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ABSTRACT

Increases in the prevalence of antibiotic resistant bacteria require new approaches for the treatment of infectious bacterial pathogens. It is
now clear that a nanotechnology-driven approach using nanoparticles to selectively target and destroy pathogenic bacteria can be successfully
implemented. We have explored this approach by using gold nanorods that have been covalently linked to primary antibodies to selectively
destroy the pathogenic Gram-negative bacterium, Pseudomonas aeruginosa . We find that, following nanorod attachment to the bacterial cell
surface, exposure to near-infrared radiation results in a significant reduction in bacterial cell viability.

The global emergence of multidrug resistance (MDR) bac-
teria presents one of the greatest challenges facing public
health care today.1-3 For instance, it has been estimated
that approximately sixty percent of nosocomial infections
in the United States are caused by MDR bacteria.4 Among
the MDR bacteria, the Gram-negative bacterium,Pseudo-
monas aeruginosa, is a leading cause of infections and
mortality among individuals with impaired immune function,
such as patients with cystic fibrosis.5-8 Given that P.
aeruginosaand other pathogenic bacteria have evolved
mechanisms of resistance for most commercially produced
antibiotics, it is necessary to develop novel methods of
antibacterial treatment that do not rely on traditional thera-
peutic regimes.

Recent advances in nanotechnology have provided the
foundation for using metallic nanoparticles in the fight
against MDR bacteria.9-12 For instance, silver nanoparticles
ranging from 1 to 10 nm in diameter have been shown not
only to bind to the outer surface of bacteria but also to
migrate intracellularly resulting in impaired cellular function
and ultimately cell death.11 However, the use of silver
nanoparticles as therapeutic agents is potentially limited due
to their nonspecific biological toxicity. More recently, gold
nanoparticles have been used to target and destroy cancer

cells, viruses, and bacteria.10,12-19 Compared to silver, gold
nanoparticles are more photostable, nontoxic, and amenable
to surface modification based on the vast literature of self-
assembled monolayers on flat gold surfaces.20 Moreover, gold
nanoparticles can be tuned to strongly absorb near-infrared
(NIR) radiation depending on their shape,21,22 and can ulti-
mately transfer this energy into the surrounding environment
as heat.15,18,22 If the nanoparticles are attached to bacterial
cells, the localized heating that occurs during NIR irradiation
should cause irreparable cellular damage.

In this paper, we describe experiments in which gold
nanorods are covalently conjugated with primary antibodies
specific to the Gram-negative pathogen,Pseudomonas
aeruginosa. The conjugated nanorods are then bound toP.
aeruginosacells, subsequently irradiated with NIR radiation,
and the effect on cell viability monitored.

The P. aeruginosaisolate (PA3) used in this study was
recently obtained from the upper respiratory tract of sinusitis
patients. This isolate has a mucoid phenotype and demon-
strates resistance to the antibiotics cipromycin, imipenem,
and gentamicin. To generate primary antibodies for targeting
nanorods to the PA3 cell surface, live bacteria were
inoculated into rabbits followed by serum collection (Animal
Pharm Services Inc., Healdsburg, CA). Polyclonal IgG
antibody purification was performed using a commercially
available Protein G agarose affinity column method following
the manufacture’s instructions (Invitrogen, Carlsbad, CA).
Subsequent testing by immunblot analysis showed that the
polyclonal antibody was highly specific against PA3 and did
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not cross react with nonspecific targets (i.e., human lung
cells; Supporting Information, Figure S1).

Gold nanorods with an aspect ratio∼4 were prepared in
aqueous solution using a seed-mediated surfactant-directed
approach and purified by centrifugation and washing as
previously described.21,23,24 The nanorods had a cationic
surfactant, cetyltrimethylammonium bromide (CTAB) bound
to their surfaces in the form of a bilayer.25,26 The CTAB
rendered the nanorods water stable and gave them a net
positive charge. Figure 1A shows a representative transmis-
sion electron microscopy (TEM) of the gold nanorods used
throughout this study. The 68 nm× 18 nm gold nanorods
absorbed maximally at∼785 nm (Figure 1B). The addition
of nanorods alone to PA3 bacterial cultures did not inhibit
cell growth of the cultures over a 24 h period, suggesting
that the nanorods were not inherently toxic to the cells
(Supporting Information, Figure S2).

To target nanorods to PA3 cells, anti-PA3 primary
antibodies were either electrostatically or covalently linked
to the surface of the gold nanorods. Electrostatic linkage
involved the direct addition of IgG to as-prepared rods
containing CTAB without the use of 1-ethyl-3-(3-dimethyl-

aminopropyl)-carbodiimide (EDC) or anionic poly(acrylic
acid) (PAA) and cationic polyallylamine hydrochloride
(PAH) coating followed by stirring for 30 min and purifica-
tion by centrifugation. For covalent attachment, we utilized
carboiimide chemistry. Briefly, purified gold nanorods,
initially coated with CTAB, were further coated with two
layers of polymers (PAA/PAH) by the layer-by-layer tech-
nique providing accessible amine groups to the solvent.23

These amine-terminated nanorods were allowed to react with
the carboxylic acids of purified antibodies for 12-16 h in
the presence of EDC, a water-soluble carbodiimide that
promotes amide bond formation between the carboxylic acid
and primary amine.23 Figure 2 shows the details of the EDC
coupling procedure. Following incubation, the nanorod-
antibody complexes were purified by centrifugation and
resuspended in water/buffer. The unbound antibody in the
supernatant solution was studied by fluorescence spectros-
copy (Supporting Information, Figure S3, curves 2 and 3).
The amount of antibody bound to the nanorods was
determined by fluorescence (of free antibody in the super-
natant after purification of nanorod-antibody conjugates,
compared to total antibody added; Supporting Information,

Figure 1. (A) TEM of 68 nm × 18 nm gold nanorods. Scale bar equals 100 nm. (B) UV-vis spectrum of the purified gold nanorods
presenting an absorbance peak around 785 nm.

Figure 2. Scheme showing stages involved in the synthesis of IgG-conjugated gold nanorods.
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Figure S3, curve 4). On the basis of the calibration curve
presented in the inset of Supporting Information, Figure S3,
the relative concentrations of antibody bound to the rods for
both covalent attachment and electrostatic coupling methods
were calculated to be approximately 23.41µg/mL.

The formation of nanorod-bound antibody complexes was
determined by Fourier transform IR (FTIR) measurements
(Supporting Information, Figure S4). The presence of amide
I (∼1650 cm-1) and III (1300-1200 cm-1) bands in the
electrostatically and covalently bound (curve 2 and 3,
respectively) antibody-nanorod conjugates, which are com-
parable to the amide bands for free antibody, confirms the
presence of antibody in the bioconjugate with intact second-
ary structures.27

Bacteria were allowed to incubate with the appropriate
antibody-nanorod complexes for 20 min prior to prepping
for TEM analysis as described in the Supporting Information.
Images were collected on a Hitachi H-8000 TEM instrument
operating at an accelerating voltage of 200 kV. TEM revealed
that the bacteria were indeed covered with electron-dense
gold nanorods (Figure 3). Although some bare nanorods bind
to the bacterial cells (Figure 3A), the efficiency of binding
was dramatically enhanced when the rods were attached to
the PA3 specific antibodies, essentially covering the cell
surface (Figure 3B,C). Antibody-nanorod complexes formed
either by electrostatic or covalent conjugation methods were
both found to efficiently target the bacteria. However, under
physiological conditions (buffer and salt conditions), the

covalently bound antibody-nanorod complex is more likely
to be stable than its electrostatic counterpart. In the presence
of salts, desorption of electrostatically bound antibody is
highly probable, and hence for the rest of our studies, we
focus mainly on using covalently attached antibody-nanorod
complexes.

Following successful production of antibodies specific to
P. aeruginosaand formation of functional EDC nanorod-
antibody complexes, we performed experiments to determine
if these targeted complexes could be used to destroyP.
aeruginosacells with NIR irradiation. Detailed methodology
for the irradiation and fluorescent imaging of bacterial cells
can be found in the Supporting Information. Briefly, PA3
cells were incubated for 20 min with antibody conjugated
nanorods in 0.85% sodium chloride. The bacteria/nanorod
mix was subsequently washed two times with 0.85% sodium
chloride and resuspended in 5µL 0.85% sodium chloride.
The entire 5 µL bacteria/nanorod suspension was then
exposed to NIR light (785 nm;∼50 mW at the sample) for
10 min using a DeltaNu Advantage 785 Raman Laser
System. This irradiation wavelength matched the longitudinal
plasmon bands of the gold nanorods. Following irradiation,
the bacteria were stained using a LIVE/DEAD kit (Invitro-
gen) following the manufacturer’s instruction. The fluores-
cent microscopic images in Figure 4 show PA3 cells
following treatments and after being stained with the LIVE
(green)/DEAD (red) stains. Overall, exposing the targeted
PA3 to NIR radiation resulted in a significant decrease in
cell viability compared to unexposed bacteria. Quantification
of these results is represented graphically as percent cell
viability in the right panel. Counting of live versus dead cells
showed that PA3 cells without nanorods or NIR (Figure 4A),
NIR exposed cells without nanorods (Figure 4B), and cells
with nanorods and no NIR exposure (Figure 4C) have
approximately 80% cell viability, as seen by the predomi-
nance of “green” live cells. However, following exposure
of nanorod-coated PA3 cells to NIR radiation (Figure 4D),
there was a 75% decrease in cell viability corresponding to
a significant (P < 0.05) increase in the number of dead or
compromised cells, as indicated by the prevalence of “red”
dead cells. These results reveal that the antibody-conjugated
nanorods can be used to selectively target PA3 cells and,
following NIR exposure, can be used to significantly reduce
cell viability. To examine the extent of cellular membrane
disruption following exposure of PA3 cells with attached
nanorods to NIR radiation, cells were imaged by TEM. While
the mechanism of nanorod-induced cell death is not clearly
understood, the electron micrograph of the irradiated cells
shows areas of massive irreparable cell membrane disruption,
as indicated by the arrows in Figure 5. It has been suggested
that cell membrane damage following nanoparticle exposure
to NIR radiation could be due to numerous factors, including
nanoparticle explosion, shock waves, bubble formation, and
thermal disintegration.10

With the prevalence of MDR bacteria on the rise, it is
necessary to explore alternative means of pathogen treatment.
Our current study and others suggests that using nanoparticles
to selectively target and destroy pathogenic microbial cells

Figure 3. TEM images (30 000×) showing interaction of antibody
conjugated nanorods with PA3. (A) PA3 with nonconjugated
nanorods; (B) PA3 bound with electrostatically conjugated antibody-
nanorod complexes; and (C) PA3 bound with covalently linked
antibody-nanorod complexes using the EDC method. Scale bar
equals 500 nm.
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may be the next avenue for exploration. While others have
shown that antibody-conjugated nanospheres can be used to
kill bacteria following exposure to visible light,12 our studies
further enhance this technique by using nanorods that absorb
in the NIR region, thus allowing deep penetration of radiation
into tissues or highly resistant microbial biofilms. NIR
radiation seems appropriate because researchers and clini-
cians are already using NIR light for optical imaging of
tumors because the penetration depth can be up to 15 cm.28-33

Furthermore, NIR is relatively harmless to tissues (at certain
power levels), which make it an appropriate choice for
localized heating of nanorods in vivo. Therefore, this method
has promise for use in photothermalysis of persistent in vivo
pathogenic bacterial biofilms or infections. Also, different
from other studies that electrostatically attach secondary
antibodies to nanospheres,12 our approach utilizes primary
antibodies covalently attached to the surface of nanorods. It
is well known that under in vivo physiological conditions,
that is, in the presence of salts, a reduction in electrostatic

interactions would make electrostatically coupled nanorod-
antibody complex less stable. As opposed to this, a covalently
coupled antibody-nanorod complex is much more stable
under these conditions. On the basis of the data presented
here, it is clear that a nanotechnology-driven approach to
treating antibiotic resistant bacteria is feasible and should
continue to be developed and tested in in vivo model systems.
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tion are included along with corresponding fluorescent and
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charge via the Internet at http://pubs.acs.org.
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