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Abstract

The development of lensfree on-chip microscopy in the past decade has opened up various new
possibilities for biomedical imaging across ultra-large fields of view using compact, portable, and
cost-effective devices. However, until recently, its ability to resolve fine features and detect ultra-
small particles has not rivalled the capabilities of the more expensive and bulky laboratory-grade
optical microscopes. In this Frontier Review, we highlight the developments over the last two
years that have enabled computational lensfree holographic on-chip microscopy to compete with
and, in some cases, surpass conventional bright-field microscopy in its ability to image nano-scale
objects across large fields of view, yielding giga-pixel phase and amplitude images. Lensfree
microscopy has now achieved a numerical aperture as high as 0.92, with a spatial resolution as
small as 225 nm across a large field of view e.g., >20 mm2. Furthermore, the combination of
lensfree microscopy with self-assembled nanolenses, forming nano-catenoid minimal surfaces
around individual nanoparticles has boosted the image contrast to levels high enough to permit
bright-field imaging of individual particles smaller than 100 nm. These capabilities support a
number of new applications, including, for example, the detection and sizing of individual virus
particles using field-portable computational on-chip microscopes.

Introduction

The ability to image nano-scale structures is of critical importance in many fields, including
biology, engineering, and materials science.1> However, the most ubiquitous mode of
microscopy, bright-field optical microscopy, has limited resolution and contrast due to
diffraction and possible aberrations.6 Hence the current gold standard for nano-imaging
remains electron microscopy in both transmission (TEM) and scanning (SEM) modes,
despite the required large capital investment, extensive sample preparation, and
incompatibility with live-cell imaging. Scanning probe microscopy techniques’~12 may also
be used, although they still require a large capital investment, involve long acquisition times,
and are in general incompatible with live-cell imaging. To provide new solutions for high-
resolution imaging needs, the last decade has seen the invention of several super-resolution
optical techniques, including structured illumination micro-scopy,13-15 photoactivated
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localization microscopy (PALM),16 stochastic optical reconstruction microscopy
(STORM),17 and stimulated emission depletion microscopy (STED).18:19 These techniques
and others have uncovered various new phenomena in nano-biology, such as the nano-scale
dynamics of cell adhesion and co-transcriptional folding of ribonucleic acids.20-22
Nonetheless, all of these imaging modalities suffer from complexity and relatively high cost,
and more importantly, a small field of view (FOV) and depth of field that limit the
throughput of these systems. Throughput and the ability to detect rare objects scattered over
a large area are rather important in biomedical applications, such as the detection of viruses
or parasites toward early disease diagnosis,?3-2° as well as in various engineering
applications, such as the characterization of nanowires or screening for structural defects
during photomask fabrication.2 Furthermore, it is especially desirable to develop nano-
imaging solutions that are compact, on-chip approaches, which are compatible with
emerging optofluidic biosensors.25-29

In the past couple years, a new wide-field transmission imaging technique has emerged that
can satisfy some of these requirements: lensfree computational on-chip microscopy. In
lensfree on-chip microscopy,39-4° no lens is used between the sample and the detector (Fig.
1). Instead, the sample is placed in close proximity to the sensor-array, 7.e., a CMOS
(Complementary Metal-Oxide-Semiconductor) or a CCD (Charge-Coupled-Device) imager
chip, and the sample’s shadow or in-line hologram is recorded/sampled. This on-chip
imaging approach increases the FOV by orders of magnitude (especially when large format
CCDs are used), and significantly reduces equipment complexity to the level of pocket-size
field-portable devices.31-36 Recently, two main routes of lensfree transmission imaging have
been undertaken: minimizing the sample-sensor distance to mitigate diffraction effects,3%-42
and allowing moderate sample-sensor distances (é.g., <1-2 mm), while relying on
computational holographic processing to digitally compensate for diffraction. The second
approach, in particular, provides flexibility in experimental setup, and allows for example
high-resolution 3D imaging and tracking of samples across large volumes.*3-46 Through
these two approaches, lensfree on-chip microscopy has already been applied to various
biosensing applications, including, e.g., the design of a fluorometer,*’ a study on the effect
of drug treatments on cardiomyocytes,*8 interferon-y analysis for tuberculosis diagnosis,*?
malaria diagnosis,3® and analysis of Papanicolaou tests.36

In this Frontier Review, we discuss the recent achievements of lensfree holographic on-chip
imaging in the observation of nano-scale objects. Recent bright-field transmission imaging
experiments have demonstrated a compact and cost-effective platform that is insensitive to
misalignments, and provides a wide FOV e.g., 20.5 mm?, a spatial resolution of 225 nm, and
a detection sensitivity that is capable of imaging individual sub-100 nm particles when
combined with a novel procedure involving the self-assembly of nanolenses forming nano-
catenoid minimal surfaces around each nanoparticle. With these capabilities, lensfree
computational on-chip microscopy can image various nano-scale objects, including, for
example, individual viral particles or helical multi-walled carbon nanotubes. Below, we
summarize the basic elements of lensfree computational on-chip microscopy, along with a
summary of the recent experimental results demonstrating giga-pixel transmission imaging
at the nano-scale.

Finally, we should note that we restrict this Frontier Review to bright-field on-chip
nanoscopy only, and do not discuss fluorescent on-chip microscopy techniques since their
state-of-the-art capabilities are currently unable to achieve deep sub-micron resolution or 3D
imaging, unlike their lens-based or bright-field lensfree counterparts.*3:50-52 Toward
achieving a sub-micron resolution in 3D lensfree computational fluorescent imaging, we
believe compressive sampling/sensing-based decoding approaches could be rather
valuable.59:5354 Unlike some misconceptions in the literature, these compressive sampling/
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sensing-based reconstruction approaches are not limited to only physically sparse objects.
On the contrary, almost any object (or image), even though physically (or spatially) not
sparse, can be represented in a sparse domain/ basis,>*°° and therefore compressive
decoding would be applicable for their high-resolution reconstructions.56-58

Physical and computational elements of lensfree holographic on-chip microscopy

Lensfree on-chip imaging platforms do not incorporate any imaging lenses between the
specimen and detection planes* and therefore can be extremely compact, robust, and low-
cost.33 The optical setup of a lensfree holographic microscope is illustrated in Fig. 1a: it
consists of a partially-coherent light source (e.g., an LED or monochromator with an
aperture), an image sensor array (é.g., a CCD or CMOS chip), and a transmissive sample
that is placed close to the sensor, at a distance of 2, ~ 0.1-1 mm, for example. Unlike
conventional laser-based coherent holographic imaging systems, the spectral bandwidth of
the light sources in the on-chip imaging systems covered here are relatively large, 7.¢e., 1-20
nm. These partially-coherent light sources are coupled into a multimode fibre or a large
pinhole (50-100 pm diameter) that is placed at a relatively large distance of e.g., z; ~ 5-7
cm from the sample plane to generate quasi-plane-wave illumination at the sample. The light
that is scattered by the sample interferes with the unperturbed background light and forms an
in-line hologram. Because z; 2, this lensfree hologram is sampled at unit fringe
magnification and thus the FOV is as large as the active area of the image sensor-chip,
reaching for example ~0.2-0.3 cm? using a typical CMOS imager or ~10-20 cm? using a
large-format CCD chip.

The process of image reconstruction in lensfree holographic on-chip imaging includes four
major steps (see Fig. 1b): (1) raw hologram acquisition, (2) pixel super-resolution, (3)
hologram reconstruction, and (4) phase recovery. During the raw hologram acquisition at the
sensor plane, as described in the above paragraph, the spatial sampling frequency is limited
by the pixel pitch of the sensor chip, which is typically 1-5 pym wide. To further increase the
sampling frequency and hence the spatial resolution, a source-shifting-based pixel-super-
resolution method is adopted (Fig. 1a).31:35:36:44.59.60 The hasic idea behind pixel-super
resolution is to capture multiple under-sampled holograms of the same scene, where each
hologram is slightly shifted from the others. Therefore, each hologram contains different
information about the object and this information is later used to fuse the multiple lower
resolution holograms into a single high-resolution (7.e., pixel super-resolved) hologram. In
our implementation (Fig. 1), coarse lateral displacement of the light source results in a
significantly demagnifed displacement (proportional to z/2) of the hologram on the sensor
plane, where we can independently estimate the sub-pixel displacements of these holograms
using an iterative gradient algorithm.3%:59.61 The knowledge of these relative shifts between
the images enables us to construct a linear transformation that relates the lower-resolution
holograms to a high-resolution hologram by solving a least squares optimization problem
that minimizes a cost function that includes the differences of a “desired” high-resolution
image to the measured lower-resolution holograms. To stabilize this iterative optimization
process, a regularization term that penalizes for high-frequency components in the “desired”
high-resolution hologram is also used.3°:29.61-64 Note that this pixel-super-resolution
method synthesises a higher resolution image in the giga-pixel-range.*3:65 Super-resolution
performance can be further improved by taking into account the 2D responsivity distribution
within each pixel. This additional knowledge can be incorporated into the super resolution
optimization problem or can be processed independently using deconvolution algorithms.

The micro-lenses that are typically employed on opto-electronic sensor-arrays, especially on CMOS designs, do not contribute to
image formation and merely improve the external quantum efficiency of each pixel of the sensor-array, and are therefore disregarded
in our discussion of lensfree on-chip microscopy.
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Once a high-resolution hologram is synthesised through pixel super-resolution, the image of
the sample can be reconstructed by propagating the hologram from the sensor plane back to
the object plane using the angular spectrum approach.3244 The angular spectrum approach
multiplies the 2D spatial Fourier transform of the hologram by the free space transfer
function, which can be written as6®:

H(fx,fy>:{ exp (2me | 1- (3) - (%)), R E<

0, Otherwise

where 7 and £ are the spatial frequencies along xand y; respectively, 7 is the refractive
index, A is the illumination wavelength and zis the axial distance between the sensor and the
object planes. To further refine the image and reduce the twin image noise (a well-known
artefact of in-line holography), phase recovery procedures can be utilized either with,*4 or
without36-60 the need for a two-dimensional object support or mask.

Resolving nano-scale features on a chip

Even without the use of an imaging lens, on-chip holographic microscopy can achieve a
high numerical aperture (NA), approaching the optical diffraction limit. As shown in Fig. 2a,
lensfree microscopy can resolve 300 nm grating lines using 550 nm illumination, which
corresponds to a NA of ~0.92 given by the wavelength divided by the grating period. Such a
high numerical aperture is achieved by utilizing image sensors with a small pixel pitch of
1.12 ym and performing pixel-super-resolution, while also accounting for the 2D
responsivity distribution within each pixel. Additionally, for the results shown in Fig. 2, the
physical gap between the sample substrate and image sensor has been filled with a refractive
index matching liquid to eliminate the signal loss (/.¢e., reflection) caused by the air gap,
helping us to improve the signal-to-noise ratio (SNR) and spatial resolution. Furthermore,
Fig. 2b shows that by simply changing the illumination source to a shorter wavelength of
e.g., 372 nm, lensfree on-chip microscopy can resolve 225 nm grating lines. Fig. 2c also
shows that under the same illumination wavelength (372 nm), this computational system can
image e.g., a helical multi-wall carbon nanotube with a diameter of 160 nm.

In practice, the spatial resolution of lensfree on-chip imaging is ultimately limited by its
detection SNR, similar to other high resolution microscopy or nanoscopy systems. As a
matter of fact, for 2D objects that scatter finite power and are space-limited (like any
practical object), evanescent spatial frequencies, which decay exponentially as a function of
propagation distance, do not constitute a fundamental resolution limit. Stated differently,
what is commonly referred to as the “diffraction-limit” is not a physical limit that is
fundamentally dictated by the evanescent! decaying nature of high spatial frequencies, but
rather, it is a practical limit that is dictated by the detection SNR of the imaging system. In
fact, the spatial Fourier transform of a function that is space-limited and has finite energy
belongs to the class of entire functions, and therefore the complete Fourier spectrum of such
a space-limited practical function/object can in general be reconstructed from only the
knowledge of limited portions of its Fourier spectrum.®7 This can be achieved using the
principle of analytic continuation, implemented, for example, v/a iterative error-reduction
algorithms.58 As a direct implication of this, the spatial passband of a diffraction-limited
imaging system (the width of which is limited by the refractive index of the medium divided
by the wavelength of light) can, in principle, be used to recover the missing spatial
frequencies beyond this passband, extending into the evanescent regime.5% The practical
success of such a spatial frequency extrapolation process (which others might also refer to as
“breaking the diffraction limit”) is fundamentally related to the SNR of known (/.e.,
measured) spatial frequencies and other a priori spatial or temporal constraints of the object
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function (such as its support/mask or non-negativity etc.) that can be enforced in e.g., the
iterative reconstruction or frequency extrapolation process.

In light of these principles, lensfree on-chip holographic microscopes with smaller pixel
sizes at the sampling (/.e., the detector) plane can achieve increased effective numerical
apertures. However, such a sampling related bandwidth increase only translates into better
resolution if the detection SNR is maintained or improved as the pixel size of the imager
chip is reduced. Therefore, the optical design of the pixel architecture (especially in CMOS
imager technology) is extremely important to maintain the external quantum efficiency of
each pixel over a large angular range. While reduced pixel sizes (e.g. <1 pm) and higher
external quantum efficiencies can further improve the resolution of lensfree on-chip
microscopy to, é.g., the sub-200 nm range in the future, another approach to improve SNR
that is based on sample preparation and self-assembly processes is discussed in the next
section, where on-chip detection of sub-100 nm objects over wide FOVs has already been
demonstrated.

Wide-field on-chip imaging of single nanoparticles and viruses

Sub-wavelength particles or objects do not scatter light efficiently and therefore the
detection and imaging of individual sub-100 nm particles have been difficult for lensfree on-
chip imaging techniques. To overcome this challenge, a simple sample preparation method
can be used to form self-assembled nanolenses around each nanoparticle, as shown in Fig.
3a. This method has been applied to polystyrene, silica, and gold nano-particles, as well as
viruses, and could be especially useful for high-throughput screening of biological samples
in remote and field settings.

In this method,’© the nanoparticles or viruses of interest are suspended in a Tris-HCI buffer
solution with 10% polyethylene glycol (molecular weight 600 Da). A small droplet (<10 pL)
is deposited on a plasma-cleaned cover glass. The plasma cleaning removes contamination
and renders the substrate hydrophilic, which results in very small droplet contact angles
(<10°). After being left to sediment for a few minutes, the sample is tilted to let the excess
solution slide off the cover glass. In the wake of the droplet, individual nanoparticle—
nanolens complexes remain, as illustrated in Fig. 3a—c and evidenced by the SEM image in
Fig. 3d compared to Fig. 3e.

Under the assumptions involved in the model behind Fig. 3,70 the 3D shape of the nanolens
forms a catenoid, which is a minimal surface,’%72 j.e., a surface with zero net curvature.
The catenoid happens to be the second surface (after a simple plane) that was discovered and
proved to be minimal surface in the 18th century. It is interesting to note that two rings that
are soaked into soap solution also create a catenoid when they are moved apart from each
other, forming a minimal surface. The negative curvature in the plane shown in Fig. 3a—c is
balanced by positive curvature about the axis of symmetry (zaxis). The constraints applied
to our nano-catenoid minimal surface are imposed by the liquid contact angles at the particle
and at the substrate. Because the contact angle with the hydrophilic substrate is very small
(<10°), the lateral extent of the nanolens can be significantly larger than the particle itself,
with smaller substrate contact angles leading to larger nanolenses, as shown in Fig. 3b
versus Fig. 3a and c. When combining the fluid simulations with optical simulations, it
becomes apparent that the nanolenses significantly increase the effective scattering cross-
section of the nanoparticles, making it possible to clearly detect individual particles below
100 nm with lensfree microscopy, whose signature would otherwise be lost underneath the
background noise level. Diffractive optical simulations based on both thin-lens and finite-
difference time-domain (FDTD) models of the nanoparticle-nanolens system have been
performed, showing very similar results.”®

Lab Chip. Author manuscript; available in PMC 2013 December 07.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

McLeod et al.

Page 6

The predictions from these simulations are borne out experimentally. Fig. 4a shows
experimental results conducted on 95 nm polystyrene beads with and without the formation
of the nanolenses. Without nanolenses, individual sub-100 nm particles cannot be observed
above the noise level, even with the pixel super-resolution method discussed above (see first
column of Fig. 4a). However, the nanolenses, which self-assemble around 95 nm beads
significantly enhance the SNR of the lensfree holographic images, enabling the recovery of
these individual nano-beads in both lensfree amplitude and phase reconstructions, as shown
in the second column of Fig. 4a. In all cases, particle locations are verified using
corresponding bright-field microscope images acquired with a 100x oil-immersion lens (NA
= 1.25). Fig. 4b illustrates an extended-area reconstruction of a heterogeneous polystyrene
bead sample with diameters in the range 60-360 nm. This region was digitally cropped from
a much larger FOV that is equal to the imaging area of the CMOS sensor-array, /.e., 20.5
mm?2. Located in the lower set of this figure, corresponding SEM images (s1-s4 of Fig. 4b)
confirm the particle size and location, matching very well with our lensfree reconstruction
results.

This combination of catenoid nanolenses with wide-field lensfree on-chip holography is also
capable of imaging single viruses, including sub-100 nm adenoviruses and influenza A
(H1NZ1) viruses, a feat not shown in previous implementations of lensfree microscopy. As
shown in Fig. 4c, lensfree amplitude and phase reconstructions of virus holograms were
verified with corresponding SEM and 100x bright-field oil-immersion objective lens (NA =
1.25) images.

The results shown thus far in Fig. 4 were generated using a CMQOS chip that has a pixel size
of 1.12 pym with a large imaging FOV of 20.5 mm2. While this state-of-the-art image sensor
provides high resolution imaging capability due to its fine spatial sampling of holographic
fringes as discussed above, the imaging throughput of our platform can be further increased
by more than an order of magnitude by moving to large area CCD chips. Fig. 5 illustrates
lensfree nanoparticle imaging results that were generated using a wide-field CCD chip (from
Kodak) with an active area of >18 cm? (which is more than 90-fold larger than the active
area of the CMOS chip used in Fig. 4) and a pixel size of 6.8 um. Only one-half of the active
area of this CCD chip was utilized in the lensfree imaging experiments shown here,
providing a FOV of >9 cm2. Similar to Fig. 4, corresponding SEM and bright-field
microscope images (background-subtracted) of the same samples were used to verify our
lensfree reconstruction results. Although the larger pixel size (6.8 um) of the CCD chip
decreases the sampling frequency of lensfree holograms, it is nonetheless possible to image
individual nano-particles smaller than 150 nm, as shown in Fig. 5.

Conclusions and future directions

Computational lensfree holographic microscopy has now reached the nano-scale, with an
effective NA of 0.92 and the ability to detect sub-100 nm particles and viruses over a large
FOV of e.g.,, >20 mmZ, it is yielding giga-pixel phase and amplitude images. In terms of
both resolution and signal-to-noise, there remains significant room for future improvements
in the years to come. We expect lensfree systems to approach numerical apertures greater
than 1.0, such as those found in high-end lens-based oil-immersion systems, although the
pixel architecture of the sensor itself will likely impose the ultimate limit here. The SNR and
contrast in nanoparticle imaging using self-assembled catenoid nanolenses can also be
significantly enhanced by optimizing the nanolens’ properties. Some of these possibilities
are simulated and analysed in Fig. 6, where the use of absorbing materials, highly wetting
liquids, and highly refractive materials can enhance the nanolens’ properties, potentially
enabling the detection of sub-50 nm particles. Some of the target applications for such a
wide-field nanoscopic imaging system would include proteins and ultra-small nanoparticles,
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potentially aiding medical diagnostics and patient screening in resource-limited or field
settings. Computational lensfree nanoscopy on a chip indeed has a bright future in this
digital era.
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Fig. 1.

Lensfree on-chip microscopy. (a) A schematic diagram of the experimental setup. A
partially coherent light source (e.g., a light-emitting-diode) positioned at distance z; above
the sample plane allows for holographic imaging, while lateral shifts of the source enable
pixel-super-resolution. The small sample-to-sensor distance () provides unit magnification
and an ultra-large FOV, W4 x WA, that is equal to the active area of the opto-electronic
sensor-chip. (b) Computational procedures for obtaining high-resolution on-chip images.
Figure adapted from ref. 43.
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Fig. 2.

State-of-the-art resolution of lensfree on-chip microscopy. (a) The highest NA achieved to
date for a lensfree on-chip microscope, showing the resolution of a grating with 300 nm
half-pitch, corresponding to a NA of 0.92 (wavelength = 550 nm). (b) The smallest resolved
feature size, corresponding to a grating with 225 nm half-pitch. The equivalent NA is lower
than in (a) because of the reduced wavelength, 372 nm. (c) Lensfree nanoscopy applied to
imaging single helical multi-walled carbon nanotubes. The shape of the nanotube is visible,
with its width (500 nm) of the order of twice the half-pitch resolution (225 nm). All lensfree
results use immersion oil between the sample and the sensor to improve spatial resolution.
The SEM comparison image of the nanotube contains a metal coating, which was deposited
after its lensfree imaging has been performed.
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Fig. 3.

Self-assembled nanolenses enable nanoparticle detection. (a—c) To-scale schematic
representations of the catenoid nanolens shape surrounding a 200 nm particle for various
substrate (6) and particle (&) contact angles. In (a), the equation gives the radial extent of
the nanolens as a function of its height, where aand 6 are functions of the particle size, &,
and &,. (d) A SEM image of a large (1 um) spherical particle with the remnants of a
nanolens that was desiccated during SEM sample preparation, illustrating the extent of the
nanolens. (e) A comparison SEM image of a polystyrene bead without a nanolens. Images
adapted from ref. 70.
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Fig. 4.

Experimental detection of individual nanoparticles and viruses. (a) Lensfree pixel-super
resolution imaging results of 95 nm polystyrene beads with and without self-assembled
catenoid nano-lenses. 100x (NA = 1.25) oil-immersion objective images of the same
samples are provided for comparison purposes and intensity cross-section curves of
individual particles are shown in their insets due to the low contrast. (b) The reconstruction
result (top-middle image) of a region-of-interest from a heterogeneous nano-bead sample.
Corresponding SEM images (s1-s4) are in good agreement with the lensfree reconstruction.
Red and blue arrows locate the < 100 nm beads and the beads having diameters in the 100—
150 nm range, respectively. (c) Lensfree holographic pixel-super resolution imaging of
single adenoviruses and influenza A (H1N1) viruses, with corresponding SEM and 100x
(NA = 1.25) oil-immersion objective images for verification. Red arrows are used to identify
the particles in lensfree amplitude and phase reconstructions, as well as SEM images.
Intensity cross-section curves of single viruses within the 100x objective image are shown in
the inset due to the low contrast. Note also that the lensfree images are digitally cropped
from a much larger FOV (/.e., 20.5 mm? — the active imaging area of the CMOS sensor used
in this work). Images adapted from ref. 70.
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Fig. 5.

Ultra-wide-field CCD-based lensfree imaging results of sub-150 nm particles. The FOV of
this CCD sensor-chip (>18 cm?) is 90 times larger than the CMOS sensor used to generate
the lensfree imaging results in Fig. 4. Note that only half of the CCD active area (>9 cm?) is
shown in A. B was digitally cropped from A, which was also cropped from a much larger
FOV (37 mm x 25 mm) on the left (where black spots were used for the registration of the
FOVs of the comparison images). A high contrast and background-subtracted 60x objective
lens-based image of the corresponding region-of-interest, as well as two SEM images (s1
and s2) of subregions are demonstrated for comparison purposes. Images adapted from ref.
70.
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Fig. 6.

Simulated impact of nanolens improvements on lensfree holographic microscopy. (a) In
both amplitude and phase reconstructions, highly absorbing nanolenses around 50 nm
particles enhance their contrast with respect to the background. (b) Reducing the contact
angle with the substrate makes the nanolenses larger and more effective in detecting 50 nm
particles. Insets show amplitude reconstructions for three points in the vicinity of the
detection threshold. (c) Nanolenses composed of highly refractive fluids scatter light more
effectively, enabling detection of 75 nm particles. All of the amplitude reconstructions
without nanolenses in (c) show SNR < 2 dB. For all data in a given subfigure, an identical
randomly-generated 1% Gaussian noise field is added at the detector plane. Unless a
parameter is being varied explicitly, all simulations assume a purely real film refractive
index of 1.35 and a substrate contact angle of 10°. Images adapted from ref. 70.
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