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Interaction of nanoparticles with biological systems ranging from Teichoic Acid CTAB
biomolecules to biological cells is of importance for a range of
applications, such as high-resolution biomedical imadiggne
sequencing for molecular diagnosticgnd sensitive electronic
devices® In this report, we demonstrate that positively charged
cetyltrimethylammonium bromide (CTAB), which is a stabilizing
agent used to synthesize different metal nanosHapésuch as
rods, spheres, cubes, prisms, stars, and hexagons), is an effectiv
nanopatrticle coating for self-assembling an electrically percolating
monolayer of different nanoshapes on gram-positive bacterium, such
asBacillus cereusThe versatility of CTAB is especially realized
for deposition of nanorods, where we observe 4 orders of magnitudeFigure 1. Electrostatic deposition of nanospheres and nanorods is ac-
larger conductivity compared to that of nanospheres at 3 times ¢0MPplished by capping the nanocomponent with CTAB that electrostatically

.. . . ,, binds to the teichoic acid brush on the gram-positive bacterial surface. Insets
smaller area coverage. For the dep05|t|qn on a “physical ;urface 'show the TEM images of (a) nanorods and (b) nanospheres. Barsize
the rods do not form electrically percolating chanrfdiarmation 500 nm.
of such a percolatingconducting network on bacterium is attributed

to high adhesion that overcomes steric interaction (responsible for charged CTAB molecules on the Au nanoparticle surface. The
liquid-crystalline order (see Figure 1a)), leading to random orienta- figure also shows the TEM images of nanorods and nanospheres.
tion (see Figure 2a). Furthermore, the strong adhesion (evidencedrigure 2 shows the resultant morphology indicating three features.
by conformal deposition of a rod causing bending) lowers the Figure 2a indicates that nanorods in full contaendunder the
contact resistance, leading to*icrease in conductivity at 13.5%  electrostatic attraction to conform to the bacteria surface. Second,
area coverage compared to spheres with 41% area coverage (segrimarily at the edges, the rods are partially attached and tend to
Figure 3). This high conductivity is achieved well below the stick out of the surface. As seen in the inset of Figure 2a-1, this
percolation threshold for random structure at 45% area coveragenonconformal deposition becomes more prevalent at high coverage
in two dimension8.With only ~10% of bacterium surface covered, pecause the available contiguous space for deposition is limited
the microorganism may remain alive for a time longer than that and becomes less than the length of the rod, making conformal
for >40% coverage systems with nanosphere depositivvhile deposition difficult. Third, the deposition of rods on the bacteria is
CTAB alone is toxic to cells, CTAB-coated nanoparticles are percolating, while on the physical surface (see Figure 2a-2) it is
nontoxic** Electronic coupling between nanorod monolayers with ot For the conformal deposition, where the Au nanorods with
microorganisms can open the possibility of novel hybrid devices modulus 70 GP# bend around the bacteria of a nominal diameter
utilizing the machinery of the biological system. of ~1 um, the adhesion force due to electrostatic interaction is at
Bacillus cereugATCC 21634), a gram-positive bacteria of size  |east 0.038 N/m or a total force 6f15 nN. The force is comparable
~3—4 um, with highly negatively charged teichoic acid brushes o the electrostatic force between positively charged pellysine
on its surface, is deposited on silica substrate by a method explaine%onmayers and negatively charged silica microsphBréisthe
in the Supporting Information. CTAB-coated Au nanospheres and syptended angle of contact is 2long the curvature, the ratio of
nanorods are prepared in an aqueous solution at pH 4.5 and 6o to microsphere contact area 4s10-# for a ~ 0.05 rads.
respectively, by a seed-mediated growth process also described inrherefore, the force per unit area between nanorods and bacteria
the Supporting Information. CTAB forms a bilayer on the nano- s gver 1000-fold higher than that between polfysine monolayers
particles, and particles are always positively charged independentang microspher?
of pH (details in Supporting Information). From TEM images, the The current ) versus applied voltage/j measurements were
estimated diameter®j for rods and spheres are25 and 45 nm,  made on both nanorod and nanosphere monolayers on bacterial
respectively. The nominal length, of the rods from FESEM is bridges spanning between gold electrodesivapart. About three
400 nm. The nanospheres and nanorods (zeta poterttto+71 bacteria make a bridge, and a typical device has I bridges.
mV) were deposited by exposing the bacterial substrate t0 the The measurements showed ohmic behavior, as shown in Figure 3.
nanoparticle solutions for only 15 min. _ . Incontrast to poly:--lysine-coated Au nanoparticles (pH7) that
As schematically shown in Figure 1, the nanoparticle deposition 45 4-8 h deposition to form a percolating network, CTAB-
is driven by attractive electrostatic interaction between the nega- jarminated nanoparticles form a percolating monolayer in only 15
tively charged teichoic acid on the bactéfiand the positively min. This is perhaps due to charge compensation of amine groups
t University of Nebraska. on polytl-lysine when they. are coat.ed on negatively charged
* University of South Carolina. nanoparticles. Table in the inset of Figure 3 shows the coverage
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Figure 2. Nanoparticle deposition on bacteria. (a) Percolating monolayer
of nanorods (25 nm in diameter and 400 nm long) is formed in a deposition
time of 15 min. Nanorods sticking out at the edge of bacteria and

conformally deposited on the bacteria can be seen. Inset (a-1) shows

deposition on bacteria for 10 h. Deposition chemistry is identical to the 15

min deposition. The inset (a-2) shows deposition of nanorods on a flat silica

surface for 10 h after sequential monolayer deposition of poly(allylamine

hydrochloride) (PAH) and poly(sulfonate styrene) (PSS). Inset (a-3) shows

low-density nanorod deposition. The arrows indicate bent rods. (b)

Nanospheres (45 nm diameter) on bacteria after 15 min deposition. All the

bars are Jum.
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monolayer well below the percolation threshold of 45% area
coverage for two-dimensional “random” structire attributed to

the high radius of gyration of the nanorod cluster due to their
random orientation. The high conductivity in nanorods compared
to that in nanospheres, as seen in the Figure 3 table, could be partly
attributed to the fewer number of tunnel junctions in the nanorod
network. Assuming random orientation of the rods, the orientation
order parameter isi2os@)@ — 1 = 0, wheref is the angle between

the long axes of the rod and the bactéfia’hus, the average
projected length along the bacteria axis~g00A/2, leading to
~T7-fold fewer tunnel junctions in the shortest percolating cluster
for rods compared to spheres. However, this is not sufficient to
explain the 4 orders of magnitude larger conductance. We attribute
the high conductivity to low contact resistance that could occur
due to high rod/bacteria adhesion that presses the rods against each
other as they randomly overlay to form the monolayer structure.
Furthermore, the contact resistance of the nanorods to the intercon-
nection pads is also lower compared to that of nanospheres for
similar reasons.

In this report, we have shown that CTAB, which is an effective
surfactant for synthesizing a variety of shapes of nanoparticles, is
also an effective capping agent for deposition of nanoscale
components on gram-positive bacteria. The strong electrostatic
interaction between teichoic acid and CTAB coating on nanorods
results in bending of the nanorods and a 4-order enhancement in
conductivity compared to nanospheres. This high conductivity at
only ~10% coverage (which is well below the percolation threshold
of 45%) opens the possibility of fabricating electronic circuitry on
bacteria without suffocating the microorganism.

Acknowledgment. R.F.S. thanks ONR for financial support.

Supporting Information Available: Nanorod and nanosphere
solution preparation; nanoparticle deposition on bacteria. This material
is available free of charge via the Internet at http:/pubs.acs.org.

References

(1) Kim, S.; Lim, Y. T.; Soltesz, E. G.; De Grand, A. M.; Lee, J.; Nakayama,
A.; Parker, J. A.; Mihaljevic, T.; Laurence, R. G.; Dor, D. M.; Cohn, L.
H.; Bawendi, M. G.; Frangioni, J. Wat. Biotechnol2004 22 (1), 93—

97.

(2) Mirkin, C. A.; Thaxton, C. S.; Rosi, N. LExp. Re. Mol. Diagnostics
2004 4 (6), 749-751.

(3) Berry, V.; Rangaswamy, S.; Saraf, R.lano Lett.2004 4 (5), 939~
942.

(4) Murphy, C. J.; San, T. K.; Gole, A. M.; Orendorff, C. J.; Gao, J. X,;
Gou, L.; Hunyadi, S. E.; Li, TJ. Phys. Chem. B005 109(29), 13857
13870.

(5) Gole, A.; Murphy, C. JChem. Mater2004 16 (19), 3633-3640.

(6) Sau, T. K.; Murphy, C. JJ. Am. Chem. SoQ004 126 (28), 8648~
8649.

(7) Murphy, C. J.Science2002 298 (5601), 2139-2141.

(8) Gole, A.; Orendorff, C. J.; Murphy, C. langmuir2004 20 (17), 7117
7122.

(9) Zallen, R.The Physics of Amorphous Soli#giley: New York, 1983; p
35.

(10) Berry, V.; Saraf, R. FAngew. Chem., Int. EQ005 44, 6668-6673.
(11) Connor, E. E.; Mwamuka, J.; Gole, A.; Murphy, C. J.; Wyatt, MSmall
2005 1 (3), 325-327.

nanosphere monolayer on bacteria. The currents are normalized to a single (12) Wu, B.; Heidelberg, A.; Boland, J. Nat. Mater.2005 4 (7), 525-529.
bacteria bridge. The table in the inset shows the corresponding resistance (13) Pasche, S.; Textor, M.; Meagher, L.; Spencer, N. D.; Griesser, H. J.

and area coverage of the two nanocomponents. The process and deposition

time is identical to conditions in Figure 2. The second inset shows the log-
scale plot of the samke-V characteristics.

and conductivity data for the two monolayers. Analogous to
surfactant-stabilized conducting polymer in insulating polymer
matrix415 the significantly high conductivity in the nanorod

Langmuir2005 21 (14), 6508-6520.

(14) Suzuki, Y. Y.; Heeger, A. J.; Pincus, Macromoleculed99Q 23 (21),
4730.

(15) Fizazi, A.; Moulton, J.; Pakbaz, K.; Rughooputh, S. D. D. V.; Smith, P.;
Heeger, A. JPhys. Re. Lett. 199Q 64 (18), 2180-2183.

(16) Kekudo, M.; Kasai, NX-ray Diffraction by PolymersKodansha and
Elsevier: New York, 1972; p 258.

JA056428L

J. AM. CHEM. SOC. = VOL. 127, NO. 50, 2005 17601



