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Abstract
Alzheimer’s disease (AD) is a progressive mental disorder disease, which affects 26.6 million people
in worldwide and estimated increments can be 100 millions by 2050. Since there is no cure at present,
early diagnosis of AD is crucial for the current drugs treatments. Driven by the need, here we
demonstrate for the first time that monoclonal ani-tau antibody coated gold nanoparticle based two-
photon scattering assay can be used for the detection of Alzheimer’s tau protein in 1 pg/mL level
which is about two orders of magnitude lower than cut-off values (195 pg/mL) for tau protein in CSF
(cerebrospinal fluid). We have shown that when ani-tau antibody coated gold nanoparticle were
mixed with 20 ng/ml of tau protein, two-photon Rayleigh scattering intensity (TPRS) increases by
about 16 times. The mechanism of TPRS intensity change has been discussed. Our data demonstrated
that our TPRS assay is highly sensitive to Tau protein and it can distinguish from BSA, which is one
of the most abundant protein components in CSF. Our results demonstrate the potential for a broad
application of this type of nano-bionanotechnology in practical biomedical applications.
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Alzheimer’s disease (AD) is a brain disorder disease, which destroys brain cells, causing
problems with long-term memory loss, irritability and aggression, and mood swings. 1–3 26.6
million people were suffering from Alzheimer’s disease worldwide in 2006, and this numbers
are expected to increase 4 times (< 100 million) by 2050. 1–9 Despite the huge problems, there
is no definitive diagnosis of AD, other than postmortem identification of senile plaques and
neurofibrillary tangles in the brain tissue. Neurofibrillary tangles are insoluble twisted fibers
formed due to hyperphosphorylated tau protein aggregation in brain cells. Tau proteins play a
very important role in the structure of the neuron. In AD patient’s CSF (cerebrospinal fluid),
tau protein is phosphorylated at more than 20 residues. These phosphorylated tau proteins bind
to each other inside nerve cells, tying themselves in “knots” known as NFTs. 1–9 Recently it
has been shown 1–9 that patients with Alzheimer’s dementia have much higher
hyperphosphorylated tau protein in CSF compared to control groups. As a result, ultra sensitive
methods for measurement of the level total tau can provide an opportunity to develop clinical
lab diagnostic for AD. Since there is no cure at present, early diagnosis of AD is crucial for
the current drugs treatments, which have shown to slow the progression of AD. Driven by the
growing market needs of the 21st century, this paper reports the development of gold
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nanomaterial based two-photon Rayleigh scattering (TPRS) assay for the ultra-sensitive and
selective detection of Tau Protein AD biomarker. Two-photon scattering properties have been
monitored using hyper–Rayleigh scattering (HRS) technique. 10–18 This technique can be
easily applied to study a very wide range of materials because electrostatic fields and phase
matching are not required. Other advantages are that the polarization analysis gives information
about the tensor properties, and spectral analysis of the scattered light gives information about
the dynamics.

In the last 15 years, the field of biosensor using nanomaterial has witnessed an explosion of
interest in the use of nanomaterials in assays for DNA/RNA, protein and cell markers for many
diseases. 19–34 The integration of nanotechnology with biology and medicine is expected to
produce major advances in molecular diagnostics, therapeutics and bioengineering. 19–44 In
terms of biological sensing, the use of nanotechnology has led to the production of numerous,
rapid, sensitive multi-analytes assays which are useful not only in the laboratory, also in the
field as portable instruments. 29–45 Due to the increasing availability of nanostructures with
highly controlled optical properties, nanosystems are attractive in their use in biotechnological
system for diagnostic application. Gold nanosystem are attractive because of their unique
properties, including their shape and size-dependent optical properties. Due to the lack of
toxicity, 12–45 scientists have shown great interest to use gold nanosystems for biomarker
applications and biological imaging. Mirkin et. al. 6,8 and others 28–29 have demonstrated that
nanoparticle based bio-barcode assays with localized surface plasmon resonance (LSPR), are
capable of measuring ADDL level in CSF. Here, we demonstrate for the first time that
monoclonal ani-tau antibody (tau-mab) coated gold nanoparticle based two-photon scattering
assay 10–18,46–47 can be used for the detection of Alzheimer’s tau protein in 1 pg/mL level
which is about two orders of magnitude lower than cut-off values (195 pg/mL) for tau protein
in CSF. Our results reported here demonstrate the potential for a broad application of
bioconjugated nanoparticles in practical biotechnological and medical applications.

Results and Discussion
Our two-photon scattering approach for the detection of selective AD biomarker is based on
the fact that, the monoclonal ani-tau antibody -conjugated gold nanoparticles can readily and
specifically identify Tau protein, through antibody–antigen interaction and recognition (as
shown in Figure 1). For a Tau protein, there are many surface antigens available for specific
recognition with monoclonal ani-tau antibody-conjugated nanoparticles. Therefore, in the
presence of Tau protein, several nanoparticles can bind to each protein, thereby producing
nanoparticle aggregates (as shown in Figure 1). As a result, a colorimetric change has been
observed from red to bluish color (as shown in Figure 2) and a new broad band appears around
150 nm far from their plasmon absorption band, as shown in Figure 2B.

As shown in Figure 2C, when monoclonal ani-tau antibody-conjugated gold nanoparticles were
mixed with various concentrations of Tau protein, two-photon scattering intensity increases
by about 16 times (as shown in Figure 2). Our experimental results demonstrated a very distinct
two-photon scattering intensity change (2.2 times) even upon the addition of 1 pico gram (pg)/
ml of Tau protein. To evaluate whether our assay is highly selective, we have also performed
how two-photon scattering intensity changes upon addition of serum albumin (BSA) protein
and heme protein, instead of Tau protein with anti-tau-antibody conjugated gold nanoparticles.
As shown in Figure 2C, two-photon scattering intenity changes only 1.2 times in presence of
200 ng/ml BSA protein and 1.6 times when we added 30000 ng/ml of BSA protein to
monoclonal ani-tau antibody -conjugated gold nanoparticles. Similarly when we added 3000
ng/ml heme protein to monoclonal ani-tau antibody-conjugated gold nanoparticles, two-photon
scattering intensity changes only 1.2 times.
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Two-photon scattering signal from monoclonal ani-tau antibody -conjugated gold
nanoparticles can be expressed as, 10–19,45–47

(1)

where G is a geometric factor, Nw and Nnano the number of water molecules and monoclonal
ani-tau antibody -conjugated gold nanoparticle per unit volume, βω and βnano are the
quadratichyperpolarizabilities of a single water molecule and a single monoclonal ani-tau
antibody -conjugated gold nanoparticle, ε2ω is the molar extinction coefficient of the gold
nanoparticle at 2ω, l is the path length and Iω the fundamental intensity. The exponential factor
accounts for the losses through absorption at the harmonic frequency. Considering the size of
nanoparticle, the approximation that assumes that the electromagnetic fields are spatially
constant over the volume of the particle may not suitable anymore. As a result, the total
nonlinear polarization consists of different contributions such as multipolar radiation of the
harmonic energy of the excited dipole and possibly of higher multipoles, as we discussed in
our previous publication or reported by others. 12–19 The TPRS intensity therefore also
consists of several contributions. The first one is the electric dipole approximation, which may
arise due to the defects in nanoparticle. This contribution is actually identical to the one
observed for any non-centrosymmetrical point-like objects such as efficient rod-like push-pull
molecules. 10–11, 45–46 The second contribution is multipolar contribution like electric
quadrupole contribution. 12–19 This contribution is very important when the size of the particle
is no longer negligible when compared to the wavelength, as we reported before. Since for a
Tau protein, there are many surface antigens available for specific recognition with monoclonal
ani-tau antibody-conjugated nanoparticles, as shown in Figure 1C, antibody-conjugated gold
nanoparticles undergo aggregation in presence of tau protein. Now due to the aggregation in
the presence of tau, antibody-conjugated gold nanoparticles looses the center of symmetry and
as a result, one can expect significant amount of electric dipole contribution to the two-photon
scattering intensity. Since electric dipole contributes several times higher than that of
multipolar moments, we expect two-photon scattering intensity to increase upon the addition
of tau.

As shown in Figure 2A, a clear colorimetric change is observed when tau protein was added
to ani-tau antibody-conjugated gold nanoparticles. This colorimetric change is mainly due to
the aggregation of antibody-conjugated gold nanoparticles, as shown in Figure 1C. We have
not observed any color change upon addition of serum albumin (BSA) protein and heme
protein, instead of Tau protein to anti-tau-antibody conjugated gold nanoparticles (as shown
in Figure 2A). Our TEM data also demosntrated (Figure 2D) that there is no significant
aggregation due to the addition serum albumin (BSA) protein or heme protein to ani-tau
antibody-conjugated gold nanoparticles. Figure 2B reports how the absorption maximum for
surface plasmon band of gold nanoparticle at 520 nm changes in the presence of tau, BSA and
heme protein. Our experimental data show that intensity of the absorption band at 520 nm
decreases with the addition of 200 ng/ml tau and a new broad band corresponding to the
absorption of antibody -conjugated gold nanoparticle aggregates appears at 670 nm. In the
same plot, we have also shown that absorption remains about unchnaged upon the addition of
BSA to ani-tau antibody-conjugated gold nanoparticles. So our colorimetric data demonstrate
that our assay is highly sensitive to Tau protein and it can distinguish from BSA, which is one
of the most abundant protein components in CSF. Our experimental results also shows that tau
protein can be detected in 2.8 ng/mL level with colorimetric study, where as TPRS can detect
even at 1 pg/ml level. Our experimental results clearly exhibit that TPRS assay can be 3 orders
of magnitude more sensitive than the colorimetric assay. Now this new absorption band
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appearing at 670 nm upon the addition of Tau protein can influence the TPRS intensity very
highly. According to the two-state model, 48

(2)

where ω is the fundamental energy of the incident light, μeg is the transition dipole moment
and ωeg is the transition energy between the ground state |g> and the charge-excited state |e>,
Δμeg is the difference in dipole moment between |e> and |g> states. Since ωeg ∝ 1/λmax, β
should change tremendously upon the addition of tau protein and as a result, the two-photon
scattering intensity should change tremendously with the addition of tau. So, due to the
aggregation after addition of Tau protein, the two-photon Rayleigh scattering (TPRS) intensity
change observed in our assay, can be due to several factors and these are, 1) one can expect
significant amount of electric dipole contribution to the two-photon scattering intensity as we
discussed before; 2) due to the change of λmax toward red, TPRS intensity should change after
addition of tau protein, as we discussed above. (3) Since size increases tremendously with
aggregation, the two-photon scattering intensity should increase with the increase in particle
size.

To understand the response rate of the TPRS signal upon the addition of tau protein to ani-tau
antibody-conjugated gold nanoparticles, we have measured the TPRS intensity at different time
intervals, as shown in Figure 3. Our TPRS experimental data indicate that after the addition of
20 ng/ml tau, the TPRS intensity increases by a factor of 8 within 500 seconds, then increases
slowly with time, and then remains constant after 2000 seconds. Our time interval TPRS
intensity measurement indicates that the time frame of our measurement is only half an hour.

To evaluate whether TPRS assay is capable of measuring tau protein concentration
quantitatively, we performed two-photon Rayleigh scattering intensity measurements upon
addition of different concentrations of target tau protein to ani-tau antibody -conjugated gold
nanoparticles. As shown in Figure 4, the two-photon scattering intensity increment is highly
sensitive to the concentration of target tau protein over the range of 5 – 350 ng/ml and the
intensity increased linearly with concentration. Our experimental results also indicate that there
is no linear correlation between TPRS intensity and tau protein concentration between 1–5 pg/
ml and 350 – 850 pg/ml region.

So our ani-tau antibody -conjugated gold nanoparticle based two-photon scattering assay can
provide a quantitative measurement of tau protein concentration over 5–350, ng/ml range.

Conclusions
In conclusion, in this paper, we have demonstrated for the first time a label-free, fast and highly
sensitive monoclonal ani-tau antibody (tau-mab) coated gold nanoparticle based two-photon
scattering assay for the selective detection of Alzheimer’s tau protein in 1 pg/mL level. The
detection limit of our TPRS assay is about two orders of magnitude lower than cut-off values
(195 pg/mL) for tau protein in CSF. We have shown that when ani-tau antibody coated gold
nanoparticle were mixed with 20 pg/ml concentrations of tau protein, two-photon scattering
intensity increases by about 16 times. Our experimental data with serum albumin (BSA) protein
as well as IgG protein with anti-tau-antibody conjugated gold nanoparticles clearly
demonstrated that our TPRS assay is highly sensitive to Tau protein and it can distinguish from
BSA, which is one of the most abundant protein components in CSF. Our experiment indicates
this bioassay is rapid and takes less than 35 minutes from protein binding to detection and
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analysis and it can be three orders of magnitude more sensitive than the usual colorimetric
technique. Our concentartion dependent measurement point out that our antibody-conjugated
gold nanosystem based two-photon scattering assay can provide a quantitative measurement
of tau protein concentration in pg/ml region. Our assay will have several advantages and these
are: i) it can be two orders of magnitude more sensitive than the usual colorimetric technique;
ii) tau protein can be discriminated very easily from other protein. Our experimental results
reported here open up a new possibility of rapid, easy and reliable diagnosis of AD biomarkers
by measuring the TPRS intensity from antibody modified gold nanosystems.

Experimental Methods
Hydrogen tetrachloroaurate (HAuCl4·3H2O), NaBH4, buffer solution, NaCl, sodium citrate,
monoclonal ani-tau antibody (tau-mab) and tau protein were purchased from Sigma-Aldrich
and used without further purification.

Gold Nanoparticle Synthesis
Gold nanoparticles of different sizes and shapes were synthesized by controlling the ratio of
HAuCl4, 3H2O and sodium citrate concentration as we reported recently. 16–19,37–39 For
smaller gold nanoparticles, we have used sodium borohydride method as reported before. 0.5
ml of 0.01 M HAuCl4 trihydrate in water and 0.5 mL of 0.01 M sodium citrate in water were
added to 18 mL of deionized H2O and stirred. Next, 0.5 mL of freshly prepared 0.1 M
NaBH4 was added and the solution color changed from colorless to orange. Stirring was
stopped and the solution was left undisturbed for 2h. The resulting spherical gold nanoparticles
were 4 nm in diameter. UV-visible absorption spectrum, colorimetric observation and
Transmission electron microscope (TEM) (as shown in Figure 2) were used to characterize the
nanoparticles. The particle concentration was measured by UV-visible spectroscopy using the
molar extinction coefficients at the wavelength of the maximum absorption of each gold colloid
as reported recently [ε(15) 518nm = 3.6 × 108 cm−1M−1.16–19, 37–39

Preparation of monoclonal ani-tau antibody (tau-mab) coated gold nanoparticle
For the preparation of monoclonal ani-tau antibody (tau-mab)-conjugated nanoparticles, we
have modified the gold nanoparticle surface by amine groups (as shown in Scheme 1) using
cystamine dihydrochloride using reported method. 27,41 For this purpose, we have added 30
mM cystamine dihydrochloride to 50 mL of gold nanoparticle and the solution was kept at 50°
C for several hours under constant sonication. After that, the excess cystamine dihydrochloride
was removed by centrifugation at 8000 rpm for several minutes. For covalent immobilization
of the monoclonal ani-tau antibody onto the amine modified gold nanoparticle (GNP) surface,
we have used highly established glutaraldehyde spacer method. In brief, 10 ml of amine-
functionilized GNP were incubated with monoclonal ani-tau antibody for 12 hours at 4 °C in
PBS media. To remove the excess antibody, we have washed monoclonal ani-tau antibody
conjugated GNP several times with PBS. During this amine group activation and
immobilization of the antibody, we have not noted any aggregation of gold nanoparticles as
examined by TEM and UV-VIS absorption spectroscopy.

Two-photon Rayleigh scattering Spectroscopy
Two-photon Rayleigh scattering (TPRS) 10–19,45–47 from an isotropic solution was observed
for the first time in 1965, 10 shortly after the invention of high power Ruby lasers. When an
intense light of frequency ω, exposed on a matter, it can generate a spectrum of the scattered
radiation that includes bands with frequency 2ω, due to TPRS and 2ω ± ω0, due to two-photon
Raman scattering. In case of two-photon Raman scattering, ω0 is the frequency associated with
a transition between two energy levels of the scattering molecule. The two-photon light
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scattering can be observed from fluctuations in symmetry, caused by rotational fluctuations.
For the TPRS or HRS experiment, we have used a mode-locked Ti:sapphire laser delivering
at fundamental wavelength of 860 nm with a pulse duration of about 150 fs at a repetition rate
of 80 MHz. We performed TEM data before and after exposure of about 5–10 minutes to the
laser and we have not noted any photo-thermal damage of antibody coated gold nanoparticles
within our HRS data collecting 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. The pulses were counted with a photon counter. The fundamental 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 harmonic light was vertical.

Since λmax for monoclonal ani-tau antibody coated gold nanoparticle (515 nm) and aggregates
(650 nm) are very far from excitation source (860 nm) or second harmonic generated frequency
(430 nm), we can eliminate the two-photon luminescence (TPL) contributions in our HRS
experiment. To make sure that only second harmonic signal is collected by PMT, we have used
3 nm interference filter and a monochromator in front of 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 5 shows the output two-
photon scattering signal intensities at 430 nm from monoclonal ani-tau antibody coated gold
nanoparticle at different powers of 860 nm incident light. A linear nature of the plot implies
that the doubled light is indeed due to the two-photon Rayleigh scattering signal.
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Figure 1.
A) First two steps show schematic representation of the synthesis of monoclonal ani-tau
antibody-conjugated gold nanoparticles. Third step shows schematic representation of
monoclonal ani-tau antibody-conjugated gold nanoparticle based sensing of tau protein. B)
TEM image of ani-tau antibod-conjugated gold nanoparticles before addition of Tau protein.
C) TEM image of ani-tau antibod-conjugated gold nanoparticles after addition of 20 ng/ml Tau
protein.
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Figure 2.
A) Photograph showing colorimetric change upon addition of 1) 200 ng/ml Tau, 2) 2.8 ng/ml
of Tau, 3) 3000 ng/ml BSA protein, 4) 800 mg/ml heme protein. B) Absorption profile variation
of monoclonal ani-tau antibody conjugated gold nanoparticle due to the addition Tau protein
(200 ng/ml Tau). The strong long wavelength band in the visible region (λPR = 520 nm) is due
to the oscillation of the conduction band electrons. New band appearing around 670 nm, due
to the addition of Tau protein, demonstrates the aggregation of gold nanoparticles. C) Plot
demonstrating two-photon scattering intensity changes (by 16 times) due to the addition of Tau
protein to ani-tau antibody conjugated gold nanoparticle. Two-photon scattering intensity
changes very little upon addition of BSA and heme protein. D) TEM image after addition of
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800 ng/ml BSA protein, E) TEM image demonstrating aggregation of ani-tau antibody
conjugated gold nanoparticle after the addition of 350 pg/ml Tau.
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Figure 3.
Plot demonstrating the change of TPRS intensity with time, upon the addition of 20 ng/ml Tau
on ani-tau antibody -conjugated gold nanoparticles.
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Figure 4.
Plot demonstrating linear correlation between two-photon scattering intensity and
concentration of tau protein over the range of 5 – 350 ng/ml with R =0.989.
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Figure 5.
Power dependence of scattering intensity for different concentrations of monoclonal ani-tau
antibody coated gold nanoparticle
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