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ABSTRACT: The ability to spatially and temporally map nanoscale environments in situ over extended time scales at
would be transformative for biology, biomedicine, and bioengineering. All nanometer objects, from nanoparticles down
to single proteins, scatter light. Interferometric scattering stands as a powerful tool, offering ultrasensitivity and -

resolution vital for visualizing nanoscale entities. Interferometric scattering from an individual nanoparticle down to an

individual protein has been detected; however, resolving adjacent nanometer objects with interferometric scattering has

not yet been demonstrated. In this work, we present interferometric phase intensity nanoscopy (iPINE) to resolve

adjacent nanometer objects with interferometric scattering. We demonstrate that multiphase and sensitivity of iPINE

reveal ellipse Airy patterns correlated with nanostructural features. We show that eliminating background fluctuation by

employing circularly polarized illumination in iPINE is essential to separate proximal nanometer objects below the diffraction limit.
We envision iPINE for resolving a variety of adjacent nanometer objects from nanoparticles down to proximal proteins in situ over
extended time periods for a wide range of applications in biology, biomedicine, and bioengineering. We expect iPINE to be especially
important in applications of biological dynamics that require extended observation times.

KEYWORDS: plasmonic super-resolution, scattering super-resolution, bioplasmonics, long-term nanoscopy, interferometric scattering

B INTRODUCTION

Mapping the temporal (dynamic) heterogeneity of nano-
environments (Figure la) is critical to designing new smart
materials and precision therapeutics, but broad time scales
constrain time-resolved efforts at the expense of spatial
resolution.'~* All nanometer objects, from nanoparticles
down to single proteins, scatter light. Recently interferometric
scattering has become a tremendously powerful optical
imaging method with sensitivities capable of observing
scattering from individual nanometer objects.s_16 Due to the
principle of interference, where the superposition of light
waves can amplify or diminish their resultant intensity,
interferometric scattering microscopy (iSCAT) detects the
first order interference term rather than the quadratic
scattering component, enabling detection of an individual
nanoparticle and individual virus and even an individual lipid
and individual protein. As iSCAT utilizes scattering from the
target, iSCAT is able to bypass photobleaching and photo-
toxicity problems occurring over extended time periods,
currently hampering traditional fluorescence microscopy.

To date, interferometric scattering from an individual
nanoparticle down to an individual protein has been
detected;>® however, resolving adjacent nanometer objects in
a diffraction limited region with interferometric scattering has
not yet been demonstrated. While the localization of an
individual nanometer object using interferometric scattering is
well established, resolving adjacent targets with interferometric
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scattering remains challenging. This is due in part because in
coherent imaging scattering light from adjacent targets no
longer comes from the addition of intensity but the
superposition of the amplitude and phase of each electro-
magnetic field.

Here, we overcome these challenges by interferometric
phase intensity nanoscopy (iPINE). By integrating a phase-
intensity multilayer thin film,"” herein referred to as PI, with
interferometric scattering, nanometer objects below the
diffraction limit can be resolved. While coherent imaging
superimposes amplitude and phase of electromagnetic fields,
phase-intensity modulation in iPINE enables one to separate
the intensity and phase such that nanometer objects are
distinguished at different phases and adjacent targets can be
then resolved. We have established that multiphase analysis
and sensitivity of iPINE bring to light ellipse Airy patterns that
correlate with nanostructural characteristics. Our results also
indicate that the use of circularly polarized illumination in
iPINE is essential to break the diffraction threshold in
differentiating between proximal nanometer objects. iPINE is
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Figure 1. Interferometric phase intensity nanoscopy (iPINE)—
revealing nanostructural features—resolves adjacent nanometer
objects below the diffraction limit. (a) All nanometer objects, from
nanoparticles down to single proteins, scatter light. In this work,
adjacent nanometer objects, gold nanorods (Au), are resolved by
interferometric phase intensity nanoscopy (iPINE). We envision
resolving adjacent proteins in living cells by iPINE in the future. (b)
Experimental setup of the iPINE: PI device, consisting of a fixed
quarter wave retarding polymer element, a variable full wave retarding
polymer element, and a fixed linear polarizing polymer element, was
integrated into the detection path of an interferometric scattering
microscope to achieve phase modulation. In order to eliminate signal-
to-noise fluctuation and detector saturation during phase modulation,
quarter waveplate (Q) was inserted in the illumination path in order
to convert the illumination source (LA) from linear to circular. S:
sample, O: objective, L: lens, SF: spatial filter, BE: beam expansion
lenses, M: mirror, CM: CMOS camera. (c) Principle of iPINE: (i)
iPINE resolves adjacent nanometer objects (green, blue, red, orange)
below the diffraction limit. Nanometer objects are illuminated by
circularly polarized light (LA). After phase modulation of y (PI),
nanometer objects, diverse in their phases, exhibit different scattering
electric fields. (i) Representative interferometric images (y, = 0417
rad, 7, = 0.887 rad, y; = 1.127 rad, y, = 1.827 rad) over the phase
modulation range. (iii) Diffraction-limited interferometric scattering
image. iPINE-resolved image. Scale bar: S00 nm.

particularly useful in biological applications where extended
time scales cannot be reached using traditional fluorescence
methods. We envision iPINE can resolve a variety of
nanometer objects, from nanoparticles down to proteins, in
the future in order to map spatial and temporal (dynamic)
heterogeneity of nanoenvironments in situ over extended time
scales in biology, biomedicine, and bioengineering.

B RESULTS

Interferometric scattering from an individual nanoparticle
down to an individual protein has been detected; however,
resolving adjacent nanometer objects with interferometric
scattering has not yet been demonstrated. We resolve adjacent
nanometer objects with interferometric scattering by inter-
ferometric phase intensity nanoscopy. iPINE provides out-
standing sensitivity beyond traditional interferometric scatter-
ing microscopy by remapping the target’s phase into intensity
to reveal nanostructural details and resolve adjacent nanometer
objects. iPINE detects the difference between a reference field
and the modulated sample scattered field.

I1=IE, + (Eg, y)P* =~ IEI* — 2IElI(Eq, 7)lcos¢h (1)

where I is the intensity, E, is the reference field, P(Eg, y)
represents the modulated scattered field by PI, and ¢ denotes
the relative phase between nanoprobes and reference plane
irrelevant from modulation. The PI device in iPINE plays an
important role in modulating the intensity of scattered field:
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where the terms of the Jones matrices represent a fixed quarter
wave retarding element, variable full wave retarding element,
and a fixed linear polarizing element of PL'” When the
scattered light propagates through PI with phase retardation ,
the modulation of the contrast is characterized as

4P(Eg| cos
{PINE IE 3)
To implement iPINE, we integrated PI into the detection path
of an interferometric scattering microscope to achieve phase
modulation (Figure 1b). Illumination laser (710 nm) was
followed by a spatial filter and beam expansion optics to
improve beam quality. In this work, we report that eliminating
background fluctuation by employing circularly polarized
illumination in iPINE is necessary to separate adjacent
nanometer objects below the diffraction limit. To convert the
illumination source from linear to circular, a quarter waveplate
was inserted in the illumination path in order to eliminate
signal-to-noise fluctuation and detector saturation during phase
modulation. The major noise then is the shot noise which
decreases with the increasing number of photons N collected
by the detector during the exposure time. Thus, the reference
light amplitude remains constant to guarantee a high signal-to-
noise ratio as well as to avoid signal-to-noise fluctuation and
detector saturation.

dP(E, 1)l _ 9B
dy dr (4)

After reflection on a beam splitter, the beam was focused on
the back focal plane of the objective lens, creating a wide-field
planar illumination on the sample. Both scattered light and
reference beam were collected by the high numerical aperture
oil-immersed objective lens and propagated through PI,
converting the phase to intensity modulation. This phase to
intensity modulation distinguishes iPINE from traditional
iSCAT to resolve adjacent nanoprobes below the diffraction
limit. As an example, four adjacent nanometer objects were
indistinguishable in the diffraction limited interferometric
scattering image (Figure 1c). Unlike iSCAT which only
considers the intensity, iPINE offers multiphase and sensitivity
to reveal anisotropic Airy patterns correlated with nano-
structural features. By employing modulation of different
phases, iPINE resolves adjacent nanometer objects below the
diffraction limit (Figure lc).

Notably, we observed elliptical Airy patterns by iPINE which
were not previously reported in traditional iSCAT.'*'® We
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Figure 2. Multiphase and sensitivity of iPINE reveals ellipse Airy patterns correlated to nanostructural features. (a) Nanostructural feature (dipole
moment): Far field radiation patterns, electric field vector plot (cyan arrows) overlaid with the intensity pattern (color map) representing the
varying nanostructural feature (dipole moment) of the model nanometer object (gold nanorod). (b) Owing to phase-intensity modulation, iPINE
distinguished the target that was hidden by the background noise. Representative interferometric images: 7, = 0.1z rad (yellow shading), y, = 0.77
rad (green shading), y; = 1.2 rad (blue shading), 7, = 1.87 rad (purple shading). Scale bar: 1 ym. Graph of absolute contrast ICl versus phase y for
model nanometer object (gold nanorod), gold line and background noise, black line. (c) Graph of absolute contrast ICl versus phase y as a function
of nanometer object size. (d) iPINE reveals ellipse Airy patterns: Theoretical (Th) and experimental (Exp) interferometric scattering results over

the phase modulation range y with respect to size. Scale bar: 200 nm.

hypothesized that elliptical Airy patterns originate from the
anisotropic nanostructural features of the target. The size of
the elliptical Airy pattern would be limited by the diffraction
limit; however, we anticipate that the ellipticity and the
intensity of the elliptical Airy pattern would vary due to the
dependence between the scattered field amplitude and the
scattering cross-section of the target. As a model candidate of
an anisotropic'“™>® nanostructured target to validate the
fundamental reason that we can see the ellipse Airy pattern,
we simulated the scattered electric field pattern of gold
nanorods (Figure 2a). Here, we acquired the nanostructural
information from the ellipse Airy pattern by phase-intensity
and phase-ellipticity. The phase-intensity reveals the eclipsed
information (Figure 2b) from the background noise. Tradi-
tional iISCAT relies on differential images with and without the
target of interest in order to reduce the background noise.
However, iPINE can detect the target, which was initially
covered by the background noise owing to the phase-intensity
modulation. Figure 2b shows the detection of the target hidden
by background noise. The target cannot be detected at y
denoted by the purple shading because the contrast of the
target (gold nanorod; gold line) overlaps with the background
noise (black line). On the other hand, at y denoted by the
green shading, the contrast of target (gold nanorod, gold line)
is significantly higher than the background (black line). Owing
to the dependence between the scattered electric field and the
scattering cross-section, the target’s detectable phase range also
varies. We varied the target size and observed larger targets
show a higher contrast, allowing for a larger range of phase
distribution and more ellipticity variation. (Figure 2c)
Furthermore, not only was more data collected, but iPINE
also acquired more nanostructural information than traditional
iSCAT."" The simulation of the phase-intensity with the phase-
ellipticity demonstrates the trend to the elliptical Airy pattern

of each specific phase by PI. The scattered electric field vector
finally makes some rotation and the reduction of the amplitude
(Supplementary Figures S1 and S2), which leads to ellipticity
variation with the rotation of gold nanorods (Supplementary
Figure S3).

2V 2 2 ¥ 2
Ije = cos 5 IE, I + cos (E - Bp)lEst
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where I, is the intensity of the detector plane, % is the phase

retardation through PI, 6, is the major axis of gold nanorods
from the x-axis, E;, E, are the x- and y-components of the

reflected electric field from the glass slide, E,, E, are the x- and

y-component of the scattered electric field from the gold
nanorods, and Ag, Ag, are the phase different between
scattered electric field and reflected electric field for each axis.
The detector plane intensity is governed by the derived
equation. Therefore, the exact rotation and variation of
ellipticity can be ascertained by theoretical simulation, in
agreement with experimental data (Figure 2d). We found the
same patterns with diffraction limited size with varying
intensity from different sizes and phases in both theoretical
and experimental results. We also detected more dramatic
changes of ellipticity with larger size of particles, showing a
similar trend through the phase change. Control experiments,
optical simulations, and numerical analysis were conducted to
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Figure 3. Eliminating background fluctuation by employing circularly polarized illumination in iPINE is necessary to separate adjacent nanometer
objects below the diffraction limit. (a) Conceptual schematic of iPINE_: (left) input to PI, circularly polarized illumination, (middle) simulated
interferometric images over the phase modulation range y from 0 to 27, with an interval of 0.47, (right) output after PI where green, orange, and
red zones correspond to various dipole moments. (b) Conceptual schematic of iPINE;: (left) input to P, linearly polarized illumination, (middle)
simulated interferometric images over the phase modulation range y from 0 to 27, with interval of 0.4z, (right) output after PI where green, orange,
and red zones correspond to various dipole moments. (c) iPINE, is necessary to resolve proximal nanometer objects: iPINE.: (left) diffraction-
limited interferometric image, (right) iPINE_resolved image. (d) iPINE;: (left) diffraction-limited interferometric image, (right) unresolved iPINE,
image. Scale bar: S00 nm. (e) Average signal-to-noise ratio graph of circularly (left) and linearly (right) polarized illumination over the phase
modulation range. The shadowed zone on the top part of the graph indicates the upper bound number of photons collected by detector. The
circularly polarized light (blue curve) holds a higher place in the SNR plot than linearly polarized light (yellow curve) because more photons can be
collected without saturation. Shot noise is considered here while the full well capacity of our sCMOS camera is 45 000 e”. (f) iPINE_ experimental
procedure: Four out of thirty-four sets of images over the phase modulation range from 0 to 27 are shown. Target image is averaged from 10 frames
under the same y to repress noise. While background image is generated by applying median filter to images captured when the stage is modulated.
(top) Diffraction limited interferometric image. (bottom) iPINE_resolved image. Scale bar: S00 nm. (g) iPINE, resolves multiple proximal
nanometer objects: Simulation of two, three, and four proximal nanometer objects. The distance between the adjacent nanoprobes is 150 nm while
the diffraction limit is 300 nm in setup. Diffraction-limited interferometric image, iPINE_-resolved image. Scale bar = Scale bar: 500 nm. Intensity
profile graphs plotted along line profiles in the corresponding diffraction limited interferometric image and iPINE-resolved image. blue color:
iPINE -resolved. gray color: diffraction-limited.

exclude any other possibilities for elliptical airy patterns, such that is correlated with nanostructural features (dipole mo-

aberrations from the imaging system, polarization effects from
the laser source, polarization purity, etc. (Supplementary
Figures S6 and S7, Supplemental Notes II, III, IV). Thus, we
can extract not only the phase information on nanometer
objects but also employ modulation of ellipticity with different
phases which can be applied to the iPINE for resolving
adjacent nano-objects below the diffraction limit.

To resolve adjacent nanometer objects below the diffraction
limit, we found that eliminating background fluctuation by
employing circularly polarized illumination in iPINE was
necessary to promote resolution. Circularly polarized illumi-
nation, as a key part in iPINE, provides constant-intensity
reference field and enables efficient background elimination for
high contrast (eq 3). To this end, we compared illumination
sources: circularly polarized illumination as compared to
linearly polarized illumination in iPINE. In Figure 3a, circularly
polarized illumination provides an invariable background input

ment), generating stable, in-phase contrast output over the
phase modulation range. On the contrary, linearly polarized
illumination caused the background to fluctuate over the phase
modulation range as shown in the contrast images shown in
Figure 3b, leading to low contrast in dark frames. In addition,
the misalignment between the dipole moment with respect to
linear polarization main axis distorts the phase of contrast
output during modulation, lowering overall contrast and
making subsequent loss of the ability to resolve adjacent
nanometer objects (Figure 3c and d). In the experiment
(Supplementary Figure S4), the stability of the background
intensity as indicated in Figure 3e endorses the possibility to
compensate for the intensity loss during modulation progress
by increasing the overall illumination power or exposure time
to catch up the upper-bound photon number limit which is
usually determined by the detector’s full well capacity or the
sample’s photodamage threshold. On the other hand as shown
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in Figure 3e, nanoprobes under linear polarization illumination
are limited by the low signal-to-noise (SNR) dilemma: the
dark retardation region (y€[0.57,1.07]) with low SNR has
redundancy in accommodating photons to reduce shot noise
while higher photon flux vastly saturates the bright retardation
region (y€[0.57,2.07]). Here, we demonstrate that exper-
imentally we can resolve adjacent nanometer objects. Figure 3f
demonstrates the experiment of iPINE in resolving adjacent
nanoprobes with an approximate distance of 190 nm
(diffraction limit: 380 nm for coherent imaging). Supple-
mentary Figure S5 shows that the minimum separation is
currently 190 nm. In the future, the resolution of our setup
could be further improved by taking the depolarization and
phase retardation properties of nanoprobes into consideration.
Images were captured over the phase modulation range, with
images averaging at each y to repress shot noise. To remove
the unwanted speckles from the distortion of beam wavefront,
we modulated the stage with a frequency of 17 Hz at 2 cm/s.
Median background image was calculated from a bundle of
background images under each y. Adjacent nanometer objects
were indistinguishable in the diffraction limited image, whereas
adjacent nanometer objects were resolved in the iPINE image
(Figure 3f). Furthermore, iPINE is not limited to the simple
case of two nanoprobes. In Figure 3g, we extended the
application of iPINE to multiple nanoprobes. Results show that
iPINE can resolve multiple nanometer objects regardless of the
more complicated interference introduced by the overlapping
Airy patterns of adjacent nanoprobes (Figure 3g).

B DISCUSSION

Despite gold nanorods possessing significantly greater polar-
izability than biological objects, iPINE can be also extended to
proteins displaying anisotropic structural alterations.”* The
ribosome stands out as a prominent biological entity
characterized by its anisotropic structure, showcasing aniso-
tropic structural alterations in its translation mechanism.>> Due
to its anisotropic structural alterations, elliptical Airy patterns
from ribosomes are realizable by iPINE. Because the scattered
light is not governed by one single axis of polarization,
scattered light from ribosomes shows different responses to
phase retardation (proof of concept: Figure S8). Future work is
underway to visualize anisotropic structural alterations with
iPINE.

In this work, we demonstrate the breakthrough of the
diffraction limit with iPINE enabled by phase intensity
modulation with circularly polarized illumination. Some
limitations in our current setup are nano-objects have different
responses to the phase intensity modulation of iPINE. It is
possible that other nanometer objects could reject scattering
circularly polarized illumination light, making it difficult to
detect and resolve them. As a solution, other modulation
devices*” could be inserted into the illumination optical path to
replace the quarter waveplate enabling more complex
modulation of the illumination source. Furthermore, iPINE
could improve its sensitivity for wider applications by
suppressing other noise, such as stemming from the detector,
laser intensity fluctuations, and phase noises caused by
vibrations, through optimized analysis methods.*® Speckle-
like background related shot noise can be reduced in the future
by using self-supervised machine learning.”” Future work is
underway to enable iPINE to detect and resolve a wide variety
of nanometer objects from nanoparticles to proteins.

B CONCLUSION

In this paper, we report iPINE, which allows us to acquire
nanostructural information from the ellipse Airy patterns and
the varying phase intensity. Additionally, iPINE enables
breaking the diffraction limit by mitigating the background
fluctuation by PI, enabling sufficiently high contrast to address
the nanoscale objects in close proximity. We anticipate that
iPINE would play critical roles in long-time super-resolution
applications, especially in applications with biological dynam-
ics, which can reveal in situ observations over extended time
periods in living cells down to single proteins in biology,
biomedicine, and bioengineering.
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