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ABSTRACT
Conventional biological imaging typically relies on either spatial or temporal modulation which are limited by
fluorophores undergoing photobleaching. As a result, imaging of biological processes for extended periods of time
remains a challenge. To overcome this limitation, we introduce polarization modulation combined with nonbleaching
plasmonic nanoparticles to boost signal-to-noise ratio and to eliminate strong background scattering. We show
plasmonic nanoparticles can be extracted from the noisy background and cellular environment, where the visualization
of nanoparticles has been previously hindered by the strongly scattering biological components. We demonstrate that
such a reduction of background noise level greatly enhances the overall signal-to-noise ratio of nanoparticles within
biological structures.

1. INTRODUCTION
Conventional fluorescent imaging often relies on the stochastic/spatial activation and/or deactivation of fluorophores 1–
that leads to irreversible photobleaching and prevents long-term imaging. Unlike fluorophores, plasmonic
nanoparticles rely on scattering and do not photobleach, making them ideal for long-term observation. Plasmonic
nanoparticles have been previously used as imaging contrast agents4–9. However, the absorption and scattering of
plasmonic nanoparticles are spectrally similar, introducing imaging difficulties in the presence of highly scattering
biological structures. Polarization modulation combined with plasmonic nanoparticles can help to overcome these
difficulties.
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Figure 1. Concept of polarization modulation nano-imaging with high stability. The polarization modulation nanoimaging integrates a voltage-tunable polarizer (VTP) with optical microscopy to generate spatially stable images of
plasmonic nanoparticles.
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Conventional polarizers require mechanical rotation, which results in spatial instability that hinders the use of
polarization modulation. To achieve high imaging stability, we employ a voltage-tunable polarizer (VTP) nanoimaging system for polarization modulation imaging, which enables background suppression and signal-to-noise ratio
enhancement (Fig.1). Such a suppression greatly reduces the background noise levels contributed by strongly
scattering biological structures. Our method utilizes voltage to stably modulate the plasmonic nanoparticle intensity,
which allows for direct subtraction of images without artifacts from image spatial shift. We demonstrate that
background scattering can be effectively suppressed, leading to a signal-to-noise ratio increase as high as 33-fold. We
believe our non-bleaching voltage-tunable nano-imaging method can enable imaging of biological structures with
high resolution over extended periods of time.

2. THEORY
The signal-to-noise ratio (SNR) is defined as the ratio between the intensity of the nanoparticles and the background
features (cellular structures). The main principle behind the SNR enhancement is that nanoparticle intensity drastically
varies with polarization tuning angle, while the background intensity varies weakly with polarization tuning angle.
Thus, the majority of background noise can be cancelled when subtracting polarization images. When averaging the
images from 0ᵒ to180ᵒ tuning angles (α), the enhanced SNR, C, is defined as
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Both the nanoparticle intensity and the background intensity follow a cosine square relation with respect to
polarization tuning angle. Therefore equation (2) can be written as
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In equation (2) and (3), Irod and Ibk are the amplitude of the average rod intensity and the average background feature
intensity. It can be seen that, due to subtraction, the large non-varying dc components in the background intensity
terms will cancel each other, leaving only small sinusoidally varying ac terms. As a result, the signal-to-noise ratio is
enhanced.

3. RESULT & DISCUSSION
The first step towards polarization modulation with plasmonic nanoparticles is high spatial stability imaging by
modulating polarization by voltage. The performance of the voltage-tunable polarization nano-imaging system is
characterized by measuring the spatial stability and the signal-to-noise ratio increase. The polarization-dependent
transmission intensity of the voltage-tunable polarizer is modulated by a nonlinear voltage curve. To demonstrate the
imaging stability necessary for subtraction at different polarization angles, we first imaged plasmonic nanoparticles
(nanorods) using both our voltage-tunable system and a conventional mechanically rotated polarizer as a reference
(Fig 2). The center of each nanoparticle was located at each polarization angle (α) (red line for VTP, cyan line for
mechanical polarizer) as shown in Fig. 2(b) and (c). It can be seen that for our nano-imaging system, there is little to
no image shift, whereas in the case of mechanical polarizer, a significant circular-type image shift as large as 600 nm
can be seen due to unavoidable manufacture limitations. A further look into the spatial shift of the VTP imaging (Fig.
3) shows that the average shift is 7.48 nm, which is much smaller than the size of the nanoparticles. This residual
spatial shift is a result of environmental noise as well as inherent detector noise and should not affect the image
sequence quality after polarization modulation.

Figure 2. Voltage-tunable-polarizer exhibits high spatial stability compared with mechanically rotated polarizer.
(a). Dark-field imaging of plasmonic nanoparticles (gold nanorods). Scale bar: 10 μm. (b) Polarization modulation of
gold nanorods using VTP results in spatially stable images evidenced by the straight lines (red) connecting their
respective locations during modulation. (c). As a comparison, the same nanoparticles undergo spatially unstable
polarization modulation using a mechanically rotated polarizer shown by the cyan curve. Scale bar: 440 nm.

Figure 3. The average spatial shift for voltage tuned polarization modulation is less than 8 nm. This residual drift
is due to environmental vibration and sensor noise.

Having verified the spatial stability during polarization modulation, we then demonstrated the ability to increase SNR
from noisy background, during which features in the image that are sensitive to polarization are retained and objects
that are not polarization sensitive are suppressed or removed (Fig.4). To achieve the most effective suppression, two
images, taken consecutively with perpendicular polarization states (θ1 and θ1+90°), were subtracted to generate the

intermediate image at θ1. Nanoparticles fully aligned with θ1 appear to be the brightest while those perpendicular to θ1
appear to be the darkest. Similarly, intermediate images for θ2, θ3, … θn were generated through subtraction of
corresponding images. Finally, the reconstructed image was generated by averaging all intermediate images to reveal
all nanoparticles without background scattering.

Figure 4. Concept of background scattering suppression through polarization modulation and direction
subtraction. Images at perpendicular polarization direction (θ1 and θ1+90°) are subtracted to generate the intermediate
image at θ1. Intermediate images from θ1 to θn are generated by subtracting corresponding images using the same method.
All intermediate images are added together to generate the reconstructed image.

To experimentally demonstrate our concept, we applied our nano-imaging method to strongly scattering biological
samples (neuroblastoma SY5Y cells with randomly distributed gold nanorods). Such strong scattering often hinders
the observation of nanoparticles as imaging contrast agents (as shown in Figure 5 (a)). First, images at 0° and 90° (Fig.
5(b) i and ii) were subtracted to obtain the intermediate image at 0° (Fig.5(c) i). Subtraction of intermediate images
were performed every 5° and the final reconstructed image was obtained through averaging all intermediate images
(Fig. 5(d). It can be seen that the strong scattering from cellular structures was significantly suppressed after
subtraction, revealing the locations of the nanorods.

Figure 5. Polarization modulation and subtraction removes strong background scattering from cells. (a).
Unpolarized images show strongly scattering cellular structures, hindering the observation of plasmonic nanoparticles.
(b). Image sequence generated by polarization modulation. Image i and ii are of perpendicular polarization states. (c).
Intermediate images were generated by subtraction. (d). Reconstructed image was generated by averaging all
intermediate images. Scale bar: 10 μm.

We further compared the result before and after subtraction in Figure 6 by looking at the intensity profiles. Before
subtraction, the number of nanorods and their exact locations cannot be precisely determined due to strong background
noise. After subtraction, it is obvious that four nanorods were present in the field-of-view. The signal-to-noise ratio in
this particular region increased from 4.03 to 136. 67 (33-fold increase). Therefore, the effect is twofold: Firstly, the
overall background noise was suppressed. Secondly, nanoparticles were extracted from strongly scattering cellular
features. Such an effect is important for long-term observation of biological processes taking place over extended time
periods.

Figure 6. Background suppression reveals a 33 fold increase in signal-to-noise ratio (SNR). (a). The unpolarized
image exhibits SNR with a typical value of 4.03. (b). The SNR of the same area increases to 136.67 after background
suppression. Gold nanorod locations are clearly identifiable.

4. CONCLUSION
We have demonstrated a polarization-modulation imaging system capable of background scattering suppression and
signal-to-noise ratio enhancement. Voltage-tunable polarization produces images with high spatial stability, which
enable direct image subtraction for scattering suppression without any spatial errors. Our method is capable of longterm, nonbleaching imaging with improved image SNR and higher resolving capabilities.
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