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Utilizing the surface plasmon resonance effect in gold nanoparticles enables their use as contrast agents in a
variety of applications for compound cellular imaging. However, most techniques suffer from poor signal to
noise ratio (SNR) statistics due to high shot noise that is associated with low photon count in addition to
high background noise. We demonstrate an effective way to improve the SNR, in particular when the
inspected signal is indistinguishable in the given noisy environment. We excite the temporal flickering of the
scattered light from gold nanoparticle that labels a biological sample. By preforming temporal spectral
analysis of the received spatial image and by inspecting the proper spectral component corresponding to the
modulation frequency, we separate the signal from the wide spread spectral noise (lock-in amplification).

functions and design effective therapies for medical applications. Fluorescence microscopy was extensively

used in the past in diffraction limited modalities as well as super resolution techniques. In all of these,
fluorescent dyes and fluorescent proteins (FPs) are used as biomarkers' . However, typical drawbacks of fluor-
escence imaging methods are autofluorescence of live cells, the photo toxicity of FPs to living organisms and
photobleaching®’. Recently, numerous groups have demonstrated the use of gold nanoparticles (GNPs) as
biomarkers'®* in a variety of biological applications such as biochemical sensing and detection'®, medical
diagnostics'®, drug or gene delivery"’, nanoscopy'®, and therapeutic applications'*°. Their synthesis*', conjuga-
tion®*, and assembly®, is well known, making them inexpensive and easy to produce. Additional important
attributes are their photostability, chemical stability and biocompatibility*.

Surface Plamon Resonance (SPR) in GNPs results in high scattering and absorption cross sections, as well as
spectral sensitivity, which make them attractive as biomarkers for imaging purposes. Under optical illumination
at a wavelength that matches the surface electrons resonance, a strong amplification of the optical absorption and
scattering will occur®, where the resonance wavelength depends on the shape, dimensions and refractive index of
the nanoparticle and the environment>*?°.

The effectiveness of nanoparticles as contrast agents depends on their optical properties®”. For instance, a high
scattering cross-section is essential for cell and biomedical imaging applications based on light scattering. On the
other hand, applications using light absorption require a high nanoparticle absorption cross-section along with
low scattering losses.

The use of GNPs as contrast agents improves the sensitivity and diagnostic ability of the imaging modality by
site-specifically labeling tissues, cells or areas within a cell of interest. The effectiveness of nanoparticles as
biomedical imaging contrast agents depends on their optical properties as well as the imaging system and the
environmental conditions*. The size and shape of the GNP also affect the SPR efficiency*”**. A 20 nm GNP has a
high absorption with negligible scattering and therefore is suited to applications that use light absorption, whereas
larger GNPs, for example, an 80 nm GNPs, are more suitable for light-scattering-based imaging applications. Due
to the high absorption cross section, heat is generated as a result of light absorption, which in the vicinity or a
biological sample, can cause damage to the sample®. This sets a restriction on the laser intensity, thereby
increasing the shot noise. For an aberration-free imaging system, the measured intensity of the image is given
by the acquired data together with photon shot-noise, background noise, sensor’s readout noise and dark
current™®. Therefore, of utmost importance in any imaging system, in particular one that is used for biomedical
applications, is the ability to extract the data from the image even in poor SNR*'.

Various imaging methods measure the scattering from GNPs when tagging a biological sample. These include
dark-field illumination®?, differential interference contrast and video enhancement®, and total internal
reflection®. However, the scattering is proportional to the sixth power of diameter which makes use of small

T he ability to observe structures that are on a nanometric scale is a key merit for understanding cellular
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Figure 1 | Simulation results. (a) The simulated sample with random diffraction limited GNPs. (b) The image with added noise so that the SNR was
—15 dB. (c) The image after applying the TSL technique, the SNR of the reconstructed image is 29 dB. (d), (e) and (f) show the cross section of the dashed
red line that passes through the center of an emitter in the middle part of the image of (a), (b) and (c) respectively.

nanoparticle difficult. They also must be discriminated from a strong
background noise, especially if the particles are to be detected in cells
or tissues, which leads to alow SNR. Other methods are based on the
photothermal effect, i.e. a change in temperature around the particle
when incident laser light is absorbed by the nanoparticle. The tem-
perature change leads to a local variation in the index of refraction,
which is translated into a detectable phase change®*°. Recent studies
showed photothermal imaging in wide-field mode®’, lock-in detec-
tion®® or combination of both®>, however they require a complex
setup and high laser intensity.

The method demonstrated in this paper is based on the lock-in
amplification technique which involves temporally sequenced label-
ing (TSL) as an imaging tool. TSL can suppress image noise and
recover the data by using a tradeoff between the time of measurement
and improved SNR with low laser intensity and a simple optical
setup****. Lock-in amplification is a widely used technique, for
example in measurement of atomic emission®, absorption*, and
fluorescence spectrometry®. The advantages of the method are its
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ability to measure very low-light levels (high sensitivity), its relative
insensitivity to changes in detector gain, and its ability to discrim-
inate data from the image noise. The method is based on the fact that
even when noise and signal are indistinguishable in the time domain,
if the signal has a definite frequency band and there is no large noise
peak within that band, noise and signal can be sufficiently separated
via usage of the frequency domain.

In TSL we modulate a laser beam at a wavelength that matches the
GNPs SPR, with a known periodic flickering at temporal frequency
of fy. A temporal sequence of intensity images of light scattered from
the sample that contains GNPs is captured. The intensity of each
image is proportional to the sum of a time sample of the modulated
signal and the additive noise:

It(f):Isigl(fO)+Inoi52,(f)7 (1)

where I, is the image intensity, I, is the signal intensity without
noise, I,y is the noise intensity and t=1.....N is the index of each
image, where N is the number of images that were captured. Due to
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Figure 2 | Summary of the obtained simulation results. (a) x-axis is the SNR of the original image. left y-axis is the SNR after preforming the TSL and the
right y-axis is the SNR after preforming time averaging. (b) Left y-axis is the effect of the number of periods of the modulation signal that is

required for achieving maximum improvement in the SNR. Right y-axis is the additional computer processing time as a function of the number of
periods, with modulation frequency of 3 Hz and image capturing frame rate of 12 Hz.
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Figure 3 | characterization of GNPs. (a) TEM image of 20 nm GNPs. (b) Ultraviolet-visible spectroscopy of the GNPs.

the modulations, the signal components are expected to be around
the modulation frequency, whereas the noise is spread over a wider
spectrum, a fact that allows the reconstruction of the signal after post
processing. The post processing is done using MATLAB
(MathWorks, Natick, MA, USA).

After recording the sequence of images, each image is convolved
with the modulation signal

Imnvi :It(f) * Imod,(ﬁ))a (2)

where 1,04 is the intensity of the modulation signal and I ,,, is the
result of the convolution. The reconstructed image is the average sum
of all the images:

1 N
Irsp = N Z Imnv[ (3)
t=1

After the convolution, the contribution from any signal that is not at
the same temporal frequency as the modulation signal (i.e. the noise),
is attenuated close to zero, while the image data is recovered.

Simulations

To evaluate the performance of the method and its impact on the
SNR, Monte-Carlo simulations were used to generate mock data sets
with random emitters in each set. In these simulations the model was
of a sample that contains GNPs with peak emission at wavelength of
A=532 nm. The sample was illuminated using temporally modu-
lated laser at A=532 nm. The object was imaged through an objective
lens onto a Complementary-Metal-Oxide-Semiconductor (CMOS)
camera. Background noise was introduced by adding a sample from a
Poisson distribution random variable with variance N, (assumed
constant across the field of view), and shot noise was introduced
by sampling a Poisson random process with an expected value which
corresponds to the noiseless pixel values*.

A sequence of time dependent images was generated and analyzed.
The SNR, the modulation frequency and the number of frames were
all allowed to vary. Using the a priori knowledge of the temporal
modulation frequency, the images were convolved with the modu-
lation signal followed by time averaging to result in an improved
SNR. The result was compared to a simple time averaging of the
images for the same time period. As an example, Figure 1(a) shows
a simulated sample with random diffraction limited spots originating
from scattering from the GNPs. Noise was added to the image, cor-
responding to SNR of —15 dB, see Figure 1(b), where after applying
TSL, the SNR improved to 29 dB, as shown in Figure 1(c).
Figure 1(d), (e) and (f) show the cross section of the dashed red line
along the axis connecting two emitters in the middle part of the
image of (a), (b) and (c) respectively.

In conventional methods, post processing using de-convolution
algorithms can improve the performance and the SNR*. However in
order to apply them one needs to have images where the particles are
seen. Since the set of images used here are so noisy that the particles
are indistinguishable, these methods are not applicable here. The
SNR of the original image with the added noise was calculated by
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Figure 4 | Comparison of a sample that contained GNP tagged cells and a
control sample that contained only cells. (a) and (b) are dark-field
microscopy images of both the control and the GNP tagged cell,
respectively. (c) and (d) are the confocal microscopy images of these two
samples, at depth of 4 um into the cell.
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Figure 5| The experimental setup is composed of a function generator
that modulates a green laser at wavelength of 532 nm. The modulated
beam illuminated the sample and the scattered light as a function of time
was imaged using the Olympus BX51 microscope with a 40x objective lens
and recorded with the CMOS camera (PixeLink PLA741E).

As can be seen in Figure 2(a) that by using TSL, the SNR improve-
ment is the highest at low SNRs and that the method can reconstruct
the signal even when the signal is almost indistinguishable before
applying the proposed approach. When comparing the obtained
results to simple time averaging, at low SNRs, the TSL performance
is significantly higher and can reach an improvement of >25 dB.
When the SNR of the original image is increased, the difference in the
performance of both methods is reduced as expected.

Another important factor is the time penalty that the method
invokes. This penalty stems from the need to collect a sufficient number
of images of the modulated sample as a function of time. The perform-
ance of TSL as a function of the number of modulation signal periods
(T=1/fp), and time penalty are presented in Figure 2(b). In these simu-
lations the original SNR was —15 dB. For total integration time which
corresponds to less than 1 period, the effect was negligible. When the
integration time increases, the SNR improves considerably, reaching a
value of ~30 dB, for 6 periods. Increasing the integration time to more
than 6 periods did not have further effect on the SNR. For the analysis of
the additional computer processing time (time penalty) as a function of
the number of periods, we used a frame rate of 12 frames/s and f,=3 Hz
to match those of our experimental setup. We see in Figure 2(b) that the
time penalty for 6 periods is ~2.8 seconds using a simple PC (HP
Compagq Elite 8300 Microtower PC with Windows 7 professional 64
bit operation system, Intel® Core™" i5-3470 processor, 3.20 GHz, 12 GB
RAM). Increasing the frame rate to 24 frames per second and modu-
lation frequency to 6 Hz will decrease the time penalty to 1.4 seconds.
The frame rate in this case is limited by the exposure time, which is
determined by the camera sensitivity, laser intensity and the scattering
cross section of the nanoparticles.

Experimental Results
For the experiments we used live Mouse melanoma cells (B16)*® that
were injected with 20 nm GNPs with a peak absorption at 532 nm

immobilized on a coverslip using a well-established procedure*~>!

(the sample preparation is described in the methods section below).
A protective layer of PEG was absorbed on the surface of the GNPs
followed with their coating with glucose in order to increase cell-
uptake rate and stability. Particle size, shape, and uniformity were
measured using transmission electron microscopy (TEM) and veri-
fied to be 20 nm diameter spheres (Figure 3 (a)). Their absorption
spectrum is shown in Figure 3 (b), which presents a clear peak
absorption at 532 nm as expected.

In order to confirm the existence of GNPs on the cell membrane
and internalized into cell, two samples were made. One contained
GNP tagged cells and a control sample that contained only cells. Both
samples were imaged using a dark-field microscope (Nikon i50), as
shown in Figure 4 (a) and (b), for the control sample and GNP tagged
cells, respectively. The scattered light from the control experiment
has a wide spectrum, making the cells without GNPs appear yellow
(Figure 4(a)). The scattered light from the GNPs has a peak around
532 nm, which make them appear green. High density regions
appear red due to the plasmon coupling®. This is clearly seen in
Figure 4(b), which proof the existence of GNPs in the sample.

In order to confirm the existence of GNPs within the cells and on
the cell membrane, a Z axis scan of the sample using a confocal
microscope (Leica TCS SP5) was performed on both samples. The
thickness of the sample was measured to be 13 um, and the scan was
done using steps of 0.8 um. Figure 4 (c) and (d) show the images of a
cell that contains GNPs and a control cell without GNPs, respect-
ively, at depth of 4 um into the cells. In Figure 4 (d) there are a lot of
small dark spots, which do not exist in the control (Figure 4(c)), and
therefore are the GNPs. The GNPs entered the cell, however weren’t
targeted into a specific area within a cell and therefore are randomly
distributed®. They can also enter a specific organelle or area within
the cell, and high concentration zones are seen as clusters of GNPs. In
addition there are also other organelles that can be seen (and can also
be seen in the control image).

For the TSL experiments, a function generator (AFG3022B by
Tektronix) was used to create a square wave with a known frequency
of 3 Hz (that fulfils the Nyquist sampling criteria as the frame rate of
the camera was 12 frames/s), and a duty cycle of 50%. This signal
modulated a green laser at 532 nm (Photop DPGL-2100F), which
illuminated the sample. The scattered light as a function of time was
imaged using the Olympus BX51 microscope with a 40x objective
lens and recorded with the CMOS camera (PixeLink PL-A741-E).
The experimental setup is described in Figure 5.

The effective pixel size was 167.5 nm and the camera was set to a
gain of 17.7 dB and exposure time of 20 ms. The laser power was set
to 8 mW to mimic high background and shot noise conditions,
where the SNR of the original image was calculated to be -25 dB.

Figure 6 presents a sequence of recorded images of the scattered
light from the sample with —25 dB SNR. The presented images were
captured every 20 msec. It is clearly seen that the signal is almost
indistinguishable. The Fourier transform of the temporal fluctua-
tions of the pixels in the images is presented in Figure 7. When
observing the Fourier transform of a data pixel, a clear peak is visible
at the modulation frequency of 3 Hz (red line) while the Fourier
transform of a noise pixel does not contain any peak (black line).

Figure 6 | Sequence of recorded images of the scattered light from the sample having —25 dB SNR. The irradiation was using a laser beam (at 532 nm)
that was modulated using modulation frequency of 3 Hz. The presented images were captured every 20 msec.
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Figure 7 | The Fourier transform of the temporal fluctuations of pixels in
the recorded images. The data pixels present a clear peak at the modulation
frequency of 3 Hz (red line) and the noise pixel does not contain any peak
(black line).

A bright field image of the sample can be seen in Figure 8(a). The
TSL technique was applied to the sequence of recorded images and
the result was a clear image of the GNPs in the observed sample
(Figure 8(b)). In order to verify the results, a reference image using
0 dB gain, exposure time of 130 ms and a continuous wave laser
illumination was taken, and is shown in Figure 8(c). The similarity
between Figure 8(b) and Figure 8(c) is clearly visible, which means
that the reconstructed image using TSL contains the scattering signal
from the GNPs in the sample. Figure 8(d) is the superimposing of
Figure 8(a) and Figure 8(b), where the GNPs are marked in red.
There is an overlap between the locations of the GNPs to that of
the cells which indicate that the GNPs are concentrated inside the
cells, and by using the ability to attach the GNPs to a specific area
within a cell, the proposed technique provides a tool intra-cellular
processes study.

The experiments were performed using 532 nm laser source.
When preforming cellular imaging at short wavelengths, the intra-

(©) @

Figure 8 | Expeirmentally extracted images. (a)A bright field image of the
sample. (b) The reconstructed image of the sample using TSL. (c) A
reference image of the sample with high SNR and high laser intensity.
(d) The superimposing of (a) and (b), where the GNPs are marked in red.

cellular matter (vesicles and fragment) also afford the noise®. A
further improvement of the SNR can be obtained by working at
longer wavelength, such as Near Infra-Red. The proposed technique
is applicable at all wavelengths, given GNPs with peak absorption
that matches the laser wavelength.

Methods

Materials. GNPs Synthesis. GNPs were prepared using sodium citrate according to

the known methodology described by Enustun and Turkevic™. 0.414 mL of 1.4 M

HAuCl, solution in 200 mL water was added to a 250 mL single-neck round bottom
flask and stirred in an oil bath on a hot plate until boiled. 4.04 mL of a 10% sodium
citrate solution (0.39 M sodium citrate tribasic dihydrate 98%, Sigma cas 6132-04-3)
was then quickly added. The solution was stirred for 5 min, and then the flask was

removed from the hot oil and placed aside until cooled.

GNPs Conjugation. In order to prevent aggregation and to stabilize the particles in
physiological solutions, O-(2-Carboxyethyl)-O’-(2-mercaptoethyl)heptaethylene
glycol (PEG7) (95%, Sigma-Aldrich, Israel Ltd.) was absorbed onto the GNPs. This
layer also provides the chemical groups required for conjugation (-COOH). First, the
solution was centrifuged to dispose of excess citrate. PEG7 solution was then added to
the GNP solution, stirred overnight and put in a centrifuge in order to dispose of
excess PEG. In order to increase cell-uptake rate, stabilized GNPs were further coated
with glucose. Excess EDC (N-ethyl-N-(3-dimethylaminopropyl) carbodiimide) and
NHS (N-hydroxysuccinimide) (Thermo Fisher Scientific, Inc, Rockford, IL) were
added to the solution, followed by addition of Glucose-2 (2GF)(D-(+)-Glucosamine
hydrochloride, Sigma-Aldrich, Israel Ltd.). NHS and EDC form an active ester
intermediate with the -COOH functional groups, which can then undergo an ami-
dation reaction with the glucose -NH, group.

Cell uploading with GNP. A431 cells were cultured in 5 ml glucose-free DMEM
medium containing 5% FCS, 0.5% Penicillin and 0.5% glutamine. Cells were
centrifuged and a saline solution containing GNPs was added in excess. The cells were
then incubated at 37°C for 1 hour. After incubation, the cells were centrifuged twice
(7 minutes in 1000 rpm) to wash out unbound nanoparticles.

Fixation (used for confocal microscopy). GNP-labeled-cells were incubated in
Formaldehyde solution at room temperature.
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