MWCNTs probably on the basis of van der Waals
interactions occurring between the hexagonally arrayed carbon atoms in the graphite sheet of MWENTs and the aromatic backbones
of the dyes. As a result of these interactions the target species, namely, the ionic dyes, are eliminated efficiently by the MWECNTS of the

MWCNT/Ba?*—ALG composite adsorbents.

TABLE 1. Adsorptive Capacity (ymnlij) of MWCNTs, CNFs,

and ACTC for Efimination of the Jonic Dye*

MWCNT-P C-MWCNT CNF-P C-CNF ACTC-P C-ACTC
AQ 0.39 0.44 038 043 036 0.39
(ET)Br 0.37 0.43 0.36 0.42 0.35 0.37
EOB 0.37 0.33 0.09 006 025 0.19
0G 0.35 0.31 0.07 0.04 0.22 0.15

* Average values of three measurements (RSD < 1.8%}, MWCNT-P
= MWCNTs in the powder form (MWCNTs alone), and C-MWCNT =
MWCNTs encapsulated in the cross-linked Ba?*-alginate vesiclg, CNF-
P, ACTC-P, C-CNF, and C-ACTC have the same meanings as for
MWCNTs. AQ = acridine orange, (ET)Br = ethidium bromide, EQ8 =
eosin bluish, and OG = orange G.

Amodel, as shown in Figure 11, is proposed to summarize
the advantageous performances of the caged MWCNTs for
elimination of the ionic dyes. The affinity elements, namely,
MWCNTs, are encapsulated in Ba?t—alginate vesicles of
submillimeter size. This provides a desirable approach to
restrain adsorbents of nanosize. The Ba®*-cross-linked al-
ginate matrix constitutes a cage. This cage restricts the access
of anions of large molecular weight (also colloids of large
size, CLS) while it allows the bidirectional distribution of
chemicals of small molecular weights. HAs exclusion is
probably due to the negatively charged surface (NCS) of the
cage, although size exclusion may also be a possible
explanation. Dyes were eliminated by MWCNTs probably
on the basis of van der Waals attractions occurring between

the aromatic backbones of dyes and the hexagonally arrayed
carbon atoms in the graphite sheets of the MWCNTs. In
addition, the caged MWCNTSs could be reused by regenerating
the vesicles with aqueous methanol or acetonitrile solutions.
The caged MWCNTs may also be applicable for in situ
elimination of dyes and/or other types of aromatic pollutants
from the contaminated animal bodies. Experimental studies
on the possibility of using the caged MWCNTSs for in situ
environmental remediation are under evaluation.
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