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ABSTRACT

Current state-of-the-art technology for in-vitro diagnostics employ laboratory tests such as ELISA that consists of a
multi-step test procedure and give results in analog format. Results of these tests are interpreted by the color change in a
set of diluted samples in a multi-well plate. However, detection of the minute changes in the color poses challenges and
can lead to false interpretations. Instead, a technique that allows individual counting of specific binding events would be
useful to overcome such challenges. Digital imaging has been applied recently for diagnostics applications. SPR is one
of the techniques allowing quantitative measurements. However, the limit of detection in this technique is on the order of
nM. The current required detection limit, which is already achieved with the analog techniques, is around pM. Optical
techniques that are simple to implement and can offer better sensitivities have great potential to be used in medical
diagnostics. Interference Microscopy is one of the tools that have been investigated over years in optics field. More of
the studies have been performed in confocal geometry and each individual nanoparticle was observed separately. Here,
we achieve wide-field imaging of individual nanoparticles in a large field-of-view (~166 pm x 250 pm) on a micro-array
based sensor chip in fraction of a second. We tested the sensitivity of our technique on dielectric nanoparticles because
they exhibit optical properties similar to viruses and cells. We can detect non-resonant dielectric polystyrene
nanoparticles of 100 nm. Moreover, we perform post-processing applications to further enhance visibility.

Keywords: Interference Microscopy, wide-field imaging, digital counting, single-particle, polystyrene, deconvolution,
post-processing

1. INTRODUCTION

Infectious diseases have become a major problem worldwide with increasing importance. Therefore, the need for
systems which can timely detect infectious agents is increasing especially for early diagnosis and treatment." * Protein
biomarkers are successful identifiers of diagnosis and prognosis in a variety of diseases from cancer to allergy.> *
Disease state and progression can be determined by the measurement of the related biomarker. For example, the survival
rate for colorectal, breast and prostate cancers have increased due to improvement in early detection and technological
advances resulting in better treatment.’

Enzyme-Linked ImmunoSorbent Assay (ELISA) and Polymerase Chain Reaction (PCR) are currently gold standards in
the diagnostics industry. ELISA consists of immobilization of an unknown amount of antigen into a well-plate, adding
the patient sample that contains the antibody which is produced in response to an infection, coming in with a specific
antibody labeled with an enzyme, and then adding a substrate that reacts with the enzyme to produce a color change.’
PCR provides very sensitive identification of many pathogens by amplifying the corresponding nuclear acid target.”
Even though these ELISA and PCR provide accurate and sensitive measurements, they require significant sample
preparation, a trained person in order to apply the technique. Moreover, the tests are hard to miniature and costly.

The concentration of the proteins for typical clinical measurements are on the order of ~10"* M.®* Among the
technological advances for new generation diagnostics, biosensors become promising for clinical use due to their
sensitivities and ease of use. Biosensors are shown in literature to find applications in diagnostics from allergy to cancer.
For diagnostics of cancer, neurological disorders, and the early stages of infection, more sensitive protein diagnostics
tools are required. Because for this aforementioned monitoring, measurement of the proteins with concentration in the
range of 10"° — 10" M in serum is required.”"'
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Development of highly sensitive, quantitative, and multiplexed biomarker detection systems at the point of care is a
crucial focus for the technological development of next generation diagnostics.'” An idealized POC diagnostic test
should be similar to a pregnancy or glucose monitoring test, i.e., very simple, easy to use, and easy to interpret.'

There have been attempts for digital detection of biomolecules for clinical applications. Developing techniques in order
to image nanoparticles for early detection of diseases, such as viral infections and cancer, as well as the use of
nanoparticles for the treatment of certain types of cancers has recently gained considerable attention. It has been shown
that bio-agents of concentration of ~fM can be measured optically."*

We aim to develop an in-vitro point-of-care biosensor that can be used for diagnostic purposes. For this purpose, an
imaging technique that is sensitive, easy-to-implement, low-cost, and easy-to-miniaturize is essential. Such a technique
will be useful to develop biosensors which will transform into portable medical imaging and detection devices, allowing
for disease diagnostics in remote locations and subsequent planning for clinical therapy.

Optical interferometric techniques have proven utility in sensitive imaging of individual nanoparticles in wide-field. We
further study this technique and implement various optical schemes to improve the sensitivity of this biosensor, targeting
to detect smaller biomolecules that would normally go undetected with the current system. Applying post-processing
tools to the acquired images allows increasing the optically achieved resolution and contrast.

2. WIDE-FIELD INTERFERENCE MICROSCOPY FOR SINGLE PARTICLE IMAGING
AND COUNTING

Single-particle imaging and spectroscopy is important for applications in chemistry, biology and soft matter systems.
Different optical schemes employing interference of light has been applied in literature for detection of individual
nanoparticles.'” '* Label-free optical sensing down to single-molecule level and spectroscopy of gold nanoparticles down
to 10 nm was enabled by Interferometric Scattering Microscopy.'” *° Enhanced signal levels in detection of low-index,
non-resonant dielectric nanoparticles were demonstrated by pupil function engineering in common-path Interferometric
Microscopy.?' In Photothermal Microscopy, small modulated changes in the detected probe light is generated by
interference of the reference field and the scattered field, which is modulated at a certain frequency. Lock-in detection is
employed to isolate the small modulated component, providing the sensitivity of absorption measurement down to a
single chromophore.” All of these measurements allow sensitive detection. However, the image of each nanoparticle can
be recorded by raster scanning of the sample across the tightly focused excitation light. Therefore, recording the images
of nanoparticle on a large area is slow. Moreover, because the excitation has to be performed using supercontinumm or
single mode laser light sources and piezo stages with high positioning accuracy has to be used for raster scanning,
confocal interference microscopy is costly.

15,16

In our wide-field interferometric detection of nanoparticles, we image the nanoparticles that are deposited on the SiO,
surface or captured by the biomolecules spotted on the SiO, surface.

The sample is excited by an incident beam, £, .. Part of the excitation light is scattered off by the nanoparticles (£ )

with a magnitude proportional to the scattering cross-section ( 0, ) of the nanoparticle. In addition, part of it is reflected

ca
off from the air/substrate interface. The measured signal is the magnitude square of the sum of the reference (in this case
reflected) and scattering fields within the numerical aperture (NA) of the system. The signal is affected by the phase
difference between the reference field and the scattering field. (Eqn. 1).

The signal that is registered on the photodetector is then written as in the following:

[ |E,+E[ < |E[ +|E[ - 2|E |E,|cos(8,) (1

The excitation and collection geometry is sketched in Fig. 1 for better visualization.
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Figure 1. The schematic representation of the sample excitation, signal generation and collection conditions.

The interferometric detection of scattering signal generated by the nanoparticle upon its excitation with the light source
is different than in the case of detecting the direct scattered light, such as the scattering signal in the dark field scattering
microscopy. The signal measured using the solely scattering-based detection techniques scales as follows:

2

I oc |ES

2

2
where |ES is the direct scattering signal and E| is scattering field. As £ scales with e , the direct scattering signal

scales with 7°and drops notably for nanoparticles with small sizes. For example, it becomes very challenging to image
gold nanoparticles with sizes below 40 nm using direct scattering signal.*

On the other hand, the intensity measured using an interferometric system is as follows:

[ < 2|E, |E,|cos(6), ) 3)

where £ is the reference field and the interference signal that is the cross-term scales with r* . Therefore, interferometric

methods allow imaging nanoparticles with smaller sizes. Moreover, provided that the ﬁrs (phase between the reflected

and scattered field) is controlled, the measured signal can further be improved.

We put efforts in creating practical, robust, and cost-effective solutions for non-laboratory environments. Moreover,
imaging and counting of nanoparticles deposited on a large area is required for clinical applications. In order to perform
sensitive digital imaging of nanoparticles on an individual basis, we successfully implemented and applied the Wide-
field Interferometric Microscopy technique and detect metallic and synthetic non-resonant nanoparticles. In spite of the
strong imaging capability of the technique, it does not require advanced optics parts. Moreover, it can be developed
using single color LED instead of expensive lasers. It requires the use of a silicon-silicon dioxide substrate as a common-
path interferometer.

While our technique works in a way similar to confocal interference microscopy, we employ a special substrate in order
to perform the interference microscopy in the wide-field. We use a Si/SiO, substrate with a certain thickness of SiO,

(~100 nm), which enables adjustment of the phase (6., ) between the scattered field and the reference field to maximize

the interference signal. The atomically flat surface of the Si allows the same excitation condition for all nanoparticles
over a large area.

We perform Wide-Field Interferometric Microscopy in the reflection geometry for single-particle scattering imaging
illustrated in Fig. 2. We use an LED performing at 530 nm (Thorlabs M530L3) as illumination source. After the
excitation light is fed into the integrating sphere (Thorlabs 1S200-4) and the light passes the bandpass filter (Thorlabs
FL514.5-3), we direct the beam through a 30 mm lens (Thorlabs AC254-030-A-ML). We create a near collimated
excitation light traveling toward the beam splitter which directs the beam toward the microscope objective (Nikon TU
Plan Fluor Epi P 50x Obj 0.8NA). Two iris diaphragms (Thorlabs SM1D12D) are used in proper places for controlling
the NA of the excitation beam and the field-of-view. A 60 mm lens (Thorlabs AC254-060-A-ML) before the 50/50
beamsplitter (Thorlabs CCM1-BS013) allows the focusing of the excitation light at the back focal plane of the
microscope objective. Kohler type wide-field illumination is achieved. We perform Ko6hler illumination to uniformly
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excite the nanoparticles and minimize the image artifcats owing to LED structure. For our objective, we use a 200 mm
lens (Thorlabs AC254-030-A-ML) as the tube lens in the microscope. The signal from the nanoparticles is then recorded
on the CCD (Point Grey GS3-U3-120S6M-C) camera.

The schematic diagram of our Wide-field Interferometric Microscopy is shown in Fig. 2.
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Figure 2. Schematic diagram of the Wide-field Interferometric Microscopy in reflection mode.

After setting up the wide-field imaging system utilizing interference microscopy, we used 1951 USAF resolution test
target (Thorlabs RIDSI1P) in order to determine the pixel size of our system. We measured the 7™ group on this test
target (Fig. 3). On the seventh group, the bars and spacings of 1%, 2" and 3™ units are 3.91 pm, 3.47 um and 3.11 pm,
accordingly. Using this measurement, we determined the relative size of each pixel in our recorded images to be about
59 nm. This value is very close to the expected value of 62 nm, calculated according to the pixel size of the CCD of 3.1
pm and magnification of the objective of 50x.

a
1951 USAF Resolution Target
_ 7
’ Group
Element » Numbers: . Eloment
Numbers 0 I Numbers.
. —_
2= 11l WS
— =2
— —
n=s
3= "l Mm=a
— =5 o
4=1l W= Number

5=l

= —
~ Element
0s1P — — l jement
usr 1958 K A0 ~a 6 — "I — - N

Figure 3. a) 1951 USAF resolution test target with magnified image of different groups including bars of different sizes in
each unit. b) Image of the 7" group on the test target recording using the microscope system explained in this manuscript. 1%
and 3" units are represented by numbers besides them.

Using this technique, it is possible to image individual gold nanoparticles and also dielectric nanoparticles with smaller
scattering cross-sections than those of metal nanoparticles. It is important to test the capability of the system on the
detection of dielectric nanoparticles especially because they exhibit dielectric properties similar to biomolecules and cells
and we aim to employ our imaging technique in biosensor applications.

3. IMAGING OF DIELECTRIC NANOPARTICLES

A wide-field image of polystyrene nanoparticles was obtained using Wide-field Interferometric Microscopy. Samples of
polystyrene nanoparticles in diameters of 150 nm and 100 nm were prepared by spin-coating diluted suspension of
nanoparticles on Si/SiO, substrate. Homogeneous distribution of nanoparticles over the sample was ensured. No
embedding medium was used throughout the optical experiments.
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We first imaged 150 nm polystyrene nanoparticles in order to verify the operation of our Wide-field Interference
Microscope. While the lengths of recorded image are 166 pm + 250 pm, we show a cropped area (30 um + 30 um) in
Fig. 4a for better visualization. Each spot in Fig. 4a correspond to individual 150 nm diameter gold nanoparticles except
for a few aggregates and smaller nanoparticles. For example, the nanoparticle shown in red square is probably an
aggregate. Likewise, the nanoparticle in green circle is probably a particle with a diameter smaller than 150 nm. This can
be understood by the fact that the interference signal scales with the volume of the nanoparticle. The majority of the
nanoparticles in this image show signals similar to each other and we can say that they belong to the batch of similar-

sized nanoparticles.
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Figure 4. a) The scattering signal of 150 nm polystyrene nanoparticles. b) Histogram of individual nanoparticles’ signal and
background signal. c¢) Lines profile over an individual nanoparticle with a Gaussian fit which yielded a spot size of ~397 nm.

We can understand the above explanations further from the distribution of signals of nanoparticles shown in Fig. 4b. The
red bars correspond to the signals of 324 particles imaged in larger area and plotted here for better statistics. We observe
a singular narrow distribution of signal and the average is 93.06 with a distribution of 15% around the mean. A few
particles with higher signals than the envelope of the distribution are observed. In addition, rest of the signals we
measure are largely separated from the background signal (black bars in Fig. 4b) and we observe 150 nm diameter
polystyrene nanoparticles with a good contrast, which is important for digital counting.

We check the size and shape of the scattering signal spots measured using our imaging method. This analysis helps us to
determine whether the alignment of the system was adjusted well. We show the line profile of the signal over a
nanoparticle along red-dash line shown in the inset of Fig. 4c. The profile exhibits a nice Gaussian profile. The
wavelength of our excitation light is 530 nm and we use 0.8 N.A. objective. The diffraction limited spot

A
(o0=122 TNA ) should be around 404 nm. We find the FWHM of the measured spot through Gaussian fit as 397 nm
experimentally and this result fits well with the expectation.
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Figure 5. a) The scattering signal of 100 nm polystyrene beads. b) Distribution of signals measured from 150 nm and
100 nm diameter polystyrene nanoparticles.
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In order to test the sensitivity of our system for sizes similar to viruses, we imaged smaller diameter of polystyrene
nanoparticles than 150 nm. We show the signals of 100 nm diameter polystyrene nanoparticles in Fig. 5a. It appears that
the sample is denser than the sample of 150 nm. Even though the contrast is low for this sample it is possible to separate
the nanoparticles from the background signal. In order to see the difference of signals between samples of 150 nm and
100 nm diameter polystyrene beads, we plotted the distribution of background corrected signals for these two samples.
For this investigation, we did not take into account the signals which we assume are aggregates based on their signals
and normal envelopes around the distributions. The average signals for 150 nm and 100 nm diameters samples are
17.546.39 and 6.01+0.68, respectively. The average interference scattering signal of 150 nm diameter particles is 2.91
times larger than that of 100 nm. This results matches well with the theory that interference signal directly scales with
3

the volume of nanoparticles ( 3
100

= 3.38). The small discrepancy between the measured and expected dependencies

could be due to that fact that it is harder to analyze signals of nanoparticles with dimmer spots observed in Fig. 5a.
Therefore, a post-processing technique to increase the contrast will be very helpful. This achievement will improve the
results of optical detection and digital counting.

4. CONTRAST AND RESOLUTION ENHANCEMENT USING GENERIC IMAGE
PROCESSING ALGORITHMS

In this study, in order to enhance resolution and contrast of images of 100 nm and 150 nm sized polystyrene particles,
generic denoising and deblurring algorithms are used.

First, as a denoising algorithm, a moving average filter is used. Moving average filter is a low pass filter, averaging with
a finite support along the data points.** This filter is formulated as in Eqn. 4,

Ml == 3" = k] @

m
where m is the filter length.

After denoising, iterative blind deconvolution algorithm is used in order to have enhanced resolution of images. Blind
deconvolution is performed without explicit knowledge of a point spread function (PSF) in imaging. This can be
achieved by making appropriate estimations on distribution of point spread function. There are iterative and non-iterative
algorithms for blind deconvolution in the literature.”>® In this study, an iterative blind deconvolution algorithm which
takes advantage of maximum likelihood method is used.”®
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Figure 6. a) The original and post-processed images of 100 nm and 150 nm diameter polystyrene beads. Color scales for the
images are kept the same. b) The magnified image of an individual nanoparticle before and after post-processing. The
intensity as a function of the distance along the dotted lines on the images is plotted for original and post-processed single
particle image.
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For sake of convenience, using Matlab implementation of a moving average filter, 1-D filter is applied along both
horizontal and vertical directions on images. The length of filter is chosen as 3. Using Matlab implementation of iterative
blind deconvolution, the implementation needs initially estimated PSF and the number of iterations. As an initial PSF,
normalized 2-D gaussian with standard deviation of 5 and 80x80 support is used. We select the number of iterations as
10. The results are depicted in Fig. 6.

The contrast and the resolution of the image is enhanced after post-processing the data. We show the original images and
the images after post-processing for 150 nm and 100 nm diameter particles (Fig. 6a). For both images, it is observed that
the sizes of the spots for each spot are decreased while the contrast is increased. We analyze the result further on an
individual nanoparticle in Fig. 6b. We plot the line profiles along the dotted lines as shown in the upper part of Fig 6b.
The colors of squares are representing the color of the line profiles. We see that the FWHM is decreased from 402 nm to
271 nm. Moreover, the background is largely suppressed and the contrast is largely increased.

S. CONCLUSION

Using our developed Wide-field Interferometric Microscopy, we were able to detect non-resonant, low-index dielectric
nanoparticles and record their diffraction limited optical images. The diameters of the polystyrene nanoparticles were
150 nm and 100 nm. They were similar to biological nanoparticles in size and dielectric properties. The post-processing
algorithms we applied here further increased the detection sensitivity and resolution. These results provide a sensitive,
easy-to-implement, low-cost, and easy-to-miniaturize system which will enable highly sensitive, quantitative, and
multiplexed measurements. Therefore, we anticipate that our results will promote further studies of new generation
diagnostics.
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