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Abstract

Multiphoton excitation microscopy techniques are the emerging nonlinear optical (NLO) imaging
methods to watch the biological world due its ability to penetrate deep into living tissues. Driven
by the need to develop multimodal NLO imaging probe, current article reports the design of DNA-
mediated gold nanoprisms assembly based optical antennas to enhance multiphoton imaging
capability in biological 11 window. Reported experimental data show a unique way to enhance
second harmonic generation (SHG) and two-photon fluorescence (TPF) properties by several
orders of magnitudes via plasmon coupled organization into gold nanoprism assembly structures.
Experimental and theoretical modeling data using finite difference time domain (FDTD)
simulations indicate that huge enhancement of SHG and TPF properties are mainly due to the
electric quadrupole contribution and electric field enhancement. Using 1100 nm biological |1
window light, reported results demonstrated that antibody conjugated assembly structures are
capable of exhibiting highly selective and very bright multimodal SHG and TPF imaging of
human Hep G2 liver cancer cells.
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INTRODUCTION

Multiphoton microscopy via coupling of nonlinear optics (NLO) and scanning microscopy
has opened up the possibility of new discovery for breakthrough in biology 1-10. NLO
imaging using second harmonic generation (SHG) and two-photon luminescence (TPL) are
the emerging techniques to watch the biological world due its ability to penetrate deep into
living tissue 11-20_ In last one decade, due to the huge advances in the innovative
developments of laser systems, detector devices and optical filter design, we are now able to
use the combination of several NLO modalities for advancing biological imaging into a
single microscope platform, which is known as multimodal NLO imaging 2130, For /n vivo
imaging using noninvasive technology, near infrared (NIR) light between 650-950 nm
(biological 1 window) and 1000-1350 nm (biological Il window) needs to be used for
providing maximum radiation penetration through tissue 1-511-13.31-33 g date, most of the
cell imaging is reported using biological | window (650-950 nm) NIR light, although it is
well documented that due to the substantial background noise from tissue autofluorescence
and the tissue penetration depth is limited to 1-2 cm, biological | window is not
optimal1—>11-13 However, due to the lack of available biocompatible probes in biological Il
window, clinical research has prevented the use of this highly sensitive spectral range for
cancer imaging where one could improve signal-to-noise ratios by over 100-fold1-511-13,
Driven by the need, this article reports the design of a DNA-mediated nanoprism assembly
which has the capability for multimodal nonlinear optical SHG and TPL imaging using
biological Il window excitation light. Since the size of our design nanoparticle assembly is
comparable to the wavelength of excitation NIR light, the higher-order multipolar
resonances of plasmonic nanostructure will be able to couple with the free space incident
electromagnetic field3:7:10.18-20 and as a result, we have utilized the multipolar mode with
the dipolar mode to cooperatively enhance the SHG and TPF processes simultaneously.

Second harmonic generation from nanoparticle is a nonlinear optical phenomena in which
two same frequency (o) photons interact with a nano-surface and produce a new photon with
twice the frequency (2m) 3:7:10.15-20 a5 shown in Scheme 1. In the last decade, SHG
microscopy has become an emerging technique for biological and medical imaging and can
be one of the alternative ways to improve penetration depth and decrease scattering and
excitation volume3.7:10.15-20 Unfortunately, the technology for bio-imaging is currently
limited due to poor signal-to-noise ratio resulting from the low second harmonic generation
efficiency of available SHG probes. 3.7:10.15-20 Also, targeted live cell imaging is another
huge issue. On the other hand, in case of two-photon fluorescence (TPF), nanoparticle or
organic molecules absorb(s) two photons at a low energy state and emits a single excited
photon at an energy level higher than that of the absorbed photons 4:511.13.32-33 The
imaging brightness for TPF microscope depends on the two-photon absorption cross-section
and two-photon quantum yield of the probe®>:11-13.32-33 'However, finding a photo-stable
two photon probe that exhibits strong two-photo luminescence efficiency in biological
window I1 is rare#5:11-13,32-33

Triangular-like gold nanoprisms possess strong electric field enhancement on the tip and
exhibit high photo-stability and biocompatibility and as result, they are very good candidates
for bio-imaging using a two-photon microscope 3:11:34-39 |n nano-assembly, due to the
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presence of strong multipolar mode (I >1) band with dipolar mode ( 1=0), one can utilize
both models to enhance optical properties 10:15-20, Since two-photon nonlinear processes are
inherently weak, we used plasmon coupling enhanced two-photon process for very bright
imaging of cancer cells. For gold nanoprism, when light interacts in the surface, it couples
with free-electron excitations near the surface and produces surface plasmon
polaritons3:11:34-39_ Due to the strong electromagnetic fields developed by the light
confinement on the surface and lightning rod effect at the corner311.34-39 weak two photon
process can be significantly increased by 4-6 orders of magnitude. For further huge
enhancement of two photon nonlinear processes, we have developed plasmon-coupled DNA
mediated nano-assembly where plasmonic nanostructures are in close proximity. Due to the
above fact, the electric field in the “hot spots” present between two nanoprism junctions is
enhanced by several orders of magnitude. Since the two-photon optical properties is directly
proportional to the fourth power of the fundamental field amplitude, an enhancement of 10?
of the local field at the fundamental frequency for assembly structure will lead to an increase
of up to 10* of the two-photon NLO properties. Our experimental findings are supported by
finite difference time domain (FDTD) simulation 40-42 investigation, where we have
included the multipolar and finite size effects in our calculation.

Despite huge advances in the cancer diagnosis research, cancer remains one of the leading
causes of morbidity and mortality worldwide for human’s life 10-12.2243-44 Evyen in the 215t
century, 5-year survival rate from liver cancer is around 5%.43-44 To facilitate the use of
NLO imaging tools in biological research, here we demonstrate the DNA mediated nano-
assembly as an-efficient two-photon probe which can be used for targeted multiphoton
multimodal for liver cancer cell imaging. Since Glypican-3 (GPC3) is significantly over-
expressed in human Hep G2 liver cancer cell line 43-44, for selective binding and accurate
NLO imaging, we have designed GPC3 specific monoclonal anti-GPC3 antibody attached
nanoprisms assembly. Our reported result shows that bio-conjugated assembly can be used
for NLO multimodal imaging live cancer cell using multiphoton microscope. To
demonstrate the selectivity, identical experiments were performed using GPC3 (=) normal
skin HaCaT and prostate cancer LNCaP cells.

EXPERIMENTAL SECTION

Hydrogen tetrachloroaurate, CTAB, KI, buffer, tri-sodium citrate and hydrogen
tetrachloroaurate were obtained from Sigma-Aldrich. ss-DNA strands with —SH
modification were purchased from Midland Certified Reagent. All cancer cells and normal
cells including Hep G2 liver cancer cells and HaCaT cell lines were purchased from the
American Type Culture Collection (ATCC, Rockville, MD).

Synthesis and Characterization

Development of Gold Nanorpism—Triangular gold nanoprisms (60 + 10 nm edge
length, 5.5 + 0.5 nm thick) were synthesized using seeded mediated growth method, as we
and others have reported before 3439, In the first step, gold seeds were prepared by the
reduction of HAuUCl, in the presence of sodium thiosulfate (Na,S,03) as reducing agent. For
this purpose, 20 mL of 2.5 x 1074 M HAuCl, and 3.5 x 107 M trisodium citrate were added
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to 0.4 mL of ice-cold 0.1 M NaBH,4 and 0.4 mL 0.1 M Na,S,03 solution. After that, the
mixture was vigorously stirred for 2 min. A JEM-2100F transmission electron microscope
(TEM) and UV-visible absorption spectrum were used for the characterization gold seeds
and the average particle size of our developed seed was 3—4 nm. In the next step, gold
nanoprisms were developed from gold seed in the presence of 1 mL of 0.1 M sodium
thiosulfate (Nay;S,03), 0.2 mL of 0.1 M Kl and 1 mL of 0.1 M cetyltrimethylammonium
bromide (CTAB) as capping agent. A JEM-2100F transmission electron microscope (TEM)
and UV-visible absorption spectrum were used for the characterization of triangular gold
nanoprisms, as shown in Figure 1.

Development of DNA-mediated Gold Nanorpism Assembly—DNA-mediated
triangular gold nanoprisms assembly was designed using SH-modified dSDNA as a coupling
agent. For this purpose, in the first step, thiolated ss-DNA molecules (HS—(CHj)e—
ATTAGCACTG) were conjugated to triangular gold nanoprisms, followed by a passivation
layer of thiolated polyethylene glycol. In the next step, assembly structures were developed
using a complementary sequence (Oligo—(CHj)s—SH) attached triangular gold nanoprisms
in 10 mM PBS solution containing 0.3 M NaCl. In the next step, assembly structures were
separated from monomer via centrifugation at 1500 rpm for 20 minutes and then thoroughly
washed using buffer. After that, the assembly structures were confirmed using DLS, TEM
and absorption techniques.

Development of anti-GPC3 Antibody Conjugated Gold Nanoprisms Assembly
—TFor targeted imaging of human Hep G2 liver cancer cells, gold nanoprisms assembly were
attached with anti-GPC3 antibody. To accomplish this, gold nanoprisms assembly structures
were coated by amine modified polyethylene glycol (NH,- PEG) initially. After PEGylation,
anti-GPC3 antibody was attached with amine functionalized PEG coated gold nanoprism
assembly using glutaraldehyde spacer method, as we have reported before 10:14,

Two-Photon Spectra Intensity Measurement—We used HRS technique to measure
the two-photon scattering intensity from DNA-mediated triangular gold nanoprisms
assembly and only nanoprism. Experimental details has been reported before310.1440 For
TPS and TPF intensity measurement, the fundamental 1100 and 1300 nm excitation light
was generated using optical parametric amplifier (OPO), pumped by 100 fs pulse width and
80 MHz repetition rate Ti:sapphire laser ( Coherent, USA). For the measurement of TPS
signal only, we have used a high-pass filter, 3 nm bandwidth interference filter In this way,
we are able to remove single photon Rayleigh scattering signal, two-photon fluorescence
and higher order nonlinear optical signals from triangular gold nanoprisms assembly. For
angle resolved TPS measurement from triangular gold nanoprisms or their assembly
structure, we have used rotating half-wave plate to vary the angle of polarization.

Multimodal and Multi-Photon Imaging of Human Hep G2 Liver Cancer Cells—
Two-photon multimodal TPF and SHG imaging of human Hep G2 liver cancer cells using
1100 nm light was performed using anti-GPC3 antibody conjugated gold nanoprisms
assembly attached human Hep G2 liver cancer cells. For this purpose we used Olympus
FV1000 MPE BX61 multi-photon microscope, as we have reported before 10.13.22.32,
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Theoretical Calculation using Finite Difference Time Domain (FDTD)
Simulation—For electromagnetic wave calculations, we used FDTD simulation software
package, as previously reported by us and other groups1040-42, Frequency dependent
dielectric function of gold was used for the gold nano-antenna made from gold nanoprism
assembly. To mimic experimental outcome, we have used experimental excitation
wavelength for excitation of gold nano-antenna. The amplitude of electric field was kept as
1V/m and courant number was taken as 0.99. The entire simulation is done with 0.001 nm
mesh resolution and 4000 fs time for all cases, as we have reported before 10.13.39,

Cell Culture—GPC3 (+) human Hep G2 liver cancer cells and GPC3 (=) normal skin
HaCaT cells were grown in 75-cm? tissue culture flasks according to the ATCC procedure.
Experimental details have been reported before 10:13.22.32,

Cell Viability Assay—To determine the cytotoxicity of anti-GPC3 antibody attached gold
nanoprisms assembly, different numbers of human Hep G2 liver cancer cells and normal
skin HaCaT cells were incubated with anti-GPC3 antibody attached gold nanoprisms
assembly separately. After two days of incubation the cell viability was determined using the
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay and typan blue
assay, as we have reported before 10.13.39,

RESULTS AND DISCUSSIONS

Triangular gold nanoprisms (60 £ 10 nm edge length, 5.5 + 0.5 nm thick) were synthesized
using seeded mediated growth method, as we and others have reported before 34-39, In the
first step, gold seeds were prepared by the reduction of HAUCIy in the presence of sodium
thiosulfate (NayS,03) as reducing agent. In the next step, gold nanoprisms were developed
from gold seed in the presence of sodium thiosulfate (Na,S,03), Kl and
cetyltrimethylammonium bromide (CTAB) as capping agent. A JEM-2100F transmission
electron microscope (TEM) and UV-visible absorption spectrum were used for the
characterization of triangular gold nanoprisms, as shown in Figure 1. Figure 1A reports the
mouphology of our triangular gold nanoprisms measured by TEM which are 50 + 10 nm
edge length and 5.5 + 0.5 nm thick. As reported in Figure 1D, the extinction spectra shows
two well developed bands. The strong one is the in-plane dipole band with Apyax ~ 1300.
The weaker one at Amax ~ 800 nm is quadrupole band, as reported before 34-39,

In the next step, DNA-mediated triangular gold nanoprisms assembly was designed using
SH-modified dsDNA as a coupling agent. For this purpose, in the first step thiolated ss-DNA
molecules (HS—(CH»)g—ATTAGCACTG) were conjugated to triangular gold nanoprisms,
followed by a passivation layer of thiolated polyethylene glycol. In the next step, assembly
structures were developed using a complementary sequence (Oligo—(CH>)g—SH) attached
triangular gold nanoprisms in 10 mM PBS solution containing 0.3 M NaCl. After that,
assembled structures were separated from monomer via centrifugation at 1500 rpm for 20
minutes and then thoroughly washed using buffer. Next, the assembly structures were
confirmed using dynamic light scattering (DLS), TEM and absorption techniques. Since it is
well documented that TEM grid preparation can increase aggregation 813, we have used
DLS measurement to find the size of assembled structure in solution. To find the
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reproducibility of designing assembly structure, we have performed the same experiment 5
times using freshly prepared gold nanoprism made at different batches. In all cases we have
kept the concentration of DNA and gold nanoprism unaltered. Using DLS measurement, we
have found out that the average size of the assembly structure is about 500-800 nm in each
time, which is reproducible. TEM image as shown in Figures 1B—C also indicate the size is
about 500-800 nm. As shown in Figures 1B and C, our experimental data clearly show face-
to-face interactions are predominant between the gold nanoprisms and it is due to the fact
that face-to-face interaction condition satisfies the maximizing interparticle DNA
hybridization events. Figure 1D shows the extinction spectra for triangular gold nanoprisms
assembly, which clearly shows that the dipole band became very broad and red shifted.
Since in the assembly structure, gold nanoprisms are in close contact, due to the strong
plasmon coupling between plasmon frequency of each gold nanoprism, extinction at longer
wavelengths increases tremendously. The quadrupole band also became broad and slightly
red shifted.

For the measurement of two-photon spectra (SHG or two-photon scattering and TPF signal
together) from triangular gold nanoprisms assembly, we have used 1100 nm NIR biological
Il window light. On the other hand, for angle dependent two-photon scattering (TPS)
measurement, we have used hyper Rayleigh scattering (HRS) technique 3: 2024, 45-46 35 e
and others have reported before 310.13 Excitation light was generated using optical
parametric amplifier (OPO), pumped by 100 fs pulse width and 80 MHz repetition rate
Ti:sapphire laser ( Coherent, USA). Experimental details were reported before 1013.22 Tyo-
photon signal was recorded using CCD camera (Princeton Instrument) integrated with a
monochromator. Next, for the measurement of TPS signal only, we have used a high-pass
filter, 3 nm bandwidth interference filter. In this way, we are able to remove single photon
Rayleigh scattering signal, two-photon fluorescence and higher order nonlinear optical
signals from triangular gold nanoprisms assembly. For angle resolved TPS measurement
from triangular gold nanoprisms or their assembly structure, the fundamental beam at 1100
nm was linearly polarized, whereas the input angle of polarization was selected using a
rotating half-wave plate.

To understand whether any photodamage occurs for the DNA-mediated triangular gold
nanoprisms assembly or nanoprism itself, during first hyperpolarizability measurement using
femto second laser, we have also performed TEM and DLS experiment before and after the 3
measurement which indicated no photothermal damage during HRS data collection time.
Figure 2A shows the two-photon spectrum from DNA-mediated triangular gold nanoprisms
assembly recorded for an excitation laser wavelength at 1100 nm. Our reported data clearly
show that the DNA-mediated triangular gold nanoprisms assembly exhibit a strong TPS
peak at 550 nm and a slightly weaker and broader TPF peak with Amax = 700 nm. On the
other hand, no TPF or TPS peak was observed at 1100 nm excitation, when only DNA was
used. As shown in Figure 2A, since there is no overlap between TPS and TPF peaks,
reported experimental results indicate that we can easily eliminate contribution from TPF in
the recorded SHG signal. Figure 2B shows that the TPS signal intensity from DNA-
mediated triangular gold nanoprisms assembly exhibit a linear relationship with the square
of the powers of the fundamental 1100 nm incident light, which clearly implies that the
signal is indeed due to the two-photon process. Figure 3A shows how 550 nm two-photon
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scattering (TPS) intensity varies due to the formation of DNA-mediated triangular gold
nanoprisms assembly. Reported data clearly indicates that the two-photon scattering
intensity from DNA-mediated triangular gold nanoprisms assembly are more than three
order of magnitudes higher than for gold nanoprisms alone, which is highly remarkable.

To elucidate the origin of very high TPS intensity from DNA-mediated triangular gold
nanoprisms assembly with respect to the gold nanoprism alone, we have performed angle
resolved two-photon scattering measurement using 1100 nm incident light. For this prupose,
we have used linearly polarized fundamental beam. We have used a rotating half-wave plate
to change the angle of polarization. As per dipolar approximation, for cubic metals like gold,
should not exhibit two-photon or second harmonic process, as we and others have reported
before 3:9:14.19-25 Now in case of plasmonic triangular nanoprism systems, surfaces will
play a major role in generating strong two-photon scattering at 550 nm from imperfect
metallic nanostructure surfaces®1419-25_On the other hand, for DNA-mediated triangular
gold nanoprisms assembly, symmetry is broken at interfaces and as a result, TPS intensity
will be much stronger for assembly structure. Since the size of the triangular gold
nanoprisms usually of 50 £ 10 nm edge length, are quite small compared to the excitation
wavelength of 1100 nm (d < M10), the TPS properties for triangular gold nanoprisms alone
can be explained using the framework of electric-dipole approximation3:9:14.19-30_Qur angle
resolved two-photon scattering measurement, as reported in Figures 3C and 3D, clearly
show that for the 50 £ 10 nm edge length triangular gold nanorpsim, the two photon
scattering intensity response is governed by the electric-dipolar contribution. Whereas, in
case of DNA-mediated gold nanoprism assembly structure, since the size is bigger than one
tenth of the wavelength of 1100 nm incident light, contribution of higher-multipoles like
electric quadrupole becomes very important for the two photon scattering spectra. As shown
in Figure 3D, the polar plots for the TPS signal from DNA-mediated gold nanoprism
assembly structure as a function of the angle of polarization, clearly show evidence of the
deficiency of the electric-dipole approximation for nano-antenna system. As shown in
Figure 3D, Instead of two lobes, we have observed four lobes which are oriented on the 45°,
135°, 225°, and 315° axes. Reported experimental data clearly demonstrate the presence of
higher multipolar interactions in case of DNA-mediated gold nanoprism assembly system.

Since there is strong plasmon coupling in the DNA-mediated gold nanoprism assembly, to
understand the role of plasmon coupling on the observed huge TPS intensity of assembly
structure, we have performed full-wave simulations based on numerical solutions of
Maxwell’s equations, using the finite difference time domain (FDTD) simulation package,
as we and others have reported before 1040-42 To mimic the experimental observation, in
our simulations we have included multipolar and finite size effects, which is very important
for assembly structure. FDTD simulation results from monomer, dimer, trimer and assembly
of gold nanoprism, are illustrated in Figure 4. Reported data indicates more than 30 times of
|E|? intensity enhancement at the “hot spots” present between two nanoprism junctions for
gold nanoprism assembly containing five particles in comparison to the monomer. As we
have discussed before, the probability TPS signal intensity from nanorpism or its assembly,
is proportional to the fourth power of the electric field enhancement. As a result, due to the
formation of assembly structure, TPS intensity should increase around three orders of
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magnitude just due the stronger electric field enhancement, as FDTD simulation data
indicated. All the above experimental and theoretical data indicate that observed very strong
two photon intensity from the DNA-mediated gold nanoprism assembly can be due to
several factors. The first contribution can be due to the electric dipole contribution from gold
nanoprism alone due to the imperfect structure of nanoprism and due to the broken
symmetry at the interface of assembly system.

The second contribution can be due to electric quadrupole contribution which is due to the
size of DNA-mediated gold nanoprism assembly. The third contribution can be due to the
electric field enhancement via strong plasmon coupling in the DNA-mediated gold
nanoprism assembly. The fourth contribution for very strong TPS intensity from DNA-
mediated gold nanoprism assembly is single photon plasmon resonance. To understand the
contribution of plasmon resonance in the observed TPS intensity, we have also performed
two-photon experiment using 1300 nm light. Measured two-photon intensity indicates that
the TPS intensity increases about 2.1 times with comparison to 1100 nm excitation. This
clearly indicates that plasmon resonance plays important role for enhance TPS intensity. As
shown in Figure 2A, DNA-mediated triangular gold nanoprisms assembly exhibit strong and
very broad TPF signal and as a result, it can be used as TPF imaging material. Figure 2C
shows that the TPF signal intensities at 700 nm, from DNA-mediated triangular gold
nanoprisms assembly exhibit a linear relationship with the square of the powers of the
fundamental 1100 nm incident light, which clearly implies that the signal is indeed due to
the two-photon fluorescence process. Figure 3B reports the TPF spectra from DNA-
mediated triangular gold nanoprisms assembly and triangular gold nanoprisms alone, when
they have been excited using 1100 nm NIR light. Reported experimental data indicate that
the TPF signal from gold nanoprism assembly structures are about 4 order magnitudes
higher than that of monomer gold nanoprism alone. The plasmon frequency amplified
tremendously in assembly nanostructures, due to the strong coupling between each gold
nanorpism. FDTD data as reported in Figure 4 also confirmed it. Since during TPL
measurement we have used 1100 nm excitation wavelength, which is in resonance with the
DNA-mediated triangular gold nanoprisms assembly, single photon resonance will have
contribution in our observed huge TPL intensity enhancement. To understand the
contribution of plasmon resonance in the observed TPF intensity, we have also measured the
TPF intensity using 1300 nm light. Measured two-photon intensity indicates that the TPF
intensity increases about 3.1 times with comparison to 1100 nm excitation. This clearly
indicates that plasmon resonance plays an important role in enhancing TPF intensity.

As our experimental data show that DNA-mediated triangular gold nanoprism assembly
exhibit very high SHG and TPF properties, it can be an excellent material for multimodal
two-photon bio-imaging. To demonstrate that DNA-mediated triangular gold nanoprisms
assembly can be used as two-photon imaging probe for targeted multimodal imaging, a well-
characterized human Hep G2 liver cancer cell, which expresses a high level of glypican-3
(GPC3) antigen relative to normal cells 43-44, has been used. Since glypican-3 (GPC3) is
significantly over-expressed in human Hep G2 liver cancer cell line for selective binding and
accurate two-photon imaging, we have designed GPC3 specific monoclonal anti-GPC3
antibody attached gold nanoprisms assembly for selective imaging of human Hep G2 liver
cancer cell. To find out whether anti-GPC3 antibody attached gold nanoprisms assembly
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based two-photon multimodal imaging is highly selective or not, we have also performed
experiments with GPC3 negative human skin HaCaT keratinocytes. To understand the
biocompatibility and photo-stability, we have performed initially the biocompatibility and
photo-stability experiment for anti-GPC3 antibody attached gold nanoprisms assembly. The
experimental data as reported in Figure 2D, clearly indicate that TPS signal at 550 nm
remain almost unchanged even after an hour of illumination, which shows very good photo-
stability for anti-GPC3 antibody attached gold nanoprisms assembly as SHG imaging
material.

Similarly, as reported in Figure 5A, our experimental data clearly show very good photo-
stability for anti-GPC3 antibody attached gold nanoprisms assembly as a TPF imaging
material. Next, to understand the biocompatibility of anti-GPC3 antibody attached gold
nanoprisms assembly, 3.4 x 10° cells/mL of human Hep G2 liver cancer cells were
incubated with anti-GPC3 antibody attached gold nanoprisms assembly for different time
intervals up to 50 hours. To determine the cell viability, we have used trypan blue assay
where living cells are colorless due to unable to bind with trypan blue. On the other hand,
since dead cells are able to bind with the blue dye all dead cells with will be blue color and
as a result, cell viability was qualitatively determined from the color of the cell monolayer.
We have also used the MTT test which is a colorimetric assay for assessing cell metabolic
activity to determine the number of live cells. As reported in Figures 5B-5D, experimental
data clearly show that even after two days of incubation with anti-GPC3 antibody attached
gold nanoprisms assembly more than 97% cell viability was observed for human Hep G2
liver cancer cells and more than 98% cell viability was noted for normal human skin cell
line. All the above reported results clearly indicate very good biocompatibility of anti-GPC3
antibody attached gold nanoprisms assembly.

Due to good biocompatibility, two-photon properties and photo-stability, we have used anti-
GPC3 antibody attached gold nanoprisms assembly for multimodal SHG and TPF
microscopy imaging contrast agent for Hep G2 liver cancer imaging. For this purpose,
initially anti-GPC3 antibody attached gold nanoprisms assembly were incubated with
different concentrations of human Hep G2 liver cancer cells cells for 40 minutes. Next, after
40 minutes of incubation, unconjugated human Hep G2 liver cancer cells were separated
using centrifugation followed by washing with buffer.

We performed centrifugation followed by washing with buffer four times to make sure that
all the unattached with anti-GPC3 antibody conjugated gold nanoprisms assembly are
separated from the solution. Figure 5E shows the high-resolution TEM image which
indicates that that single Hep G2 liver cancer cell is conjugated with anti-GPC3 antibody
conjugated gold nanoprisms assembly. After that, we have used Olympus F\V1000 MPE
BX61 multi-photon microscope for multimodal two-photon imaging of Hep G2 liver cancer
cells conjugated with anti-GPC3 antibody conjugated gold nanoprisms assembly. The SHG
and TPF images for Hep G2 liver cancer cells were taken 9 times to average for the best
quality image. Figures 6 show very bright SHG and TPF image of Hep G2 liver cancer cells
which are conjugated with anti-GPC3 antibody conjugated gold nanoprisms assembly, when
they are excited using 1100 nm light. The experimentally observed bright image clearly
indicates that anti-GPC3 antibody conjugated gold nanoprisms assembly can be used for
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very bright two-photon imaging of Hep G2 liver cancer cells. Our reported two-photon
imaging result as shown in Figures 6B and 6C, indicate that anti-GPC3 antibody conjugated
gold nanoprisms assemblies are not only localized in proximity of the Hep G2 liver cancer
cell membrane, they have also penetrated through the cell membrane and localized inside the
cell. Several reported data show that gold nanoparticle of different shapes can be internalized
into cells either via the classic endocytic and nonendocytotic pathways 3947-48_ Since the
size of anti-GPC3 antibody conjugated gold nanoprisms assembly is quite big, the
endocytosis pathway will be the most probable path by which the assembly structure can
enter inside the cell. To understand the fate of the nanoprism assemblies after imaging, we
have measured the cell viability of Hep G2 liver cancer cell attached nanoasembly using
MTT test. Experiments have been performed at different time intervals after the two-photon
imaging experiment. We found that cell that the viability remains almost unchanged even
after 12 hours. To understand nano-assemblies total clearance and greater toxicological
evaluation, animal model experiments need to be performed, which is our future goal.

Next, to find out whether anti-GPC3 antibody conjugated gold nanoprisms assembly based
two-photon imaging is selective for Hep G2 liver cancer cells, we hperformed the same
experiment with GPC3 (-) normal skin HaCaT cells. For this purpose, anti-GPC3 antibody
conjugated gold nanoprisms assembly were incubated with 4.6 x 10° cells/mL normal skin
HaCaT cells for 60 minutes. In the next step, unconjugated anti-GPC3 antibody conjugated
gold nanoprisms assembly were separated by centrifugation After that, we have performed
SHG imaging of normal skin HaCaT cells which indicate non-targeted HaCaT normal skin
cells do not bind with anti-GPC3 antibody conjugated gold nanoprisms assembly. As a
result, anti-GPC3 antibody conjugated gold nanoprisms assembly based SHG and TPF
multimodal imaging of Hep G2 liver cancer cells is highly selective for targeted cell.

CONCLUSION

In conclusion, we have reported the development of plasmon coupled DNA-mediated gold
nanoprisms assembly for multimodal two-photon SHG and TPF multimodal imaging of live
cancer cells. We demonstrate the effectiveness of DNA-mediated nanoparticle antennas to
enhance multimodal multiphoton imaging capability. Reported experimental data show a
unique way to increase SHG and TPF properties of gold nanoprisms by several orders of
magnitudes via plasmon coupled organization into assembly structures using DNA as
coupling agent. SHG and TPF measurement from plasmon coupled DNA-mediated gold
nanoprisms assembly demonstrated that two-photon nonlinear optical properties can be
enhanced four orders of magnitude, by developing DNA based assembly structure. The huge
enhancement of two-photon properties in DNA based nanoprism assembly structure is due
to the electric quadrupole contribution and electric field enhancement via strong plasmon
coupling. Our theoretical modeling data using FDTD simulations indicate that four orders of
magnitude enhancement of two-photon properties are mainly due to plasmon resonance
enhancement coupled with huge electric field enhancement. Experimental observation shows
anti-GPC3 antibody conjugated gold nanoprisms assembly exhibits very good photo-
stability and cellular biocompatibility. Two-photon multimodal liver cancer cells imaging
observation in the second biological NIR window shows that anti-GPC3 antibody
conjugated gold nanoprisms assembly is capable for multimodal two-photon SHG and TPF
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imaging of human Hep G2 liver cancer cells selectively. Although our reported data show
promising advances for antibody conjugated gold nanoprisms assembly as selective
multimodal multiphoton cancer cell imaging, we are till now in infancy in how to control the
nanoprism assembly architecture in clinical sample environment to stabilize and maximize
the imaging capability for clinical study.
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Figure 1.
TEM image of freshly prepared triangular gold nanoprisms (50 + 10 nm edge length, 5.5

+ 0.5 nm thick) (scale bar = 40 nm). B) TEM image of freshly prepared DNA mediated gold
nanoprism assembly before separation (scale bar = 200 nm). It clearly shows that most
triangular gold nanoprisms are in assembly structure via face-to-face linking between the 2D
nanoprisms. Inserted diagram shows how triangular gold nanoprisms are in assembly
structure via face-to-face connection via DNA. C) TEM image of freshly prepared DNA
mediated gold nanoprism assembly after separation via centrifuging at 1500 rpm for 20
minutes followed by thorough washing to remove unreacted triangular gold nanoprisms
(scale bar = 100 nm). D) Extinction spectra of monomer and DNA-mediated triangular gold
nanoprisms. For triangular gold nanoprisms monomer, an in-plane dipole band with Apax ~
1300 nm and a quadrupole band with Anax &~ 800 nm were observed. For triangular gold
nanoprisms assembly, the dipole band became very broad and red shifted. The quadrupole
band also became broad and slightly red shifted for assembly structure.
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Figure 2.
A) Two-photon emission spectrum from DNA-mediated gold nanoprism assembly at 1100

nm excitation. Spectrum shows a strong TPS peak at 550 nm and broad two-photon
luminescence with emission maxima at 700 nm. Two-photon emission spectrum from DNA
at 1100 nm excitation, shows no observable TPS and TPF peaks. B) Plot shows linear
relationship between SHG intensity at 550 nm from DNA-mediated gold nanoprism
assembly and the square of intensity of 1100 nm excitation laser power, which clearly
indicates that it is a two-photon process. C) Plot shows linear relationship between TPF
intensity at 700 nm from DNA-mediated gold nanoprism assembly and the square of
intensity of 1100 nm excitation laser power, which clearly indicates that it is a two-photon
fluorescence process. D) Plot shows the photostability of TPS intensity at 550 nm from
DNA-mediated gold nanoprism assembly.
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A) Two-photon scattering spectrum from freshly prepared DNA-mediated gold nanoprism
assembly and comparison with only gold nanoprism. We have used 1100 nm light as an
excitation source. Plot clearly shows that enhancement of more than three orders of
magnitude of two-photon scattering intensity due to the formation of DNA-mediated gold
nanoprism assembly. B) Two-photon-fluorescence spectrum from freshly prepared DNA-
mediated gold nanoprism assembly in comparison with only gold nanoprism. We have used
1100 nm light as excitation source. Plot clearly shows that enhancement of more than two
orders of magnitude of two-photon fluorescence intensity due to the formation of DNA-
mediated gold nanoprism assembly. C, D) Plot shows how the two photon scattering
intensity varies with the fundamental light angle of polarization, C) monomer gold
nanoprism and D) DNA-mediated gold nanoprism assembly.
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Figure 4.
Plot shows FDTD simulated electric field enhancement |£?2 profiles (arb. unit) for monomer,

dimer and gold nanoprism assembly structure. Since our experimental data clearly show that
face-to-face interactions are predominant between the gold nanoprisms in the assembly
structure, we have used experimentally observed structure in our calculation. For our
calculation, we have used gold nanoprisms with 50 nm edge length and 5 nm thickness, as
observed in our experimental data. The separation distance between gold nanoprisms are
kept as 3 nm.
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Figure5.
A) Plot shows the photo-stability of TPF intensity at 700 nm from anti-GPC3 antibody

attached DNA-mediated gold nanoprism assembly even after an hour of exposure with 1100
nm light. B) Bar plot shows very good biocompatibility even after 48 hours incubation of
anti-GPC3 antibody attached DNA-mediated triangular gold nanoprisms assembly against
human Hep G2 liver cancer cells. After two days of incubation with human Hep G2 liver
cancer cells, we have observed about 98% cell viability. C) Bar plot shows very good
biocompatibility even after 50 hours incubation of anti-GPC3 antibody attached DNA-
mediated triangular gold nanoprisms assembly against HaCaT normal skin cells. After more
than two days of incubation with human HaCaT normal skin cells, we have observed about
97% cell viability. D) Bright-field inverted microscopic images of human Hep G2 liver
cancer cells after 48 hours of incubation with anti-GPC3 antibody attached DNA-mediated
triangular gold nanoprisms assembly. Reported data indicate that cancer cells are alive even
after two days of incubation. (scale bar = 20 um) E) TEM image shows single human Hep
G2 liver cancer cell is conjugated with anti-GPC3 antibody attached nanoprisms assembly
(scale bar = 1 pm). Inserted picture shows the morphology of anti-GPC3 antibody attached
nanoprisms assembly on Hep G2 liver cancer cell surface (scale bar = 200 nm).
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Figure®6.
A) Bright-field image of anti-GPC3 antibody attached gold nanoprisms assembly conjugated

human Hep G2 liver cancer cells. B) SHG images of anti-GPC3 antibody attached gold
nanoprisms assembly conjugated human Hep G2 liver cancer cells, at 1100 nm excitation.
C) Two-photon fluorescent images of anti-GPC3 antibody attached gold nanoprisms
assembly conjugated human Hep G2 liver cancer cells at 1100 nm excitation.
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Scheme 1.
Schematic representation showing multimodal NLO imaging of human liver cancer cells

using 1100 nm biological Il window light.
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