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Abstract
We discuss unique features of lens-free computational imaging tools and report some of their
emerging results for wide-field on-chip microscopy, such as the achievement of a numerical
aperture (NA) of ~0.8–0.9 across a field of view (FOV) of more than 20 mm2 or an NA of ~0.1
across a FOV of ~18 cm2, which corresponds to an image with more than 1.5 gigapixels. We also
discuss the current challenges that these computational on-chip microscopes face, shedding light
on their future directions and applications.

Lens-free on-chip imaging refers to using a digital optoelectronic sensor array, such as a
charge-coupled device (CCD) or complementary metal-oxide semiconductor (CMOS) chip
to directly sample the light transmitted through a specimen without the use of any imaging
lenses between the object and the sensor planes1–25. The hardware for such an imaging
geometry is significantly simpler and much more compact and lightweight than that of
conventional lens-based microscopy. In addition, this geometry, as will be detailed later on,
can decouple imaging FOV and resolution from each other, creating unique microscopes
that can achieve improved resolution and FOV at the same time. The advancements in this
type of microscopy are being spearheaded by the development of sensor chips that are
continually being improved and introduced into consumer electronics products, particularly
cell phones and high-end digital cameras.

For a lens-free on-chip microscope, there are various design choices that one can select
from. Leaving the discussion of lens-free fluorescence on-chip imaging techniques26–29 to
later sections, in general we can categorize bright-field lens-free microscopes into two main
streams: (i) contact-mode shadow imaging–based microscopes18–21 and (ii) diffraction-
based lens-free microscopes1–17. The first group of lens-free microscopes is designed to
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minimize the distance (ideally less than 1 μm) between the sample and the active region of
the sensor array (or an aperture array in some cases18,19) so that diffraction can be
significantly reduced. Therefore, these contact-mode lens-free optical microscopes sample
the transmitted light through the objects that are placed on a sensor array, effectively
capturing the shadows of the objects. Under the assumption that optical diffraction within
the object body and between the object and the sensor active region can both be ignored,
these object shadows represent two-dimensional (2D) images of the specimens. To mitigate
pixelation-related artifacts in the digital sampling of these transmission shadow images,
earlier designs of such lens-free microscopes used the motion of the specimens within a
microfluidic channel so that a smaller effective pixel size could be created from a time
sequence of shadow images, thus improving the spatial resolution18,19,21. For stationary or
slowly moving samples on a chip, however, shifting of the light source6,7 can be used to
digitally control the movements of these lens-free object shadows on the sensor array as a
function of the source position and can also lead to the synthesis of higher-resolution
shadow images20.

The second category of lens-free microscopes relies on computation (on the basis of, for
example, digital holography1–17 or coherent diffractive imaging techniques30–36) to partially
undo the effects of diffraction that occur between the object and the detector planes.
Therefore, unlike contact-mode shadow-imaging approaches, a sizeable distance between
the objects and the sensor chip can be accommodated, which also permits 3D imaging of
large sample volumes, where objects at different heights can be simultaneously imaged. In
this second group of lens-free microscopes, the scattered light from each object interferes
with itself and with the unscattered background light (if it exists) to create an interference
pattern, which is then digitally processed to reconstruct an image of the object1–17,37–42.

In this Perspective, we expand on lens-free holographic-microscope designs, some of which
use a spatially and temporally coherent light source such as a laser that is filtered by a small
pinhole (≤1–2 μm)1–4, whereas others rely on partially coherent illumination provided by,
for example, light-emitting diodes (LEDs)5–14,43. We focus on the latter and present the
unique features of such partially coherent lens-free optical microscopy tools that operate
under unit magnification, in which the sample is ‘on-chip’ (Fig. 1); we report some of the
emerging results that they provide for wide-field imaging needs, achieving, for example, an
NA of ~0.8–0.9 with a half-pitch resolution of ~300–350 nm across an FOV of >20 mm2

(that is, >5 mm × 4 mm) or an NA of ~0.1 across an FOV of ~18 cm2 (~4.9 cm × 3.7 cm),
which corresponds to an image with more than 1.5 billion useful pixels. We also present
some of the current challenges that these computational on-chip microscopes face, and we
compare different approaches to shed light on their future directions and applications.

Key components of lens-free holographic on-chip microscopy
In a partially coherent holographic on-chip microscope (Fig. 1), the source can simply be an
LED or an array of LEDs5,7,10. In case wavelength tunability is desired, a monochromator
can also be used that is coupled to a multimode fiber. The spectral bandwidth of the source
can vary from a few nanometers to 20–30 nm depending on the sample-to-detector distance
and the resolution requirement of the system. Because the sample plane is close to the
detector plane (typically ≤0.1–2 mm), the scattered light rays and the background light can
still interfere at the sensor chip even though the temporal coherence lengths of such
broadband sources are significantly shorter than those of lasers.

In addition to temporal-coherence requirements, spatial coherence of the illumination is also
critical in lens-free holographic microscopy (which is also true for contact imaging, as will
be detailed later on). Under unit fringe magnification, because the lens-free holographic
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shadows of objects do not spread across the entire sensor active area, the spatial coherence
diameter that is required at the sampling plane is small5, typically less than 0.5–1 mm. This
implies that an LED can be directly coupled to a large-core fiber-optic cable or a simple
pinhole (for example, 50–100 μm in diameter) without the use of any mechanical alignment
stage or light-coupling optics. This makes alignment and operation of a partially coherent
lens-free holographic microscope straightforward. Because coherence is now used as a
gating function, this choice of partial coherence, besides offering simplicity of alignment
and cost-effectiveness, helps reduce speckle and multiple-reflection-interference noise terms
as well as cross-interference among the diffraction patterns of objects, which is in general a
source of artifact for holography44.

Apart from the illumination end, the other key component involved in a lens-free
microscope is the optoelectronic sensor array that is used to sample the transmitted light
pattern from each specimen. Under unit magnification, the imaging FOV of a lens-free
holographic microscope and some types of contact-mode microscopes is equal to the active
area of the sensor chip, which implies that by using state-of-the-art CCD and CMOS chips
(monochrome or color), one can achieve a wide range of FOVs varying from 20 mm2 to
more than 15 cm2. These numbers constitute significantly wider imaging areas than are
offered by standard objective-lenses used in conventional optical microscopes. Note that
microlenses involved in CMOS or CCD sensor arrays do not form an image per lens; instead
they affect the photon collection efficiency of individual pixels.

Another key feature is the pixel size, which directly influences the spatial resolution that can
be achieved. For both holographic and contact-mode lens-free on-chip imaging techniques, a
smaller pixel size will help us achieve better resolution unless the pixel design exhibits
severe angular distortions that create aberrations for oblique rays, which correspond to high
numerical apertures. Because the area of the pixel shrinks with the square of its size, to
claim a large active area or imaging FOV, more megapixels would also be needed for an
ideal lens-free on-chip microscope. Fortunately, adding more megapixels to image sensors is
already a major trend in consumer electronics, mostly driven by the massive volume of
camera-phones, which have recently started to use ~40-megapixel imagers.

Reconstruction techniques
Lens-free on-chip imaging has two important reconstruction blocks that are needed to
visualize an object’s image. The first of these computational blocks, termed ‘pixel super-
resolution’45–47, is used to overcome the resolution limitation due to the pixel size and is
required to achieve subpixel spatial resolution in lens-free on-chip imaging6–10. Note that
the term ‘pixel super-resolution’ refers to ‘de-aliasing’ that is used to mitigate the unit
magnification of on-chip imaging geometry and should not be confused with the recent
literature on surpassing the diffraction limit of light. Contact-mode and holographic lens-
free microscopes share this common step to digitally embed more pixels to an image by, for
example, shifting the light source and capturing multiple (typically ~10–100) subpixel-
shifted lens-free images of the same static object6,7. Alternatively, the motion of the object
within microfluidic devices can also be used for the same pixel super-resolution step to
resolve finer features of an object8,13,21.

The second reconstruction block, which follows the pixel super-resolution step, is required
only for diffraction-based lens-free microscopes, in which there is a considerable distance
between the objects and the detector array such that diffraction cannot be ignored at optical
frequencies. In this second computation step, the image of the specimen can be
reconstructed from its super-resolved interference pattern by using iterative phase
reconstruction48 or twin-image elimination algorithms49 that are commonly used in digital
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holography literature, as well as other reconstruction algorithms borrowed from, for
example, coherent diffraction imaging techniques37–42. As a result of this step, both
amplitude and phase images of the object can be generated, the latter of which might be
especially important for imaging weakly scattering transparent specimens such as submicron
bacteria or parasites7.

Lens-free on-chip microscopy can use additional computational tools to move from 2D
cross-sectional images to a lens-free tomogram of the object by merging the spatial-
frequency information of different illumination angles13,14,50. Here we should emphasize
that the ability of lens-free in-line holography to digitally propagate a field over a long depth
of focus does not immediately permit tomographic imaging of objects unless multiangle
illumination13,14, ptychographic tomography51 or a compressive holography–based
approach15,52 is used.

Note also that such computational blocks are not needed for a conventional lens-based
microscope, which can provide immediate visualization of specimen through the eyepiece.
Although this can be considered an important limitation of computational microscopy tools
in certain settings, the recent advances in microprocessors such as graphics processing units
(GPUs) that are now appearing even on our cell phones make computation extremely cost-
effective and widely accessible globally, which we believe would be a key enabler for lens-
free imaging techniques to scale up.

Gigapixel imaging using lens-free on-chip microscopy
After covering some of the basic features of lens-free on-chip microscopes, next we would
like to give examples of their state-of-the-art performance. Lens-free computational
microscopy permits imaging at a large space-bandwidth product corresponding to a
reconstructed image with more than 1.5 gigapixels. Using a state-of-the-art CCD enables
imaging an ultra-wide FOV of ~18 cm2 (~4.9 cm × 3.7 cm) with a half-pitch resolution of
~2.19 μm, which contains >1.5 billion useful pixels, assuming 2 pixels define the minimum
feature size (Fig. 2). In this case, the monochrome CCD chip itself (Kodak, KAF-39000) has
~40 megapixels, where each pixel is physically 6.8 μm wide. However, by using pixel
super-resolution algorithms, a deeply subpixel resolution corresponding to an NA of ~0.1
can be achieved across the entire active area of the CCD chip (a FOV of ~18 cm2, Fig. 2). In
comparison, a conventional objective lens with a similar NA would typically have a FOV
that is a few square millimeters, with typically less than 10 megapixels. Although a
customized microscope lens design based on conventional optics53 or mechanical scanning
of the sample or lens could be used to enlarge the FOV, it would be a relatively complicated,
bulky and costly solution to achieve such a wide imaging area.

At the other extreme, using a state-of-the-art CMOS chip instead of a CCD, one can achieve
a half-pitch resolution of <350 nm in air (illumination wavelength, 530 nm) across an FOV
of ~20.5 mm2 (that is, ~5.21 mm × 3.94 mm). In this case (Fig. 3), the CMOS chip (Sony
Corp.) is a 16-megapixel color (RGB) sensor with a pixel size of ~1.1 μm that is
manufactured for use in cell phone cameras. Once again, using pixel superresolution
algorithms (only for the green pixels of the color CMOS chip) achieves deeply subpixel
resolution corresponding to an NA of ~0.8 (in air) across the entire active area of the CMOS
sensor chip (FOV > 20 mm2, Fig. 3).

One unique aspect of lens-free computational on-chip imaging is the fact that these quoted
numbers will immediately improve as new sensor arrays become available. The rapid
advancement that we experience in sensor array technologies is driven mostly by the cell
phone and digital camera manufacturers, which produce more than 1 billion new camera
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modules every year, placing lens-free on-chip microscopy in a unique position to follow this
trend.

Equally important is that the imaging geometry (Fig. 1) decouples spatial resolution from
FOV. Stated differently, as more mega-pixels are introduced onto the same chip, while the
pixel size is kept the same (or even smaller), it is possible to achieve a larger FOV without
sacrificing resolution (or keep the same FOV with improved resolution). Therefore, the
current trend in the image sensor industry toward smaller pixel size and higher-megapixel
imager chips will continue to improve the resolution and FOV of lens-free computational
microscopes, providing us a unique on-chip microscopy platform in which the resolution
and FOV are not necessarily tied to each other.

Future challenges and opportunities
Resolving microscale features of biological specimen in both space and time, lens-free on-
chip microscopes have the potential to influence almost all the fields that their conventional
lens-based counterparts are used for, including imaging, screening and tracking of cells and
microorganisms in applications ranging from high-throughput screening to lab-on-a-chip
technologies5–12,20,54,55. Because conventional wide-field optical microscopy has itself gone
through a renaissance during the last two decades, an extensive comparison between lens-
free on-chip microscopy tools and conventional lens-based optical microscopes would need
to be rather detailed to be fair. However, one can highlight the following features and
relative advantages of on-chip microscopes over their conventional lens-based counterparts:
(i) decoupling of FOV from resolution, which enables the space-bandwidth product of the
on-chip microscope to easily scale up with rapid advancements in optoelectronic sensor-
array technologies; (ii) larger FOV and depth-of-field for 3D screening of enlarged volumes;
(iii) compactness and lighter weight, which lead to advances such as better integration with
lab-on-a-chip platforms; and (iv) design simplicity and cost-effectiveness. On the other
hand, compared to conventional microscopy, lens-free on-chip microscopy still faces several
key challenges, such as limited spatial resolution, difficulty in imaging fluorescent and thick
specimens or the lack of standardized computational tools, which may, in practical terms,
limit the reconstruction and image visualization times. To further improve the performance
of on-chip microscopy and widen its application areas, such challenges will need to be
addressed. We discuss these challenges next.

Spatial resolution
Despite their large imaging areas, the state-of-the-art resolution for lens-free on-chip
microscopy is still not diffraction limited. Improving the numerical aperture from its current
level of ~0.8 to 1 or even higher could potentially be achieved using liquids with higher
refractive indices (for example, by oil immersion1) that fill air gaps between the object and
detector planes to increase the spatial-frequency passband of the system. Figure 3 illustrates
that based on this oil-immersion method and a 1.1-μm CMOS imager, we can improve the
numerical aperture to ~0.9, which corresponds to a half-pitch resolution of ~300 nm under
an illumination wavelength of 530 nm.

Further resolution improvements would probably necessitate new sensor chips that have
submicron pixel sizes. Though these seem to be on the horizon, especially with the next-
generation CMOS imager chips that are being developed, a factor that is important for on-
chip microscopy but less so for the mainstream use of sensor arrays (for example, in digital
cameras) is the angular distortion of pixels. At high numerical apertures, the pixels of a
sensor array typically exhibit artifacts because oblique light rays experience much higher
losses than straight rays and, more importantly, can end up generating a signal in
neighboring pixels, which distorts accurate sampling of object transmission patterns.
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Therefore, special attention has to be given to the design of lens-free imager chips in terms
of their angular response, which is not as critical for cell phone camera applications because
of the presence and the lower NA of the imaging lens. To reduce pixel-related imaging
aberrations and get closer to the diffraction limit, new sensor chips that have submicron
pixel size and a decent external quantum efficiency—which is not strongly dependent on
illumination angle—are needed.

In addition, new signal processing approaches that rely on sparse signal recovery and
compressive sampling algorithms15,16,26,37 are also promising directions that can be
combined with pixel super-resolution schemes to further improve the resolution of lens-free
on-chip microscopes.

Sample density
For a transmission imaging geometry, sample density (that is, the number of scattering
objects—for example, cells—per unit volume or area) can cause issues in lens-free on-chip
imaging performance for both holographic and contact imaging schemes. For contact
shadow imaging, if the density of the specimen—for example, of nonadherent cells or
multicellular organisms—increases in 3D, it creates aberrations because the objects will
effectively move away from the sensor active area, thus increasing the contribution of
diffraction to shadow images, which directly reduces the resolution and creates aberrations
when applying pixel super-resolution algorithms20,21. In the case of high-density planar 2D
objects (such as adherent cells, for which specimen thickness can be ≤1 μm), contact
imaging would still exhibit aberrations and artifacts due to (i) shadow stretching at the active
plane of the sensor chip as a function of illumination angle, (ii) change of object cross-
section and its shadow as a function of illumination angle and (iii) partial interference of
these dense object shadows with each other. The first two limitations mentioned above are
inherent to the technique, as contact imaging of static objects requires large illumination
angles (for example, up to ±60°) to achieve subpixel shadow shifts20. The third limitation is
related to partial coherence of illumination and needs to be carefully analyzed in high-
resolution contact imaging even if the coherence diameter at the active region of the detector
array is, for example, less than 1–2 μm. Stated differently, contact-mode lens-free imaging
that uses pixel super-resolution techniques could exhibit ‘artificial’ submicron features
under even a very small coherence diameter.

Similar limitations also apply to holographic lens-free on-chip imaging in the case of dense
samples. For lens-free in-line holographic imaging, as the density of the samples gets higher
(as in the case of confluent cell cultures or a tissue slice, for example), the background light
(which acts as a reference wave) gets distorted. One potential solution for this issue is to
increase the distance between the sample and the detector chip so that a beam splitter can
reflect an unscattered reference beam onto the sensor array56. This, however, would
necessitate the use of increased temporal and spatial coherence for illumination and
complicate the setup in terms of alignment and size. Because of the increased distance
between the sample and sensor planes, it would also reduce the effective FOV, especially for
large-area CCD chips.

Another solution to this object density issue that has been applied to wide-field on-chip
holographic microscopy is multi-height lens-free imaging, in which the sensor array records
the lens-free diffraction holograms of the specimen at different heights. By iteratively
propagating back and forth between 3–5 different heights, for example, phase and amplitude
images of dense objects can be reconstructed without the need for any spatial filtering10,41.
The disadvantage of this approach is that more measurements are now required for the same
sample, which also necessitates the use of additional computation to align the FOV of each
multiheight lens-free hologram to others.
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Reflection imaging
Whereas dense and transparent specimens can be handled using lens-free on-chip
microscopy tools as discussed above, opaque samples cannot be imaged using transmission
microscopy modalities in general. For relatively thick and nontransparent samples, such as
tissue, reflection imaging would be needed. There are previous reports on lens-free
reflection imaging methods17,57; however, these approaches have a smaller FOV (for
example, ~9 mm2) than that of lens-free transmission on-chip imaging, which is mostly
because of significantly increased distance between the specimen and the detector array in
reflection imaging geometry. Furthermore, although these reflection imaging approaches are
lens-free, they still rely on a beam splitter cube to channel the reflected object field onto a
sensor array. As the active area of the sensor chip gets larger (for example, >10 cm2), the
size of such a beam splitter would also grow, which would further increase the distance
between the specimen and the detector planes, potentially causing signal-to-noise ratio
limitations for submicron features of the object. Therefore, unlike its transmission
counterpart, lens-free reflection microscopy is less suitable for reaching extreme FOVs
(>10–20 cm2) that are achievable with the state-of-the-art CCD chips.

Fluorescence imaging
Our lens-free imaging discussions so far have been limited to bright-field microscopy on a
chip. Fluorescence imaging, however, is another important modality that needs to be merged
onto the same lens-free on-chip microscope for various applications that demand it—for
example, when molecular probes are used to bring functionality, specificity and sensitivity
to the imaging platform. To this end, there have been efforts to create dual-mode lens-free
microscopes that can switch back and forth between bright-field and fluorescence
imaging27. However, the resolution and image quality of these existing lens-free
fluorescence imaging solutions are not yet as competitive as those of their bright-field
counterparts26,28,58. There are several reasons behind this limited performance of lens-free
fluorescence imaging. First, fluorescence emission is not directional, and the signal strength
therefore drops much faster as a function of vertical distance in a lens-free fluorescence
imaging geometry as compared to its transmission counterpart. This lower signal-to-noise
ratio requires placing the labeled specimens rather close to the sensor chip surface (for
example, <400–500 μm). Second, decent filtering of the excitation light on a chip is
challenging. In a lens-free configuration, thin film–based standard fluorescence filters would
not work as desired because the randomly scattered excitation light would not be collimated,
unlike in conventional lens-based fluorescence microscopes. Fluorescence lens-free
microscopy thus requires relatively thicker absorption-based filters, which increase the
distance between the sample and the detector active area at the expense of reducing the
achievable resolution. Third, fluorescence emission is spatially and temporally incoherent,
and so holographic digital reconstruction and related pixel super-resolution techniques that
are based on source shifting are not useful in this case. Although recently emerging sparse
signal recovery techniques (based on compressive sampling, for example) have been used to
decode lens-free fluorescence images28, their resolution level is still relatively coarse (~3–4
μm), mostly because of the reduced signal-to-noise ratio achieved in fluorescence on-chip
imaging.

Though the issues discussed above are creating technical obstacles for fluorescence imaging
to achieve submicron resolution over a large imaging area, which is the characteristic
signature of lens-free on-chip imaging, these difficulties do not constitute fundamental
challenges. Systematic improvements in (i) detection signal-to-noise ratio through
technologies such as actively cooled sensor chips, (ii) absorption filter performance by use
of better dyes, (iii) illumination schemes involving, for example, the use of structured
excitation light and (iv) incoherent signal recovery algorithms that exploit sparsity of
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fluorescence images could help us achieve high-resolution dual-mode lens-free on-chip
microscopes that can switch between fluorescence and bright-field imaging of large FOVs.
Once lens-free microscopy is combined with color sensor arrays (for example, RGB CMOS
chips, Fig. 3), multicolor lens-free fluorescence imaging could also be achieved, which
might extend the use of these on-chip microscopes to various applications such as
fluorescence cytometry.

Imaging speed
The imaging speed of lens-free on-chip microscopes is limited by the frame rate of the
sensor array, which varies from ~1 frame per second (f.p.s.) to >50 f.p.s. depending on the
exposure time and the megapixel count of the sensor chip. Under appropriate illumination
conditions, which can be satisfied by even an LED, the frame rate can be significantly
increased to >200–300 f.p.s. by digitally selecting a smaller FOV within the active area of
the chip. This also implies that high-throughput scanning of large sample areas and volumes
at high frame rates can be achieved by digitally moving the region of interest within the
active area of the sensor chip. This could be quite useful for observing spatiotemporal
dynamics of fast-moving microorganisms such as sperm12 across large sample volumes and
for collecting extensive statistics on their natural swimming behavior and response to
various external stimuli.

Regarding imaging speeds, an important consideration is that the surface temperature of the
sensor chip can easily reach above 40 °C after ‘continuous’ operation for, for example, more
than 10 min. This heating poses an important temporal limitation, especially for contact
imaging approaches, which might not succeed in cooling the immediate top surface of the
imager chip despite using cooling circuitry or heat sinks. This concern also exists for lens-
free holographic approaches, but to a lesser degree because of the greater distance (for
example, 1–2 mm) between the sample and the sensor chip.

Standardization of reconstruction techniques
The different versions of lens-free on-chip microscopes can vary greatly in design. What
makes this picture even more confusing is that the reconstruction methods also vary
depending on the imaging architecture. This complexity poses challenges for the wide-scale
use of these emerging computational microscopy tools, especially in the biomedical
sciences. This limitation can be overcome by the standardization of reconstruction
algorithms through the creation of modular software blocks (running on GPUs, for example)
that are integrated with each other so as to handle various possible lens-free imaging
configurations. As a starting point, an open-source computational library for holographic
reconstruction is already available59.

In conclusion, lens-free computational imaging tools are becoming more capable of creating
wide-field microscopic images of specimens located on a chip. Compared to conventional
lens-based microscopes, lens-free microscopes are in general simpler in hardware and more
compact and lightweight while also achieving a larger FOV and depth-of-field for 3D
screening of enlarged volumes. With further improvements in fluorescence and reflection-
based lens-free on-chip microscopes and development of standardized reconstruction
software that can better handle sample density issues and variations in lens-free imaging
designs, we believe that computational on-chip microscopy will continue to find broader
applications in the physical and biomedical sciences, among others. Once lens-free
microscopy overcomes these limitations and successfully scales up to a large number of
users, massive amounts of microscopy data within various disciplines could be generated.
This, in turn, could present its own challenges, adding more to our existing ‘big data’
problem60. This challenge, however, will also create new opportunities for microscopic
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analysis in general and could potentially be addressed through machine learning as well as
crowd-sourcing strategies61.

Acknowledgments
A.O. gratefully acknowledges the support of the Presidential Early Career Award for Scientists and Engineers,
Army Research Office Young Investigator Award, National Science Foundation CAREER Award, Office of Naval
Research Young Investigator Award and National Institutes of Health Director’s New Innovator Award
DP2OD006427 from the Office of the Director, National Institutes of Health.

References
1. Garcia-Sucerquia J, Xu W, Jericho MH, Kreuzer HJ. Immersion digital in-line holographic

microscopy. Opt Lett. 2006; 31:1211–1213. This work introduces oil-immersion microscopy in
lens-free holographic imaging. [PubMed: 16642062]

2. Garcia-Sucerquia J, et al. Digital in-line holographic microscopy. Appl Opt. 2006; 45:836–850.
[PubMed: 16512525]

3. Kanka M, Riesenberg R, Kreuzer HJ. Reconstruction of high-resolution holographic microscopic
images. Opt Lett. 2009; 34:1162–1164. [PubMed: 19370104]

4. Kanka M, Riesenberg R, Petruck P, Graulig C. High resolution (NA=0.8) in lensless in-line
holographic microscopy with glass sample carriers. Opt Lett. 2011; 36:3651–3653. [PubMed:
21931421]

5. Mudanyali O, et al. Compact, light-weight and cost-effective microscope based on lensless
incoherent holography for telemedicine applications. Lab Chip. 2010; 10:1417–1428. [PubMed:
20401422]

6. Bishara W, Su TW, Coskun AF, Ozcan A. Lensfree on-chip microscopy over a wide field-of-view
using pixel super-resolution. Opt Express. 2010; 18:11181–11191. [PubMed: 20588977]

7. Bishara W, et al. Holographic pixel super-resolution in portable lensless on-chip microscopy using a
fiber-optic array. Lab Chip. 2011; 11:1276–1279. This work, together with ref. 6, introduces the use
of pixel super-resolution algorithms in lens-free on-chip microscopy for mitigating the pixel size
limitation under unit magnification. [PubMed: 21365087]

8. Bishara W, Zhu H, Ozcan A. Holographic opto-fluidic microscopy. Opt Express. 2010; 18:27499–
27510. [PubMed: 21197025]

9. Mudanyali O, Bishara W, Ozcan A. Lensfree super-resolution holographic microscopy using
wetting films on a chip. Opt Express. 2011; 19:17378–17389. [PubMed: 21935102]

10. Greenbaum A, Sikora U, Ozcan A. Field-portable wide-field microscopy of dense samples using
multi-height pixel super-resolution based lensfree imaging. Lab Chip. 2012; 12:1242–1245.
[PubMed: 22334329]

11. Stybayeva G, et al. Lensfree holographic imaging of antibody microarrays for high-throughput
detection of Leukocyte numbers and function. Anal Chem. 2010; 82:3736–3744. [PubMed:
20359168]

12. Su TW, Erlinger A, Tseng D, Ozcan A. Compact and light-weight automated semen analysis
platform using lensfree on-chip microscopy. Anal Chem. 2010; 82:8307–8312. [PubMed:
20836503]

13. Isikman SO, Bishara W, Zhu H, Ozcan A. Optofluidic tomography on a chip. Appl Phys Lett.
2011; 98:161109. [PubMed: 21580801]

14. Isikman SO, et al. Lens-free optical tomographic microscope with a large imaging volume on a
chip. Proc Natl Acad Sci USA. 2011; 108:7296–7301. This work introduces lens-free tomographic
imaging on a chip. [PubMed: 21504943]

15. Brady DJ, Choi K, Marks DL, Horisaki R, Lim S. Compressive holography. Opt Express. 2009;
17:13040–13049. This work introduces compressive holographic imaging. [PubMed: 19654708]

16. Hahn J, Lim S, Choi K, Horisaki R, Brady DJ. Video-rate compressive holographic microscopic
tomography. Opt Express. 2011; 19:7289–7298. [PubMed: 21503040]

Greenbaum et al. Page 9

Nat Methods. Author manuscript; available in PMC 2013 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



17. Lee M, Yaglidere O, Ozcan A. Field-portable reflection and transmission microscopy based on
lensless holography. Biomed Opt Express. 2011; 2:2721–2730. [PubMed: 21991559]

18. Cui X, et al. Lensless high-resolution on-chip optofluidic microscopes for Caenorhabditis elegans
and cell imaging. Proc Natl Acad Sci USA. 2008; 105:10670–10675. This work introduces an
optofluidic lens-free microscope that is based on sampling of flowing object shadows. [PubMed:
18663227]

19. Pang S, et al. Implementation of a color-capable optofluidic microscope on a RGB CMOS color
sensor chip substrate. Lab Chip. 2010; 10:411–414. [PubMed: 20126679]

20. Zheng G, Lee SA, Antebi Y, Elowitz MB, Yang C. The ePetri dish, an on-chip cell imaging
platform based on subpixel perspective sweeping microscopy (SPSM). Proc Natl Acad Sci USA.
2011; 108:16889–16894. This work introduces contact-mode lens-free shadow imaging of static
objects. [PubMed: 21969539]

21. Lee SA, et al. Color capable sub-pixel resolving optofluidic microscope and its application to
blood cell imaging for Malaria diagnosis. PLoS ONE. 2011; 6:e26127. [PubMed: 22022535]

22. Maiden AM, Humphry MJ, Zhang F, Rodenburg JM. Superresolution imaging via ptychography. J
Opt Soc Am A Opt Image Sci Vis. 2011; 28:604–612. [PubMed: 21478956]

23. Maiden AM, Rodenburg JM, Humphry MJ. Optical ptychography: a practical implementation with
useful resolution. Opt Lett. 2010; 35:2585–2587. [PubMed: 20680066]

24. Martínez-León L, Javidi B. Synthetic aperture single-exposure on-axis digital holography. Opt
Express. 2008; 16:161–169. [PubMed: 18521144]

25. Kikuchi Y, Barada D, Kiire T, Yatagai T. Doppler phase-shifting digital holography and its
application to surface shape measurement. Opt Lett. 2010; 35:1548–1550. [PubMed: 20479804]

26. Coskun AF, Sencan I, Su TW, Ozcan A. Lensless wide-field fluorescent imaging on a chip using
compressive decoding of sparse objects. Opt Express. 2010; 18:10510–10523. [PubMed:
20588904]

27. Coskun AF, Sencan I, Su T-W, Ozcan A. Lensfree fluorescent on-chip imaging of transgenic
Caenorhabditis elegans over an ultra-wide field of view. PLoS One. 2011; 6:e15955. This work,
together with ref. 26, introduces the use of compressive decoding for lens-free fluorescence on-
chip imaging. [PubMed: 21253611]

28. Coskun AF, Sencan I, Su TW, Ozcan A. Wide-field lensless fluorescent microscopy using a
tapered fiber-optic faceplate on a chip. Analyst. 2011; 136:3512–3518. [PubMed: 21283900]

29. Pang S, Han C, Lee LM, Yang C. Fluorescence microscopy imaging with a Fresnel zone plate
array based optofluidic microscope. Lab Chip. 2011; 11:3698–3702. [PubMed: 21935556]

30. Chapman HN, Nugent KA. Coherent lensless X-ray imaging. Nat Photonics. 2010; 4:833–839.

31. Nugent KA. Coherent methods in the X-ray sciences. Adv Phys. 2010; 59:1–99.

32. Abbey B, et al. Lensless imaging using broadband X-ray sources. Nat Photonics. 2011; 5:420–424.

33. Miao J, Charalambous P, Kirz J, Sayre D. Extending the methodology of X-ray crystallography to
allow imaging of micrometre-sized non-crystalline specimens. Nature. 1999; 400:342–344.

34. Miao J, Kirz J, Sayre D. The oversampling phasing method. Acta Crystallogr D Biol Crystallogr.
2000; 56:1312–1315. [PubMed: 10998627]

35. Chen CC, Miao J, Wang CW, Lee TK. Application of optimization technique to noncrystalline x-
ray diffraction microscopy: guided hybrid input-output method. Phys Rev B. 2007; 76:064113.

36. Humphry MJ, Kraus B, Hurst AC, Maiden AM, Rodenburg JM. Ptychographic electron
microscopy using high-angle dark-field scattering for sub-nanometre resolution imaging. Nat
Commun. 2012; 3:730. [PubMed: 22395621]

37. Szameit A, et al. Sparsity-based single-shot subwavelength coherent diffractive imaging. Nat
Mater. 2012; 11:455–459. [PubMed: 22466747]

38. Thibault, P. Algorithmic Methods in Diffraction Microscopy. Cornell University; 2007.

39. Miao J, Sayre D, Chapman HN. Phase retrieval from the magnitude of the Fourier transforms of
nonperiodic objects. J Opt Soc Am A Opt Image Sci Vis. 1998; 15:1662–1669.

40. Millane RP. Phase retrieval in crystallography and optics. J Opt Soc Am A. 1990; 7:394–411.

41. Allen LJ, Oxley MP. Phase retrieval from series of images obtained by defocus variation. Opt
Commun. 2001; 199:65–75.

Greenbaum et al. Page 10

Nat Methods. Author manuscript; available in PMC 2013 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



42. Zhang F, Pedrini G, Osten W. Phase retrieval of arbitrary complex-valued fields through aperture-
plane modulation. Phys Rev A. 2007; 75:043805.

43. Repetto L, Piano E, Pontiggia C. Lensless digital holographic microscope with light-emitting diode
illumination. Opt Lett. 2004; 29:1132–1134. [PubMed: 15182009]

44. Dubois F, Joannes L, Legros JC. Improved three-dimensional imaging with a digital holography
microscope with a source of partial spatial coherence. Appl Opt. 1999; 38:7085–7094. [PubMed:
18324255]

45. Park SC, Park MK, Kang MG. Super-resolution image reconstruction: a technical overview. IEEE
Signal Process Mag. 2003; 20:21–36.

46. Hardie RC, Barnard KJ, Bognar JG, Armstrong EE, Watson EA. High-resolution image
reconstruction from a sequence of rotated and translated frames and its application to an infrared
imaging system. Opt Eng. 1998; 37:247–260.

47. Elad M, Hel-Or Y. A fast super-resolution reconstruction algorithm for pure translational motion
and common space-invariant blur. IEEE Trans Image Process. 2001; 10:1187–1193. [PubMed:
18255535]

48. Fienup JR. Phase retrieval algorithms: a comparison. Appl Opt. 1982; 21:2758–2769. [PubMed:
20396114]

49. Denis L, Fournier C, Fournel T, Ducottet C. Numerical suppression of the twin image in in-line
holography of a volume of micro-objects. Meas Sci Technol. 2008; 19:074004.

50. Charrière F, et al. Living specimen tomography by digital holographic microscopy: morphometry
of testate amoeba. Opt Express. 2006; 14:7005–7013. [PubMed: 19529071]

51. Dierolf M, et al. Ptychographic X-ray computed tomography at the nanoscale. Nature. 2010;
467:436–439. [PubMed: 20864997]

52. Rivenson Y, Stern A, Javidi B. Compressive Fresnel holography. J Disp Technol. 2010; 6:506–
509.

53. Saini A. New lens offers scientist a brighter outlook. Science. 2012; 335:1562–1563. [PubMed:
22461584]

54. Schumacher S, et al. Highly-integrated lab-on-chip system for point-of-care multiparameter
analysis. Lab Chip. 2012; 12:464–473. [PubMed: 22038328]

55. Srigunapalan S, Eydelnant IA, Simmons CA, Wheeler AR. A digital microfluidic platform for
primary cell culture and analysis. Lab Chip. 2012; 12:369–375. [PubMed: 22094822]

56. Schnars U, Jüptner WPO. Digital recording and numerical reconstruction of holograms. Meas Sci
Technol. 2002; 13:R85–R101.

57. Cuche E, Marquet P, Depeursinge C. Spatial filtering for zero-order and twin-image elimination in
digital off-axis holography. Appl Opt. 2000; 39:4070–4075. [PubMed: 18349988]

58. Khademhosseinieh B, et al. Lensfree on-chip imaging using nanostructured surfaces. Appl Phys
Lett. 2010; 96:171106. [PubMed: 20502644]

59. Shimobaba T, et al. Computational wave optics library for C++: CWO++. library. Comput Phys
Commun. 2012; 183:1124–1138.

60. Trelles O, Prins P, Snir M, Jansen RC. Big data, but are we ready? Nat Rev Genet. 2011; 12:224.
[PubMed: 21301471]

61. Mavandadi S, et al. Distributed medical image analysis and diagnosis through crowd-sourced
games: a malaria case study. PLoS One. 2012; 7:e37245. [PubMed: 22606353]

Greenbaum et al. Page 11

Nat Methods. Author manuscript; available in PMC 2013 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1.
Partially coherent lens-free on-chip microscope. Schematic diagram of a partially coherent
lens-free transmission microscope that operates under unit magnification, such that the
active area of the imager chip (for example, a CCD or CMOS sensor array) is the same as
the object FOV.
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Figure 2.
Lens-free gigapixel imaging using a CCD sensor chip. (a) A super-resolved lens-free image
obtained by a partially coherent holographic on-chip imaging platform with a FOV of ~18
cm2 (~4.9 cm × 3.7 cm) and >1.5 billion pixels. The inset images show a lens-free hologram
and its reconstruction results for a resolution target (USAF 1951 test chart) to demonstrate a
half-pitch resolution of ~2.19 μm corresponding to an NA of ~0.1. (b) Four selected areas of
interest (corresponding to the circles and roman numerals in a shown at higher
magnification. The first column shows raw lens-free holograms of human sperm
(immobilized on a glass slide9). Because the physical pixel size of this monochrome CCD
chip is 6.8 μm, severe under-sampling of holograms is observed. The second column shows
the pixel super-resolved lens-free holograms for the same regions, which are digitally
synthesized by combining 36 (6 × 6) subpixel-shifted raw lens-free holograms. The third
column illustrates the reconstruction results for these pixel super-resolved lens-free
holograms. The fourth column shows the same region imaged with a conventional
microscope.
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Figure 3.
High–numerical aperture lens-free imaging using a color CMOS sensor chip. (a–c) Pixel
super-resolved lens-free holographic images of a USAF 1951 test chart (a), custom-
fabricated gratings (milled onto a glass substrate using a focused ion beam system) (b) and
human red blood cells (c) are summarized and compared against conventional high-NA
objective lenses. Panel b illustrates that this lens-free imaging platform achieves an NA of
~0.8 (in air) together with a half-pitch resolution of <350 nm over a FOV of ~20.5 mm2.
Using oil immersion between the sample and the sensor array, a half-pitch resolution of
~300 nm is also demonstrated in b, corresponding to an effective NA of ~0.9 (illumination
wavelength, 530 nm). The raw lens-free holograms in a and b exhibit the Bayer pattern of
the color CMOS sensor, only the green pixels of which were used in our image
reconstructions. We used up to 100 (10 × 10) subpixel-shifted raw lens-free holograms in
these pixel super-resolution results.
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