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 Carbon Nanotube/Biocompatible Bola-Amphiphile 
Supramolecular Biohybrid Materials: Preparation and 
Their Application in Bacterial Cell Agglutination  
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       The excellent electronic conductivity, chemical inertness, 
mechanical toughness, and elasticity of carbon nanotubes 
(CNTs) have enabled a wide range of opportunities and poten-
tial applications in biology and medicine, for example in bio-
sensors, electroanalytical nanotube devices, artifi cial muscles, 
and laser heating cancer therapy. [  1  ]  However, the construction 
of biomaterials based on CNTs is greatly limited as a result of 
their lack of solubility in water. Recently, various methods have 
been developed to solubilize CNTs in water. [  2,3  ]  Covalent func-
tionalization improves the water-solubility of CNTs, but it often 
leads to disruption of the extended  π -networks on their surfaces, 
resulting in diminishing both their mechanical and electronic 
properties. [  2  ]  On the other hand, supramolecular approaches to 
solublize CNTs in water can preserve the unique properties of 
CNTs. Therefore, they have attracted much interest in the last 
decade. [  3  ]  Polymers, surfactants, peptides, nucleic acids, and 
proteins have all been used to wrap CNTs through non-covalent 
functionalization in order to improve their water solubility. 

 However, the improvement of the water solubility is not 
enough for the successful fabrication of biomaterials based on 
CNTs. The achievement of biocompatible interactions between 
CNTs and living cells is also required. For this purpose, posi-
tively charged polyelectrolytes, such as poly(ethyleneimine) and 
poly- l -lysine, have been used to coat hydrophobic CNTs to pro-
mote adhesion to the negatively charged cell membrane. How-
ever, the resultant non-physiological, strong electrostatic interac-
tions may lead to cell death or cytotoxic effects. [  3b   ,   4  ]  Therefore, in 
order to ensure biocompatible interactions between CNTs and 
living systems and preserve the functionalities of both in the fab-
rication of CNT-based biomaterials, new strategies are needed. 

 Herein we report a new strategy to prepare CNT-based bio-
materials by hybridizing biocompatible bola-amphiphiles 
© 2013 WILEY-VCH Verlag Gm
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with CNTs. Three different bola-amphiphiles,  NP1 ,  NP2 , and 
 ND , were designed and synthesized. They contain electron-
rich naphthalene ( NP1  and  NP2 , which refer to the 1,5- and 
2,6-substitutions of naphthalene, respectively) or electron-defi -
cient naphthalene diimide ( ND ) groups in their hydrophobic 
parts and biocompatible galactoses in their hydrophilic parts 
( Figure   1 ). The  π – π  interactions between the aromatic naphtha-
lene or naphthalene diimide groups in the hydrophobic parts of 
the bola-amphiphiles and CNTs can be used to achieve hybridi-
zation, while the hydrophilic parts containing galactose groups 
can be utilized to solubilize the CNTs in water and to endow 
these biohybrid materials with biocompatible interactions with 
living cells. Three supramolecular biohybrid materials based on 
single walled carbon nanotubes (SWNTs) and these biocompat-
ible bola-amphiphiles were prepared and their application in 
bacterial cell agglutination was investigated.  

 First, we wanted to understand how these three bola-amphi-
philes self-assemble in water. From  Figure   2 a and b, the crit-
ical aggregation concentrations (CAC) of  NP1  and  NP2  were 
determined to be 5.12 × 10 –4  and 3.22 × 10 –4  M, respectively, 
using concentration-dependent conductivity. Transmission elec-
tron microscopy (TEM) experiments assisted in the visualiza-
tion of the self-assembled nanostructures of  NP1  and  NP2 . As 
shown in Figure  2 d, solid spherical structures were formed by 
 NP1  with an average diameter of about 180 nm when the con-
centration was higher than its CAC value. Dynamic light scat-
tering (DLS) was employed to confi rm the size of the spherical 
structures. As shown in Figure  2 g, the mean diameter of the 
aggregates formed by  NP1  alone was 190 nm, in good agree-
ment with the corresponding TEM image shown in Figure  2 d. 
It should be pointed out that the diameter of the nano-aggre-
gates measured by DLS was little larger than that observed in 
the TEM images. This was attributed to the swelling effect of 
the spherical structures in water. [  5  ]  Likewise, solid spherical 
structures were formed by  NP2  alone with a similar average 
diameter observed by TEM (Figure  2 e) and verifi ed by DLS 
(Figure  2 h).  

 On the other hand, the CAC value of  ND  was determined 
to be 2.96 × 10 –4  M (Figure  2 c), which is lower than those of 
 NP1  and  NP2  due to much stronger  π – π  stacking interactions 
between naphthalene diimide units in water. [  6  ]  Compared with 
the self-assemblies formed by  NP1  and  NP2 , the distinct mor-
phology of the self-assemblies formed by  ND  could be seen in 
the TEM image.  ND  self-assembled into one-dimensional nano-
structures of about 6–8 nm in diameter and several hundred 
nanometers in length (Figure  2 f). There was no sharp color 
bH & Co. KGaA, Weinheim 6373wileyonlinelibrary.com
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      Figure 1.  Molecular structures of the bolaform amphiphiles  NP1 ,  NP2 , and  ND  and a schematic 
representation of the biohybrid material preparation through a supramolecular approach and 
their application in  Escherichia coli  agglutination. 
contrast between the periphery and central parts, suggesting 
that the one-dimensional nanostructures were solid nanorods 
(rod-like micelles). [  6b  ]  

 In addition,  1 H NMR studies provided convincing informa-
tion about the self-assembly behaviors of  NP1 ,  NP2 , and  ND  
in water. Compared with the resonances related to the protons 
of the bolaform amphiphiles alone conducted in DMSO- d  6  
(Figure S37, Supporting Information), broadening of all sig-
nals in D 2 O at the same concentration was clearly observed for 
the amphiphiles themselves, indicating the formation of large 
aggregates, [  7e  ]  which was driven by  π – π  interactions between 
the aromatic rings and hydrophobic interactions between the 
alkyl chains. [  7  ]  

 Three biohybrid materials,  NP1 /SWNTs,  NP2 /SWNTs, and 
 ND /SWNTs, were then prepared by simple sonication of  NP1  
( NP2  or  ND ) (20.0 mg) in H 2 O (5.00 mL) with 1.00 mg of 
SWNTs. During the sonication, the aqueous solution changed 
from colorless to black, indicating solubilization of the SWNTs. 
Insoluble SWNTs were removed by centrifugation and the 
supernatant containing the bola-amphiphiles was dialyzed 
against H 2 O for two weeks to remove excess free  NP1  ( NP2  
or  ND ) from the solution. The black solution of the respec-
tive hybrid material was homogeneous and stable, and could 
stand over 1 month without signifi cant changes. This observa-
tion indicated that  NP1  ( NP2  or  ND ) played an important role 
in the solubilization of SWNTs. Direct evidence for successful 
74 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Wein
preparation of hybrid materials stemmed 
from TEM observations which assisted in 
the visualization of the SWNTs. TEM images 
of pristine SWNTs showed the presence of 
large aggregates of nanotubes ( Figure   3 a), 
while for the hybrid materials, individual 
SWNTs of 2–3 nm in diameter could be 
clearly observed (Figure  3 b, c, d). As shown 
in the TEM images, the bolaform amphiph-
iles (marked by blue or red arrows) wrapped 
the SWNTs tightly. The presence of well dis-
persed SWNTs proved that our non-covalent 
approach could solublize SWNTs through 
 π – π  interactions effectively in aqueous solu-
tion, resulting in the dispersion of SWNTs 
from their original bundles.  

 To confi rm the formation of  π – π  interac-
tions between SWNTs and the bolaform 
amphiphiles ( NP1 ,  NP2 , or  ND ), fl uorescence 
spectroscopy was employed to monitor the 
difference in fl uorescence emission between 
the solution of bola-amphiphiles alone and 
the aqueous dispersion of SWNTs. As shown 
in Figure S39, Supporting Information, a 
solution of  NP1  displayed the characteristic 
fl uorescence emission of naphthalene groups 
with high intensity. However, strong fl uores-
cence quenching was observed upon gradual 
addition of SWNTs. [  3e  ]  The quenching was 
attributed to the interactions between  NP1  
and SWNTs and energy transfer from the 
naphthalene to SWNTs through  π – π  inter-
actions. Similar phenomena were observed when  NP1  was 
replaced by  NP2  (Figure S40, Supporting Information) or  ND  
(Figure S41, Supporting Information), confi rming the effective 
 π – π  interactions between the bola-amphiphiles and SWNTs. 
Moreover, exact evidence for the successful preparation of 
hybrid materials was obtained by utilizing UV-vis-NIR spectros-
copy. Figure  3 e shows the UV-vis-NIR spectrum of the  NP1 /
SWNTs hybrid. In the range of 900–1300 nm, typical SWNTs 
van Hove singularities were found, which were not observable 
for SWNTs alone caused by their poor solubility. [  2b  ]  The char-
acteristic absorptions were observed in the UV-vis-NIR spectra 
(Figure S42 and S43, Supporting Information) of the  NP2 /
SWNTs and  ND /SWNTs hybrids, indicating the homogeneous 
dispersion of SWNTs. [  2b  ]  

 Furthermore, thermal gravimetric analysis (TGA) was 
employed to confi rm whether the bola-amphiphile modifi ed the 
SWNTs and to calculate the respective content of the organic 
compounds in the hybrid systems. The original untreated 
SWNTs were also studied as a control experiment. Compared 
with the original SWNTs (Figure S44, Supporting Informa-
tion),  NP1 /SWNTs underwent 50.2% weight loss up to 630 °C 
corresponding to the decomposition temperature of SWNTs 
(Figure  3 f). This TGA result provided additional evidence 
of the existence of  NP1  in the hybrid material. The contents 
of  NP2  and  ND  in their hybrids were calculated to be 54.2% 
(Figure S45, Supporting Information) and 65.4% (Figure S46, 
heim Adv. Mater. 2013, 25, 6373–6379
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      Figure 2.  The concentration-dependent conductivities of a)  NP1 , b)  NP2 , and c)  ND . TEM images of d)  NP1 , e)  NP2 , and f)  ND . DLS results of 
g)  NP1  and h)  NP2 . The CACs were determined to be 5.12 × 10 –4 , 3.22 × 10 –4 , and 2.96 × 10 –4  M for  NP1 ,  NP2 , and  ND , respectively. The solution 
concentrations for the TEM experiments were 1.00 × 10 –3  M for  NP1 ,  NP2 , and  ND , which were higher than the CAC values of the corresponding 
bolaform amphiphiles. 
Supporting Information), respectively. These results indicated 
that the bola-amphiphiles ( NP1 ,  NP2 , and  ND ) containing 
aromatic rings had strong abilities to keep the SWNTs well-
dispersed in water through non-covalent interactions, forming 
novel supramolecular biohybrid materials. 

 Recently, materials scientists and chemists have shown 
considerable interests in understanding and mimicking bac-
terial adhesin-specifi c interactions for various purposes, such 
as pathogen detection and the inhibition of bacterial infec-
tions by the chemotactic responses of bacteria toward the cor-
responding ligands (such as carbohydrates). [  8  ]  Typically, carbo-
hydrate–protein interactions exhibit high specifi city and weak 
affi nities toward corresponding ligands or receptors, always 
in the millimolar range. [  9  ]  To circumvent this problem and to 
function as potent and specifi c effectors or inhibitors of biolog-
ical processes, multivalent or cluster effects, which are much 
stronger than the corresponding monovalent interactions, 
© 2013 WILEY-VCH Verlag Adv. Mater. 2013, 25, 6373–6379
have been employed to enhance the binding effi ciency. [  10  ]  It 
has been reported that multivalent carbohydrate-coated self-
assemblies can induce agglutination and inhibit the motility 
of pathogenic cells, such as  Escherichia coli . [  11  ]  In the biohybrid 
materials prepared here, the existence of rich galactose surfaces 
on the aggregates should provide a multivalent ligand that has 
a high affi nity for carbohydrate receptors. On the other hand, 
in vitro cytotoxicity studies displayed low toxicities of  NP1 , 
 NP2 , and  ND  to A549 cells (Figure S38, Supporting Informa-
tion), which provided convincing indemnifi cation for the appli-
cation of these bolaform amphiphiles in biologically relevant 
fi elds. Therefore, optical microscopy, fl uorescence microscopy, 
and TEM were employed to investigate the ability of the hybrid 
materials to agglutinate  E. coli  cells. Unexpectedly, when  E. coli  
was cultured with any of the bolaform amphiphiles alone, abso-
lutely no clusters of fl uorescent bacteria of different sizes were 
observed ( Figure   4 a, d, g and Figure  4 b, e, h). TEM was also 
6375wileyonlinelibrary.comGmbH & Co. KGaA, Weinheim
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      Figure 3.  TEM images of a) SWNTs, b)  NP1 /SWNTs, c)  NP2 /SWNTs, and d)  ND /SWNTs. 
e) UV-Vis-NIR spectrum of the  NP1 /SWNTs hybrid. f) TGA curve of the  NP1 /SWNTs hybrid. 
utilized to confi rm whether  E. coli  agglutination was induced 
by  NP1 ,  NP2 , and  ND . Only a few  E. coli  cells were in con-
tact with each other, indicating an extremely low agglutina-
tion ability of the bola-amphiphiles alone in the monovalent 
binding mode (Figure  4 c, f, i), presumably because the length 
of the aggregates formed by the bola-amphiphiles themselves 
was too short to agglutinate  E. coli  cells. [  11c  ]  Contrarily, the sizes 
of bacterial clusters that incubated with the hybrid materials 
observed in fl uorescence images were quite large (Figure  5 a, 
e, i and Figure  5 b, f, j), indicating a high agglutination ability 
towards  E. coli . TEM images with a higher resolution showed 
that the  E. coli  cells stacked together tightly (Figure  5 c, g, k and 
Figure  5 d, h, l), consistent with the results obtained from fl uo-
rescent images.   

 Spectrophotometric analysis based on turbidity or optical 
density (OD) is widely used to estimate the number of bacteria 
in liquid cultures, because the intensity of transmitted light 
376 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, We
decreases dramatically when the population 
of bacterial cells increases. We determined 
the variation in the agglutination of  E. coli  
by measuring the changes in optical den-
sity ( Δ OD) at a fi xed time interval (1 h). As 
shown in Figure  5 m, normal bacterial growth 
curves could be observed for  NP1 ,  NP2 , and 
 ND , indicating a relatively low agglutination 
ability of the bolaform amphiphiles alone. 
The agglutination ability of  ND  was slightly 
stronger than those of  NP1  and  NP2 , because 
the length of the nanorods formed by  ND  
was longer than the diameters of the solid 
spherical structures formed by  NP1  and  NP2  
(Figure  2 ). For the hybrid materials, the cell 
population in the solution containing hybrid 
materials decreased signifi cantly, causing the 
changes in optical density ( Δ OD) to be nega-
tive. This phenomenon demonstrated that 
the agglutination abilities of these hybrid 
materials were extremely high, resulting in 
the complete inhibition of the motility of the 
pathogenic cells. Furthermore, the ability of 
 ND /SWNTs to agglutinate  E. coli  cells was 
better than those of  NP1 /SWNTs and  NP1 /
SWNTs. The reason for this was that the 
galactose content in the  ND /SWNTs hybrid 
was the highest due to stronger  π – π  interac-
tions between the naphthalene diimide units 
and the SWNTs, as proved by the TGA anal-
yses mentioned above. Notably, we were not 
able to observe any sign of disagglutination 
even after several days of incubation, demon-
strating the high stability of the hybrid mate-
rials in the agglutinates. 

 Agglutination index (AI) assays were 
also performed to examine the ability of the 
hybrid materials to agglutinate the  E. coli  
cells (Figure  5 n). A signifi cant difference 
between the hybrids and the bola-amphiph-
iles alone was observed in terms of the ability 
to agglutinate  E. coli . The AI values reached 159, 145, and 178 
for  NP1 /SWNTs,  NP2 /SWNTs, and  ND /SWNTs, respectively, 
which is more than 20 fold the values of the corresponding 
bolaform amphiphiles alone (<7), showing much stronger cell 
agglutination. These results confi rmed that the length of the 
aggregates played a signifi cant role in the formation of bacterial 
clusters and was a crucial factor in controlling agglutination, as 
was also demonstrated by fl uorescence microscopy, TEM, and 
spectrophotometric analyses. 

 The length of the biohybrid materials reached  ≈ 30  μ m due 
to the presence of SWNTs, which is much longer than the 
self-assemblies formed by the bolaform amphiphiles them-
selves. So the galactose-coated CNTs interconnect more  E. coli  
cells than  NP1 ,  NP2 , or  ND , resulting in the stronger immo-
bilization of the bacterial cells. On the other hand, apart 
from the  π – π  stacking interactions between the naphthalene 
(or naphthalene diimide) and the SWNTs, carbohydrates 
inheim Adv. Mater. 2013, 25, 6373–6379
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      Figure 4.  Microscopic images of  E. coli  agglutination incubated with  NP1 ,  NP2 , and  ND , respectively (1.50 mM): a) optical microscopic image (OMI) of 
 NP1 ; b) fl uorescence microscopic image (FMI) of  NP1 ; c) TEM image (TEMI) of  NP1 ; d) OMI of  NP2 ; e) FMI of  NP2 ; f) TEMI of  NP2 ; g) OMI of  ND ; h) 
FMI of  ND ; i) TEMI of  ND . For OMI images, scale bar = 40  μ m. For FMI images,   λ   x  = 360 nm, scale bar = 40  μ m. For TEMI images, scale bar = 2  μ m. 
on both sides of the aromatic rings assist in solubilizing 
the SWNTs, so the stability of the hybrid materials is high 
enough under the experimental conditions. Their binding 
with the pathogenic  E. coli  for cell agglutination could be 
achieved effectively. Moreover, the galactoses located on the 
surface of the SWNTs proved to be more effi cient in binding 
with bacterial cells, which indicated the uniqueness of the 
SWNTs as a semi-fl exible platform for multivalent display of 
the monosaccharides. 

 In summary, three bola-amphiphiles,  NP1 ,  NP2 , and  ND , 
were designed and synthesized. Driven by  π – π  interactions 
and hydrophobic effects, spherical structures were obtained 
from the self-assembly of  NP1  or  NP2  in water, while nanorods 
were produced from the self-assembly of  ND . Furthermore, 
three supramolecular biohybrid materials,  NP1 /SWNTs,  NP2 /
SWNTs, and  ND /SWNTs, consisting of SWNTs and the bola-
amphiphiles, were successfully prepared. Compared with 
the aggregates formed by any of the three bola-amphiphiles, 
these supramolecular biohybrid materials agglutinated  E. coli  
much more effectively due to the existence of rich galactose 
surfaces of the SWNTs, providing multivalent ligands for the 
carbohydrate receptors on  E. coli . These supramolecular bio-
hybrid materials maintained the excellent properties of the 
SWNTs and endowed them with interesting bioapplications 
at the same time. This new strategy to make CNT-based bio-
materials has the potential to address many biocompatibility-
© 2013 WILEY-VCH Verlag GmAdv. Mater. 2013, 25, 6373–6379
related issues, opening up an even wider range of bioapplica-
tion opportunities in areas such as drug delivery, bioconjuga-
tion, and specifi c recognition, including the interesting use 
of sugar-functionalized CNTs to bind and aggregate anthrax 
spores.  

  Experimental Section 
  General Methods : Solvents were either employed as purchased or 

dried according to procedures described in the literature.  1 H and  13 C 
NMR spectra were collected on a Bruker Avance DMX-500 spectrometer 
with TMS as an internal standard. UV-vis spectra were obtained using 
a Shimadzu UV-2550 UV-vis spectrophotometer. The fl uorescence 
experiments were conducted on a RF-5301 spectrofl uorophotometer 
(Shimadzu Corporation, Japan). TEM investigations were carried out 
on a HT-7700 instrument. The CAC values of the bolaform amphiphiles 
were determined on a DDS-307 instrument (Shanghai Precision & 
Scientifi c Instrument Co., Ltd.). UV-vis-NIR spectra were obtained using 
a Shimadzu UV-3150 spectrophotometer. Mass spectra were obtained 
on a Bruker Esquire 3000 plus mass spectrometer (Bruker-Franzen 
Analytik GmbH Bremen, Germany) equipped with an electrospray 
ionization (ESI) interface and an ion trap analyzer. High resolution 
mass spectrometry was performed on a WATERS GCT Premier mass 
spectrometer. DLS measurements were carried out using a 200 mW 
polarized laser source Nd:YAG (  λ   = 532 nm). The polarized scattered 
light was collected at 90° in a self-beating mode with a Hamamatsu 
R942/02 photomultiplier. The signals were sent to a Malvern 4700 
submicrometer particle analyzer system.  
6377wileyonlinelibrary.combH & Co. KGaA, Weinheim
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      Figure 5.  Microscopic images of  E. coli  agglutination incubated with  NP1 /SWNTs,  NP2 /SWNTs, and  ND /SWNTs: a) optical microscopic image (OMI) 
of  NP1 /SWNTs; b) fl uorescence microscopic image (FMI) of  NP1 /SWNTs; c) TEM image (TEMI) of  NP1 /SWNTs; d) enlarged image of c; e) OMI of 
 NP2 /SWNTs; f) FMI of  NP2 /SWNTs; g) TEMI of  NP2 /SWNTs; h) enlarged image of g; i) OMI of  ND /SWNTs; j) FMI of  ND /SWNTs; k) TEMI of  ND /
SWNTs; l) enlarged image of k. For OMI images, scale bar = 40  μ m. For FMI images,   λ   x  = 360 nm, scale bar = 40  μ m; For TEMI images, scale bar = 5 
 μ m; enlarged TEM images, scale bar = 2  μ m. m) Growth curves based on the optical density at 600 nm for  E. coli  grown in the presence of  NP1 ,  NP2 , 
and  ND , and their corresponding hybrid materials. n) Agglutination index obtained from fl uorescence microscopy and TEM images. 
  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
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