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Abstract

Single-molecule and single-nanoparticle biosensors are a growing frontier in diagnostics. Digital
biosensors are those which enumerate all specifically immobilized biomolecules or biological
nanoparticles, and thereby achieve limits of detection usually beyond the reach of ensemble
measurements. Here we review modern optical techniques for single nanoparticle detection and
describe the single-particle interferometric reflectance imaging sensor (SP-IRIS). We present
challenges associated with reliably detecting faint nanoparticles with SP-IRIS, and describe image
acquisition processes and software modifications to address them. Specifically, we describe a
image acquisition processing method for the discrimination and accurate counting of nanoparticles
that greatly reduces both the number of false positives and false negatives. These engineering
improvements are critical steps in the translation of SP-IRIS towards applications in medical
diagnostics.
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[. Introduction

The development of optical tools for detection and characterization of nanoparticles will
impact a broad range of disciplines in biological research from nanomedicine to
nanotoxicology [1]. Single-molecule counting or digital detection provides resolution and
sensitivity beyond the reach of ensemble measurements. The impressive capabilities of
digital detection schemes have led to desire for the translation of these techniques into
clinically useful applications [2]. In order to realize the diagnostics potential, future research
efforts should focus on the development of practical systems with infrastructural
requirements better aligned with the functional realities of a clinical environment.

In vitro detection of nucleic acid and protein biomarkers are an indispensable component of
modern clinical practice. The sub-wavelength size scale of these biomolecules makes direct
detection through traditional microscopy methods extremely challenging. As such, modern
gold standards rely upon amplification methods to generate a detectable signal that scales
with analyte concentration. Recent advancements in automated diagnostic platforms based
on polymerase chain reaction (PCR) and enzyme-linked immunosorbent assays (ELISA)
have enabled the routine detection of trace levels of nucleic acid and protein biomarker.
Additionally, parallel research efforts in sample pre-concentration techniques have shown
further potential for enhancement of traditional assays [3]. While these techniques achieve
impressive results, all rely heavily upon a complicated sequences of sample preparation and
amplification processes that limits their effectiveness outside of well-equipped laboratory
environments [4]. On the other hand, rapid and point-of-care (POC) testing is commonly
performed with lateral-flow style Rapid Diagnostic Tests (RDTSs), which achieve qualitative
biomarker detection in a robust and easy to use format [5].

Digital detectors offer the potential to fill the diagnostic gap between ultrasensitive
molecular amplification tests and qualitative POC tests, by promising both direct and
sensitive measurement of health biomarkers. The single-particle interferometric reflectance
imaging sensor (SP-IRIS) is one such technique, which can enumerate individual
nanoparticles immobilized onto a very flat thin film reflecting substrate [6]. The SP-IRIS
instrument is a simple reflectance microscope (Figure 1), in which partially-coherent light
shines down onto substrate and is strongly reflected. The faint light scattered by a
nanoparticle on the substrate is observed as a small, diffraction-limited perturbation of the
reflected light, due to interference. SP-IRIS has been used to directly detect Ebola- and
Marburg-pseudotyped vesicular stomatitis virus in serum and whole blood [7] [8] without
sample preparation. It has also been used to perform highly-sensitive detection of single
molecules via functionalized gold nanoparticle labels which are also individually counted

[9].

Despite the potential for very high sensitivity demonstrated by SP-IRIS, the robustness of
the image acquisition and particle-counting software has been a major challenge. In this
paper, we first describe the problem of robustly detecting dim nanoparticles in SP-IRIS
images. We then present software and process improvements to SP-IRIS that have improved
the sensor’s overall performance thru a significant reduction in the rate of false positives.
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Many of these improvements have broader relevance to signal processing in imaging
biosensors and single-particle detectors.

Il. Optical Imaging Techniques for non-Fluorescent Nano-Particle
Characterization

Conventional light scattering microscopy cannot detect features that are significantly smaller
than the wavelength of illumination. Very small scatterers are blurred by the characteristic
point spread function (PSF) of the microscope lenses and illumination, the intensity of
which is a very strong function of particle size: quasi-static scattering theory relates the
strength of the induced dipole to the polarizability of the particle a as

3 Ep —E&m

a=4megr
Ept2em

where ris the particle radius, ey is the particle permittivity, and ey, is the surrounding
medium permittivity. The observed intensity at the detector scales with the square of the
scattered field, resulting in an /8 signal scaling that rapidly drops below the background
noise for small nanoparticles. While fluorescence labeling techniques have been successfully
employed to increase both the sensitivity and the resolution of the optical microscope [9,
10], persistent issues with photobleaching and nonspecific binding to complex media
components present significant obstacles. Furthermore, variability of fluorescence signal
masks the information related to the physical size of the biological nanoparticles.

There are several approaches to overcome the difficulties in detection and visualization of
non-fluorescent nanoparticles. We focus on methods for optical detection of nanoparticles
captured on a solid surface. Here, we briefly review three of the most common methods: (i)
optical resonators (such as whispering gallery mode devices), (ii) dark-field or evanescent
excitation imaging, and (iii) interferometric enhancement. Resonance is a very powerful
technique to enhance weak optical interactions. Since the optical scattering from a
nanoparticle is vanishingly small, a promising way to increase the effective interaction is
using resonant microcavity structures in which the light samples a nanoparticle many times
before being detected [12], [13]. In this case, light circulates in the optical sensors formed by
guided-wave devices coupled to resonant structures (such as rings, spheres or disks) and
establishes whispering gallery modes (WGM). Nanoparticles captured on the surface of the
resonator interact with the evanescent tail of the optical wave and perturbs the resonance
behavior of WGMs in the cavity. Using high-Q (quality factor) WGM devices detection of
nanoparticles such as viruses and single molecules has been demonstrated [13], [14].
Despite significant advances and exquisite sensitivity, these devices have limited impact on
biological detection of nanoparticles. One of the critical limitations is low throughput
capacity. More importantly, these type of sensor devices work very well in pure solutions but
their sensitivity is significantly hampered in complex biological solutions such as serum or
whole blood. Finally, the small active sensor area that is characteristic of such resonators
means that their concentration detection limit is strongly limited by diffusion [15].
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An interesting single nanoparticle detection method combines resonant enhancement
utilizing a photonic crystal sensor surface with imaging. A one-dimensional photonic crystal
(PC) surface was utilized to detect surface attachment of individual dielectric and metal
nanoparticles without fluorescence through measurement of localized shifts in the resonant
wavelength and resonant reflection magnitude [16].

We review the (ii) dark field and (iii) interferometric detection methods in more detail below.
These methods have the potential of large area imaging and high throughput as well as
applicability in detection of nanoparticles in complex solutions allowing for applications in
in vitro diagnostics.

A. Nanoparticle Detection with Evanescent Illumination

Dark-field illumination methods enable detection of directly scattered light through
suppression of background signal. Most methods used total internal reflection style
illumination to generate scattering with an evanescent field interacting with nanoparticles
captured on the surface. Because this field decays exponentially, only the immediate vicinity
of the sensor surface is interrogated, and the illuminating field does not propagate to the
detector. Compared to standard epi-illumination microscopy utilizing dark-field objectives,
total-internal reflection and evanescent excitation provide better suppression of the
background.

Total-internal reflection (TIR) illumination has been studied extensively in the context of
TIR fluorescence (TIRF) microscopy that images fluorescently labeled biological entities
close to the interface and it can observe binding of single chromophores [17]. Utilizing
similar excitation schemes and imaging scattered intensity from surface bound nanoparticles
allows for direct imaging of ~100nm for dielectric particles and viruses [18] as well as
single ~40nm Au nanoparticles [19]. Since scattering intensity scales with approximately /8
these techniques are very sensitive to particle size.

An alternative to prism- and objective-based TIR illumination is guided-wave illumination
that provides a highly-controlled evanescent field interacting with nanoparticles on the
surface [20]. Guided-wave evanescent excitation has several advantages over conventional
TIR illumination including tighter confinement and uniformity of the excitation field over
large areas. Waveguide-based dark-field illumination has been utilized for simultaneous
observation of scattered and fluorescent light from multiple surface-associated nanoscopic
objects using standard microscopes [21].

A contrasting example for evanescent excitation and imaging is Surface Plasmon Resonance
Microscopy (SPRM) which operates in bright-field. The resonant excitation of the surface
plasmon waves is sensitive to the local refractive index in the vicinity of the metal layer, thus
binding of a nanoparticle on the metal surface provides a discernible signature on the spatial
image obtained on the array detector. Imaging and detection of sub-100nm silica
nanoparticles and single HIN1 viruses have been demonstrated by SPRM [22].
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B. Nanoparticle Visualization with Interferometric Imaging

In contrast to dark-field microscopy relying on suppression of the background light,
interferometric methods utilize a strong reference field that is interfered with scattered light
to enhance the visibility of nanoparticles. In a simplistic manner, the observed intensity can
be expressed as:

\Es+E,|* = |E*+|E,|*+2 |E,| | Es| cosf

where @ represents the relative phase angle between the scattered and reference fields. The
first term, |52 is the observed intensity of the reference field. The second term, |£42 has a
very strong size dependence (/) and is negligibly small for particles significantly smaller
than the illumination wavelength. The third cross term has a weaker size dependence (/3)
and can be much greater than the purely scattered light for small nanoparticles. This basic
concept applies to heterodyne and homodyne interferometric detection techniques.
Interferometric microscopy method has demonstrated detection of gold nanoparticles as
small as 5nm [23], viruses [24], [25], and even individual unlabeled proteins [26] in
laboratory environments and pure sample solutions.

Our optical imaging technique, known as the single-particle interferometric reflectance
imaging sensor (SP-IRIS) visualizes single nanoscale particles by utilizing a common-path
interferometric enhancement [6]. Optical scattering from individual nanoscale particles are
enhanced by the layered dielectric surface acting as an optical antenna. The interference of
reference light reflected from the sensor surface with the scattered field produces a distinct
signal that reveals the size of the particle. As we describe below in detail, SP-IRIS is capable
of detecting dielectric/biological nanoparticles with diameters down to 60nm diameter and
gold nanoparticles down to 40nm diameter. These gold nanoparticles are conjugated to
secondary recognition probes, and used as labels, allowing protein or DNA assays with
single-molecule readout [9], [27]. Below, we describe the evolution of the SP-IRIS
technology, review the difficulties in accurate sizing and discrimination in real-life
applications, and present a practical and robust image acquisition and processing method.

lll. Single-Particle Interferometric Reflectance Imaging Sensor (SP-IRIS)

The Interferometric Reflectance Imaging Sensor (IRIS) is a low-cost, compact and simple to
use biosensing platform developed at Boston University. IRIS has demonstrated
highthroughput detection and quantification of protein-protein binding, DNA-protein
binding and DNA-DNA hybridization in real-time with high sensitivity and reproducibility
[6], [28]. Recent significant advancements in IRIS technology have allowed us to identify
individual captured nanoparticles through correlation of the observed interference patterns
intensity with analyte size and shape. This new modality of IRIS is termed single-particle
IRIS (SP-IRIS). SP-IRIS, as illustrated in Fig. 1, shines light from an LED source on
nanoparticles bound to the sensor surface, which consists of a silicon dioxide layer on top of
a silicon substrate (Fig. 1b). Interference of light reflected from the sensor surface is
modified by the presence of particles producing a distinct signal that is captured by a
conventional CCD camera. This appears as a dot on the image (Fig. 1c), the peak intensity of
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with is correlated to the size of the particle using a forward model. Size discrimination
reduces the noise from nonspecifically bound particles. In an SP-IRIS image, as many as a
million distinct nanoparticles can be simultaneously detected. SP-IRIS relies on efficient
collection of scattered light from nanoparticles and thus requires high magnification (50x)
and high numerical aperture (0.8), which limits the field of view to less than 0.3 mm x 0.3
mm using conventional CCD cameras. For DNA arrays with a 100 um pitch, as many as
about 10 spots can be imaged at once. To interrogate larger arrays, consecutive images are
taken to cover the entire IRIS sensor using an automated scanning stage. SP-IRIS can
operate in either a labeled or label-free modality, as some analytes (viruses) can be directly
visualized (Figure 1b).

For smaller analytes (such as individual nucleic acid or protein biomarkers), single molecule
sensitivity is achieved by secondary functionalization of targets captured on the surface with
a small gold or other metallic nanoparticle. Labeling secondary probes with a particle
commonly referred to as “mass-tagging” is a prevalent method to enhance sensitivity. Mass-
tagging approaches employed with conventional microscopy require at particles on a size
scale of hundreds of microns, resulting in limitations due to diffusion and steric hindrance of
the secondary tag [15], [29]. In contrast, SP-IRIS can measure the shape and size of
individual nanoparticles as small as 20 nm, which is only about twice the hydrodynamic
diameter of an antibody, allowing this information to serve as an identifier of the
biomolecule attached to the nanoparticle. We term this identifying feature as a “nano-
barcode”. Nano-barcode based detection also improves assay specificity, because the nano-
barcode has to match the probe it is binding over to be considered a positive binding event.

A. Advancement of SP-IRIS technology

In reviewing the evolution of the technology, we illustrate various difficulties in building a
robust system for accurate sizing and discrimination of nanoparticles. SP-IRIS was first
introduced in 2010 for high-throughput detection and sizing of individual low-index
nanoparticles and viruses for pathogen identification [7]. Size discrimination of
nanoparticles with diameters of 70, 100, 150, and 200 nm using an oxide on silicon substrate
in a wide-field, reflected-mode microscope was demonstrated. For a particular oxide
thickness and illumination wavelength, the observed intensity of a nanoparticle on the
surface has a specific size dependence. The images acquired and supporting numerical
simulations were conducted for a single focal plane coinciding with the oxide-silicon
interface. The successful demonstration of size discrimination was enabled by two factors:
(i) the measurements were done in dry conditions and (ii) the samples were prepared by
directly depositing the polystyrene and viral nanoparticles on the surface rather than a
biologically relevant capture using immobilized probes. Even though these factors allowed
for reasonable assumptions concerning the axial location of nanoparticles with respect to the
surface, the authors noted that the varying axial position of nanosphere centroids with
increasing radius resulted in a single-wavelength sizing curve that became double-valued for
larger particles. The difficulty of focusing on a layered reflecting surface was noted and
future corrections were suggested utilizing axial scans and fitting the oscillation in phase to
the forward model at peak response illustrated by a numerical study [30] and shown in Fig.
2.
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As the SP-IRIS technology evolved, it was applied to direct label-free capture and
characterization of viruses from complex media such as blood or serum. Affinity-based
capture, size discrimination, and a “digital” detection scheme to count single viruses, yielded
a multiplexed and sensitive virus sensing assay [7]. These experiments were conducted on
dry samples after viruses were captured on SP-IRIS chips from serum or whole blood
contaminated with high levels of bacteria. Size discrimination proved very valuable to
reduce the background noise since the antibody surfaces have inherent roughness, and non-
specific binding of biological particles in complex solutions can be significant. By
combining the advantages of SP-IRIS, with microfluidics, led to real-time digital detection
of individual viruses as they bind to an antibody microarray [8]. In liquid, the index ratio
between the particle to the surrounding medium is reduced, resulting in a 3-fold reduction
compared to dry measurements. Furthermore, the captured viral particles may have an axial
position distribution, especially when elevated using immobilized probes with flexible
tethers for improved capture efficiency [31].

modeling of the interferometric signal

SP-IRIS uses Kdéhler illumination, in which the Fourier plane of a partially coherent LED
source is imaged onto the sample plane. Each spatial position (x,)) on the emitter produces a
plane wave incident on the sample at corresponding angle (&j, ;). Since each of these
components corresponds to an independent photon emission event, these illumination
components do not interfere. Each plane wave component of the incident light interacts with
the sample independently, resulting in a scattered field from the particle and reflected field
from the surface, which have a path length difference less than the temporal coherent length
(usu. 10-30 microns) and interfere at the detector. The resulting intensity from this
illumination component is added incoherently to the others, resulting in the final observed
image. Note that the nanoparticle can be considered as a dipole scatterer since its size is
much smaller than the illumination wavelength. The theoretical foundations of SP-IRIS with
an emphasis on its key parameters that influence the signal have been studied by our group
in [32], and a physical model utilizing the angular spectrum representation [33] was realized
based on this study. The calculated intensities for all the driving field components are
summed to get the overall interferometric signal.

Many parameters effect the optical visibility of nanoparticles on an IRIS substrate, including
the particle size and elevation above the interface as well as immersion medium, collection
NA and illumination wavelength. When illuminated by a single plane wave of normal
incidence, light scattered by the nanoparticle in the forwards direction (into the substrate) is
reflected and interferes with back-scattered light. This self-interference of the scattered
fields is stronger in particular directions, depending on the optical path length difference
between forward-and back-scattering. Increasing the particle size, or elevation from the Si-
SiO; interface, increases the height of the effective dipole, and shifts back-scattering towards
higher angles. Furthermore, unlike a Michaelson interferometer for example, the path length
of the reference reflection from the Si-SiO5 interface cannot be dynamically adjusted.
Nanoparticles for which the substrate is optimal manifest a single strong positive (or
negative) peak in their defocus curves (e.g. Figure 3). Larger, smaller or elevated particles
will deviate from this however: at the extreme, they will be in quadrature with the reference
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field, and therefore exhibit smaller negative and positive peaks of approximately equal
magnitude (e.g. Figures 4-5). In summary, changing the particle position not only shifts the
scattering radiation pattern towards higher angles but also processes the phase of the
scattered fields with respect to the reflected field in a predictable manner. This
understanding has motivated the design of improved acquisition and image processing
filters, discussed in later sections.

IV. Robust Nanoparticle Identification and Discrimination

Although interferometric imaging methods have been well established as a tool for
nanoparticle characterization, the translation of these techniques to a diagnostic context will
induce a significant paradigm shift in the validity of many assumptions upon which
preliminary studies were based. Clinical contexts require that these techniques function as a
concentration measurement instead of as a characterization tool. From this perspective,
accurate characterization of nanoparticle properties is only relevant to the extent that it
enables accurate discrimination of chemically specific binding events from spurious signals
resulting from nonspecifically bound scattering objects and morphological variation in
immobilized capture probes. While the spatial multiplexing of conditions through micro-
arrayed capture probes on solid-phase substrates enables higher level of assay parallelism
than is achievable in solution-based assays, variations in spot morphology and
immobilization density increase both the prevalence of nonspecific background signal and
the expected variation in the axial height of captured nanoparticles with respect to the
reflective surface. Although early studies demonstrated the use of SP-IRIs for concentration
measurements of unlabeled viral pathogens, these efforts were heavily dependent well
optimized probe morphology, manual focal control by a skilled operator, and the ability to
assume of homogenous nanoparticle properties and axial locations [7], [8].

Because diagnostically relevant nanoparticles are typically much smaller than the
wavelength of illuminating light, their appearance in wide-field images takes the form of
radially symmetric regions of alternating positive and negative normalized intensity. The
rotationally invariant nature of these interference patterns makes it possible to identify the
centroids of these nanoparticle signatures through simple template matching algorithms,
provided that the analysis algorithm is capable of creating a sufficiently accurate simulated
template. While this process is widely employed to identify point spread functions (PSFs) in
conventional fluorescence and bright-field microscopy images, where PSF appearance is
determined solely by optical system parameters, the interferometric nature of SP-IRIS
measurements produces a much larger parameter space of possible template appearances.
Even without the variability induced by changes in nanoparticle axial location, small errors
in substrate alignment (on the order of tenths of a degree) can result in heterogeneous
defocus behaviors for identical nanoparticles in different regions of a single field of view.
Figure 7 shows a raw image of 100 nm PS nanospheres physisorbed onto a 30 nm oxide
substrate in water, displaying signature with varying appearance for different regions.
External measurements performed during system calibration indicate a misalignment of no
more than one quarter of a degree, demonstrating the extremely high calibration diligence
required for accurate nanoparticle characterization over a wide field of view using only
single-plane images. While preliminary studies were able to minimize this variability
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through careful alignment and sample quality control, such strict tolerance requirements will
not be compatible with widespread use of these techniques by unskilled operators.

In an effort to overcome the obstacles posed by variable defocus behavior, recent
advancements in automated imaging and analysis have shown that the change in intensity
experienced by a nanoparticle signature over the extent of a given range of focal planes, or
differential intensity, is considerably more predictable than its specific appearance in any
single image, as shown through simulations in Figure 6. The nanoparticle response
generated by the calculation of differential intensity collapses into a consistent profile
regardless of amplitude or defocus behavior, enabling the straightforward identification of
nanoparticle locations within an image using simple template matching methods.
Furthermore, the amplitude of the differential intensity signature provides a consistent
metric for size-based discrimination. Using this concept, we have developed an algorithm for
the robust measurement of the concentration of surface-bound nanoparticle populations
regardless of heterogeneity in size and axial offset.

Initially, a nominal focal plane is identified via an autofocus algorithm utilizing a finite
impulse response filter optimized for the critical spatial frequency of the optical system [34],
after which a z-stack is acquired at 200nm increments over a 6 micron range centered at the
starting point. Each slice of the z-stack is normalized into units of local normalized intensity
by dividing the raw image by a low-pass filtered background image. This 3D data structure
is used to calculate the maximum peak to peak intensity observed at each pixel over the total
range of defocus positions within the z-stack, resulting in a two dimensional image
differential intensity in which signatures from a heterogeneous population of nanoparticles
are collapsed into a single consistent profile. A simulated template is generated by using the
above method to compress simulated images generated by the SP-IRIS physical model.
Cross-correlating this template with the differential intensity image results in a 2D
correlogram, in which each pixel represents the probability that said location is the center
point of a diffraction limited scattering object. The (X,y) locations of probable nanoparticle
locations is then generated through simple morphological peak detection after thresholding
this 2D correlogram by a high probability integer (typically 90%). These (x,y) locations are
then used to extract intensity traces of nanoparticle centroids from the original z-stack, from
which nanoparticles sizes are discriminated via their total change in intensities. Finally, the
concentration of bound nanoparticles is determined by taking the ratio of the total number of
confirmed nanoparticles with desired characteristics to the interrogated area.

V. Conclusions

In this paper, we have reviewed an array of optical imaging techniques capable of direct
detection of nanoparticle biomarkers without fluorescent labels. We consider wide-field
imaging as the most promising technique due to its simplicity and high throughput. We have
focused on interferometric imaging and discussed the evolution of Single-Particle
Interferometric Reflectance Imaging Sensor (SP-IRIS) from a laboratory instrument
requiring manual operation by a skilled operator to an automated tool for diagnostic
applications.
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While the performance capabilities of interferometric imaging techniques have been widely
demonstrated, their stringent calibration and characterization requirements have often been
identified as significant obstacles to their translation to clinical environment. As we
demonstrated in this paper, it is crucial to establish a rigorous model for the optical
signatures of nanoparticles and develop a robust image acquisition and analysis technique.
We have identified challenges associated with defocus, alignment, and nanoparticle
orientation, and introduced a concept for robust nanoparticle detection and discrimination
despite the presence of these phenomena.
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SP-IRIS detection platform. a) optical setup which consist of LED lighting module, imaging
objective (50x .8NA) and CCD imaging camera. b) Illustration of SP-IRIS sensor utilized
for protein and nucleic acid detection. ¢) A sample image showing response from individual

nanoparticles.
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Figure 2.
Simulated images of 70 nm (top), 100 nm (middle) and 150 nm (bottom) diameter

polystyrene (n=1.60) nanoparticles resting on a 30nm SiO, IRIS substrate, at three different
focus positions with respect to the water-film interface. NA=0.9, water immersion, A = 525
nm.)
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Figure 3.
Spherical gold nanoparticles (Dia. = 60 nm) at (2) h = 0 nm (GNP1) and h = 40 nm (GNP2),

and (b) their interferometric responses (GNP1 shown in red, and GNP2 shown in blue).
Adapted from [32].
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A) Normalized intensity of center pixel for three sizes of polystyrene nanospheres bound to
a 30nm oxide on silicon substrate. Significant changes in appearance and defocus behavior
are observed due to variation in z-axis position of the radiating dipole with respect to the

reference field generated by the reflective surface. B-D) Line profiles of the observed

appearance for the three nanospheres simulated for three focal plane offsets (-.5, 0, and +.5
um) with respect to the oxide surface. Simulations were generated for an .9NA in-water
imaging system. Circles in plots B-D represent pixel sampling locations for a 2 pm pixel

pitch with 40x magnification.
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Figure 5.
A) Shift in the normalized intensity of center pixels for two sizes of polystyrene spheres

(200nm and 150nm) due to the presence of a 10 nm biofilm of capture probes. B-C) Line
profiles of the observed appearance for the three nanospheres simulated for two focal plane
offsets (-.5 and +.5 um) with respect to the oxide surface. Simulations were generated for
an .9NA in-water imaging system. Circles in plots B and C represent pixel sampling
locations for a 2 um pixel pitch with 40x magnification.
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Figure 6.

Cgmpressed images for three diameters of Polystyrene nanospheres (70, 100, and 150 nm)
imaged in water are generated by collecting the maximum and minimum normalized
intensities present over a sequence of sequentially defocused images on a per-pixel basis.
Solid lines denote compressed signatures from nanospheres on 30nm oxide, and dashed lines
denote signatures from a 40nm oxide. The underlying Z-stacks are composed of 61 images
simulated for a .9 NA imaging system in water at 200 nm increments over a 6 um range
centered on the oxide surface.

A) Largest positive normalized intensity values per pixel. B) Largest negative normalized
intensity per pixel. C) Total differential intensity generated from the subtraction of plots in B
from A. Differential intensity measurements demonstrate strong agreement between
conditions despite significant variation in single — plane appearance and defocus behavior.
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A) Nominally Focused Single Plane Image B) Differential Intensity Image
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Figure 7.

A) 100 nm Polystyrene nanospheres exhibit varying signal levels in a single plane image
stemming from morphological variations on the substrate surface. The variations among the
nanoparticle signals diminish in the differential normalized intensity image, enabling their
identification by template matching. Colored Boxes identify the locations of representative
nanoparticles taken from different regions of the field of view. B) Differential intensity
image generated from the total peak to peak change in intensity over a 6 um Z-stack sampled
at 200nm increments. C) Crops of the observed appearance of representative nanoparticles
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from the colored regions in A. D) Differential intensity crops of identical regions from B. E)
Centerline profiles of the regions shown in C, displaying varying appearance due to slight
sample misalignment. F) Centerline profiles of regions in D, demonstrating consistent signal
via differential intensity measurements.

IEEE J Sel Top Quantum Electron. Author manuscript; available in PMC 2018 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Trueb et al.

Page 23
N Background Simulated
Normalized 63 i
z 4 Nanoparticle
84 Image Stack § Appearance
= : i, £
' Bl 4
y 4
A
Pixel Maxima / \Pixel Minima Differential J Intensity
: % £ G Template
1o P %
. & , = 4 -
3. - o
L a > ex O

Differential
\ Intensity /
Measurement

: %) =
M -

Fay
. z
Nanoparticle =
Identification E
o
p—]
[}
=
Concentration Measurement
2
Ls § 3 0 — 10*PFU
3 = 102PFU
D 5]
= 2 50
2 u — 10?PFU
E E
z Z o : : - — 10'PFU
L= 0 0 Time 40 80
10 15 20 % n 35 40
Focal Plane Index
Figure 8.

Block diagram of algorithm for nanoparticle detection and counting using z-stacks of
incrementally defocused images.
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