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Abstract

Biocompatible nanotubes (NTs) have a great potential
application especially in food and drug delivery. Nanotubes
were produced using Layer-by-Layer (LbL) deposition of
negatively charged bovine serum albumin (BSA) and
positively charged , poly-D-lysine (PDL), into a nano-
porous template. By deposition of three bilayers, robust
nanotubes were produced. Curcumin was used as a
hydrophobic bioactive model to evaluate the loading
capacity of hydrophobic compounds. The NTs were
prepared from interaction of BSA-curcumin as a negatively
charged biopolymer layer. The SEM images show that the
(PDL/BSA-Cur), NTs had big cavities but the agueous
solution couldn’t pass through it, which provides evidence
of the hydrophobic nature of the cavities of the NTs.

Keywords: Biocompatible Nanotubes, LbL
decomposition, Nutraceuticals, Curcumin, BSA.

1. Introduction

Nanotubes can be made from different materials such as
carbon, ceramics, metals and organic polymers. Nanotubes
have been very interesting in the recent decades due to their
unique electronic, optical and mechanical properties. They
have applications as nanodevices, catalysts, biological
markers and diagnostic tools, and especially as carriers in
medicine [1-6]. In recent years, interest in organic
nanotubes has rapidly increased. They have been
extensively investigated by researchers based on their
biocompatibility. Amongst these biopolymers, proteins
offer the most promise especially for biological and
biomedical applications because of their functionality,
safety and biocompatibility [7] [23]. Hou et al. [4] produced
nanotubes from glucose oxidase using a porous Al,O3
membrane as a template for the first time. Nanotubes have
several advantages over other nanoparticles like
nanospheres: 1) the exterior and interior layers of nanotube
may have different properties; 2) nanotubes have two open-
ended terminals located on both ends of the nanotube, these
ends are useful for uptake and delivery of substrates and
controlled release; 3) nanotubes have high stability and they
can retain their tubular shapes in vivo for a long time [8].

Geng et al. [9] reported that polymeric cylinders of 8 pm
lengths could remain stable about 10 times longer than
spherical particles of the same composition after
intravenous injection in rat bloodstream.

Nanotubes are produced by two methods, the first one is
the self-assembly method which has been successfully used
to prepare nanotubes from different proteins [10-15], but
has several limitations; only a few molecules could be used
in self-assembly because of their unique chemistry and
functionality. The morphology and dimensions of the self-
assembled nanotubes are defined by their biomolecular
characteristics. The self-assembly method has low
efficiency and requires extremely pure protein, high
concentration and precise conditions for self-assembly. The
second method is template assisted layer-by-layer
deposition which is more easily performed and a highly
versatile  alternative to prepare nanotubes from
polyelectrolytes as well as proteins. This method can be
performed to produce nanotubes from proteins either by the
chemical crosslinking of proteins [7]; [16-17] or by the
electrostatic interaction between protein layers [8]; [18-21].
The template assisted LbL method by the electrostatic
interaction is more biocompatible because nanotubes can be
produced by one or more biopolymers without using any
chemical crosslinking agent. The LbL deposition method
has been used for a long time to produce thin films on the
surface of the flat substrates. This method is conducted by
deposition of negatively and positively charged polymers
respectively on the surface of a template. If the template
configuration is flat, deposition results in a thin film on its
surface but if the template has the nanoporous
configuration, deposition causes the formation of nanotubes
into the nanopores of the template. Different templates have
been used for nanotube preparation, two common types of
which are anodic aluminum oxide (AAO) [7]; [17]; [22-23];
and track-etched polycarbonate (PC) membrane [8]; [19];
[21]; [24-28].

Bovine serum albumin (BSA) is a very efficient carrier
in blood and milk. The BSA has a wide range of
physiological functions like binding, transportation and
distribution of bioactive compounds [29]. Bovine serum
albumin contains two tryptophan residues; Trp 134 which is
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located on the surface of the molecule and Trp 213 which is
in a hydrophobic pocket in the native form of BSA [29].

The hydrophobic molecules, which are practically
insoluble in aqueous solutions, are the best model bioactive
compounds to evaluate different micro and nano-carriers.
Curcumin, a natural polyphenol, is the main yellow pigment
of the turmeric and is used as spice and food coloring agent
and as a medicine for some disease such as inflammation,
skin wounds, and tumors [30], as an antioxidant [31] and as
a cancer chemo-preventive agent [31-32]. In recent years,
researchers introduced several carriers to improve activity
and stability of curcumin molecules, such as liposomes [33-
35], micelles [36-38], Colloidal micelles or vesicles [39],
various nanoparticles [40-43], peptide hydrogels [44],
hollow microcapsules [45]; multilayer vesicles, tubes,
porous structures and organo gels [46], and magnetic
nanoparticles [47].

In this article, we demonstrate the feasibility of
preparation of Poly-D-Lysine (PDL) and BSA NTs via
electrostatic bonds in the interior of the Poly-Carbonate
template pores. This article also reports on our efforts to
evaluate the possibility of entrapment of a hydrophobic
bioactive compound (curcumin) into the NTs. We also
report the preparation of NTs resulting from the interaction
of a protein (BSA) and a hydrophobic bioactive (curcumin)
as a negatively charged layer.

2. Materials and Methods
2.1 Materials

Poly-D-Lysine hydrochloride (PDL, Mw > 300 kDa),
Bovine serum albumin (BSA, lyophilized powder, >98%,
essentially fatty acid free, essentially globulin free), N, N-
Dimethylformamide (DMF) (99.8%) were purchased from
Sigma-Aldrich Co. Curcumin was kindly donated by
ChromaDEX company. The water was deionized (18.2
MQcm) using water purification systems. The track-etched
polycarbonate (PC) membrane (Isopore membrane, 13 mm,
pore diameter 400 nm) was purchased from Millipore
Corporation.

2.2 Bovine serum albumin NTs fabrication

The protein nanotubes were prepared according to the
previously reported technique with some modifications [8].

2.3 BSA-curcumin NTs fabrication

The BSA solution in PBS (2 mgmL® pH 7.4,
[NaCl]=0.138M) was mixed with curcumin dissolved in
ethanol, with the molar ratio of curcumin to BSA of 1. The
mixture was stirred for 30 min and the solution was used to
produce the PDL/BSA-curcumin NTs using same method.

2.4 Loading capacity of NTs

The stock solution of curcumin in ethanol was diluted in
BPS (pH 7.4, [NaCl]=0.138 M) to the final concentration of
0.01 mg.mL™ 3 mL of this solution was added to NTs
released from one template (diameter 13 mm). It was found
that the weight of (PDL/BSA); NTs produced into each
template pores was around 50 pg. The solution was stirred
for 5 min to complete the hydration of NTs, then sonicated
(for 25 s) and stirred for 1.5 h to enhance loading of
curcumin molecules into the NTs cavities. After that the
NTs were separated by centrifugation (5000xg, 15 min) and
the supernatant was used for measurement of absorbance
using UV/visible spectrophotometer (Infinite M200, Tecan
Inc., USA). All mentioned steps were applied on the same
concentration of curcumin without NTs, as the control
sample. All experiments were conducted in triplicate.
Averages are being reported as results.

2.5 Characterization of nanotubes by Scanning
Electron Microscopy (SEM)

The morphology of NTs and template surface was
characterized by field emission scanning electron
microscopy (FE-SEM) under an acceleration voltage of 10
KV (§-4700, Hitachi, Japan).

3. Results and Discussion

The opposite electrostatic charges of PDL and BSA in a
wide range of pH were the main driving force for the
interaction of the molecules. By deposition of PDL and
BSA onto the template pores and cleaning both surface
sides of the template, biopolymers formed very thin tubular
films into the pores of the membrane. Fig. 1 shows the
SEM images of the surface of a template before and after
deposition of three bilayers. For three bilayers deposition
(PDL/BSA)3, the nanotubes were strong and robust, they
maintained their tubular structures after removing from
template and drying (Fig. 2).

Fig. 1: The SEM images of surface of template without
any treatment (A), and deposition of 3 BL after cleaning
and wetting for 8 h (B).

3.1 Nanotubes dimension

The thickness of three bilayers of PDL/BSA was 6116
nm; it is thicker than nanotubes produced from Poly-L-
Arginine (PLA) (MW ca. 70 kDa) and human serum
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albumin (HSA) reported by the method mentioned earlier

8.

Fig. 2. The SEM images of NTs which produced by
deposition of 3 BL (A-D).

3.2 Curcumin loading into Nanotube cavities

Figure 3 shows the visible spectrum of curcumin
solution before and after mixing with ~50 pg (PDL/BSA);.
The loading percent of curcumin into (PDL/BSA); after 1.5
h was 44.9£3.9 %. The main reason for this high deviation
in the loading ratio could be due to the variability in weight
of NTs manufactured. This means that the entrapment
efficiency of curcumin is 270424 pg.mg” of (PDL/BSA);
NTs. Manju and Sreenivasan [45], used hollow
microcapsules which were produced from six bilayers of
poly(ethylene imine) (PEI) and poly(sodium 4-styrene
sulfonic acid) (PSS) to entrap curcumin. They reported that
the entrapment efficiency of curcumin in microcapsules
was 4.5 pgmg'. However, the diameter of these
microcapsules was bigger than our nanotubes, but the
inherent affinity of BSA to interact with curcumin has been
effective in improving entrapment efficiency. Qu and
Komatsu (2010) produced PLA/HSA NTs in which the
interior layer was formed by deposition of avidin from egg
white. They found that 5-(6-biotinamidohexanoylamino)
pentylthioureidyl-fluorescein (FITC-biotin) could
incorporate into the NTs cavities if their particle size was
smaller than cavity diameter [8]. It is concluded that the
manipulation of the interior layer of NTs could be used to
load special molecules into the NTs pores.

3.3 Preparation of NTs from BSA-curcumin
interaction

In this case, the BSA solution is exposed to curcumin
solution to interact, where the ratio of curcumin molecules
to BSA molecule was 1.0. The zeta potential of the mixture
of curcumin-BSA (-20.24+1.75 mV) was the same as BSA
(-21.33£1.09 mV) solution in the same condition (2 mg.mL"
! in PBS at pH 7.4). The deposition process was conducted
with the same method, but after deposition of two bilayers,
the template was completely clogged. To better understand
the reason for this blockage, the template surfaces were
cleaned with swab and saline solution (pH 12, [NaCl]=3
M), then water. Even after cleaning and drying for 1 h at
high vacuum the flux was very low and the template was
blocked in the first minute. After releasing the NTs from

the template and drying them, SEM images were taken
which showed clearly the NTs had big cavities (diameter
bigger than 300 nm in dry state); the only reason for
blocking of the template could be the higher hydrophobicity
of cavities which could decrease passing of aqueous
solution through the template. Fig. 4 shows the SEM
images of (PDL/BSA-Cur),. The images showed that the
walls of NTs produced from (PDL/BSA-Curcumin), were
not completely strong to endure all stresses during
removing from template, washing and drying, since the NTs
had been slightly deformed after these steps. It was similar
to (PDL/BSA),. This method is very useful to improve the
hydrophobicity of the NTs cavities which may improve
loading of hydrophobic compounds into the NTs cavities.

------- WithoutNTs

Absorbance intensity (A. U.)

‘With (PDL -BSA)S NTs

320 370 420 470 520
Wavelength (nm)
Fig. 3: The Visible spectrum of curcumin solution after

mixing without and with NTs for 1.5 h

Fig. 4: The SEM images of (PDL/BSA-Cur),

4. Conclusion

The deposition of three bilayers led to strong and robust
NTs which were completely tubular and stable. The average
thickness of three bilayers of PDL/BSA was 61+6 nm. The
main factor to entrap the hydrophobic bioactives into the
NTs cavities was the hydrophobicity generated by the
orientation of the hydrophobic groups towards the
curcurmin in the interior layer of NTs. When the interior
layer was fabricated from BSA, about 45% of curcumin
molecules loaded into NTs. After deposition of two bilayers
of PDL/BSA-Cur into the template pores the template was
blocked. The SEM images showed that the (PDL/BSA-
Cur), NTs had relatively larger cavities allowing for the
PDL solution to flow through it, until ultimately it clogged
the NTs; the only reason for blocking the template could be
the higher hydrophobicity of the NTs cavities which
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prevented the passing of aqueous solution through the NTs
cavities.

References

[1] Collins, P.G., Zettl, A., Bando, H., Thess, A., Smalley,
R.E. Science 278 (5335), 100-103, 1997.

[2] Wong, S.S., Joselevich, E., Woolley, A.T.,Cheung,
C.L., Lieber, C.M. Nature 394 (6688), 52-55, 1998.

[3] Serp, P. ,Corrias, M., Kalck, P. Appl. Catal. A-
Gen. 253 (2), 337-358, 2003.

[4] Hou, S.; Wang, J.; Martin, C. R. Nano Lett. 5, 231-234,
2005.

[5] Son, S.J., Bai, X., Nan, A., Ghandehari, H., Lee, S.B. J.
Control. Release 114, 143-152, 2006.

[6] Liu, Z., Tabakman, S., Welsher, K., Dai, H. Nano Res. 2
(2), 85-120, 2009.

[7] Tian, Y., He, Q., Cui, Y., Li, J. Biomacromolecules 7,
2539-2542, 2006.

[8] Qu, X., Komatsu, T. ACS Nano 4 (1), 563-573, 2010.
[9] Geng , Y., Dalhaimer, P., Cai, S., Tsai, R., Tewari,
M., Minko, T., Discher, D.E. Nat. Nanotechnol. 2, 249-
255, 2007.

[10] \aléry, C., Paternostre, M., Robert, B., Gulik-
Krzywicki, T., Narayanan, T., Dedieu, J.-C., Keller,
G., Torres, M.-L., Cherif-Cheikh, R., Calvo, P., Artzner, F.
Proc. Natl. Acad. Sci. USA 100 (18), 10258-10262, 2003.
[11] Kumara, M.T., Srividya, N., Muralidharan, S., Tripp,
B.C. Nano Letters 6 (9), 2121-2129, 2006.

[12] Mukherjee, S., Pfeifer, C.M., Johnson, J.M., Liu,
J., Zlotnick, A. J. Am. Chem. Soc. 128, 2538-2539, 2006.
[13] Raviv, U., Needleman, D.J., Ewert, K.K., Safinya,
C.R. J. Appl. Crystallogr. 40, s83-s87, 2007.

[14] Ballister, E.R., Lai, A.H., Zuckermann, R.N., Cheng,
Y., Mougous, J.D. Proc. Natl. Acad. Sci. USA 105 (10),
3733-3738, 2008.

[15] Ngweniform, P., Li, D., Mao, C. Soft Matter 5, 954—
956, 2009.

[16] Hou, S., Harrell, C.C., Trofin, L., Kohli, P., Martin,
C.R. J. Am. Chem. Soc. 126, 5674-5675, 2004.
[17] Dougherty, S.A., Zhang, D., Liang, J..
25(22), 13232-13237, 20009.

[18] Lu, G., Ai, S., Li, J. Langmuir 21, 1679-1682, 2005.
[19] Qu, X., Lu, G., Tsuchida, E., Komatsu, T. Chem. Eur.
J. 14, 10303-10308, 2008.

[20] Komatsu, T., Terada, H., Kobayashi, N. Chem-Eur. J.
17,1849 — 1854, 2011.

[21] Komatsu, T., Qu, X., lhara, H., Fujihara, M., Azuma,
H., Ikeda, H. J. Am. Chem. Soc. 133, 3246-3248, 2011.
[22] Dougherty, S.A., Liang, J., Kowalik, T.F. J. Nanopart.
Res. 11, 385-394, 2009.

[23] Zhang, D., Dougherty, S.A., Liang, J. J. Nanopart. Res.
13, 1563-1571, 2011.

[24] Yang, Y. He, Q. Duan, L. Cui, Y. andLi, J.
Biomaterials 28, 3083-3090, 2007.

Langmuir

[25] Alem, H., Blondeau, F., Glinel, K., Demoustier-
Champagne, S., Jonas, A.M. Macromolecules 40, 3366-
3372, 2007.

[26] Cuenot, S.,Alem, H., Louarn, G., Demoustier-
Champagne, S., Jonas, A.M. Eur. Phys. J. E 25, 343-348,
2008.

[27] Roy, C.J., Dupont-Gillain, C., Demoustier-
Champagne, S., Jonas, A.M., Landoulsi, J. Langmuir 26
(5), 3350-3355, 2010.

[28] Komatsu, T., and Kobayashi, N. Polym. Advan.
Technol. 22, 1315-1318, 2011.

[29] Skrt, M., Benedik, E., Podlipnik, C., Ulrih, N.P. Food
Chem. 135, 2418-2424, 2012.

[30] Salvioli, S., Sikora, E., Cooper, E.L., Franceschi, C.
Evid-based Compl. Alt. 4 (2), 181-190, 2007.

[31] Maheshwari, R.K. , Singh, A.K., Gaddipati, J., Srimal,
R.C. Life Sci. 78, 2081-2087, 2006.

[32] Kunnumakkara, A.B., Guha, S., Krishnan,
S., Diagaradjane, P., Gelovani, J., Aggarwal, B.B. Cancer
Res. 67 (8), 3853-3861, 2007.

[33] Kunwar, A., Barik, A., Pandey, R.,Priyadarsini, K.I.
BBA-Gen. Subjects 1760 (10), 1513-1520, 2006.

[34] Narayanan, N.K., Nargi, D.,Randolph, C., Narayanan,
B.A. Int. J. Cancer 125 (1), 1-8, 2009.

[35] Dhule, S.S., Penfornis, P., Frazier, T., Walker,
R.,Feldman, J.,Tan, G.,He, J,Alb, A, John,
V., Pochampally, R. Nanomed-Nanotechnol. 8 (4), 440-
451, 2012.

[36] Sahu, A., Kasoju, N., Bora, U. Biomacromolecules 9
(10), 2905-2912, 2008.

[37] Leung, M.H.M,, Colangelo,
Langmuir 24 (11), 5672-5675, 2008.
[38] Sahu, A., Kasoju, N., Goswami, P..Bora, U. J.
Biomater. Appl. 25 (6), 619-639, 2011.

[39] Wang, Z., Leung, M.H.M., Kee, T.W.,English, D.S.
Langmuir 26 (8), 5520-5526, 2010.

[40] Shaikh, J., Ankola, D.D., Beniwal, V.,Singh,
D., Kumar, M.N.V.R. Eur. J. of Pharm. Sci. 37 (3-4), 223-
230, 2009.

[41] Das, R.K., Kasoju, N., Bora, U.
Nanotechnol. 6 (1), e153-e160, 2010.

[42] Zheng, Z., Zhang, X., Carbo, D.,Clark, C., Nathan, C.-
A., Lvov, Y. Langmuir 26 (11), 7679-7681, 2010.

[43] Anand, P., Nair, H.B.,Sung, B.Kunnumakkara,
A.B., Yadav, V.R.,Tekmal, R.R., Aggarwal, B.B. Biochem.
Pharmacol. 79 (3), 330-338, 2010.

[44] Altunbas, A., Lee, S.J., Rajasekaran, S.A., Schneider,
J.P., Pochan, D.J. Biomaterials 32 (25), 5906-5914, 2011.
[45] Manju, S., Sreenivasan, K. Colloid Surface B 82, 588-
593, 2011.

[46] Koley, P., Pramanik, A. Soft Matter 8 (19), 5364-5374,
2012.

[47] Wang, N., Guan, Y., Yang, L., Jia, L.,Wei, X., Liu,
H., Guo, C. J. Colloid Interf. Sci. (Article in press), 2013.

H., Kee, T.W.

Nanomed-

NSTI-Nanotech 2013, www.nsti.org, ISBN 978-1-4822-0586-2 Vol. 3, 2013 235


http://www.scopus.com/authid/detail.url?authorId=7402501113&amp;eid=2-s2.0-0030840470
http://www.scopus.com/authid/detail.url?authorId=7005556530&amp;eid=2-s2.0-0030840470
http://www.scopus.com/authid/detail.url?authorId=7101614592&amp;eid=2-s2.0-0030840470
http://www.scopus.com/authid/detail.url?authorId=7004159553&amp;eid=2-s2.0-0030840470
http://www.scopus.com/authid/detail.url?authorId=7103216169&amp;eid=2-s2.0-0030840470
http://www.scopus.com/authid/detail.url?authorId=7103216169&amp;eid=2-s2.0-0030840470
http://www.scopus.com/source/sourceInfo.url?sourceId=23571&origin=resultslist
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=7404589538&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=6603060525&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=7006111578&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=7202060859&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=7202060859&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=35411190100&zone=
http://www.scopus.com/source/sourceInfo.url?sourceId=21206&origin=resultslist
http://www.scopus.com/authid/detail.url?authorId=7003332105&amp;eid=2-s2.0-0142062584
mailto:Philippe.Serp@ensiacet.fr
http://www.scopus.com/authid/detail.url?authorId=8768849000&amp;eid=2-s2.0-0142062584
http://www.scopus.com/authid/detail.url?authorId=7005840760&amp;eid=2-s2.0-0142062584
http://www.scopus.com/source/sourceInfo.url?sourceId=16342&origin=resultslist
http://www.scopus.com/source/sourceInfo.url?sourceId=16342&origin=resultslist
http://www.scopus.com/authid/detail.url?authorId=8573149000&amp;eid=2-s2.0-33747887427
http://www.scopus.com/authid/detail.url?authorId=35483114600&amp;eid=2-s2.0-33747887427
http://www.scopus.com/authid/detail.url?authorId=35238366900&amp;eid=2-s2.0-33747887427
http://www.scopus.com/authid/detail.url?authorId=8774638000&amp;eid=2-s2.0-33747887427
http://www.scopus.com/authid/detail.url?authorId=35080725400&amp;eid=2-s2.0-33747887427
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=35278688200&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=36129209000&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=16030074000&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=7402206907&zone=
http://www.scopus.com/source/sourceInfo.url?sourceId=17500155020&origin=resultslist
http://www.scopus.com/authid/detail.url?authorId=8212369300&amp;eid=2-s2.0-33749550381
http://www.scopus.com/authid/detail.url?authorId=46261171400&amp;eid=2-s2.0-33749550381
http://www.scopus.com/authid/detail.url?authorId=8942011900&amp;eid=2-s2.0-33749550381
http://www.scopus.com/authid/detail.url?authorId=7410060683&amp;eid=2-s2.0-33749550381
http://www.scopus.com/authid/detail.url?authorId=7202660872&amp;eid=2-s2.0-75749090023
http://www.scopus.com/authid/detail.url?authorId=7402653190&amp;eid=2-s2.0-75749090023
http://www.scopus.com/source/sourceInfo.url?sourceId=11500153511&amp;origin=recordpage
http://www.scopus.com/authid/detail.url?authorId=35248269400&amp;eid=2-s2.0-34248402413
http://www.scopus.com/authid/detail.url?authorId=6603176757&amp;eid=2-s2.0-34248402413
http://www.scopus.com/authid/detail.url?authorId=7202957872&amp;eid=2-s2.0-34248402413
http://www.scopus.com/authid/detail.url?authorId=13610843000&amp;eid=2-s2.0-34248402413
http://www.scopus.com/authid/detail.url?authorId=7005565256&amp;eid=2-s2.0-34248402413
http://www.scopus.com/authid/detail.url?authorId=7005565256&amp;eid=2-s2.0-34248402413
http://www.scopus.com/authid/detail.url?authorId=7003522566&amp;eid=2-s2.0-34248402413
http://www.scopus.com/authid/detail.url?authorId=7006330577&amp;eid=2-s2.0-34248402413
http://www.scopus.com/source/sourceInfo.url?sourceId=21121&amp;origin=recordpage
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=14834313900&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=6602505755&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=14834262000&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=7003551837&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=7003551837&zone=
http://www.scopus.com/source/sourceInfo.url?sourceId=17853&origin=resultslist
http://www.scopus.com/authid/detail.url?authorId=9435874100&amp;eid=2-s2.0-33644653105
http://www.scopus.com/authid/detail.url?authorId=36546521300&amp;eid=2-s2.0-33644653105
http://www.scopus.com/authid/detail.url?authorId=7406809042&amp;eid=2-s2.0-33644653105
mailto:raviv@chem.ch.huji.ac.il
http://www.scopus.com/source/sourceInfo.url?sourceId=21121&amp;origin=recordpage
http://www.scopus.com/authid/detail.url?authorId=14322391300&amp;eid=2-s2.0-61349094719
http://www.scopus.com/authid/detail.url?authorId=26643575700&amp;eid=2-s2.0-61349094719
http://www.scopus.com/authid/detail.url?authorId=7201498082&amp;eid=2-s2.0-61349094719
http://www.scopus.com/authid/detail.url?authorId=35237129500&amp;eid=2-s2.0-2442613888
http://www.scopus.com/authid/detail.url?authorId=7003721372&amp;eid=2-s2.0-2442613888
http://www.scopus.com/authid/detail.url?authorId=6506007822&amp;eid=2-s2.0-2442613888
http://www.scopus.com/authid/detail.url?authorId=7003576884&amp;eid=2-s2.0-2442613888
http://www.scopus.com/authid/detail.url?authorId=7405844187&amp;eid=2-s2.0-2442613888
http://www.scopus.com/authid/detail.url?authorId=7405844187&amp;eid=2-s2.0-2442613888
http://www.scopus.com/authid/detail.url?authorId=24802188600&amp;eid=2-s2.0-71549120403
http://www.scopus.com/authid/detail.url?authorId=8365460000&amp;eid=2-s2.0-71549120403
http://www.scopus.com/authid/detail.url?authorId=7404541576&amp;eid=2-s2.0-71549120403
http://www.scopus.com/authid/detail.url?authorId=35269681100&amp;eid=2-s2.0-14844321893
http://www.scopus.com/authid/detail.url?authorId=8942011700&amp;eid=2-s2.0-14844321893
http://www.scopus.com/authid/detail.url?authorId=7410073295&amp;eid=2-s2.0-14844321893
http://www.scopus.com/authid/detail.url?authorId=7202660872&amp;eid=2-s2.0-56349099209
http://www.scopus.com/authid/detail.url?authorId=35269681100&amp;eid=2-s2.0-56349099209
http://www.scopus.com/authid/detail.url?authorId=36047515700&amp;eid=2-s2.0-56349099209
http://www.scopus.com/authid/detail.url?authorId=7402653190&amp;eid=2-s2.0-56349099209
http://www.scopus.com/authid/detail.url?authorId=7402653190&amp;eid=2-s2.0-79551471131
http://www.scopus.com/authid/detail.url?authorId=37068395400&amp;eid=2-s2.0-79551471131
http://www.scopus.com/authid/detail.url?authorId=35791092600&amp;eid=2-s2.0-79551471131
http://www.scopus.com/authid/detail.url?authorId=7402653190&amp;eid=2-s2.0-79952602213
http://www.scopus.com/authid/detail.url?authorId=7202660872&amp;eid=2-s2.0-79952602213
http://www.scopus.com/authid/detail.url?authorId=12777082700&amp;eid=2-s2.0-79952602213
http://www.scopus.com/authid/detail.url?authorId=7007006691&amp;eid=2-s2.0-79952602213
http://www.scopus.com/authid/detail.url?authorId=7202470273&amp;eid=2-s2.0-79952602213
http://www.scopus.com/authid/detail.url?authorId=7202470273&amp;eid=2-s2.0-79952602213
http://www.scopus.com/authid/detail.url?authorId=7404000573&amp;eid=2-s2.0-79952602213
http://www.scopus.com/authid/detail.url?authorId=24802188600&amp;eid=2-s2.0-59449100793
http://www.scopus.com/authid/detail.url?authorId=7404541576&amp;eid=2-s2.0-59449100793
http://www.scopus.com/authid/detail.url?authorId=35607598900&amp;eid=2-s2.0-59449100793
http://www.scopus.com/authid/detail.url?authorId=23993870600&amp;eid=2-s2.0-34248530759
http://www.scopus.com/authid/detail.url?authorId=8288610200&amp;eid=2-s2.0-34248530759
http://www.scopus.com/authid/detail.url?authorId=6602732932&amp;eid=2-s2.0-34248530759
http://www.scopus.com/authid/detail.url?authorId=7003352148&amp;eid=2-s2.0-34248530759
http://www.scopus.com/authid/detail.url?authorId=7003352148&amp;eid=2-s2.0-34248530759
http://www.scopus.com/authid/detail.url?authorId=7102275253&amp;eid=2-s2.0-34248530759
http://www.scopus.com/authid/detail.url?authorId=6506130072&amp;eid=2-s2.0-43949116901
http://www.scopus.com/authid/detail.url?authorId=6506130072&amp;eid=2-s2.0-43949116901
http://www.scopus.com/authid/detail.url?authorId=23993870600&amp;eid=2-s2.0-43949116901
http://www.scopus.com/authid/detail.url?authorId=7004195933&amp;eid=2-s2.0-43949116901
http://www.scopus.com/authid/detail.url?authorId=7003352148&amp;eid=2-s2.0-43949116901
http://www.scopus.com/authid/detail.url?authorId=7003352148&amp;eid=2-s2.0-43949116901
http://www.scopus.com/authid/detail.url?authorId=7102275253&amp;eid=2-s2.0-43949116901
http://www.scopus.com/authid/detail.url?authorId=23668918600&amp;eid=2-s2.0-77749286759
http://www.scopus.com/authid/detail.url?authorId=6602185323&amp;eid=2-s2.0-77749286759
http://www.scopus.com/authid/detail.url?authorId=7003352148&amp;eid=2-s2.0-77749286759
http://www.scopus.com/authid/detail.url?authorId=7003352148&amp;eid=2-s2.0-77749286759
http://www.scopus.com/authid/detail.url?authorId=7102275253&amp;eid=2-s2.0-77749286759
http://www.scopus.com/authid/detail.url?authorId=23094943500&amp;eid=2-s2.0-77749286759
http://www.scopus.com/authid/detail.url?authorId=7402653190&amp;eid=2-s2.0-79960833797
mailto:komatsu@kc.chuo-u.ac.jp
http://www.scopus.com/authid/detail.url?authorId=35791092600&amp;eid=2-s2.0-79960833797
http://www.scopus.com/source/sourceInfo.url?sourceId=130094&amp;origin=recordpage
mailto:rmaheshwari@usuhs.mil
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=14626436700&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=6603913948&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=12244014200&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=7004144163&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=7004293242&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=14014068200&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=55137075000&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=7004096493&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=7004096493&zone=
http://www.scopus.com/source/sourceInfo.url?sourceId=29873&origin=resultslist
http://www.scopus.com/authid/detail.url?authorId=13609235000&amp;eid=2-s2.0-84860229695
http://www.scopus.com/authid/detail.url?authorId=6507900219&amp;eid=2-s2.0-84860229695
http://www.scopus.com/authid/detail.url?authorId=35798124700&amp;eid=2-s2.0-84860229695
http://www.scopus.com/authid/detail.url?authorId=7404928241&amp;eid=2-s2.0-84860229695
http://www.scopus.com/authid/detail.url?authorId=7404928241&amp;eid=2-s2.0-84860229695
http://www.scopus.com/authid/detail.url?authorId=50161105000&amp;eid=2-s2.0-84860229695
http://www.scopus.com/authid/detail.url?authorId=8970852500&amp;eid=2-s2.0-84860229695
http://www.scopus.com/authid/detail.url?authorId=7404984738&amp;eid=2-s2.0-84860229695
http://www.scopus.com/authid/detail.url?authorId=6507523669&amp;eid=2-s2.0-84860229695
http://www.scopus.com/authid/detail.url?authorId=7102964005&amp;eid=2-s2.0-84860229695
http://www.scopus.com/authid/detail.url?authorId=7102964005&amp;eid=2-s2.0-84860229695
http://www.scopus.com/authid/detail.url?authorId=6507824324&amp;eid=2-s2.0-84860229695
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=18435370700&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=23389577400&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=6603146542&zone=
http://www.scopus.com/source/sourceInfo.url?sourceId=25780&origin=resultslist
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=24399483100&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=24398518600&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=7005118317&zone=
http://www.scopus.com/source/sourceInfo.url?sourceId=26987&origin=resultslist
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=18435370700&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=23389577400&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=7006453725&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=6603146542&zone=
http://www.scopus.com/source/sourceInfo.url?sourceId=21655&origin=resultslist
http://www.scopus.com/source/sourceInfo.url?sourceId=21655&origin=resultslist
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=36464624100&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=24399483100&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=7005118317&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=7102021012&zone=
http://www.scopus.com/source/sourceInfo.url?sourceId=26987&origin=resultslist
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=8561447300&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=14028126700&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=26431724000&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=35312182400&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=35312182400&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=35167933300&zone=
http://www.scopus.com/source/sourceInfo.url?sourceId=21331&origin=resultslist
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=35423469000&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=23389577400&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=6603146542&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=7403007491&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=36497758800&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=36084169000&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=14057694600&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=7102463457&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=7102463457&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=7006686873&zone=
http://www.scopus.com/source/sourceInfo.url?sourceId=26987&origin=resultslist
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=23099439800&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=9635863800&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=14825915300&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=14630663000&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=14630663000&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=15924571700&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=6603927947&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=35375758200&zone=
http://www.scopus.com/source/sourceInfo.url?sourceId=20063&origin=resultslist
http://www.scopus.com/source/sourceInfo.url?sourceId=20063&origin=resultslist
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=24764406800&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=37101852400&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=7006885644&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=13303092100&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=13303092100&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=7004047153&zone=
http://www.scopus.com/source/sourceInfo.url?sourceId=28200&origin=resultslist
http://www.scopus.com/authid/detail.url?authorId=36178025500&amp;eid=2-s2.0-78649442563
http://www.scopus.com/authid/detail.url?authorId=7102437063&amp;eid=2-s2.0-78649442563
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=25930920400&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=7006732373&zone=
http://www.scopus.com/source/sourceInfo.url?sourceId=145691&origin=resultslist
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=55550382500&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=7202922030&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=24377074000&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=36022368400&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=55549829000&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=7409747326&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=7409747326&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=55115916600&zone=
http://www.scopus.com/source/sourceInfo.url?sourceId=26950&origin=resultslist



