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ABSTRACT The presence of E. coli in foodstuffs and drinking water is a chronic worldwide problem. The
worldwide food production industry is worth about U.S. $578 billion, and the demand for biosensors to detect
pathogens and pollutants in foodstuffs is growing day by day. Driven by the need, we report for the first time that
two-photon Rayleigh scattering (TPRS) properties of gold nanorods can be used for rapid, highly sensitive and
selective detection of Escherichia coli bacteria from aqueous solution, without any amplification or enrichment in
50 colony forming units (cfu)/mL level with excellent discrimination against any other bacteria. TPRS intensity
increases 40 times when anti-£. coli antibody-conjugated nanorods were mixed with various concentrations of
Escherichia coli 0157:H7 bacterium. The mechanism of TPRS intensity change has been discussed. This
bionanotechnology assay could be adapted in studies using antibodies specific for various bacterial pathogens
for the detection of a wide variety of bacterial pathogens used as bioterrorism agents in food, clinical samples,
and environmental samples.
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two-photon Rayleigh

of a large group of bacterial germs

that inhabit the intestinal tract of hu-
mans and other warm blooded animals. Es-
cherichia coli 0157:H7 is a human pathogen
of animal origin, and as few as 10 cells can
cause serious human illness and even
death.” 7 The presence of E. coli in food-
stuffs and drinking water is a chronic world-
wide problem.” 7 The worldwide food pro-
duction industry is worth about U.S. $578
billion, and the demand for biosensors to
detect pathogens and pollutants in food-
stuffs is growing day by day. Conventional
methods are selective and sensitive, but
since they rely on a series of enrichment
steps, they are too slow from the perspec-
tive of industrial needs." ~” Driven by the
need, here we present a nanomaterial-
based two-photon Rayleigh scattering as-
say for sensing of Escherichia coli bacteria

E scherichia coli (E. coli) are members
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Noble metal nanostructures attract
much interest because of their unique prop-
erties, including large optical field enhance-
ments resulting in the strong scattering
and absorption of light.® 33 In the last 15
years, the field of biosensors using nanoma-
terial has witnessed an explosion of inter-
est for small analytes, DNA/RNA, and patho-
gen detection.® 33 In terms of sensing, the
use of nanotechnology has led to the pro-
duction of numerous, rapid, sensitive multi-
analyte assays which are useful not only in
the laboratory but also in the field as por-
table instruments.® 33 Due to the increased
availability of nanostructures with highly
controlled optical properties, nanosystems
are attractive in their use in technological
systems for diagnostic applications. Gold
nanosystems attract much interest because
of their unique properties, including their
shape and size-dependent optical proper-
ties. Due to the lack of toxicity,® >3
tists have shown great interest in using gold
nanosystems for sensing and imaging. The
absorption spectra of gold nanorods exhibit
two surface plasmon absorption bands,
whose origin is localized surface plasmon
resonance (LSPR). The longitudinal absorp-
tion band is very sensitive to the aspect ra-
tio, and by increasing the aspect ratio
(length divided by width), the longitudinal
absorption maximum shifts to longer wave-
length with an increase in the absorption in-
tensity. Because of the enhanced surface
electric field upon surface plasmon excita-
tion, gold nanorods absorb and can scatter
electromagnetic radiation strongly. Using
the above unique optical property of gold
nanorods here, we report for the first time
that two-photon Rayleigh scattering (TPRS)
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properties of gold nanorods can be used for rapid,
highly sensitive, and selective detection of Escherichia
coli bacteria from aqueous solution. This nanotechnol-
ogy method could be adapted for the detection of a
wide variety of bacterial pathogens used as bioterror-
ism agents in food and environmental samples. Our re-
sults demonstrate the potential for a broad application of
this type of nanotechnology in practical applications in
various pathogen detection systems.

RESULTS AND DISCUSSION

Our detection is based on the fact that (1) anti-E.
coli antibody-conjugated nanorods can readily and
specifically identify Escherichia coli O157:H7 bacterium,
through antibody—antigen recognition (as shown in
Figure 1), and (2) when anti-E. coli antibody-conjugated
nanorods (as shown in Figure 2) were mixed with vari-
ous concentrations of Escherichia coli 0157:H7 bacte-
rium, two-photon scattering intensity increases by
about 40 times. This increment is due to the fact that
E. coli bacteria are more than an order of magnitude
larger in size (1—3 wm) than the anti-E. coli antibody-
conjugated gold nanorods. In the presence of E. coli
bacteria, several gold nanorods conjugate with one E.
coli bacterium, and as a result, anti-E. coli antibody-
conjugated gold nanorods undergo aggregation (as
shown in Figure 1D). Due to the aggregation, a new
broad band appears around 200 nm far from their lon-
gitudinal plasmon absorption band, and color change
takes place (as shown in Figure 1C). This bioassay is
rapid, takes less than 15 min from bacterium binding
to detection and analysis, and is convenient and highly
selective.

Figure 2A demonstrates how the two-photon scat-
tering intensity varies due to the addition of E. coli bac-
teria to anti-E. coli antibody-conjugated gold nano-
rods. We observed a very distinct two-photon scattering
intensity change (4 times) after the addition of 50
cfu/mL E. coli bacteria. After the addition of E. coli bac-
teria to anti-E. coli antibody-conjugated gold nanorods,
the two-photon Rayleigh scattering (TPRS) intensity
change observed in our assay can be due to several fac-
tors. (1) The intensity of two-photon scattering signal

from gold nanorod solution can be expressed
3514716'20'34742
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where G is a geometric factor, N, and Nyano are the num-
ber of water molecules and gold nanorods per unit vol-
ume, Bw and Bnano are the quadratic hyperpolarizabili-
ties of a single water molecule and a single gold
nanoparticle, &,, is the molar extinction coefficient of
the gold nanoparticle at 2w, / is the path length, and /,,
is the fundamental intensity. The exponential factor ac-
counts for the losses through absorption at the har-
monic frequency. Since there is a center of inversion in
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Figure 1. (A) Schematic representation of anti-E. coli antibody-
conjugated nanorod-based sensing of E. coli bacteria. (B) TEM image
of anti-E. coli antibody-conjugated nanorods before addition of E. coli
bacteria. (C) Photograph showing colorimetric change upon addition
of E. coli bacteria (10* cfu/mL), and (D) TEM image demonstrating ag-
gregation of gold nanorods after the addition of E. coli bacteria (103
cfu/mL).

the nanorod, the TPRS intensity arising from gold nano-
rods cannot be due to electric dipole contribution. Con-
sidering the size of a nanorod, the approximation that
assumes that the electromagnetic fields are spatially
constant over the volume of the particle may not suit-
able anymore. As a result, the total nonlinear polariza-
tion consists of different contributions such as multipo-
lar radiation of the harmonic energy of the excited
dipole and possibly of higher multipoles, as we dis-
cussed in our previous publication or reported by
others.'* 162934742 The HRS intensity therefore also
consists of several contributions. The first one is the
electric dipole approximation, which may arise due to
the defects in the nanoparticle. This contribution is ac-
tually identical to the one observed for any noncen-
trosymmetrical point-like objects such as efficient rod-
like push—pull molecules. The second contribution is
multipolar contribution like electric quadrupole contri-
bution. This contribution is very important when the
size of the particle is no longer negligible when com-
pared to the wavelength, as we reported before. Since
E. coli bacteria are more than an order of magnitude
larger in size (1—3 wm) than the anti-E. coli antibody-
conjugated gold nanorods, several gold nanorods con-
jugate to one E. coli bacterium, and as a result, anti-E.
coli antibody-conjugated gold nanorods undergo ag-
gregation in the presence of E. coli bacteria (as shown
in Figure 2C—F). Due to the aggregation in the pres-
ence of E. coli bacteria, nanorods lose the center of sym-
metry, and as a result, one can expect a significant
amount of electric dipole contribution to the two-
photon scattering intensity. Since electric dipole con-
tributes several times higher than that of multipolar
moments, we expect two-photon scattering intensity
to increase with aggregation. (2) When E. coli bacteria
are added to the anti-E. coli antibody-conjugated gold
nanorods, a clear colorimetric change is observed due
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to the aggregation. As shown in Figure 2B, absorption
maximum for the longitudinal absorption band at 680
nm decreases with the increase of the concentration of
E. coli bacteria, whereas a new broad band correspond-
ing to the absorption of nanorod aggregates at 950
nm increases with the increment of the concentration
of E. coli bacteria. According to the two-state model**
3 ueng !‘Leg (Ueg4
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where w is the fundamental energy of the incident
light, peg is the transition dipole moment, and wq is
the transition energy between the ground state |g>
and the charge-transfer excited state |e>, A is the

difference in dipole moment between |e> and |g>
states.

Since weg * 1/Amax and Amay shifted 270 nm toward
red upon addition of bacteria (as shown in Figure 2B),
B should change tremendously upon the addition of
bacteria, and as a result, the two-photon scattering in-
tensity should change tremendously with the addition
of E. coli bacteria. (3) The single photon resonance en-
hancement and two-photon luminescence factors are
much larger for nanorod aggregates due to the close-
ness of Amax to the fundamental wavelength at 860 nm.
This factor should increase two-photon scattering in-
tensity. (4) Since size increases tremendously with ag-
gregation, the two-photon scattering intensity should
increase with the increase in particle size. (5) The aggre-
gation of gold nanorods can enhance the scattering in-

tensity because the local elec-
tric field enhancement

B becomes larger owing to the

surface plasmon resonance
coupling.

We also noted that, though
two-photon scattering inten-
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Figure 2. (A) Plot demonstrating two-photon scattering intensity changes (by 40 times) due to the
addition of E. coli bacteria to anti-E. coli antibody-conjugated gold nanorods. Two-photon scattering
intensity changes very little upon addition of Salmonella bacteria. (B) Absorption profile variation of
anti-E. coli antibody-conjugated Au nanorods due to the addition of different concentrations of E. coli
bacteria (102 to 107 cfu/mL). The strong long wavelength band in the near-infrared region (\jpr =
680 nm) is due to the longitudinal oscillation of the conduction band electrons. The short wavelength
peak (A ~ 520 nm) is from the nanorods’ transverse plasmon mode. New band appearing around
950 nm, due to the addition of E. coli bacteria, demonstrates the aggregation of gold nanorods. (C)
TEM image of E. coli bacteria before addition of nanorod. (D) TEM image after addition of 102 cfu/mL
E. coli bacteria. (E) TEM image demonstrating aggregation of gold nanorods after the addition of 8 X
10* cfu/mL E. coli bacteria. (F) TEM image demonstrating aggregation of gold nanorods after the addi-
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tion of 107 cfu/mL E. coli bacteria.
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which indicates that our two-
photon scattering-based gold
nanorod assay is about 2 orders
of magnitude more sensitive
than the usual colorimetric
technique.

To understand whether our
assay is highly selective, we
have also performed how two-
photon scattering intensity
changes upon addition of Sal-
monella typhimurium bacteria
to anti-E. coli antibody-
conjugated gold nanorods. As
shown in Figure 2A, two-
photon scattering intensity
changes only 6% when we
added the Salmonella typhimu-
F rium bacteria to anti-E. coli
antibody-conjugated gold
nanorods. Similarly, when we
added E. coli bacteria to anti-
Salmonella antibody-
conjugated gold nanorods,
two-photon scattering inten-
sity changes only 5%. So the
above data demonstrate that
our assay is highly selective.
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To evaluate whether our assay is selective to O157:H7
in the presence of other E. coli strains, we have also mea-
sured two-photon scattering intensity changes upon ad-
dition of different E. coli strains O157:H7, 0157:NM, and
0157:non-H7 separately. As shown in Figure 3, two-
photon scattering intensity changes only 1.7—2.4 times
when we added O157:NM and O157:non-H7 strains to
monoclonal antibody (MAbs 2B7)-coated gold nanorod
colloidal solution. So our results shows that our assay is
quite selective over other E. coli strains.

Our results also indicate that (as shown in Figure 2A),
the TPRS intensity changes linearly with the concentra-
tion of the E. coli bacteria at the lower concentration
range. To evaluate whether our assay is capable of mea-
suring E. coli bacteria concentration quantitatively, we
performed two-photon Rayleigh scattering intensity mea-
surements at different concentrations of target E. coli bac-
teria at lower concentration range. As shown in Figure 4,
the two-photon scattering intensity increment is highly
sensitive to the concentration of target E. coli bacteria
over the range of 50—2100 cfu/mL, and the intensity in-
creased linearly with concentration. Our data indicate that
our assay exhibits a detection limit to detect E. coli bacte-
ria as low as 50 cfu/mL. So our gold nanorod-based two-
photon scattering assay can provide a quantitative mea-
surement of E. coli bacteria concentration over 50—2100
cfu/mL concentration range.

CONCLUSIONS

In conclusion, in this paper, we have demonstrated
for the first time a fast and highly sensitive assay for E.
coli bacteria detection using antibody-conjugated gold
nanorod-based two-photon scattering technique. We
have shown that when anti-E. coli antibody-conjugated
nanorods were mixed with various concentrations of Es-
cherichia coli O157:H7 bacteria, two-photon scattering in-
tensity increases by about 40 times. Our experiment indi-
cates that E. coli bacteria can be detected quickly and
accurately without any amplification or enrichment in 50
cfu/mL level with excellent discrimination against any
other bacteria. This bioassay is rapid and takes less than
15 min from bacteria binding to detection and analysis.
Our experimental study clearly shows that this nanorod-
based assay is highly selective. Our results point out that
our antibody-conjugated gold nanorod-based two-
photon scattering assay can provide a quantitative mea-
surement of E. coli bacteria concentration. Our experi-
mental results reported here open up a new possibility
of rapid, easy, and reliable diagnosis of food pathogens
by measuring the TPRS intensity from bacteria-modified

EXPERIMENTAL METHODS

Hydrogen tetrachloroaurate (HAuCl, - 3H,0), NaBH,, silver ni-
trate, cetyltrimethylammonium bromide (CTAB), glutaraldehyde,
buffer solution, sodium chloride, and sodium citrate were pur-
chased from Sigma-Aldrich and used without further purifica-
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Figure 3. Plot demonstrating selectivity of our two-photon scattering
assay over different E. coli strains. Two-photon scattering intensity
changes 40 times due to the addiction of E. coli 0157:H7 strains to spe-
cific anti-E. coli antibody (MAbs 2B7)-conjugated gold nanorods. Two-
photon scattering intensity changes only 1.7—2.4 times upon addition
of 0157:NM and O157:non-H7 strains.
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Figure 4. Plot demonstrating linear correlation between
two-photon scattering intensity and concentration of E. coli
bacteria over the range of 50—2100 cfu/mL with R = 0.985.

gold nanorods. The examples of the applications of noble
metal nanostructures provided herein can be readily gen-
eralized to other areas of biology and medicine because
plasmonic nanomaterials exhibit great range, versatility,
and systematic tunability of their optical attributes. It is
probably possible to improve the sensitivity of our two-
photon scattering assay by several orders of magnitude
by choosing proper nanomaterials and detection sys-
tems. Looking into the future, we expect that these sen-
sor developments will have important implications in the
development of better biosensors and bioassay for appli-
cation to clinical analysis and biomedical research.

tion. Anti-E. coli antibodies were purchased from Biodesign
International.

Synthesis and Characterization of Anti-£. coli Antibody-Conjugated Gold
Nanorods. Gold nanorods were synthesized using a seed-
mediated, surfactant-assisted growth method in a two-step
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Figure 5. (A) Extinction profile of Au nanorods with aspect ratios from 2.7. The strong, long wavelength band in the near-
infrared region (A pr = 680 nm) is due to the longitudinal oscillation of the conduction band electrons. The short wavelength
peak (A =~ 520 nm) is from the nanorods’ transverse plasmon mode. (B) TEM image of nanorods of average aspect ratios

(o) = 2.7.

procedure.?° 2> Nanorods were purified by several cycles of sus-
pension in ultrapure water, followed by centrifugation. Nano-
rods were isolated in the precipitate, and excess CTAB was re-
moved in the supernatant. Nanorods were characterized by TEM
and absorption spectroscopy (as shown in Figure 5A,B).

The nanorods prepared by the above methods were capped
with a bilayer of cetyltrimethylammonium bromide (CTAB),
which is positively charged. For the preparation of anti-£. coli
antibody-conjugated nanorods, we modified the gold nanorod
surface by amine groups (as shown in Scheme 1) using cysta-
mine dihydrochloride and a reported method.?® For this pur-
pose, we have added 30 mM cystamine dihydrochloride to a
gold nanorod, and the solution was kept at 60 °C for several
hours under constant sonication. Excess cystamine dihydrochlo-
ride was removed by centrifugation at 8000 rpm for several
minutes.

For covalent immobilization of the antibody onto the amine-
modified gold nanorod surface, we have used a highly estab-
lished glutaraldehyde spacer method. In brief, 10 mL of amine-
functionilized nanorods was incubated with anti-E. coli antibody

for 18 h at 4 °C in PBS media. After that, we washed the anti-E. coli

antibody-conjugated gold nanorod several times with PBS to re-
move excess antibody. We have not noted any aggregation of
gold nanorod during amine group activation and immobilization
of the antibody.

Bacteria Sample Preparation and Bacteria Nanomaterial Interaction.
Bacteria samples were collected after the bacteria were cul-
tured for 16 h. Phosphate buffered saline (PBS) was added to
the sample, and the sample was vortexed and then centrifuged.
After that, different concentrations (in cfu/mL) of bacteria were

NH, NH, NH, NH; NH, NH. NHz

Sel _—HH;

A L F—
AN - _
~ Cystamine

‘D dlhydrOChlorlde NH; NH, NH, NH: NH, NH, NH;

Y Y E-Coli
Antibody

SYYYYYYYY .

-

added to anti-E. coli antibody-conjugated gold nanorod solu-
tions for 30—45 min. After half an hour, one drop of mixture
sample was placed on a mesh for TEM experiment. TEM experi-
ment was performed using JEM-2100F advanced field emission
electron microscope, operating at 100—200 kV.

Two-Photon Scattering Experiment Details. Two-photon scatter-
ing properties have been monitored using hyper-Rayleigh
scattering (HRS) technique.'® 162934742 The intensity of the
single photon light scattering or Rayleigh scattering is lin-
early dependent on the number density and the impinging
laser intensity and quadratically on the linear polarizability o.
The two-photon light scattering or hyper-Rayleigh scatter-
ing can be observed from fluctuations in symmetry, caused
by rotational fluctuations. This is a second harmonic genera-
tion experiment in which the light is scattered in all direc-
tions rather than as a narrow coherent beam. For the HRS ex-
periment, we have used a mode-locked Ti:sapphire laser
delivering at the fundamental wavelength of 860 nm with a
pulse duration of about 150 fs at a repetition rate of 80 MHz.
We performed TEM data analysis before and after exposure
of about 5 min to the laser, and we have not noted any pho-
tothermal damage of gold nanorods within our HRS data col-
lecting time. The HRS light was separated from its linear
counterpart by a high-pass filter and a monochromator and
then detected with a cooled photomultiplier tube, and the
pulses were counted with a photon counter. The fundamen-
tal input beam was linearly polarized, and the input angle of
polarization was selected with a rotating half-wave plate. In
all experiments reported, the polarization state of the har-
monic light was vertical. Since nanorods are known®?? to
possess strong two-photon luminescence (TPL),
to avoid TPL contributions from the HRS signal,
we have used the following steps: (1) We have
used gold nanorods of aspect ratio 2.7, whose
Amax IS @bout 200 nm far from the excitation wave-
length. (2) We have used 430 nm interference fil-
ter with 3 nm bandwidth in front of PMT to make
sure that only a second harmonic signal is col-
lected by PMT. To understand whether the two-
photon scattering intensity at 430 nm light is due
to second harmonic generation, we performed
power-dependent as well as concentration-
dependent studies. Figure 6 shows the output
signal intensities at 430 nm from anti-E. coli
antibody-conjugated gold nanorods at different
powers of 860 nm incident light. A linear nature
of the plot implies that the doubled light is in-
deed due to the two-photon Rayleigh scattering
signal.
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Scheme 1. Schematic representation of the synthesis of anti-E. coli antibody-conjugated
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