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ABSTRACT OF THE DISSERTATION 

 

Wide-field Imaging and Tracking in 3D  

Using Computational On-Chip Microscopy 

 

by 

 

Mustafa Ugur Daloglu 

Doctor of Philosophy in Electrical and Computer Engineering 

University of California, Los Angeles, 2018 

Professor Aydogan Ozcan, Chair 

 

 On-chip microscopy is a powerful technique for high-throughput 3D microswimmer 

tracking and wide-field nanoparticle/biomolecule imaging, as it does not suffer from the 

limitations of its lens-based counterparts. Due to the simple geometry where the sample is placed 

very close to the sensor chip without any imaging lenses in between, the field-of-view (FOV) is 

decoupled from the spatial resolution and is equal to the area of the sensor chip. Illuminated by a 

partially-coherent or coherent light source, volumetric information from the sample is recorded 

as interference patterns on the sensor, which is digitally reconstructed to extract the amplitude 

and phase information of the target objects. We further improve the capabilities of this unique 

imaging modality, enabling it to reach new frontiers in 3D sperm tracking and 

nanoparticle/biomolecule imaging. First, we enabled the on-chip imaging platform to track the 

3D flagellar motion of bovine sperm cells along with the head spin, in addition to the 3D 

translational motion of the sperm head, by significantly increasing the frame capture rate and the 

sensitivity. We have quantified >2,100 bovine sperm trajectories in 3D, with the associated 
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flagellar beating patterns, the head spin axis and velocity. We provide, for the first time, the 

perspective of an observer that is seated at the moving and spinning sperm head. We further use 

this platform to track and comparatively analyze the full 3D locomotion of sex-sorted bovine 

sperms, investigating the differences in the kinematics between the two sperm populations 

carrying the opposite sex chromosomes. Second, we improve the nanoparticle detection limit of 

our platform by using a shorter illumination wavelength in the middle ultraviolet range (266 nm) 

to increase the forward scattering, which enabled us to detect individual sub-30 nm 

nanoparticles. This short wavelength has also allowed us to image biomolecules (e.g. protein 

aggregates) with increased contrast, due to the high absorption specific to the UV wavelengths. 

We further investigate a UV-LED based, low-cost and portable version of this platform to image 

protein crystals in high-contrast and to distinguish them from salt crystals, as a potential 

alternative to the lens-based platforms used by protein crystallographers.    
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Chapter 1: Introduction  

On-chip holography is a powerful and unconventional microscopy technique
1
, only 

requiring the use of consumer-grade image sensors (e.g. cellphone camera sensors) and regular 

light-emitting diodes (LEDs) without the need for any imaging lenses. The main principle behind 

this technique is to encode the microscopic information of the target sample into special 

interference patterns (called holograms) and extract the final image through digital processing, 

rather than collecting the information through an imaging lenses (e.g. objective lens) and 

projecting it onto a camera, which is the operating principle behind conventional optical 

microscopes. By eliminating the necessity to use lenses, or any other sensitive and bulky optical 

components that are both very fragile and expensive, on-chip holography opens up unique 

frontiers in cost-effective and portable microscopy. The holographic nature of the on-chip 

platform allows volumetric image capture, unlike its lens based counterparts which can only 

focus at relatively narrow planes, and are limited in throughput due to the trade-off between 

field-of-view (FOV) and spatial resolution. The FOV of the on-chip holographic imaging 

platform in only limited by the size of the active area of the image sensor, which is easily over 10 

mm
2
,
 
opening up new possibilities for high-throughput 3D tracking of microorganisms and the 

wide-field imaging of nanoparticles and biomolecules. 

One of the most critical features of the on-chip holographic imaging modality is the light 

source – sample – image sensor geometry, where the light source is placed much further (z1 = 

~5-10 cm) away from the image sensor, compared to the target objects which are placed very 

close (z2 <1 mm), which significantly reduces the coherency constraints on the light source, 

enabling the use of LEDs instead of lasers. Due to this geometry, the optical wavefront 



2 
 

emanating from the LED active area is able to propagate and expand as it reaches the target 

sample, where it is accurate to assume that the wavefront is a coherent plane-wave across a small 

object (e.g. samples composed of cells or biomolecules)
2
. The interference between the light that 

is scattered/transmitted by the objects and this background creates in-line holograms that are 

recorded by the image sensor. To extract the amplitude and phase information from the object, 

these holograms are digitally back-propagated using the angular spectrum approach, numerically 

solving the Rayleigh-Sommerfeld integral with the corresponding transfer function
2–4

: 
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where z is the forward propagation distance, n is the refractive index of the medium, λ is the 

illumination wavelength, fx and fy are the spatial frequencies. The relationship between the scalar 

electric field in the hologram (or sensor) plane E1 and the object (or sample) plane could then be 

written as
3
: 

              { {         }  (     )}  

where the F{} operator denotes a 2D Fourier Transform, implemented as a fast Fourier transform 

(FFT) in our reconstruction algorithms.   

Wide-field Imaging of Nanoparticles and Biomolecules 

 Significant progress in characterization of nanoparticles and biomolecules was enabled 

by the development of advanced imaging equipment with extreme spatial-resolution and 

sensitivity. To perform some of these analyses outside of well-resourced laboratories, it is 
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necessary to create robust and cost-effective alternatives to existing high-end laboratory-bound 

imaging and sensing equipment. On-chip holographic imaging offers a unique opportunity to 

image biomolecules including very small targets (<250 nm) like viral particles (e.g. H1N1
5
, Ad5 

adenovirus
6
 and HSV1

7
) and nanoparticles

5,6,8,9
 as small as 40 nm in diameter

8
 in high-

throughput (FOV> 20-30 mm
2
), without the use of any imaging lenses.  

 In reaching such high sensitivity, one of the limitations of the on-chip imaging geometry 

is that the spatial sampling frequency of the hologram plane is directly limited by the physical 

pixel-pitch of the image sensor (e.g. ~1.12 μm – 1.6 μm), which could result in the loss of the 

fine details in the interference fringes. It is possible to overcome this limitation in on-chip 

holographic imaging however, by using pixel super-resolution (PSR) algorithms, which combine 

the information from multiple sub-pixel shifted images in order to generate one high-resolution 

image with an effective pixel-pitch smaller than the physical pixel-pitch of the image sensor
10–12

. 

It is relatively easy to shift the hologram plane in sub-pixel amounts by either laterally shifting 

the light source
13,14

 or the sample
15

 in the on-chip holographic imaging platform, modulating the 

angle of incidence in small amounts to laterally shift the holograms across the image sensor in 

sub-pixel amounts. The large z1 to z2 ratio and accurate shift estimation algorithms significantly 

decrease the precision constraints in the source or sample shifting mechanisms, allowing both 

low-cost and portable design combined with PSR capabilities, significantly improving both the 

spatial resolution and the sensitivity of the on-chip imaging platform
5,6,16,17

.  

 Another important tool in enhancing the sensitivity of the on-chip holographic imaging 

platform is the controlled deposition of liquid polymers around the target nanoparticles, 

significantly boosting the holographic signatures from the target objects. Prior to imaging, a 

container of polyethylene glycol (PEG) is heated up to ~90°C, generating PEG vapor that is 
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channeled towards the sample, where the target particles are placed facing down towards the 

vapor
6,8

. The vapor condensation selectively nucleates around the target nanoparticles, 

generating small liquid pools of PEG (called ―nanolenses‖) which significantly increases the 

holographic signature from the nanoparticles, enabling the imaging of particles as small as 40 nm 

in diameter using an on-chip holographic imaging platform with PSR capabilities
8
.  

High-throughput 3D Imaging and Tracking of Sperm Cells 

 Dynamic tracking of spermatozoon is critical for medical sciences and animal husbandry, 

where motility and swimming trajectories are important indicators of sperm fertility. Three-

dimensional (3D) swimming patterns of microswimmers have been underexplored mostly due to 

limitations of conventional lens-based optical microscopes, like poor depth resolution and the 

trade-off between FOV vs. lateral resolution. Lensfree on-chip imaging offers a unique solution 

with ultra-large throughput in recording the 3D trajectories of sperms in large volumes (e.g.,8-17 

mm3) with sub-micrometer 3D localization accuracy
18–20

.  

 By using two separate light sources with different illumination angles, a pair of 

reconstructions for each cell is obtained separately by back-propagating the sensor output to 

multiple heights with the corresponding wavelengths, scanning the specimen in depth. The 

separation distance between the pair of reconstructions is proportional to the depth of the sperm 

cell and the sperm head is localized in 3D with submicron accuracy from the centroids of these 

two reconstructions. Operating this on-chip imaging platform at high frame rates (>90-140 

frames/second), detailed 3D trajectories of >24,000 individual 3D trajectories of human sperms 

have been previously recorded. Such large statistics, for the first time, revealed that 4-5% of 

human sperms follow well-defined helical patterns
19

. Over 9,600 horse sperm trajectories were 
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also reconstructed using the same platform and a chiral ribbon pattern has been discovered
20

,  

also for the first time in the literature, among <30% of the trajectories; this chiral ribbon pattern 

is extremely rare in human sperm (<2%). The large throughput and sub-micrometer 3D 

localization accuracy of this platform has revealed rare swimming patterns of human and horse 

sperms. 

Thesis Outline 

We focus on reaching new frontiers in the wide-field nanoparticle/biomolecule imaging 

and the 3D sperm tracking capabilities of the on-chip imaging platform in this thesis. The 3D 

sperm tracking capabilities of the platform had been limited to imaging the motion of the sperm 

head only, as the rapidly moving flagellum is a much faster and a thinner target compared to the 

sperm head, requiring increased sensitivity and frame capture rate for accurate imaging. We have 

designed and built a dual-angle on-chip holographic imaging platform capable of recording the 

complete 3D motion of free-swimming bovine sperm cells, including the head position and spin, 

along with their flagellar beating patterns, across a large imaging volume of 1.8 μL with a depth-

of-field of 0.6 mm (Ch. 2). This computational imaging platform only consists of a CMOS image 

sensor and two partially coherent light sources (fiber-coupled LEDs at ~525 nm wavelength) 

placed in mirror symmetry. The sample chamber is placed very close to the image sensor, with a 

periodic light blocking structure to spatially separate the pair of interference patterns (or 

holograms) created by light that is scattered and transmitted by each sperm cell on the sensor, 

significantly improving the sensitivity.  

Each hologram pair is then reconstructed with the corresponding angle of incidence and 

depth information, resulting in a pair of 2D projections of the sperm cell and its flagellum from 
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two symmetric perspectives which are then used to accurately determine the 3D position and 

orientation of the sperm head along with the 3D structure of the flagellum. Operating this 

platform at a high frame rate (~300 frames/second) sufficient to capture the motion of the rapidly 

beating flagellum without temporal under-sampling, we recorded the complete 3D motion of 

2,133 bovine sperm cells. Tracking the head spin and orientation helped us to visualize the 

flagellar beating from a local perspective of an observer seated on the sperm head, for the first 

time, decoupling the flagellar motion from the translational and rotational motion of the sperm 

(Ch. 2).   

 Furthermore, we have comparatively imaged X-sorted and Y-sorted bovine sperm cells 

(Ch. 3), which has become an important topic for researchers with the advent of sperm sex 

sorting methods and computer-aided sperm analysis platforms. Comparative 2D motility studies 

showed that there is no significant difference in the swimming speeds of X-sorted and Y-sorted 

sperm cells, clarifying earlier misconceptions. However, other differences in their swimming 

dynamics might have been undetectable as conventional optical microscopes are limited in 

revealing the complete 3D motion of free-swimming sperm cells, due to poor depth resolution 

and the trade-off between field-of-view and spatial resolution. Using a dual-view on-chip 

holographic microscope, we acquired the full 3D locomotion of 235 X-sorted and 289 Y-sorted 

bovine sperms, precisely revealing their 3D translational head motion and the angular velocity of 

their head spin as well as the 3D flagellar motion. Our results confirmed that various motility 

parameters remain similar between X- and Y-sorted sperm populations; however, we found out 

that there is a statistically significant difference in Y-sorted bovine sperms‘ preference for helix-

shaped 3D swimming trajectories, also exhibiting an increased linearity compared to X-sorted 

sperms. Further research on e.g., the differences in the kinematic response of X-sorted and Y-
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sorted sperm cells to the surrounding chemicals and ions might shed more light on the origins of 

these results. 

 To improve the nanoparticle and biomolecule imaging capabilities of the on-chip 

holographic imaging platform, we investigate the use of deep UV light-sources for illumination. 

Towards this aim, we have designed a holographic on-chip microscope operating at an ultraviolet 

illumination wavelength (UV) of 266 nm (Ch. 4). The increased forward scattering from 

nanoscale objects at this short wavelength has enabled us to detect individual sub-30 nm 

nanoparticles over a large field-of-view of >16 mm
2
 using an on-chip imaging platform, where 

the sample is placed at ≤ 0.5 mm away from the active area of an opto-electronic sensor-array, 

without any lenses in between. The strong absorption of this UV wavelength by biomolecules 

including nucleic acids and proteins has further enabled high-contrast imaging of nanoscopic 

aggregates of biomolecules, e.g., of enzyme Cu/Zn-superoxide dismutase, abnormal aggregation 

of which is linked to amyotrophic lateral sclerosis (ALS) - a fatal neurodegenerative disease. 

This UV-based wide-field computational imaging platform could be valuable for numerous 

applications in biomedical sciences and environmental monitoring, including disease diagnostics, 

viral load measurements as well as air- and water-quality assessment. 

 Benefiting from the developments in the deep UV LED technology, we built a portable 

version of the UV on-chip holographic imaging platform operating at a 280 nm wavelength, 

aiming to image protein crystals in high-contrast and to distinguish them from salt crystals, 

which is an important problem for protein crystallographers (Ch. 5). The conventional tool used 

for this purpose is a dual-mode optical microscope composed of bright-field and ultraviolet (UV) 

induced fluorescence modes. The distinction between a protein and salt crystal is made based 

upon the fluorescence response to the UV excitation, where most protein crystals absorb the deep 
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UV excitation and emit fluorescence, unlike most salt crystals. These dual-mode optical 

microscopes are sensitive and bulky platforms however, that are expensive as they require 

sensitive and UV friendly optics. As an alternative, on-chip UV holographic imaging offers a 

low-cost, portable and robust technique to image and distinguish protein crystals from salt 

crystals, without the need for any sensitive and bulky optical components. Only composed of a 

UV LED emitting 280 nm wavelength light that is spectrally cleaned through a band-pass filter 

and a consumer-grade CMOS image sensor de-capped and interfaced to a Raspberry Pi single-

board computer, the necessary information from the crystal samples that are placed very closed 

to the sensor active area are captured in the form of in-line holograms and extracted through 

digital back-propagation. In these amplitude reconstructions, protein crystals appear significantly 

darker compared to the background due to the strong UV absorption unlike salt crystals which do 

not show any contrast, enabling us to clearly distinguish between them. We believe the on-chip 

UV holographic microscope could serve as a low-cost and robust alternative to conventional 

lens-based UV-microscopes in this regard.      
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Chapter 2: Label-free 3D Computational Imaging of Spermatozoon 

Locomotion, Head Spin and Flagellum Beating over a Large 

Volume 

Sperm cells complete a challenging task in finding the egg, crucial for sustaining the 

existence of life, with a very low probability of success for each cell. The swimming patterns of 

these remarkable microswimmers and the underlying physical processes 
1
 have been topics of 

interest to many researchers in biological fields, even before the advent of digital microscopy 

techniques. For example, researchers used to track sperms on photographic films, one at a time, 

and trace their trajectories by hand, providing earlier insights on how individual sperms move in 

2D 
2–6

. With the introduction of digital cameras and improvements in digital microscopy 

techniques, CASA (Computer-Assisted Sperm Analysis) systems have become an important aid 

in both research and medical diagnostics related to microswimmers and sperms 
7,8

. Such CASA 

systems are composed of a lens-based microscope with digital cameras connected to a PC used 

for capturing sequential frames. These digital images are then processed using custom designed 

software to detect and track the head of the sperms 
9
. Using conventional lens-based 

microscopes, existing CASA systems record the 2D trajectories of motile sperm heads, 

quantifying their motility by measuring curvilinear velocity (VCL), straight-line velocity (VSL), 

linearity, amplitude of lateral head displacement (ALH), and the beat-cross frequency (BCF), 

among other parameters 
7,10

. In these systems, the sperm samples are observed/tracked across a 

rather limited depth-of-field (DOF) of ~20 μm 
7,11

, forcing them to stay in a 2D plane while 

being imaged with a 10-20X objective lens. This type of 2D motion analysis is widely used in 

medicine and animal husbandry to evaluate sperm motility 
12

. 
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In natural settings, however, sperms and many other microswimmers move within a 

volume, and 3D imaging and tracking of microswimmer locomotion are relatively 

underexplored, largely due to the inherent limitations of lens-based microscopy systems. For 

example, conventional lens-based microscopes have an inherent trade-off between field-of-view 

(FOV) and resolution, which makes it impractical to image large quantities of motile sperms in 

detail, especially considering the fact that the sperm flagellum thickness is typically sub-

wavelength 
13–15

. Furthermore, the DOF of a lens-based microscopy system is also relatively 

shallow, making it hard to focus on fast moving sperm, especially in the vertical direction (i.e., 

cells that are moving away from or toward the objective lens) 
16

. Another challenge is due to the 

fact that the sperm flagellum is rather long (e.g., >55 µm for human sperm 
13

 and >65 µm for 

bovine sperm 
14,15

) and a traditional lens-based optical microscope would not be able to image it 

in focus in 3D, even if high frame-rates were to be achieved. Although there are various 

powerful 3D imaging modalities such as confocal microscopy 
17

, light sheet microscopy 
18,19

 or 

optical coherence tomography 
20–22

, they require optical sectioning which relatively compromises 

their volumetric imaging speed, making these techniques less practical for 3D imaging of fast 

moving objects such as sperms. 

Different imaging solutions have been proposed in an effort to circumvent some of these 

drawbacks of conventional lens-based microscopy systems. One approach in tracking the sperm 

head is to use two separate objective lenses, each imaging the same volume from two different 

perspectives that are perpendicular to each other to map the head position of the microswimmers 

in 3D 
23

. Another approach is to place an objective lens on an oscillating stage and record a 3D 

volume through rapid sectioning 
24,25

. However, these previous approaches have a small FOV of 

~0.1 mm
2
 and an observation volume of less than 2 nL, which is approximately three orders-of-
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magnitude smaller compared to the imaging volume of this work and therefore have been limited 

to tracking only a few microswimmers at a given time period. Moreover, these previous 

techniques could not detect or quantify the angular spin of the head. 

Holographic microscopy has become important in overcoming some of these limitations 

of lens-based conventional microscopy tools 
26–34

, especially for microswimmer imaging and 3D 

tracking 
35–41,10,42–45

. Taking advantage of rapid advances in image sensor technologies and 

computing power, lensfree on-chip imaging avoids FOV and DOF limitations of conventional 

objective lenses, and significantly boosts the space-bandwidth product of the overall microscopy 

system compared to lens-based systems; in fact for an ideal lensfree on-chip microscope the 

space-bandwidth product will be physically constrained only by the diffraction limit of light and 

the active area of the imager chip. Using this computational microscopy framework, a 

holographic on-chip imaging method has been recently developed 
10,42

 to track the sperm head 

within a large sample volume (>8 mm
3
) with sub-micron 3D positioning accuracy. This previous 

approach, however, could not observe or reconstruct the 3D beating patterns of the flagellum or 

the spinning behavior of the sperm head due to its limited signal-to-noise ratio, contrast and 

frame rate. In fact, flagellar motion of a microswimmer is much more difficult to image and 

reconstruct in 3D compared to head locomotion since (i) its thickness is significantly smaller 

(i.e., sub-wavelength) and therefore the flagellum is much weaker in its scattering strength 

compared to the head, (ii) flagellar motion is much faster in 3D compared to the head 

locomotion, and (iii) its 3D beating pattern, at a given time point, spans a volume that is several 

orders of magnitude larger compared to the head, making it significantly more challenging to 

image; stated differently, 3D imaging of the motion of sperm flagellum requires separate 

localization of each sub-segment of a long 3D string as a function of time, whereas the head 
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position at a given time point involves a single localization task, corresponding to a much 

stronger scattering object. These major differences necessitate a new imaging design along with 

an entirely new set of reconstruction algorithms to enable 3D dynamic imaging of the sperm 

head and flagellum as well as the spinning behavior of the head, all at the same time and over 

large sample volumes. 

 Here, we report a high-throughput and label-free computational holographic microscope 

(Fig. 2-1) that can reconstruct the complete 3D locomotion details of freely moving 

microswimmers, including the translation and spin of the head as well as the beating pattern of 

the flagellum, all at the same time and over a large observation volume of ~1.8 µL, spanning a 

large depth-of-field of ~0.6 mm. In this imaging configuration, the specimen containing live 

sperms is placed on top of an opto-electronic image sensor chip without the use of any imaging 

optics or lenses, and is simultaneously illuminated by two sources (each partially-coherent) 

emerging from two oblique angles. Large volume 3D tracking of microswimmers and real-time 

3D position estimation of micro-objects have been enabled by this lensfree imaging 

technique.
10,42,43,46

 Dual-angle illumination in holography has also been used for 3D tracking of 

particles with lens-based platforms 
47,48

, however with limited throughput due to the trade-off 

between FOV (or sample volume) and spatial resolution.  In this work, we have also significantly 

improved this dual-angle lensfree imaging platform using a structured substrate (Fig. 2-1), 

designed with a periodic light blocking mask placed on top of the sample holder. This mask 

spatially separates the two holographic projections of the sperms created by the oblique 

illumination angles, which helps us to fully utilize the dynamic range of the image sensor chip, 

an important advance that is necessary to simultaneously detect the holograms of the optically 

weaker flagella from two different perspectives. In addition, to be able to record the rapid motion 
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of the flagella in 3D, the frame readout rate of this platform was increased to 300 ± 3 fps using a 

custom designed image readout circuitry, which is critical to record the flagellar motion without 

undersampling. We also developed a unique 3D image reconstruction framework that first 

calculates the 2D holographical projections of the moving sperms along both of the illumination 

directions, and uses this information to compute the 3D beating patterns of the sperms‘ flagella 

in addition to tracking their heads. Moreover, using the successive phase wrapping events that 

occur in each 2D projection, when the illumination light traverses through the sperm head along 

its thicker side, the same holographic image reconstruction framework enabled us to determine 

the spin direction of the sperm head as well as its angular velocity.  

 

Figure 2-1. Optical setup. (a) Dual-angle 3D sperm imaging and tracking platform using a spatially-

structured sample holder. (b) A photograph of the platform with the two fiber-coupled LEDs (~525 nm 
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central wavelength with ~20 nm spectral bandwidth) placed at an angle of incidence of ~18° with mirror 

symmetry. The sample chamber is directly placed on top of the CMOS (complementary metal oxide 

semiconductor) image sensor, operating at ~300 fps. The inset is a photograph of the structured substrate 

that is created by depositing gold (50 nm thick) on a glass slide. (c) Light passing through the mask 

generates a pair of spatially-separated holograms for each sperm cell, fully utilizing the dynamic range of 

the image sensor and increasing the SNR of our reconstructions. The 3D imaging volume per bright stripe 

(space between the gold stripes) is 0.9 µL, resulting in a total imaging volume of 1.8 µL per experiment. 

The DOF is ~0.6 mm and the total volume of the sperm sample that is placed on the sample holder is ~34 

µL. 

Using this label-free computational imaging platform running at ~300 fps we recorded 

over 2,100 individual trajectories of freely swimming bovine sperms, and measured, all in 

parallel and in 3D, their head motion and spin, as well as the flagellar beating patterns. In 

addition to high-throughput quantification of various dynamic swimming parameters 
10

, 

including e.g., VCL, VSL, linearity, ALH, BCF, and head spin, we also categorized these 

measured swimming patterns 
10,42,43

 according to their translational mode, namely helix (45%), 

random (32.2%), helical ribbon (12.1%), twisted ribbon (2.4%), flat ribbon (2.1%), slithering 

(3.8%), and straight spin (2.4%). By detecting the head spin of the sperms, we found out that 

100% of the spinning sperms (2053 in total) in free space exhibit a right-handed spin along their 

head spin axis, looking from the backside of the sperm. We also performed harmonic analysis on 

the 3D flagella beating patterns that we measured, which was conducted in a local coordinate 

system which also moves and spins together with the sperm head, and therefore decouples the 

flagellum beating patterns from sperm head translation and spin, which otherwise would create 

significant errors in any related analysis. Resulting from this local coordinate system, we found 

that in the two basic swimming modes, i.e., helix and slithering, whether the sperm head is 

spinning or not, the flagellum exhibits approximately planar and sinusoidal waves that propagate 
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from the mid-piece of the flagellum toward its end with growing amplitudes (i.e., a sinusoidal 

wave within the envelope of a growing exponential).  

We believe that this high-throughput and label-free computational microswimmer 

imaging platform can not only provide unmatched capabilities for the measurement of 3D 

locomotion patterns of microswimmers, but also might lead to new imaging tools and insights 

that can be transformative in micro-robotics and sensing related research and applications. 

Furthermore, this imaging technique might provide a high-throughput tool to rapidly quantify the 

impact of various stimuli on the 3D swimming patterns of sperms and other motile micro-

organisms, leading to new insights in their 3D locomotion and taxis behavior. 

Results and Discussion 

Label-free and 3D reconstruction of the locomotion of freely moving sperm: head and 

flagellum 

 Our holographic on-chip imaging platform features dual-angle illumination (see Fig. 2-1), 

and a numerical reconstruction framework to retrieve the complete set of details of 3D 

swimming patterns of microswimmers at ~300 fps, including the head translation, flagellum 

beating, and the sperm head spin. In this on-chip imaging platform, the light scattered by the 

entire body of the sperm and the directly transmitted light from each LED form interference 

patterns (i.e., in-line holograms) of the moving cells on top of the image sensor chip, which are 

digitized for reconstruction. No focusing lens or image projection system is needed during our 

data acquisition since we can numerically focus to different sections of the object volume using 

digital wave propagation. The use of dual-angle illumination in on-chip imaging significantly 

improves the depth localization accuracy since triangulating the reconstructions from two 
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perspectives enables us to calculate the height of the specimen, in addition to its lateral position. 

This 3D tracking process, however, is much simpler for tracking of the sperm head compared to 

the flagellum since the latter (1) is much larger in length compared to the head and therefore 

requires a significantly larger volume to be tracked per sperm to reveal the 3D functional form of 

the flagellum; (2) is much weaker in its hologram intensity since the flagellum is sub-wavelength 

in its thickness whereas the sperm head is much thicker; and (3) moves much faster in 3D space 

making it significantly harder to track compared to the sperm head. In fact, due to these 

challenges, existing techniques, lensfree or lens-based, have not yet been able to retrieve the 

complete details of 3D motion of freely swimming sperms, and could not resolve in 3D the head 

translation, spin and flagellum beating at the same time.  

 The 3D morphology of the sperm can be simplified as a tri-axial scalene ellipsoid (i.e., 

the sperm head) with a single strand (i.e., flagellum) attached to one end of its semi-major axis. 

In principle, by using 2D projections at high-frame rates from only two perspectives, a 3D 

reconstruction of the sperm flagellum could be obtained, only if the image depth-of-field, 

contrast and SNR for each perspective were sufficiently large. As shown in Figs. 2-1 and 2-2, 

our holographic on-chip imaging platform can perform this challenging task over a large 

observation volume of ~1.8 µL and reconstruct the complete motion of the entire sperm body in 

3D using two holographic projections generated by dual-angle illumination. One key element in 

this 3D reconstruction process is a periodically structured substrate (Fig. 2-1) that we used to 

spatially separate the two holographic perspectives from each other, allowing us to increase the 

dynamic range, contrast and SNR of each reconstructed perspective of freely moving sperms. 

The other two important features that are critical for the success of our platform are the high 
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frame rate 
7
 (~300 fps) as well as a unique 3D reconstruction algorithm that is developed to 

resolve the 3D flagellar beating and the head locomotion as well as spin at the same time.   

Our reconstruction process (see Fig. 2-2) starts with the numerical back-propagation 
49

 of 

each hologram to the object plane, where the 2D projections of the sperm body (head and 

flagellum) can be initially obtained. However, at a given object plane that is digitally focused to, 

various parts of the sperm flagellum can be out of focus due to the 3D nature of the flagellum, 

which is mitigated by additional processing as will be detailed later. In order to enhance the 

visibility of the holograms generated by motile sperms, we subtracted the moving average of 

~100-200 frames (empirically chosen) from each of the original holograms, so that the 

holographic signatures of immotile sperms and other stationary or unwanted objects are greatly 

suppressed (see Fig. 2-2, step 1). This numerical back-propagation also features an iterative, 

object-support based phase retrieval technique 
50

, which mitigates the twin image noise and thus 

improves the digital extraction of each flagellum projection (see Fig. 2-2, step 2).  

 The projection of the sperm flagellum from each angle is a 2D strand parallel to the 

image sensor plane, which can be obtained by fitting a skeleton to the reconstructed phase map. 

This 2D skeleton itself is digitally created through a chain of equally spaced points which are set 

to be 3 μm apart. The automated skeleton fitting process for each perspective starts from the 

head-flagellum junction and 5 new connected points are added at each step of this iterative 

process, where the first point connects to the end of the previously fitted section of the chain. We 

typically employ M = 4 steps to define a skeleton for each one of the two projections. For each 

step, multiple uniformly spaced angles, covering an angular range of ± 40°, are tested within the 

object plane for the assignment of each new point to the chain (see Fig. 2-2). At each step of this 

search process for the skeleton, each possible sub-section, consisting of 5 points, is given a score, 
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which is the sum of the phase values at these 5 points along the skeleton. The chain which has 

the highest score among all the options is used as the new sub-section of the 2D flagellum 

projection, and this skeleton growth iterates until this score for all the possible solutions falls 

below the noise level (i.e., the background phase variance) of our phase reconstructions. The 

positions of the points in each 2D flagellum skeleton are further optimized using PSF (point 

spread function) fitting along the phase profile, 
51

 and finally a spline fitting (interpolation) is 

performed to obtain a smoothened 2D strand with a node length of ~0.19 μm. 

 

Figure 2-2. 3D reconstruction of sperm locomotion. Step 1: Background-subtracted holograms resulting 

from dual-angle illumination undergo a holographic reconstruction process, which uses object support-

based phase retrieval to mitigate the twin image artifact. Step 2: A two-dimensional tail fitting process is 

performed on these holographic reconstructions to establish the skeletons corresponding to both of the 2D 

projections of the sperm flagellum. These fitted skeletons are then spatially smoothened and interpolated 

into 2D strands with a smaller node length. Step 3: 3D tracking and tail reconstruction. Knowing the two 
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illumination angles and their corresponding projections, one can determine the height of each 

infinitesimal sub-section along a 3D strand, and thus reconstruct the 3D configuration of the entire strand, 

representing the flagellum. This reconstruction process is also detailed in our Methods section and Fig. 2-

3. Step 4: Alternating phase wrapping events between the two holographic reconstructions are used to 

determine the head spin direction and angular velocity (also detailed in the Results and Discussions 

section). 

Due to the 3D nature of the flagellum, the holographic reconstruction at a single height is 

insufficient because some sections of the flagellum may be far away from the reconstruction 

height and get out-of-focus, which might result in early termination of the above-described 

skeleton fitting process. To avoid this, we also implemented an extended search strategy 

(depicted in Fig. 2-3a): when the score of all the possible sub-skeletons on a given reconstruction 

height/plane falls below the noise threshold, we reconstruct the hologram at its neighboring 

heights (e.g., ±15 μm from the original reconstruction height) and continue the sub-skeleton 

fitting process at each new height. The plane with the highest fitting score is chosen as the final 

reconstruction height at that sub-section of the flagellum. This fitting process per sperm 

terminates when the sub-skeleton fitting scores of all the heights fall below the noise level.  

 3D reconstruction of the flagellum from these 2D skeletons that are calculated in the 

previous step is also a progressive process (Fig. 2-2, step 3 and Fig. 2-3), where at each step of 

this 3D reconstruction process a pair of points from the two 2D skeletons is used to triangulate 

the corresponding 3D points on the flagellum (refer to the Methods section for more details). 

This 3D pairing is done by automatically finding the two points which fall in the same 

illumination plane defined by the two illumination directions. Traversing through the two 2D 

skeletons of each perspective while triangulating these intersection points, we obtain the 3D 

functional form of the flagellum at a given time point (sampled at 300 fps). Notice that an 

ambiguity could arise during this 3D reconstruction process when there are multiple points that 
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reside within the same illumination plane on a 2D strand (see Fig. 2-3b). Such an ambiguity can 

be solved by considering that the pairing should progress in continuous increments along the arc 

length on both of the projections without sudden jumps. Therefore, when we encounter multiple 

candidate points for pairing on one of the projections, the unpaired point with the shortest arc 

length is selected as the correct point to match.  

The uniqueness of this 3D flagellum reconstruction is guaranteed when no subsections of 

each 2D skeleton is parallel to the illumination plane. The non-uniqueness of our 3D 

reconstruction can only arise, momentarily, when the flagellum is exactly parallel to the 

illumination plane, which corresponds to a very small fraction of the cells within our large 

specimen volume that is imaged (~1.8 µL). More importantly we can quickly recover the unique 

flagellar motion of the sperm as soon as the flagellum starts to have components that are 

orthogonal to the illumination plane. This small portion of the sperms that violate our 3D 

flagellum reconstruction uniqueness does not compromise the high throughput of our sperm 

imaging and tracking platform. Refer to the Methods section and Fig. 2-3b for a detailed 

discussion of the uniqueness of our 3D flagella reconstructions. 
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Figure 2-3. (a) Creation of the 2D skeleton for each projection. Each 2D skeleton is created through a 

multi-step fitting process which starts from the head-flagellum junction (top view). To avoid early 

termination of tail fitting due to out-of-focus reconstruction at one height, each hologram is also 

reconstructed at its neighboring heights (e.g., ±15 μm from the original reconstruction height). (b) A 4-

step, point-tracking algorithm, which resolves the ambiguities of projection paring, is illustrated which 

reconstructs the 3D configuration of the flagellum (see the Methods section for details). 

Using this label-free computational imaging framework, we reconstructed the 3D locomotion of 

2,133 bovine sperms; see e.g., Fig. 2-4 for some of the dynamic swimming parameters measured 

from these reconstructed trajectories. Examples of 3D head tracks, spins as well as flagellar 

beating patterns are also illustrated in Figs. 2-5 and 2-6, Supplementary Figs. 2-S3 through 2-S9, 

and Supplementary Movies M1 through M6. While earlier results using conventional lens-based 

microscopes showed some flagellar beating patterns for 2D restricted sperms 
52,53

, our results 

illustrate the first time that the complete 3D motion of freely moving sperms has been 

reconstructed, including their head translation (see Fig. 2-4), rotation/spin (Figs. 2-5, 2-6, and 2-

7), as well as flagellar beating patterns (Figs. 2-5 and 2-6). Moreover, our imaging platform does 
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not use any fluorescent labeling or confine the sperms into smaller volumes or surfaces, and 

therefore it truly captures the natural locomotion of the sperms in 3D without any external 

perturbations to the cells. As another major advantage, the sample volume probed in this on-chip 

imaging technique is ~1.8 µL, which is approximately three orders of magnitude larger 

compared to some of these earlier approaches 
24

, which brings a significant sample throughput 

that can be used to reveal various statistically-rare features of sperms‘ 3D locomotion, as will be 

detailed in the next sections. 

Figure 2-4. The dynamic swimming parameters from 2,133 bovine sperm trajectories. The magenta curve 

encloses 70% of all data points and the color bar on the right represents the relative density of data points. 

VCL: curvilinear velocity. VSL: straight-line velocity. ALH: amplitude of lateral head displacement. 

BCF: beat-cross frequency. Please refer to the Supplementary Information for detailed definitions of these 

parameters. 

High-throughput detection and analysis of sperm head spin 

 An interesting property of the sperm is that when the light travels through the ―thicker 

side‖ of the sperm head (parallel to the plane defined by the two minor-axes), the increase in the 

optical path length is larger than half a wavelength. Thus when the thicker side of the sperm head 

is parallel to one of the illuminations, a phase wrapping event occurs in the corresponding 2D 

holographic reconstruction (see Step 4 in Fig. 2-2 and Fig. 2-6e). Since the orientation of the 

major axis can be automatically determined by connecting the sperm head center and the head-
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flagellum junction, at each phase wrapping event we can determine the 3D orientation of the 

sperm head. These successive phase wrapping events that alternate in time between sperm head 

reconstructions from each perspective of our dual illumination scheme reveal, over a large 

volume, both the spin direction of the sperm heads as well as their spin angular velocity (Fig. 2-6 

and Supplementary Fig. 2-S1) which could not be measured together in freely moving sperm 

samples before this work.  

 To better make use of this angular spin measurement and accurately represent the 

orientation of the sperm head, we also defined a local Cartesian coordinate system with axes x’, 

y’ and  ⃑⃑⃑  (depicted in Fig. 2-5), where the  ⃑⃑⃑  is the spin axis, i.e., lies in the direction of the semi-

major axis of the ellipsoidal, and the local x’, y’ axes are the longer and shorter semi-minor axes, 

respectively (see the Methods section and Figs. 2-5 and 2-6 for details). As will be discussed in 

the following sub-section, this local coordinate system is very important to correctly analyze the 

3D flagellar beating patterns. Using this local coordinate system, we measured the spin angular 

velocities (SAV) of 2,133 bovine sperms together with their VCL, VSL, ALH, and BCF 
10

. 

Based on these measurements, Fig. 2-7 shows the density map of SAV vs. VCL, VSL and BCF, 

where the mean value of the sperm head SAV is approximately 48 rad/second (i.e., 7.6 

revolutions/second), with a standard deviation of ~16 rad/second. For the sperms which exhibit 

head spin during their locomotion, SAV is in general higher when the VCL, VSL and BCF are 

larger, i.e., the sperms that swim faster also spin faster. Once again this is an observation that 

could not be reported using existing techniques which either immobilize the sperms onto a 

surface or severely restrict their locomotion in space, also limiting the throughput of such 

measurements. Our results also reveal that all the spinning sperms show right-handed head spin 

and these observations are consistent with earlier reports on hamster sperms 
54

, which are much 
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easier to observe since the spin of their hook-shaped heads can be directly observed in 2D using 

a conventional lens-based microscope due to their unique shape and large size. In general, this 

angular spin of the sperm head serves as an evidence of coordinated sliding in the microtubules 

of the axoneme 
55–57

.   

Figure 2-5. Establishing a local coordinate system for the representation of head spin. Step 1:  Define a 

local Cartesian coordinate system where the  ⃑⃑⃑  is the spin axis, i.e., the semi-major axis of the ellipsoidal, 

and the local x’, y’ axes are the longer and shorter semi-minor axes, respectively. Step 2: At the first 

phase wrapping event (e.g., on projection 2), given that the illumination vector is within x’- ⃑⃑⃑  plane, and 

the spin axis  ⃑⃑⃑  can be determined through 3D tail reconstruction, the local coordinate system (x’, y’ and 

 ⃑⃑⃑ ) can be defined. Step 3: the value of the spin angle between the first and second phase wrapping events 

can be determined by comparing the rotation of the local coordinates‘ around  ⃑⃑⃑  axis. Step 4: Determine 

the spin angle for all the frames, at 300 fps (also see Supplementary Fig. 2-S1). 
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Figure 2-6. Two major swimming modes of sperm motion: helix mode and slithering (i.e., non-

rotational) mode. (a) and (b) Top view (x-y plane in global coordinates) of helix mode and slithering 

mode, respectively. (c) and (d) Side view (z-y plane in global coordinates) of helix mode and slithering 

mode, respectively. (e) and (f) The phase value of the sperm head projections as a function of time. The 

order of the phase wrapping events from the two projections indicates the spin direction of the sperm 

head. The 3D motion of the sperm head and flagellum in (a), (c) and (e) are shown in Supplementary 

Movie M1, and the 3D motion of (b), (d) and (f) are shown in Supplementary Movie M2. 

From Fig. 2-7, it is also evident that there is a considerable portion of the sperms (3.8%) 

that do not exhibit angular spin, although they are able to have fast translational trajectories. 

These non-spinning sperms, namely ―slithering sperms‖, are located at either the bottom or the 

top surface of the sample chamber. Their entire motion, including the flagella, is confined in the 

vertical direction within ~10 μm from the surface as shown in Fig. 2-6 b and d with the 

corresponding flagellar beating patterns. These results also highlight the importance of 3D 

imaging of freely moving sperm over large sample volumes and depths-of-field as in our 
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technique since the presence of a surface, although makes it convenient for a lens-based 

microscope to image, fundamentally alters the 3D behavior of the sperms‘ locomotion. 

Figure 2-7. The angular velocity (in rad/sec) of sperm head spin compared to the dynamic swimming 

parameters corresponding to >2100 bovine sperm trajectories. The data points enclosed in red represent 

the parameters from slithering sperm trajectories which do not exhibit head spin, and therefore have zero 

angular head spin velocity. The magenta curve encloses 70% of all the data points, where the point 

density is higher than the magenta boundary. The color bar on the right represents the relative density of 

data points. VCL: curvilinear velocity. VSL: straight-line velocity. BCF: beat-cross frequency. 

Frequency analysis of flagellar beating patterns 

From the perspective of the global coordinate system of the image sensor chip in our set-

up or of any microscopic imaging modality in general, the motion of the flagellum is a result of 

the combination of the sperm‘s 3D translation, head spin and flagellum beating itself – therefore 

several different types of motion affect and directly determine the mathematical representation of 

the flagellar beating patterns using such a global coordinate system. However, to better 

understand the flagellar kinematics of the sperm, it is desirable to isolate the 3D beating pattern 

that is only related to the flagellum itself, taking out the effects of head locomotion and spin. 

Obtaining the complete 3D information of freely moving sperm gives us the opportunity to 

decouple flagellar beating patterns of the sperms from their head locomotion and spin, which 

enables us to observe flagella beating under a local coordinate system that moves and spins 

together with the sperm head. Stated differently, we can obtain the perspective of an observer 
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located on and moving with the sperm head, looking towards the flagellum, which isolates the 

sperm flagellar beating from other sources of motion (Fig. 2-5).  

To study the beating patterns in this local coordinate system, we pick a sequence of nodes 

along the flagellum and track their positions over time (Fig. 2-8a). The motion of each node can 

be decomposed along the three axes of the local coordinates, and analyzed as flagellar beating 

waveforms over time (Fig. 2-8 and 2-9). To demonstrate the significance of decoupling the head 

spin and locomotion before analyzing the flagellar dynamics, we chose two major swimming 

patterns (helix and slithering modes, see Table 2-1) 
58

 and studied their flagellar beating patterns 

using both the local and global coordinate systems (see Supplementary Fig. 2-S2). For the helix 

mode, the sperm head is spinning throughout the entire sperm motion (Fig. 2-6 a, c and e). From 

the perspective of the image sensor or the global coordinate system, this head spin also couples 

into the flagellar beating pattern and therefore the motion of a node on the flagellum exhibits 

circular patterns over time just due to the head spin (Supplementary Fig. 2-S2 a and c). However, 

when the head spin is decoupled from flagellar motion under a local coordinate system, the 

amplitude difference between the waveforms in the local x’ and y’ directions (see Fig. 2-8 d and 

f) suggests broken circular symmetry and a ―swinging‖ pattern that is by and large confined to 

the local x’- ⃑⃑⃑  plane (Supplementary Fig. 2-S2 b, d, and Supplementary Movie M6). The beating 

frequency of the flagellum can be determined by finding the peaks in the Fourier transform of 

these waveforms. For example, the beating frequency in x’ and y’ directions (Fig. 2-8 e and g) 

suggests that the flagellum beating pattern can be approximated as a 20 Hz sinusoidal wave. 

Moreover, the waveforms of different nodes in Fig. 2-8d clearly show that, as the corresponding 

arc length of the node from the head-flagellum junction increases, the amplitude of the waveform 

also increases; and there is a phase delay of these waves which have larger amplitudes. These 
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observations suggest that the flagellum beating pattern is approximately a planar, travelling 

sinusoidal waveform parallel to the local x’- ⃑⃑⃑  plane, and it originates from the mid-piece of the 

flagellum with growing amplitude towards its end. Interestingly, the same harmonic analysis in 

the spin axis  ⃑⃑⃑  also shows that there is a second peak at double the original frequency, i.e., ~40 

Hz, which can be interpreted as another evidence of planar beating pattern. As illustrated in Fig. 

2-8a, the planar swing of the flagellum will cause this double frequency along the  ⃑⃑⃑  axis since 

the projection of each node travels back and forth twice along  ⃑⃑⃑  direction during one swing 

period, while the projections on x’ and y’ directions travel only once per cycle. 
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Figure 2-8. Waveform analysis of the flagellar beating of a helix mode bovine sperm in the local 

coordinate system, both in the time and frequency domain. (a) The analysis is carried out over time, on 

nodes spaced with 5 µm intervals across the flagellum. Note that for one beating cycle, each node moves 

back and forth once in the local x’ axis but twice in the spin axis  ⃑⃑⃑ . The inset shows the positions of a 

node (40 µm away from the head-flagellum junction in arc length) on the local x’ - ⃑⃑⃑  plane over time. (b), 

(d) and (f) The node positions along the spin axis  ⃑⃑⃑ , the local x’ and the local y’ axis, respectively, are 

plotted against time. These waveforms are color coded based on the colors of the corresponding nodes in 

(a). (c), (e) and (g) The same waveforms are represented in the frequency domain by taking their Fourier 

transforms with respect to time. The 3D motions of the sperm head and flagellum for the helix mode are 

shown in Supplementary Movie M1. 
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For the slithering mode (3D configuration shown in Fig. 2-6 b and d) the sperm is close 

to the bottom surface of the observation chamber and the head does not spin, unlike the helix 

mode. In this mode of locomotion, as shown in Fig. 2-9, the sperm flagellum beating is more 

strictly confined within the x’- ⃑⃑⃑   plane, and there is no dominant frequency in the local y’ 

direction. Similar to the helix mode, the flagellum beating pattern forms a travelling sinusoidal 

wave with growing amplitude as it propagates from the mid-piece toward the end of the 

flagellum. The comparison of these two modes of locomotion in our local coordinate system 

suggests that the major difference in their swimming patterns is caused by the presence of the 

sperm head spin, while the flagellar locomotion mechanism remains quite similar. The analysis 

of the remaining swimming patterns can be found in the Supplementary Information section. 

 

Figure 2-9. Same as Fig. 2-8, except for a slithering mode bovine sperm represented in the local 

coordinate system. Unlike the helix mode shown in Fig. 2-8, the slithering mode sperm is close to the 

chamber surface and the sperm head does not spin during the motion. It is apparent from both the time 

and frequency domain plots that the flagellar beating is confined within the x’- ⃑⃑⃑   plane, and there is no 

apparent peak in the local y’ for the slithering mode sperm. Similar to the helix mode, a double frequency 

is also observed along the spin axis  ⃑⃑⃑  in addition to an increase in waveform amplitude along the sperm 

flagellum. The 3D motions of the sperm head and flagellum for the slithering mode are shown in 

Supplementary Movie M2.  
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Analysis of sperm head swimming patterns 

The unique 3D capabilities of our platform also enabled us to group bovine sperm head 

3D locomotion into 7 major categories (Table 2-1), namely random (32.2%. Supplementary Fig. 

2-S3), helix (45%, Supplementary Fig. 2-S4) 
10

, twisted ribbon (2.4%, Supplementary Fig. 2-S5), 

helical ribbon (12.1%, Supplementary Fig. 2-S6) 
42

, flat ribbon (2.1%, Supplementary Fig. 2-S7), 

straight spin (2.4%, Supplementary Fig. 2-S8), and slithering (3.8%, Supplementary Fig. 2-S9). 

Note that although more specific swimming patterns could be defined to divide the ‗random‘ 

category into sub-categories, it is beyond the scope of this manuscript. Some of these locomotion 

patterns (e.g., twisted ribbon, flat ribbon, and straight spin) were observed quite rarely (<3%) and 

therefore could only be detected by capturing large numbers of 3D sperm trajectories enabled by 

our high-throughput imaging platform. Furthermore, flat ribbon and slithering swimming 

patterns exhibit very similar head translation, and it is the capability to detect the sperm head 

spin that enabled us to distinguish these two swimming patterns from each other. Among the 

patterns that showed a rotational trajectory (e.g., helix, twisted and helical ribbon), the majority 

of the bovine sperm cells exhibited a left-handed rotation (~ 84%) unlike human sperms which 

prefer right-handed rotation 
10

. Note that this rotation reflects the trajectory of the sperm head‘s 

center of mass or head-flagellum junction, and should not be confused with the angular spin of 

the head. 
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 Random 

Helix Twisted ribbon Helical ribbon 

Flat 

ribbon 

Straight 

spin 

Slither 
Left 

handed 

Right 

handed 

Left 

handed 

Right 

handed 

Left 

handed 

Right 

handed 

Number 687 851 109 36 16 176 82 45 51 80 

Percentage 32.2 39.9 5.1 1.7 0.7 8.3 3.8 2.1 2.4 3.8 

 

Table. 2-1 Seven major categories of bovine sperm trajectories. Examples of each trajectory, i.e., random, 

helix, twisted ribbon, helical ribbon, flat ribbon, straight spin and slithering type, are provided in 

Supplementary Figs. 2-S3 through 2-S9, respectively. 

 It is also noteworthy that the VCL and ALH of bovine sperms (Fig. 2-4) are found to be 

3-4 times and ~2 times larger, respectively, compared to those of human sperms 
10

. This also 

highlights the necessity to have a higher frame-readout rate in recording bovine sperm 

trajectories without loss of information due to temporal under-sampling. Despite the fast VCL 

compared to human sperms, it is interesting to note that the VSL of bovine sperms is 

approximately the same as human sperms. This might be due to the larger asymmetry of the 

bovine sperm head, which could result in more wobbling as the cell is swimming along its path.  

Methods  

Lensfree on-chip optical imaging setup 

As depicted in Fig. 2-1, the optical setup of our holographic imaging platform consists of 

a 13 Mega-pixel, 1.12 µm color CMOS (complementary metal oxide semiconductor) image 

sensor (IMX135, Sony Corporation, Tokyo, Japan) with a custom-designed high-speed readout 

circuitry and two oblique illuminations, delivered by two fiber-coupled green LEDs (~525 nm 
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central wavelength with ~20 nm spectral bandwidth). Both of the incidence angles are set to 

~18° with mirror symmetry with respect to each other. A chamber filled with sperm samples 

with a volume of ~34 µL, and sealed with a periodically light blocking mask (see Fig. 2-1b), is 

placed on top of the CMOS sensor chip for imaging. Passing through the mask, the simultaneous 

dual-angle illumination produces two spatially-separated holograms of each individual sperm on 

top of the image sensor. These holograms are recorded by the image sensor at ~300 frames per 

second and later used for 3D reconstruction of the entire sperm motion across ~1.8 µL of the 

sample volume that is placed on the CMOS imager chip (see Fig. 2-1). This rapid data flow is 

channeled to a PC (Dell T3600) from the frame grabber through a high-speed PCIe ( 4 Gen 2, 

One Stop Systems) interface, and controlled with a custom-written LabVIEW application. To 

maintain the sperm samples at a relatively stable temperature of ~35°C during the entire imaging 

process, the image sensor is turned off for ~10 seconds between successive data acquisition 

steps. 

Holographic reconstruction of flagellum projections from each perspective – Stage I 

 First, an average of ~100-200 frames is subtracted from each individual frame to remove 

the holograms of stationary objects such as immotile sperms or dust particles in the setup. Each 

frame, with 1.12 μm native pixel pitch, is then interpolated to a grid size of e.g., 0.187 μm to 

apply a 2D phase modulation, corresponding to the phase front of a plane wave with the correct 

wavelength (~525 nm) and angle of incidence (~ ±18°) which is carefully calibrated for each 

ROI within our large FOV. These frames are then digitally back-propagated to the corresponding 

height of each sperm cell using the angular spectrum approach 
49

. After removing the phase-

modulation from the back-propagated frames, a pair of 2D projections (including the head and 

flagellum) with two different perspectives is obtained for all the sperm cells in the imaging 
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volume, i.e., ~1.8 µL of the entire sample volume on sample holder, 34 µL. As detailed in the 

Results and Discussions section, we also extend the same holographic reconstruction to the 

neighboring heights (i.e., ±15 μm in depth) to take into account the 3D nature of the flagellum, 

and avoid out-of-focus imaging related early termination of the 2D skeleton fitting process (see 

e.g., Supplementary Movie M7 for raw lensfree holograms and the corresponding holographic 

reconstructions together with the 2D flagellar projections that are reconstructed). 

3D flagellum reconstruction using a pair of 2D projection images – Stage II 

A pair of 2D projections corresponding to two oblique illumination angles is sufficient to 

determine the 3D structure of the flagellum assuming that the image depth-of-field, contrast and 

SNR for each perspective are sufficiently large. We adopt the following terminology to better 

describe this process. First, we name the plane that is defined by the two illumination directions 

as the ―illumination plane‖. The illumination directions are adjusted such that the illumination 

plane is perpendicular to the image sensor plane and parallel to the longer edge of the FOV. 

Second, we define a global Cartesian coordinate system (as depicted in Fig. 2-5), where the x-y 

plane is parallel to the image sensor plane, the x axis is parallel to illumination plane, and the z 

axis is perpendicular to the image sensor plane. 

Based on this global coordinate system, notice that for each point O (i.e., an infinitesimal 

sub-segment on the 3D flagellum, see Fig. 2-2), there are two separate projections on the x-y 

plane, namely P1 and P2, that share the same value on the y axis. This suggests that the 3D 

structure of the flagellum can be reconstructed by pairing points which share the same y value 

along the two 2D projections, such as P1 and P2, and triangulating the corresponding 3D origin 

point, O, with the illumination angles (see Fig. 2-2).  This method works well and provides a 
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unique 3D solution for the functional form of the flagellum when both of the 2D projections can 

be considered as single-valued functions of y. The question of non-uniqueness arises when there 

is more than one pair of points that share the same y value. To mitigate such ambiguity, we have 

developed a point-tracking algorithm that is composed of 4 steps (see Fig 2-3b), as detailed 

below. 

Step 1: Take two 2D flagellum projections, denoted as   (  ) = (              ) and   (  ) = 

(              ), where    (i = 1, 2) is the arc length between the current point   (  ) and the 

starting point   (0) (e.g., defined by the sperm head-flagellum junction). We further assume there 

exists no    and    such that 
   

   
      

   

   
       and              , which represents a 

relatively unlikely and momentary situation where a section of the sperm flagellum is parallel to 

the illumination plane. Even if this happens momentarily for a small section of the flagellum, the 

other points on the flagellum will not be affected, and we can still reconstruct the rest of the 3D 

flagellum at that time point. 

Step 2: Choose one of the projections (e.g., projection 1 in Fig. 2-3b), as the ―tracing path‖ to 

guide the point-by-point pairing process along the two projections (1 and 2) with incremental 

steps along the skeleton of each projection. For the i
th

 node   (  
  ) = (   (  

  )      
   ), on the 

―tracing path‖ that is   
   away from the origin (in arc length defined by the red paths highlighted 

in Fig. 2-3), we search along the second projection to find a point with the corresponding arc 

length of   
  , such that      

    =      
   , pairing   (  

  ) with   (  
  ). These two matched points 

are then back projected to the corresponding 3D point:   . 

Step 3: In case   
   cannot be uniquely defined in Step 2, which could happen when two or more 

points on this flagellum projection have the same y value (see Fig. 2-3), we denote these multiple 
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solutions for node i as   
 
 
  (j=1,2…J), where      

         
 
 
   =      

 
 
              

 
 
  . 

Among these J potential solutions, we choose the point   (  
 
 
 ) with the smallest value from  

{  
 
 
 | j = 1,2, …, J} to pair with   (  

  ). We then continue traversing along projection 1, paring 

  (  
  ) and      

    in a similar manner until all the points in each perspective are paired with 

each other. 

Step 4: If the tangential vector at the paring points on projection 2 becomes parallel to the 

illumination plane, i.e., 
   

   
(  

  )        
   

   
        for some node i, this indicates that 

     
       ([  

     
  
 
]) for some continuous interval [  

     
  
 
]. We then switch from the current 

point      
    to      

   , in other words switch the two perspectives with each other, and from 

that point on, traverse through    (i.e. define    as the new ―tracing path‖) and find the matching 

points on   . As a result, the continuous interval [  
     

  
 
] can be completely matched with points 

on      
    and there is no missing part on the reconstructed 3D sperm flagellum. We repeat Steps 

1 through 4 through the entire flagellum to uniquely reconstruct its 3D functional form at a given 

time point, and at a frame rate of ~300 fps. 

Detection and quantification of sperm head spin – Stage III 

An interesting phenomenon is observed in some of the reconstructed trajectories where 

the phase signal from the sperm head reconstruction on both of the holographic projections 

exhibits periodic wrapping events over time (see Fig. 2-6). Such alternating phase wrapping 

events on the two projections indicate that the sperm‘s head is spinning around its own axis 

while swimming in 3D. To automatically detect and analyze the sperm head spin, we simplify 

the shape of a bovine sperm head as a tri-axial scalene ellipsoid as shown in Fig. 2-5, whose 
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longest semi-principal axis (pointing outwards from the paper/screen plane) starts from the head-

flagellum junction and connects to the front tip of the sperm head. This longest axis also happens 

to be the spin axis of the sperm head. When the light penetrates the sperm head through the 

second-longest semi-principal axis (the ―thick‖ side), the phase change over the corresponding 

optical path length is larger than π and thus phase wrapping occurs on the 2D holographic 

reconstruction, while this is not the case for the light travelling through the shortest semi-

principal axis (i.e., the thinner side).  

The detection of the spin direction and its angular speed can be deduced from the timing 

of successive phase wrapping events on our holographic projections. To explain how the spin 

direction is determined, we start with the simplest case, where the spin axis is perpendicular to 

the illumination plane, thus parallel to the sensor (x-y) plane (as defined in the previous sub-

section). The time difference between the two phase wrapping events for the two projections is 

caused by the azimuthal angle difference of the two light sources around the spin axis, and could 

be mathematically described using a Cartesian coordinate system, where  ⃑⃑⃑  is the unit vector of 

the spin axis pointing from the head-flagellum junction towards the tip of the head, x’ is the unit 

vector along the ―thick‖ side of the sperm head, y’ is the unit vector along the ―thin‖ side of the 

sperm head and    ̂,   ̂ are unit vectors corresponding to the first and second light sources, 

respectively (see Fig. 2-5). A phase wrapping event occurs on the reconstructed phase image of 

projection 1 or projection 2 whenever the thick side of the sperm head    coincides with the 

―light direction‖   ̂ or   ̂ . Tracking the time difference between these successive phase 

wrapping events on these two projections,           , and with the known angular difference 

between the light sources,          , the angular velocity ( ) of the head spin can be 

calculated as: 
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                                                   (Eq. 1) 

From the perspective of an observer facing the direction of  ⃑⃑⃑ , the direction of the head spin is 

right handed if ω>0 and left handed if ω<0. 

Defining a local coordinate system for tracking the head spin and analyzing the flagellar 

beating patterns 

 Although we described a methodology to track the sperm head spin and the 

corresponding local coordinate axis with the angular position information, as discussed above, 

this was with the assumption that the spin axis remains parallel to the sensor plane throughout 

the sperm‘s motion. For freely swimming sperm, however, it is observed that the spin axis also 

changes with time having components both parallel and vertical to the sensor plane. We have 

expanded our method further to incorporate these changes in the spin axis by applying a 

coordinate transformation between the successive phase wrapping pairs. To do so, we first define 

a local coordinate system using the three semi-principal axes of the sperm head ellipsoid. For 

this, we choose the longest axis of the ellipsoid (i.e., the spin axis of the sperm head) as the local 

 ⃑⃑⃑   axis. Its orientation is determined by connecting the center of the sperm head and head-

flagellum junction. We then define the local x’ axis as the longer semi-minor axis of the 

ellipsoid, and the local y’ axis as the shorter semi-minor axis. When the light traverses through 

the sperm head in parallel to the local x’- ⃑⃑⃑  plane, it undergoes the largest optical path length, 

which causes a phase wrapping event in the phase channel of the 2D holographic reconstruction. 

Therefore, the local coordinate system can be directly defined at the frames which capture phase 

wrapping events: the local x’ axis lies within the plane defined by the spin axis and the 

corresponding illumination, and the local coordinates of the intermediate frames can be 
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determined by interpolating the spin angles between two phase wrapping events. And to measure 

the spin angle between two successive phase wrapping events, we first determine the two 

corresponding local coordinate systems, namely {   ,    ,  ⃑⃑⃑ 1} and {   ,    ,  ⃑⃑⃑ 2}, and then 

overlap the two spin axes (i.e.,  ⃑⃑⃑ 1 and  ⃑⃑⃑ 2) of these two coordinates by rotating  ⃑⃑⃑ 1 within the 

 ⃑⃑⃑ 1  ⃑⃑ 2 plane. This rotation will transform {   ,    ,  ⃑⃑⃑ 2} into {       ,        ,  ⃑⃑⃑ 1}, where the 

angle formed by         and     (or         and    ) is considered as the transformation angle. 

This transformation of the local coordinate systems throughout the 3D locomotion of the 

sperm is very important for better understanding flagellar motion and its 3D beating patterns as it 

decouples the head locomotion and its spin from flagellar beating patterns (refer to the Results 

and Discussions section for further discussion on this). Based on this local coordinate 

transformation, we can simply express the coordinates of any point along the sperm flagellum 

according to the local coordinate system with a different transformation matrix at each time 

frame. This capability enabled us to visualize the flagellar motion in an isolated and unique way, 

i.e., from the perspective of an observer located at and traveling with the sperm head – see e.g., 

Figs 2-8 and 2-9, Supplementary Movies M1 through M6, which are discussed in detail in our 

Results and Discussions section. 

Conclusions  

We developed a high-throughput, label-free holographic imaging platform to reconstruct the full 

3D details of freely swimming sperm cells across a large sample volume which is two orders of 

magnitude larger than conventional lens-based systems used for tracking of sperms. Running at 

~300 frames per second, our imaging platform features lensfree on-chip holography with dual-

angle illumination, and a spatially structured mask to maximize the dynamic range and signal-to-
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noise ratio of our imaging system. The hologram pairs originated from the scattering of sperm 

head and flagellum are used to obtain not only the 3D translational motion of the sperm head, but 

also the spin of the sperm head and 3D flagellum beating patterns. This platform also enables us 

to inspect the sperm from a new perspective: by adopting a ―local‖ coordinate system that 

translates and rotates together with the sperm head, we were able to decouple the motion of 

beating flagellum from head translation and spin, and analyze the 3D spatio-temporal kinematics 

of the flagellum. The large imaging volume of the platform enabled us to reveal the full 3D 

dynamics of 2,133 bovine sperm cells. By providing unprecedentedly rich information on 

microswimmers‘ 3D locomotion, our platform might especially be beneficial for biological and 

biophysical studies, involving e.g., sperm viability, quality or even its DNA content for sex-

sorting. In addition, this computational imaging method could also be transformative for micro-

robotics and sensing related applications.  
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Appendix: Supplementary Information 

Supplementary figures 

 

 

Supplementary Figure 2-S1. (a) Dynamic transformation of the local coordinate system at each phase 

wrapping event across the trajectory is illustrated. The inset shows the definition of the local coordinate 

system. (b) Head spin angle determination by interpolating subsequent phase wrapping events (one from 

each perspective) along the time line.  



44 
 

Supplementary Figure 2-S2. Flagellar beating in global and local coordinates. (a) and (b) Sperm head 

and flagellum motion for a helix mode sperm in global and local coordinate systems, respectively. The 

comparison of the flagellar beating in the global and local coordinates is available as Supplementary 

Movie M6. The translational motion of the sperm is accounted for by placing the head-flagellum junction 

at the origin for each frame.  (c) and (d) The trail of a flagellum node that is 40 μm (in arc length) away 

from the head-flagellum junction, tracked in global coordinates and local coordinates, respectively. De-

coupled from the head spin, the flagellar beating appears less circular and more confined to the local x’- ⃑⃑⃑  

plane, even for helix mode sperms that are away from the chamber surfaces.  
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Supplementary Figure 2-S3. The random type (Supplementary Movie M3) bovine sperm trajectory and 

harmonic analysis of its flagellum beating pattern. (a) and (b) The sperm head trajectory in the global 

coordinate system. (c) Fourier transform of the flagellum node motion along the local coordinate axis 

with respect to time. Warmer color corresponds to the nodes that have a longer arc length from the head-

flagellum junction (see Figure 2-8a of the main text for the specific color coding). The nodes are spaced 

with equal intervals of 5 μm and their motion is tracked in the local coordinate system. 
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Supplementary Figure 2-S4. Same as Supplementary Figure 2-S3, except for the helix type bovine 

sperm trajectory (also see Supplementary Movie M1). 
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Supplementary Figure 2-S5. Same as Supplementary Figure 2-S3, except for the twisted ribbon type 

bovine sperm trajectory. 
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Supplementary Figure 2-S6. Same as Supplementary Figure 2-S3, except for the helical ribbon type 

bovine sperm trajectory (also see Supplementary Movie M4). 
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Supplementary Figure 2-S7. Same as Supplementary Figure 2-S3, except for the flat ribbon type 

bovine sperm trajectory (also see Supplementary Movie M5). 

 

 



50 
 

 

Supplementary Figure 2-S8. Same as Supplementary Figure 2-S3, except for the straight spin type 

bovine sperm trajectory. 
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Supplementary Figure 2-S9.  Same as Supplementary Figure2- S3, except for the slithering type bovine 

sperm trajectory (also see Supplementary Movie M2). 

 

Supplementary movies  

Supplementary Movie M1: Helix Type Swimming 

https://drive.google.com/open?id=0B5qfXn0m24gyM1VWNV9pZTh3aGs 

Supplementary Movie M2: Slithering Type Swimming 

https://drive.google.com/open?id=0B5qfXn0m24gyUnI5TlZFeGlJWms 

Supplementary Movie M3: Random Type Swimming 

https://drive.google.com/open?id=0B5qfXn0m24gyMlkzbzFTRk9SaTg 

Supplementary Movie M4: Helical Ribbon Type Swimming 

https://drive.google.com/open?id=0B5qfXn0m24gyczFnNU8yY0l1RFk 

Supplementary Movie M5: Flat Ribbon Type Swimming 

https://drive.google.com/open?id=0B5qfXn0m24gyM1VWNV9pZTh3aGs
https://drive.google.com/open?id=0B5qfXn0m24gyUnI5TlZFeGlJWms
https://drive.google.com/open?id=0B5qfXn0m24gyMlkzbzFTRk9SaTg
https://drive.google.com/open?id=0B5qfXn0m24gyczFnNU8yY0l1RFk
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https://drive.google.com/open?id=0B5qfXn0m24gyVEtEbFBPeWpDNGc 

Supplementary Movie M6: Flagellar Beating in Global and Local Coordinates 

https://drive.google.com/open?id=0B5qfXn0m24gybmJCWkoxamVnMk0 

Supplementary Movie M7: Holographic Reconstructions and 2D Flagellar Projections 

https://drive.google.com/open?id=0B5qfXn0m24gyWmNQTldlbkFjS2s 

 

Calibration of illumination angles in lensfree optical setup 

We calibrate the illumination angles of both oblique sources for each sub-region of interest 

within our imaging field-of-view. The calibration of the incidence angle is carried out after 

imaging the sperm samples by introducing an additional vertical illumination besides the two 

oblique illuminations. The vertical illumination results from a fiber-optic cable with a 100-μm 

core diameter that is placed approximately 50 cm above the image sensor plane. To ensure the 

vertical illumination is perpendicular to the image sensor plane, we place a 0.5 mm pinhole mask 

at the center of the image sensor, and then adjust the optical fiber in horizontal direction so that 

the reflected light spot from the masked sensor plane overlaps with the fiber‘s outlet. As a result 

of these three simultaneous illumination sources, stationary objects at the bottom of the sample 

chamber generate three holograms during this calibration process. We first back-propagate the 

vertical hologram with an auto-focusing algorithm to find the optical path length of the object 

from the image sensor plane. Next, based on a constraint that all the three holographic 

reconstructions of the object (corresponding to vertical and oblique illumination angles) should 

overlap after backpropagation through the same layers (i.e., air and bottom cover glass depicted 

in Fig. 2-1), we determine the angles of incidence corresponding to both of the oblique 

https://drive.google.com/open?id=0B5qfXn0m24gyVEtEbFBPeWpDNGc
https://drive.google.com/open?id=0B5qfXn0m24gybmJCWkoxamVnMk0
https://drive.google.com/open?id=0B5qfXn0m24gyWmNQTldlbkFjS2s
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illuminations. Taking into account the accuracy of our auto-focusing algorithm (±2.5 μm) and 

the typical optical path length between the object and image sensor (~400 μm), the accuracy of 

this angular calibration process is approximately ±0.1°. 

 

Definitions of sperm locomotion parameters 

The standard definitions of several sperm locomotion parameters used in computer-assisted 

sperm analysis (CASA) systems are provided below, following Refs. 7 and 10:  

 Straight-line velocity (VSL): The straight-line distance between the starting and ending 

points of a sperm trajectory, divided by the total duration of motion       ⁄   10
. 

 Curvilinear velocity (VCL): The total length of the trajectory covered by the moving sperm 

divided by the total duration of motion       ⁄   10
. 

 Linearity: The ratio between VSL and VCL            10
. 

 Amplitude of lateral head displacement (ALH): Twice the maximum displacement of a 

sperm head from its moving axis       10
. 

 Beat-cross frequency (BCF): The frequency of the sperm head crossing over the middle 

plane of the ―straightened trajectory‖      10
. 

 

Sperm sample preparation 

 Straws of frozen raw bovine semen (0.25 mL) were purchased (Sexing, TX), and stored 

between -190°C and -200°C. The motile sperms were separated from the semen following the 

double layer frozen semen protocol 
59

, i.e., a density gradient solution was prepared at two 
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different concentrations of 40% (400 µL BoviPure and 600 µL BoviDilute) and 80% (800 µL 

BoviPure and 200 µL BoviDilute). The gradient was formed by pipetting 500 µL of the 40% 

solution into a centrifuge tube (Falcon, 25 mL Fisher Scientific) and then pipetting 500 µL of the 

80% solution to the bottom. The raw semen extracted from a thawed (30 seconds in 37°C water) 

straw was gently pipetted on top of the gradient and was centrifuged (Fisher Scientific) for 15 

minutes at 300 g. After the centrifugation, the pellet at the bottom of the tube was extracted and 

gently re-suspended in another centrifuge tube (Falcon, 15 mL Fisher Scientific) containing 1 

mL of BoviWash (Nidacon, Sweden) solution. This suspension was centrifuged for 5 minutes at 

300 g and the pellet at the bottom of the tube was extracted. The pellet (approximately 10 µL) 

was re-suspended and diluted in 90 µL of BoviWash resulting in a dilution factor of 10. This 

solution was further diluted by a factor of 100-200 in BoviWash for imaging experiments. 

Structured sample chamber 

The imaging chambers were constructed using 150 μm thick, plasma cleaned coverslips 

(Fisher Scientific) with a 500-600 μm silicone spacer (3M Company) in between.  The glass 

slides used as the top cover were pre-deposited with ~4 mm long, ~450 μm wide light blocking 

stripes (see Fig. 2-1b and 2-1c) with a periodicity of ~900 μm. The dual angle illumination 

passes through the blank regions of the mask and forms evenly distributed bright stripes on top 

of the image sensor chip. The width of the blank regions and the illumination angles of our set-

up are carefully adjusted such that these stripes cover the entire image sensor with minimum 

spatial overlap. Although implementing these light blocking stripes sacrifices the effective field-

of-view of our set-up by a factor of ~2, it comes with two significant benefits: (1) the holograms 

of the sperm cells from each perspective are now spatially separated, which eliminates the cross-

talk between dual angle holographic reconstructions; and (2) the image sensor‘s full dynamic 
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range and sensitivity are individually reserved for one of the two projections maximizing the 

SNR and contrast of the sperm holograms and their digital reconstructions. Using these enhanced 

holograms from two perspectives, we reconstruct the sperm locomotion in 3D following a three-

stage procedure, which will be detailed in the following sub-sections, starting with Stage I. 

Reconstruction platform 

 The numerical reconstructions from raw holographic images recorded by the image 

sensor chip were performed using MATLAB with Parallel Computing Toolbox (Version 2012a, 

MathWorks, MI, USA) on two machines, each equipped with four eight-core 2.13-GHz central 

processing unit, CPU (Intel Xeon E7-4830) and 1 TB random access memory. The total 

computation time can be broken into two main parts. The first one is the holographic 

reconstruction of flagellum projections on both perspectives, where the reconstruction process 

(including the phase retrieval) using a single CPU core costs approximately 12.1 seconds for 

each frame. The second one is the 2D flagellum projection fitting and 3D flagellum 

reconstruction process: a single sperm at each frame costs approximately 5.1 seconds using one 

CPU core. Therefore, for a typical 300-frame motion of a single sperm, the reconstruction using 

a single CPU core costs approximately 86 minutes. Using the parallel computing configuration, 

the overall computation time for all the 2133 sperms using the aforementioned computing 

platform takes approximately 48 hours. We would like to emphasize that this holographic 

reconstruction process could be improved by more than an order of magnitude using graphics 

processing units (GPUs) 
60

. Furthermore, a significant additional reduction in the total 

reconstruction time can be achieved by using other programming languages such as C or C++ 

instead of MATLAB. 



56 
 

References 

1. Battle, C. et al. Broken detailed balance at mesoscopic scales in active biological systems. Science 

352, 604–607 (2016). 

2. Acott, T. S., Katz, D. F. & Hoskins, D. D. Movement characteristics of bovine epididymal 

spermatozoa: effects of forward motility protein and epididymal maturation. Biol. Reprod. 29, 389–

399 (1983). 

3. Keller, J. B. & Rubinow, S. I. Swimming of flagellated microorganisms. Biophys. J. 16, 151–170 

(1976). 

4. GRAY, J. The Movement of the Spermatozoa of the Bull. J. Exp. Biol. 35, 96 (1958). 

5. Rikmenspoel, R. The Tail Movement of Bull Spermatozoa. Biophys. J. 5, 365–392 (1965). 

6. Ishijima, S., Hamaguchi, M. S., Naruse, M., Ishijima, S. A. & Hamaguchi, Y. Rotational movement 

of a spermatozoon around its long axis. J. Exp. Biol. 163, 15 (1992). 

7. MORTIMER, S. T. CASA—Practical Aspects. J. Androl. 21, 515–524 (2000). 

8. Mortimer, S. T., van der Horst, G. & Mortimer, D. The future of computer-aided sperm analysis. 

Asian J. Androl. 17, 545 (2015). 

9. Amann, R. P. & Waberski, D. Computer-assisted sperm analysis (CASA): Capabilities and potential 

developments. Theriogenology 81, 5–17.e3 (2014). 

10. Su, T.-W., Xue, L. & Ozcan, A. High-throughput lensfree 3D tracking of human sperms reveals rare 

statistics of helical trajectories. Proc. Natl. Acad. Sci. 109, 16018–16022 (2012). 

11. DRM-600 CELL-VU Sperm Counting Chamber. CELL-VU Available at: 

http://cellvu.com/products/drm-600-cell-vu-sperm-counting-chamber/. (Accessed: 9th September 

2016) 

12. Liu, J., Leung, C., Lu, Z. & Sun, Y. Human Sperm Tracking, Analysis, and Manipulation. in Smart 

Materials-Based Actuators at the Micro/Nano-Scale (Springer New York, 2013). 



57 
 

13. Smith, D. J., Gaffney, E. A., Blake, J. R. & Kirkman-Brown, J. C. Human sperm accumulation near 

surfaces: a simulation study. J. Fluid Mech. 621, 289 (2009). 

14. Bahr, G. F. STUDY OF BULL SPERMATOZOA: Quantitative Electron Microscopy. J. Cell Biol. 

21, 175–189 (1964). 

15. Pesch, S. & Bergmann, M. Structure of mammalian spermatozoa in respect to viability, fertility and 

cryopreservation. Micron 37, 597–612 (2006). 

16. Krzyzosiak, J., Molan, P. & Vishwanath, R. Measurements of bovine sperm velocities under true 

anaerobic and aerobic conditions. Anim. Reprod. Sci. 55, 163–173 (1999). 

17. Minsky, M. Memoir on inventing the confocal scanning microscope. Scanning 10, 128–138 (1988). 

18. Huisken, J. Optical Sectioning Deep Inside Live Embryos by Selective Plane Illumination 

Microscopy. Science 305, 1007–1009 (2004). 

19. Planchon, T. A. et al. Rapid three-dimensional isotropic imaging of living cells using Bessel beam 

plane illumination. Nat. Methods 8, 417–423 (2011). 

20. Huang, D. et al. Optical coherence tomography. Science 254, 1178–1181 (1991). 

21. Tearney, G. J. In Vivo Endoscopic Optical Biopsy with Optical Coherence Tomography. Science 

276, 2037–2039 (1997). 

22. De Boer, J. F. et al. Improved signal-to-noise ratio in spectral-domain compared with time-domain 

optical coherence tomography. Opt. Lett. 28, 2067 (2003). 

23. Drescher, K., Leptos, K. C. & Goldstein, R. E. How to track protists in three dimensions. Rev. Sci. 

Instrum. 80, 014301 (2009). 

24. Silva-Villalobos, F., Pimentel, J. A., Darszon, A. & Corkidi, G. Imaging of the 3D dynamics of 

flagellar beating in human sperm. in 2014 36th Annual International Conference of the IEEE 

Engineering in Medicine and Biology Society 190–193 (IEEE, 2014). 

25. Corkidi, G., Taboada, B., Wood, C. D., Guerrero, A. & Darszon, A. Tracking sperm in three-

dimensions. Biochem. Biophys. Res. Commun. 373, 125–129 (2008). 



58 
 

26. Frauel, Y., Naughton, T. J., Matoba, O., Tajahuerce, E. & Javidi, B. Three-Dimensional Imaging and 

Processing Using Computational Holographic Imaging. Proc. IEEE 94, 636–653 (2006). 

27. Rosen, J. & Brooker, G. Non-scanning motionless fluorescence three-dimensional holographic 

microscopy. Nat. Photonics 2, 190–195 (2008). 

28. Rivenson, Y., Stern, A. & Javidi, B. Overview of compressive sensing techniques applied in 

holography [Invited]. Appl. Opt. 52, A423 (2013). 

29. Gorocs, Z. & Ozcan, A. On-Chip Biomedical Imaging. IEEE Rev. Biomed. Eng. 6, 29–46 (2013). 

30. Shan, M., Kandel, M. E. & Popescu, G. Refractive index variance of cells and tissues measured by 

quantitative phase imaging. Opt. Express 25, 1573 (2017). 

31. Kandel, M. E., Teng, K. W., Selvin, P. R. & Popescu, G. Label-Free Imaging of Single Microtubule 

Dynamics Using Spatial Light Interference Microscopy. ACS Nano 11, 647–655 (2017). 

32. Indebetouw, G., Tada, Y., Rosen, J. & Brooker, G. Scanning holographic microscopy with resolution 

exceeding the Rayleigh limit of the objective by superposition of off-axis holograms. Appl. Opt. 46, 

993 (2007). 

33. Moon, I. & Javidi, B. Three-dimensional identification of stem cells by computational holographic 

imaging. J. R. Soc. Interface 4, 305–313 (2007). 

34. Xu, W., Jericho, M. H., Meinertzhagen, I. A. & Kreuzer, H. J. Digital in-line holography for 

biological applications. Proc. Natl. Acad. Sci. 98, 11301–11305 (2001). 

35. Di Caprio, G. et al. Quantitative Label-Free Animal Sperm Imaging by Means of Digital Holographic 

Microscopy. IEEE J. Sel. Top. Quantum Electron. 16, 833–840 (2010). 

36. Memmolo, P. et al. Identification of bovine sperm head for morphometry analysis in quantitative 

phase-contrast holographic microscopy. Opt. Express 19, 23215 (2011). 

37. Merola, F. et al. Digital holography as a method for 3D imaging and estimating the biovolume of 

motile cells. Lab. Chip 13, 4512 (2013). 

38. Di Caprio, G. et al. 4D tracking of clinical seminal samples for quantitative characterization of 

motility parameters. Biomed. Opt. Express 5, 690 (2014). 



59 
 

39. Jikeli, J. F. et al. Sperm navigation along helical paths in 3D chemoattractant landscapes. Nat. 

Commun. 6, 7985 (2015). 

40. Wilson, L. G., Carter, L. M. & Reece, S. E. High-speed holographic microscopy of malaria parasites 

reveals ambidextrous flagellar waveforms. Proc. Natl. Acad. Sci. 110, 18769–18774 (2013). 

41. Su, T.-W., Erlinger, A., Tseng, D. & Ozcan, A. Compact and Light-Weight Automated Semen 

Analysis Platform Using Lensfree on-Chip Microscopy. Anal. Chem. 82, 8307–8312 (2010). 

42. Su, T.-W. et al. Sperm Trajectories Form Chiral Ribbons. Sci. Rep. 3, (2013). 

43. Su, T.-W., Choi, I., Feng, J., Huang, K. & Ozcan, A. High-throughput analysis of horse sperms‘ 3D 

swimming patterns using computational on-chip imaging. Anim. Reprod. Sci. 169, 45–55 (2016). 

44. Yu, X., Hong, J., Liu, C. & Kim, M. K. Review of digital holographic microscopy for three-

dimensional profiling and tracking. Opt. Eng. 53, 112306 (2014). 

45. Memmolo, P. et al. Recent advances in holographic 3D particle tracking. Adv. Opt. Photonics 7, 713 

(2015). 

46. Gurtner, M. & Zemánek, J. Twin-beam real-time position estimation of micro-objects in 3D. Meas. 

Sci. Technol. 27, 127003 (2016). 

47. Memmolo, P., Finizio, A., Paturzo, M., Miccio, L. & Ferraro, P. Twin-beams digital holography for 

3D tracking and quantitative phase-contrast microscopy in microfluidics. Opt. Express 19, 25833 

(2011). 

48. Merola, F. et al. Driving and analysis of micro-objects by digital holographic microscope in 

microfluidics. Opt. Lett. 36, 3079–3081 (2011). 

49. Goodman, J. W. Introduction to Fourier optics. (Roberts & Co, 2005). 

50. Mudanyali, O. et al. Compact, light-weight and cost-effective microscope based on lensless 

incoherent holography for telemedicine applications. Lab. Chip 10, 1417 (2010). 

51. Wei, Q. et al. Imaging and Sizing of Single DNA Molecules on a Mobile Phone. ACS Nano 8, 

12725–12733 (2014). 



60 
 

52. Leung, C., Lu, Z., Esfandiari, N., Casper, R. F. & Sun, Y. Detection and tracking of low contrast 

human sperm tail. in 263–268 (IEEE, 2010). doi:10.1109/COASE.2010.5584613 

53. Yang, H.-F. et al. Head tracking and flagellum tracing for sperm motility analysis. in 310–313 (IEEE, 

2014). doi:10.1109/ISBI.2014.6867871 

54. Babcock, D. F., Wandernoth, P. M. & Wennemuth, G. Episodic rolling and transient attachments 

create diversity in sperm swimming behavior. BMC Biol. 12, 67 (2014). 

55. Afzelius, B. Electron microscopy of the sperm tail; results obtained with a new fixative. J. Biophys. 

Biochem. Cytol. 5, 269–278 (1959). 

56. Gibbons, I. R. Structural Asymmetry in Cilia and Flagella. Nature 190, 1128–1129 (1961). 

57. Woolley, D. M. Interpretations of the pattern of sperm tail movements." The Spermatozoon. The 

Spermatozoon 69–79 (1979). 

58. Nosrati, R., Driouchi, A., Yip, C. M. & Sinton, D. Two-dimensional slither swimming of sperm 

within a micrometre of a surface. Nat. Commun. 6, 8703 (2015). 

59. Samardzija, M. et al. A comparison of BoviPure® and Percoll® on bull sperm separation protocols 

for IVF. Anim. Reprod. Sci. 91, 237–247 (2006). 

60. Isikman, S. O. et al. Lens-free optical tomographic microscope with a large imaging volume on a 

chip. Proc. Natl. Acad. Sci. 108, 7296–7301 (2011). 

 

 

 

 

 

 

 



61 
 

Chapter 3: 3D Imaging of Sex-sorted Bovine Spermatozoon 

Locomotion, Head Spin and Flagellum Beating 

Differences in the swimming characteristics of X-chromosome and Y-chromosome 

bearing sperm cells have been an important research topic for researchers, where earlier studies 

suggested a difference in their swimming velocities and head volume due to the smaller size of 

the Y-chromosome compared to the X-chromosome
1–3

. Based on this hypothesis, researchers 

tried to separate X-bearing and Y-bearing sperms with gradient solutions, assuming that Y-

bearing sperm would reach the target zone first because of their higher velocity and a greater 

ability to penetrate fluid interfaces
4,5

. Although accepted at the time, a proof for the validity of 

these assumptions were never available
6,7

. 

 The difference in the genetic content of the X and Y sperm was highlighted with 

fluorescent labeling and flow cytometry
8
 to be able to separate the two cell populations in 

rabbit
9
, swine

10
, human

7
, and in livestock including cattle and sheep

11–13
. Sex selection has an 

especially important economic significance for livestock (e.g., dairy farmers)
14

 where the 

accuracy of sex separation can reach up to 90%
15,16

 and the process has already been 

commercialized
17

. With such reliable methods of separating the X and Y sperm becoming 

available, along with the advent of computer-aided sperm analysis (CASA) systems
18–22

, various 

accurate comparative studies have been made. Following the implementation of these successful 

sorting techniques, studies were performed using e.g., optical microscopy techniques
23,24

 and 

atomic force microscopy
25

. These 2D studies did not reveal any statistically significant 

differences in the dimensions or dimensional distributions as well as the 2D motion parameters 

between X and Y sperm
3,23,26

. However a statistically significant difference of 4% in the linearity 
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of the 2D trajectories was reported, X-sorted sperm cells exhibiting more linear trajectories 

compared to Y-sorted sperm cells
6
. It should be noted that the 2D tracking of sperms does not 

reveal the complete information about their 3D swimming behavior, especially when the sperm 

cells are confined in shallow chambers for optical imaging with conventional microscopes. 

When imaged in deeper chambers (i.e. >100 µm), sperm cells exhibit 3D swimming patterns
27–33

 

which could reveal further differences in the swimming properties of X and Y sorted sperms.  In 

addition to the 3D translational head motion of the swimming of sperm cells, other factors such 

as the 3D rotational motion of the head and the 3D flagellar beating are also critical
33

, which 

could reveal further differences in the swimming characteristics of X-sorted and Y-sorted 

sperms
6
. However, such a comparison has been unavailable to researchers due to the limitations 

of conventional lens-based microscopes. The trade-off between the resolution and field-of-view 

(FOV) and poor depth-resolution of optical microscopy tools do not allow for 3D tracking of 

sperm cells in large numbers within deep chambers. As a computational alternative
32

 to 

conventional optical microscopy, on-chip holographic imaging
34–38

 permits high-throughput 3D 

tracking of sperm cells with sub-micron 3D positioning accuracy, revealing rotational motion of 

the sperm head as well as its 3D flagellar beating
28–30,33

.  

Here we used a dual-view on-chip holographic microscope
33

 to compare the full 3D 

swimming properties of 524 sex-sorted bovine sperms (i.e., 235 X-sorted and 289 Y-sorted) over 

a large depth-of-field of ~500-600 µm. To reveal the 3D translational and rotational head motion 

as well as the 3D flagellar beating characteristics of sperm locomotion, our set-up consisted of 

two oblique fiber-coupled light-emitting diodes (LEDs) emitting green light placed in mirror 

symmetry, a complementary metal–oxide–semiconductor (CMOS) image sensor and a periodic 

light-blocking structure (Fig.3-1). Two holographic projections containing information of the 
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sperm head and flagellum from the perspective of the two LEDs are generated and spatially 

separated across the sensor chip active area by the periodic light-blocking structure to fully 

utilize the dynamic range of the sensor chip, which boosts our sensitivity. A sequence of frames 

is then captured, with the sensor operating at ~300 frames per second
33

, sufficiently high to 

capture the sperm motion without temporal undersampling
19

. Each acquired holographic pair is 

then digitally reconstructed generating a pair of 2D projections of the sperm head and flagellum. 

The 3D sperm head position and the 3D flagellar structure are obtained through tracing and 

triangulation using the angles of the light sources, and the 3D head orientation is tracked through 

the successive phase-wrapping events that occur when the thick side of the sperm head is aligned 

with one of the light sources
33

.  

With all these information sources, the 3D swimming patterns and all the relevant sperm 

motility parameters were calculated and compared, along with the angular velocity of the sperm 

head spin and the flagellar beating, for the X and Y sorted bovine sperm cells, which has been 

previously underexplored due to the limitations of the conventional lens-based microscopes used 

in CASA systems, limiting the sperm motility analysis into 2D within shallow imaging chambers 

constricting the 3D motion of sperm cells. Here we investigate if a comparative 3D motility 

analysis of free-swimming sex-sorted bovine sperm cells, with sufficiently deep imaging 

chambers, could reveal previously undetected differences in conventional sperm motility 

parameters due to the 2D confinement of sperm cells. Furthermore, our dual-view on-chip 

imaging platform enables us to record and compare additional motility parameters related to the 

head spin, 3D flagellar beating and the 3D structure of the swimming trajectories, that could only 

be captured in a 3D imaging configuration, allowing a comparison between X-sorted and Y-

sorted sperm populations, in this regard for the first time.  
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Results and Discussion 

  Our dual-view on-chip holographic imaging platform consists of a CMOS image sensor 

with a 1.12 µm pixel-pitch and two fiber-coupled LEDs operating at ~525 nm center wavelength 

with a ~20 nm bandwidth, which are placed in mirror-symmetry at ~18° angle (Fig. 3-1a). A 

~500-600 µm thick micro-channel, housing the sample, is placed very close to the sensor active 

area (<200 µm) with a periodic light-blocking structure at the top (Fig. 3-1a and b). This 

structure enables full sensor dynamic-range utilization by spatially separating the pair 

holographic projections of each sperm within the imaging volume (Fig. 3-1c), encoding the 

spatial information of both the sperm head and sperm tail
33

.      

 

Figure 3-1. (a) Our dual-view on-chip holographic imaging platform consists of a CMOS image sensor 

connected to a frame grabber operating at ~300 fps and two fiber-coupled LEDs emitting green light 

(~525 nm center-wavelength), placed in mirror-symmetry with a ~18° tilt
33

. (b) The sample chamber 

placed above the image sensor with a periodic light-blocking structure as the top layer
33

. (c) The periodic 

light-blocking structure spatially separates the pair of holographic projections across the image sensor, 

fully utilizing the dynamic range of the CMOS imager, achieving better sensitivity to image weakly-

scattering flagellar structures of sperm cells
33

.  
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In order to remove the floating debris or non-motile sperms, background subtraction is 

applied to the raw holographic frames as the first step. The holographic projection pairs of the 

remaining motile objects in each frame are then digitally reconstructed, with respect to the 

corresponding illumination source, resulting in two different perspectives of the sperm head and 

flagellum, both with amplitude and phase information (resulting from the holographic 

reconstruction). A growing chain model is used to trace both 2D flagellum projections in the 

stronger phase reconstructions, starting from the head-flagellum junction, by constantly 

searching for maximum signal and placing nodes with 3 µm intervals until the signal falls below 

the background noise level. After smoothening the flagellum tracings, each node pair from the 

two projections are triangulated to find the corresponding 3D node position with sub-micron 3D 

positioning accuracy
28,39

 starting from the head-flagellum junction, using the angle between the 

two light sources. By processing each frame within a stack recorded at ~300 fps, detailed 

information of the 3D head position and the 3D flagellar beating pattern is extracted from a large 

number of sperms using our dual-view on-chip holographic imaging platform. 

In addition to revealing the sperm head position and 3D flagellar structure as a function 

of time, our platform is also capable of tracking the 3D orientation of the sperm head and 

measuring its angular velocity across the full trajectory, by monitoring the consecutive phase 

wrapping events on the phase reconstructions of the sperm head. This rotation of the sperm head 

along its long axis has been relatively underexplored and can be precisely measured using our 

platform
33,40

. A phase wrapping event occurs when the thicker side of the sperm head is aligned 

with one of the corresponding light sources, as the large difference in optical path length 

generates a strong phase signal. The 3D head orientation as well as the angular velocity of the 
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sperm head is determined by tracking these consecutive phase wrapping events in both 

projections, providing complete 3D information on sperm swimming
33

.  

Utilizing this unique computational imaging platform, we captured and reconstructed 235 

X-sorted and 289 Y-sorted bovine sperm trajectories with the information of the 3D head 

translational and rotational motions as well as the 3D flagellar beating patterns (see 

Supplementary Movies S1-S2), providing detailed information for a comparative study of sex-

sorted sperm. Conventional sperm motility parameters, including the curvilinear velocity (VCL), 

straight-line velocity (VSL), linearity, amplitude of lateral head displacement (ALH) and beat 

cross-frequency (BCF)
19,41

 were calculated in 3D and compared (Fig. 3-2) along with different 

categories of 3D swimming trajectories (Table 3-1, Fig. 3-3) as well as the spin angular velocity 

(SAV) for X and Y sperms (Fig. 3-5). In these comparisons, the observation frequency of helical 

trajectories by Y-chromosome bearing bovine sperms was found to be significantly more than 

the X-chromosome sperms (Fig. 3-3), for which a flagellar beating comparison was also made 

(Fig. 3-6).    
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Figure 3-2. Head motion parameters of 235 X-sorted (enclosed in pink - a,b and c) and 289 Y-sorted 

(enclosed in blue - d,e and g) bovine sperms. The color code represents the relative density of the data 

points. The curvilinear velocity (VCL), straight-line velocity (VSL), beat cross-frequency (BCF) and 

amplitude of lateral head displacement (ALH) for the X-sorted and Y-sorted bovine sperms show similar 

values. It was also observed that Y-sorted bovine sperms have more linear trajectories compared to X-

sorted bovine sperms (P<0.05) (b and e). 

In agreement with the previous findings
6
, the translational head motion parameters (Fig. 

3-2) showed that there were no significant differences in the swimming velocities of the X-sorted 

and Y-sorted bovine sperm cells (Fig. 3-2 a and d). The ALH and BCF also showed similar 

results for both sexes (Fig. 3-2 b, c, e and g); however the Y-sorted sperms showed a higher 

linearity compared to X-sorted sperms (P<0.05) (Fig. 3-2 b and e), which is in contrast to 

previous studies which suggested that X-sorted sperm exhibit more linear trajectories
6
. These 

earlier reports, however, calculated these parameters for 2D sperm trajectories in shallow 

observation chambers, which do not take into account the 3D nature of sperm locomotion. 

Compared to other species, sex-sorted bovine sperm is observed to exhibit the highest average 

VCL (~197 μm/sec) and average ALH (~10.2 μm) where the VCL and ALH is lower for sex-
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sorted semen from boar (~122 μm/sec and ~4.2 μm )
42
, ram (~150 μm/sec and ~6.9 μm)

43
 and 

stallion (~69 μm/sec and ~3.0 μm)
44
, while the average VSL (~36 μm/sec) is closer to stallion 

(~27 μm/sec)
44

 and lower compared to boar (~73 μm/sec)
42

 and ram (~75 μm/sec)
43

. The average 

BCF (~12 Hz) of sex-sorted bovine sperm also appears to be closer to the average BCF of 

stallion (~7 Hz)
44

, lower compared to ram (~32 Hz)
43

.      

In addition to these translational head motion parameters reported in Fig. 3-2, 3D 

trajectories of sex-sorted bovine sperm cells have been categorized and compared according to 

their swimming mode
28–30,33

 which include: random (88.08% for X-sperm and 72.65% for Y-

sperm), helix (8.51% for X-sperm and 21.11% for Y-sperm), twisted ribbon (0.85% for X-sperm 

and 2.08% for Y-sperm), helical ribbon (1.28% for X-sperm and 1.04% for Y-sperm), flat ribbon 

(0.85% for X-sperm and 1.73% for Y-sperm), straight spin (0.43% for X-sperm and 1.04% for 

Y-sperm) and slithering mode (0% for X-sperm and 0.35% for Y-sperm) (Table 3-1a). A similar 

comparison is provided in Table 1b for head spin: 63.83% for X-sperm and 66.78% for Y-sperm.         

Table 3-1. (a) Categories for 3D swimming trajectories exhibited by X-chromosome bearing (pink) and 

Y-chromosome bearing (blue) bovine sperm cells. The preference for helical trajectories was observed to 

be significantly higher in Y-sorted bovine sperms compared to X-sorted ones. (b) The ratio of sperm cells 

that exhibited head spin during its locomotion was similar for both X-chromosome bearing (pink) and Y-

chromosome bearing (blue) bovine sperm cells.      
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 The major difference between the random category and the others is that the random 

trajectories show more arbitrary shapes where the other categories exhibit more periodic 

shapes
28,29,33

. A lower average linearity (~0.17) is observed in random trajectories compared to 

the average linearity of helical trajectories (~0.21) where both the average VSL and VCL appear 

to be slightly larger for helical trajectories (~44 μm/sec and ~217 μm/sec) compared to random 

trajectories (~33 μm/sec and ~193 μm/sec), which is also reflected in their average SAV (~38 

rad/sec and ~26 rad/sec respectively). Among the trajectories that are observed quite rarely, 

twisted ribbon and helical ribbon show similar values to helical trajectories where the flat ribbon 

category shows lower average VSL and linearity (~14 μm/sec and ~0.11) and the straight spin 

shows higher average VSL and linearity (~53 μm/sec and ~0.29), although the average ALH 

appears to be similar for all categories (~10-11 μm). The sperm cells that exhibit slithering 

trajectories exhibit very linear trajectories (~0.6), but do not show head spin (SAV = 0) as they 

swim very close to the chamber surface
33

.   

 Among all the 3D swimming categories, a statistically significant difference (P<0.005) 

was only observed in the helix mode 3D swimming category (see Fig. 3-3a). This could be one 

of the reasons for the higher linearity observed in Y-chromosome bearing bovine sperm 

compared to X-chromosome bearing bovine sperm (Fig. 3-2), since helical trajectories exhibit 

higher linearity
28,33

. While the biophysical reasons for these observed differences are not exactly 

known, further studies which incorporate the kinematic responses of X-sorted and Y-sorted 

sperm cells to the surrounding medium
45–52

 (e.g., calcium ions
53–55

 present in the buffer that we 

used
56

) and the differences in molecular features of X and Y sperm populations
57

 would be 

critical to better understand the origins of these observed differences.  
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Figure 3-3. (a) The mean ratio of the 3D swimming trajectory categories across three separate 

experiments for both X-chromosome bearing (pink) and Y-chromosome bearing (blue) bovine sperm cells 

shows a statistically significant difference in the helix mode swimming category (P<0.005). (b) The mean 

ratio of head spin across three separate experiments is similar for both sperm populations. The bars 

represent the standard deviation within the three separate experiments.    

Besides the helical mode of 3D swimming category, the head spin percentages of the X-

sorted and Y-sorted bovine sperm also did not show a significant difference (Fig. 3-3b). An 

interesting observation is that the sperms that did not exhibit head spin were very close the 

bottom or top surface of our observation chamber (see Fig. 3-4), which once again highlights the 

importance of deeper channels to observe 3D swimming patterns of sperms. The spin angular 

velocity (SAV) of the two bovine sperm populations were also compared (Fig. 3-5), showing no 

statistically significant difference. Although the SAV is not conventionally used in sperm 

motility analysis at the moment since current CASA systems rely on 2D sperm tracking, it could 

have future significance in assessing sperm quality for clinical and research purposes with the 

potential emergence and use of 3D CASA systems.     
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Figure 3-4. The vertical distribution of the sperm cells across our imaging chamber. (a) X-sorted sperm 

cells and (b) Y-sorted sperm cells. The sperm cells that did not exhibit head spin (black dots) are very 

close to the top or bottom chamber surfaces. The cells that did exhibit head spin (green dots) showed a 

more continuous height distribution within the channel.       

 

Figure 3-5. (a)  Spin angular velocity (rad s
-1

) and head motion parameters of 235 X-sorted (enclosed in 

pink - a,b and c) and 289 Y-sorted (enclosed in blue - d,e and g) bovine sperms. The color code 

represents the relative density of the data points. The spin angular velocity (SAV) of the two bovine 

sperm populations showed no statistically significant difference.  



72 
 

Next, we investigated the 3D spatio-temporal kinematics of the flagellar beating observed 

in the helical trajectories of X-sperms and Y-sperms (Fig. 3-6 a and b), within a local coordinate 

system (Fig. 3-6c) defined with respect to the sperm head (i.e. from a perspective of an observer 

seated on the sperm head looking towards the flagellum), which was made possible with our 

dual-view imaging platform by tracking the head orientation throughout the sperm locomotion
33

. 

The 3D motion of the flagellum node was analyzed in the frequency domain (Fig. 3-6 d and e), 

showing the dominant beating frequency and its magnitude (Fig. 3-6 f and g) which was 

compared for both sperm populations. No statistically significant difference was observed in 

these flagellar beating parameters extracted from X-sorted and Y-sorted sperms as detailed in 

Fig. 3-6.    

Figure 3-6. (a) and (b) A helical sperm trajectory from an X-sorted (enclosed in pink) and Y-sorted 

(enclosed in blue) sperm, respectively. (c) The local coordinate system used to analyze the true 3D 

kinematic of the flagellar beating from the perspective of an observer sitting on and traveling with the 

sperm head. The thicker side of the sperm head corresponds to the x’-axis, the thinner side corresponds to 

the y’-axis and the  ⃑⃑⃑ -axis extends from the head-flagellum junction towards the tip of the head. (d) and 

(e) The frequency domain analysis of the motion of a flagellar node ~40 µm away from the head-

flagellum junction (in arc-length) for the helical trajectories shown in (a) and (b) respectively. The 
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dominant beating frequency was observed to be ~24 Hz for the X-chromosome bearing sperm and ~26 Hz 

for the Y-chromosome bearing sperm with similar amplitudes. (f) and (g) The peak beating amplitude and 

frequency was observed to be similar for both sperm populations.     

 Our results show that while many parameters are quite similar between the two 

populations, there is a statistically significant difference in the observation frequency of helical 

trajectories for Y-chromosome bearing sperms, along with an increased linearity compared to X-

bearing ones. The reasons behind these observations are not known, and further research on the 

differences in chemical and biological pathways governing sperm locomotion, which depend on 

various molecular mechanisms
57,58

, could provide new clues, benefiting from some of the unique 

measurement capabilities of our dual-view holographic sperm imaging platform. 

Methods 

Sample preparation. Sex-sorted bovine sperm was obtained frozen (between -190°C 

and -200°C) in ~0.25 µL straws (STgenetics, Navasota TX), which was thawed in warm water 

(37°C) for 30 seconds and gently placed on the 500 µL top layer (40% BoviPure – 60% 

BoviDilute, Nidacon, Sweden) of a gradient solution with a 500 µL bottom layer (80% BoviPure 

– 20% BoviDilute)
56

 within a centrifuge tube (Falcon, 25 mL Fisher Scientific). After 15 minutes 

centrifugation (Fisher Scientific) at 300 g, the pellet at the bottom containing the motile sperm 

cells is gently extracted and re-suspended within a 1 mL of BoviWash (Nidacon, Sweden), which 

is then centrifuged for an additional 5 minutes under 300 g. The pellet at the bottom of the tube is 

then gently extracted (~ 10 µL) and re-suspended in 90 µL BoviWash, serving as the base for 

further dilutions (100-200X) suitable for holographic imaging, and placed in imaging chambers 

constructed from regular glass cover slips (150 µm thick, Fisher Scientific) for the bottom 

surface and with the periodic light-blocking structure for the top surface, with a ~500-600 µm 
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thick silicone spacer (3M Company) sandwiched in between, which defines the micro-channel 

height for sperm locomotion. The periodic light-blocking structures were constructed by 

depositing ~4 mm long, ~450 µm wide reflective light-blocking stripes with a periodicity of 

~900 µm
33

. All samples were prepared and stored within an incubator set to 37°C, and all  

materials used, including the sperm wash media, were preheated prior to the experiments.          

 Dual-view holographic on-chip imaging platform. Our dual-view on-chip holographic 

imaging platform consists of a de-capped CMOS image sensor (IMX135, Sony Corporation, 

Tokyo, Japan) with a pixel-pitch of 1.12 µm operating at ~300 fps, through a custom designed 

frame grabber, which transfers the frames to a computer (Dell T3600) via a high-speed PCIe 

interface. Two fiber-coupled LEDs emitting green light (~525 nm center wavelength with a ~20 

nm bandwidth) are placed in mirror symmetry with an angle of incidence of ~18° (Fig. 3-1a). 

The sample chamber is placed very close (~180 µm) to the sensor, with a periodic light-blocking 

structure at the top to spatially separate the pair of holographic projections obtained for each 

sperm cell across the sensor (Fig. 3-1b), fully utilizing the dynamic range and preventing 

crosstalk between the hologram pairs (Fig. 3-1c). Operating at ~300 fps, the platform captures 

the complete 3D motion of the bovine sperm cells, including both the head motion and rotation 

along with the 3D structure of the flagellum without temporal under sampling
33

.         

Holographic reconstruction and tracking. Background subtraction (using the moving 

average of ~100-200 frames as background) is applied to remove immotile sperm cells and other 

debris from the raw frames, isolating the hologram pairs corresponding to the motile sperms
33

. 

Each holographic projection is then digitally back-propagated to the correct height with the 

corresponding angle of incidence and wavelength using the angular spectrum approach
59

. A 2D 

tail tracing, composed of equally spaced nodes with 3 µm intervals, is iteratively fitted to each of 
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the phase reconstructions starting from the head-flagellum junction, searching for the maximum 

signal over a uniform angular range of ±40° at each step. The fitting process is terminated once 

the signal levels fall below the noise threshold, and the 2D tail tracings are further smoothened to 

a node length of ~0.19 µm
33

. The 3D structure of the flagellum is then obtained by pairing and 

triangulating nodes along both projections that share the same arc-length from the head-

flagellum junction, resulting in a physically accurate 3D reconstruction of the sperm flagellum
33

. 

The 3D orientation of the sperm head is also determined throughout the sperm locomotion by 

tracking the phase-wrapping events that occur sequentially in both phase reconstruction pairs, as 

the thicker side of the sperm head gets aligned with each of the corresponding light sources. 

Tracing these successive phase wrapping events, the angular velocity as well as the spatial 

orientation of the sperm head is determined, which was used to define a local coordinate system 

from a perspective of an observer seated on the sperm head (x’-axis along the thicker side, y’-

axis along the thinner side and  ⃑⃑⃑ -axis extending from the head-flagellum junction towards the 

tip of the head)
33

. This local perspective was essential in the investigation of the true 3D spatio-

temporal kinematics of the flagellum, reported in Fig. 3-6. It takes ~5.1 seconds to process each 

frame using a single CPU core, resulting in approximately 86 minutes for processing a complete 

trajectory composed of 300 frames; however a 10-20 fold speed up would be expected with a 

GPU implementation of our reconstruction algorithms
33

. The statistical significance of the 

differences in linearity and the preference for helical trajectories were tested using a t-test
60

, with 

three separate experiments for each sex, where the minimum number of sperm cells per 

experiment was 59.      
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Conclusions 

 Using a dual-view on-chip imaging platform operating at ~300 fps, we tracked and 

compared the complete 3D swimming motion of 235 X-sorted and 289 Y-sorted bovine sperm 

cells, which includes the translational and rotational motion of the sperm head and the 3D 

flagellar beating observed from a perspective local to the sperm head, revealing the true spatio-

kinematics of the sperm locomotion. A comparison of the conventional sperm motility 

parameters of X and Y sperms showed no statistically significant difference in the velocity 

parameters (VCL and VSL), in agreement with previous findings that the both sperm populations 

have similar swimming speeds. Enabled by our dual-view on-chip imaging platform, the head 

spin velocities and the 3D trajectory categories were also analyzed and compared to each other. 

Although both sperm populations exhibited similar rotational speeds, a statistically significant 

difference was observed in the percentage of helical trajectories, suggesting that Y-chromosome 

bearing bovine sperm cells have a higher preference for this category, along with a higher 

linearity compared to X-chromosome bearing cells. A further investigation of these helical mode 

sperm cells revealed no difference in 3D flagellar beating behavior of these sperms. Although the 

exact reason for the difference in the preference for helical trajectories is unclear and this 

difference is not suitable for sperm sorting purposes, further studies which incorporate the 

differences in the kinematic response of X-sorted and Y-sorted sperm cells to the surrounding 

chemicals and ions could be critical for understanding the origins of these observations. We 

believe our dual-view holographic imaging platform offers unique opportunities for such micro-

swimmer tracking applications. 
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Chapter 4: Computational On-chip Imaging of Nanoparticles and 

Biomolecules using Ultraviolet Light 

 Humankind has reached unprecedented control over the nanoworld by creating nanoscale 

objects and manipulating them for a wide spectrum of applications extending from electronics to 

biomedical sciences. As in many nano applications, significant progress in the characterization of 

nanoparticles
1,2

 and the investigation of nanoscale biomolecules and supramolecular structures, 

such as viruses
3–5

, protein aggregates
6,7

 and exosomes
8,9

, was enabled by the development of 

powerful imaging and sensing tools including scanning and transmission electron microscopy 

(SEM and TEM)
3–5

, atomic force microscopy (AFM)
10,11

, stimulated emission depletion (STED) 

microscopy
12,13

, localization based super-resolution microscopy
14,15

, and near-field scanning 

optical microscopy (NSOM)
16,17

 among many others.  

 These imaging and sensing techniques and instruments have played a critical role in 

expanding the boundaries of our knowledge. In order to fully benefit from these technological 

advances and extend our measurement capabilities outside the laboratory, it is necessary to 

develop more accessible alternatives to these laboratory-bound devices18. Towards this direction, 

on-chip holographic microscopy
19–23

 offers a robust, cost-effective and high-throughput 

alternative to some of the existing imaging and sensing techniques. In an on-chip computational 

microscope, the sample is placed very close (i.e., ≤ 0.5-1 mm) to an opto-electronic image sensor 

chip without any imaging lenses in between. As a result, the imaging field-of-view (FOV) is 

equal to the active area of the sensor chip and is decoupled from spatial resolution, unlike a lens-

based microscope design, where there is a fundamental trade-off between the two22. This on-chip 

imaging design has unit magnification and therefore its spatial resolution is limited by the pixel 
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pitch of the imager chip. This limitation can be overcome to push the resolution of an on-chip 

microscope to the diffraction limit by using pixel super-resolution approaches
24,25

, e.g., by using 

an array of light sources to synthesize a high resolution image of the specimen from sub-pixel 

shifted versions of its hologram. Recently, this platform was also converted into a powerful 

nanoscale imaging device by self-assembly of polymer nano-droplets, or nanolenses, around the 

target particles to significantly enhance their optical signatures
26–29

, enabling the detection of 

sub-40 nm particles over a FOV of >20-30 mm
2
 
27–29

. 

 This particle detection limit is mainly determined by the signal-to-noise ratio (SNR) of 

the on-chip imaging system and can be further improved by either increasing the optical signal 

received from the nanoparticles (or nanoparticle-nanolens complexes) or decreasing the 

background noise level across the image sensor. By using more advanced image sensors with 

active cooling capabilities, for example, the dark noise could be reduced, improving the SNR of 

the imaging system
30

. The SNR could also be improved by boosting the signal received from the 

target objects, which is strongly dependent on the amount of photons scattered towards the 

sensor with respect to the background illumination. This relative scattering power of 

nanoparticles, or the forward scatter radar cross section (RCS), is dependent on the illumination 

wavelength and could be increased with shorter wavelengths
31,32

.  

 Another way to boost the optical signatures of the target particles is through absorption. 

Most biomolecules have absorption peaks at certain optical frequencies; for example proteins 

and nucleic acids have strong absorption lines in the ultraviolet (UV) wavelengths
33,34

. This 

property of UV light as an inherent contrast agent through absorption has been used in 

conventional brightfield microscopy
34,35

 for imaging of e.g., cancer tissue samples
36

, live cells
37

 

and protein microcrystals that are >2-5 μm in size
38

. Nucleic acid and protein mass mapping 
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within cells have also been enabled through UV microscopy, by capturing transmission images at  

different UV wavelengths
39–41

. Furthermore, UV light has been used to selectively excite nucleic 

acids for photoacoustic microscopy, highlighting the nuclei in the tissue images
42

 and to increase 

the resolution for darkfield imaging of larger viral particles
43

. Coherent UV light sources have 

been used in holographic imaging for increased resolution
44

 and sensitivity
45

, but these 

techniques were also limited in throughput and FOV due to the use of imaging lenses and a large 

magnification factor. 

 Combining these intrinsic properties of UV light with the unique capabilities of on-chip 

holographic imaging, we have designed and built an on-chip computational microscope 

operating at a UV wavelength of 266 nm. The increased scattering from nanoparticles due to the 

shorter wavelength enabled us to surpass the previous detection limit and image sub-30 nm 

nanoparticles, with a smallest detectable particle diameter of ~26 nm. Furthermore, we 

demonstrated the application of this method to imaging aggregates of Cu/Zn-superoxide 

dismutase (SOD1) with significantly improved contrast relative to other on-chip imaging 

platforms that use visible illumination wavelengths. Aggregation of SOD1 has been linked to the 

fatal disease, amyotrophic lateral sclerosis (ALS), caused by the death of motor neurons
46–48

. 

This unique UV-based wide-field computational imaging platform would be valuable for 

numerous applications in biomedical sciences and environmental monitoring, such as disease 

diagnostics, viral load measurements, and air and water quality monitoring. 
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Results and Discussion 

  Our holographic on-chip imaging platform consists of a 4
th

 harmonic Nd:YAG laser 

generating 266 nm light, a custom-designed free-space light delivery system composed of 

multiple UV grade lenses and scanning galvo mirrors, and a CMOS image sensor chip (Fig. 3-1). 

A uniform laser beam profile is generated using a spatial filter, by focusing the beam through a 

25 μm pinhole and then expanding it by a factor of 10 to have a large beam diameter covering 

the full area of the CMOS image sensor chip, which is also equivalent to our imaging FOV (i.e., 

FOV = 16.45 mm
2
). Passing through a system of scanning galvo mirrors and UV lenses, the UV 

light is then guided towards the sample that is placed directly on top of the sensor chip (i.e., 

~300-500 μm above the active area). The direct interference of the background illumination light 

with the scattered object light creates in-line holograms of the specimen, which are then 

recorded/digitized by the image sensor chip. The 3D information of the sample is encoded within 

these holographic interference patterns, which can be extracted by digitally back propagating the 

holograms to the sample plane revealing microscopic reconstructions, both as amplitude and 

phase images, of the target objects
19,22,49,50

.   
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Figure 4-1. The holographic on-chip imaging platform operating at 266 nm illumination wavelength. The 

laser beam is first spatially filtered and then expanded to cover the full CMOS imager active area. The 

object is directly placed on top of the image sensor, which records in-line holograms of the object across 

an imaging FOV of >16 mm
2
. A pair of scanning galvo mirrors controls the angle of incidence to shift the 

holograms across the image sensor active area, while a pair of 4-f lens systems helps to keep the beam 

fixed on the sample plane. Note that that there are no imaging lenses between the sample and the image 

sensor chip, which are separated from each other by ≤ 0.5 mm.   

 The resolution of the reconstructed images in our on-chip microscope is mainly limited 

by the pixel pitch (1.12 μm) of the image sensor chip, which sets a physical limit on the spatial 

sampling of the holographic fringes. It is possible to bypass this limit by using pixel super-

resolution (pixel SR) techniques that combine multiple low resolution images of the object, each 

shifted by sub-pixel amounts with respect to each other, to generate a high resolution image with 

a smaller effective pixel pitch, thus a higher spatial sampling rate
24,51

. To laterally shift the 

holograms on the image sensor, we adjust the angle of incidence of the light on the sample by 

tuning the angular positions of the two scanning galvo mirrors that are placed in orthogonal 
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tilting axes. The 4-f lens systems between the first and second galvo mirrors and between the 

second galvo mirror and the sample help to keep the beam location fixed on the sample plane 

while also tuning the angle of incidence, which is important to keep the full image sensor area 

illuminated as well as to shift the holograms in both lateral directions across the image sensor 

plane (Fig. 4-1). This imaging set-up enables us to fully benefit from the unique properties of on-

chip imaging in the UV part of the spectrum, where the imaging FOV is decoupled from the 

spatial resolution and is scalable with the active area of the image sensor, unlike lens-based 

microscopy tools. It is important to note that by on-chip, we mean that there are no imaging 

lenses between the sample and the image sensor chip and the lenses used in our free space light 

delivery system do not limit our FOV.    

 There are, however, additional steps to be taken when using a laser light source with very 

high temporal and spatial coherence in holographic on-chip imaging, which give rise to strong 

speckle noise and multiple reflection related interference artifacts. To suppress both the speckle 

noise and the background interference fringes originating from various surfaces of the UV 

illumination system, we take advantage of the pixel SR framework by capturing a larger number 

of low resolution images that is redundant for image resolution, but is very effective in smearing 

out such coherence-related noise terms. Because these noise sources are at different optical 

planes compared to the sample plane on the CMOS imager, the noise grains and fringes shift by 

significantly different amounts, and sometimes in opposite directions, compared to the shift of 

the in-line holograms of the target objects located on the sample plane. When our pixel SR 

algorithm52,53 locks to the target object holograms, only the holographic interference signal 

corresponding to the object plane is correctly overlapped and added, while all the noise terms 

from other planes are spatially smeared out (Fig. 4-2). In our experiments, a total of 556 low 
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resolution images were used to digitally create a noise-suppressed, high-resolution (i.e., super-

resolved) holographic image, where 196 of these 556 images contained sub-pixel shifts of ~0.16 

μm on a rectangular grid to improve the resolution and the remaining 360 images were shifted on 

a circular grid (i.e., composed of 12 concentric circles with a radial spacing of ~0.3 μm and 30 

images per circle with equal angular intervals) to further suppress the unwanted noise terms. As 

illustrated in Fig. 4-2, this additional circular averaging step in pixel SR plays a significant role 

in cleaning out various spatial and temporal coherence related noise artifacts in our super-

resolved holograms and their reconstructions.     

 It should be noted that a typical set-up for holographic on-chip microscopy in the visible 

part of the spectrum is considerably simpler
49,54

 compared to the UV part of the spectrum, 

because visible LEDs cost-effectively provide uniform and sufficiently powerful illumination 

covering the entire active area of the image sensor chip, while also rejecting the above described 

coherence-induced noise terms by engineering temporal and spatial coherence of the source, 

through e.g., spectral filtering (if needed), spatial filtering or simple free-space propagation. As 

high-power UV LEDs with decent output beam profiles become available, similar approaches 

can also be used to engineer the temporal and spatial coherence of the UV illumination and 

further simplify the illumination front-end of our current UV microscopy set-up (Fig. 4-1). 

To provide a further comparison between visible and UV illumination and their detection limits, 

we performed a radar cross section (RCS)
31,55,56

 analysis as illustrated in Fig. 4-3. A holographic 

on-chip microscope using green illumination (e.g., ~532 nm) and an off-the-shelf standard 

CMOS image sensor (kept at room temperature) is practically limited to a particle size of ~250 

nm as the detection limit
50

, which can be further reduced to ~40-50 nm using self-assembled 

nanolenses
28,29

. Assuming that the sensor performance and other noise parameters  
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Figure 4-2. (a) A full FOV image (FOV >16 mm
2
) captured by the UV on-chip imaging platform. (b) A 

zoomed in image taken from (a). (c) and (f) Super-resolved holographic image generated by only the first 

196 sub-pixel shifted frames (no circular averaging) and by all the 556 images (196 sub-pixel shifted and 

360 circularly shifted), respectively. (d) and (g) A zoomed-in comparison of the super-resolved hologram 

without and with circular averaging, respectively. The background noise is significantly reduced and the 

in-line hologram of a particle is more visible with the circular averaging. (e) and (h) The phase 

reconstruction of both of the high-resolution holograms shown in (d) and (g), respectively. As visible 

from the image profile across the target, circular averaging helps suppress the background noise 

considerably. The target in this example was a 315-nm nanoparticle, imaged after nanolens deposition
28,29

. 

(i) The SEM image of the target nanoparticle in (e) and (h). 



90 
 

remain the same, we used RCS analysis to get an estimate on the improvement of this practical 

detection limit at shorter wavelengths (Fig. 4-3). Based on this analysis, the forward scattering 

RCS of a 250-nm diameter particle illuminated with 532-nm light is approximately equivalent to 

the RCS of ~180-nm bead under 266-nm illumination. This suggests that the practical detection 

limit should be close to 180 nm with the UV imaging platform under similar circumstances (and 

without the use of self-assembled nanolenses). 

 

Figure 4-3. The forward scattering RCS of a perfect electric conductor (PEC) nanosphere under different 

optical wavelengths (color coded) as a function of its diameter. Based on these RCS values, a detection 

limit of 250 nm under 532-nm illumination is equivalent to a ~180-nm particle diameter under 266-nm 

illumination, assuming that the sensor performance and noise levels remain the same. These detection-

size limits are significantly improved using self-assembled nanolenses, as illustrated in Fig. 4-6, enabling 

the detection of e.g., a ~26 nm particle.    
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 To confirm our predictions shown in Fig. 4-3, the detection performance of the UV on-

chip imaging platform was first tested with polystyrene bead samples, without nanolens 

deposition. A bead suspension was prepared by mixing green-fluorescent 140-nm, red-

fluorescent 200-nm and green-fluorescent 250-nm polystyrene beads and depositing them onto 

fused silica slides. The fluorescence of these particles was utilized to cross-validate our on-chip 

imaging results against a benchtop standard fluorescence microscope. These samples were then 

imaged with our UV platform, enabling the detection of 250-nm and 200-nm beads, which were 

independently verified using fluorescence microscopy (Fig. 4-4). 140-nm beads, however, could 

not be detected using the UV on-chip microscope, in agreement with the RCS analysis reported 

in Fig. 4-3. 

Figure 4-4. (a) and (c) Fluorescence microscopy images of green-fluorescent 250-nm beads (yellow 

arrows), red-fluorescent 200-nm beads (red arrows) and a green-fluorescent 140-nm bead (purple arrow). 
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(b) and (d) The corresponding amplitude reconstructions from the UV on-chip images with 250-nm beads 

(black arrows) and 200-nm beads (navy-blue arrows). The 140-nm bead is not visible in the amplitude 

reconstruction (dashed purple arrow).    

 The above discussed particle size detection limit could be significantly decreased by 

depositing polymer nanolenses around target particles through vapor condensation and self-

assembly, which enhance the holographic signatures of nanoscale objects
27–29

. This requires an 

additional step following the capture of the nanoparticles on the surface of the fused-silica 

substrate, which is exposed to polyethylene glycol (PEG) vapor for 1-5 minutes. Formation of 

the nanolenses is continuously monitored by recording their holographic signatures using our on-

chip microscope. Note that by the time the PEG vapor is exposed to the substrate, it cools down 

to ≤ 40C and therefore does not damage the sample. Monitoring the temporal evolution of these 

holographic signatures enables determining the optimal deposition time for achieving the best 

signal-to-noise ratio. This entire process, including the self-assembly of the nanolenses and their 

continuous imaging, can be implemented using a compact and field-portable on-chip imaging 

system29. After the vapor deposition of nanolenses around the target particles is completed, the 

sample is imaged using the UV on-chip imaging platform by capturing 556 frames for pixel SR 

with circular averaging. Even using a modest and relatively old read-out circuitry, it is possible 

to acquire all these frames within 15 minutes by decreasing the frame readout size by a factor of 

4 (i.e., ~4 mm
2
 FOV, Fig. 4-2b), which is fast enough to maintain nanolens stability throughout 

the entire image acquisition. 

 For the detection of smaller nanoparticles using UV imaging and self-assembled 

nanolenses, additional digital filtering and processing steps are necessary to further suppress the 

background noise in the high-resolution raw image obtained after pixel SR with circular 

averaging (Fig. 4-5a). To this end, the first step is to compensate for the lower frequency 
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background that is present in the phase reconstruction, by dividing the original phase image (Fig. 

4-5b) with the background phase image itself (Fig. 4-5f). To extract this background image, the 

high resolution raw image is first low-pass filtered such that the holograms of the nanoparticles 

are removed, only leaving the interference patterns corresponding to larger dust particles and the 

low-frequency portion of the background noise (Fig. 4-5e), which is then back propagated and 

the background phase image is extracted. This background image serves as an intensity map of 

the low-frequency modulation, which is used to suppress or compensate this background through 

element-wise image division (which we refer to as background compensation). The resulting 

image (after the element-wise image division, Fig. 4-5c) is cleaned from the low-frequency 

background, revealing smaller particles that might have been otherwise buried under the low-

frequency modulation of the background or larger particles. Note that to avoid divide-by-zero 

error, we add 2 to each phase image before the division step. 

Figure 4-5. (a) and (e) High resolution raw image after pixel SR with circular averaging and its low-pass 

filtered version, respectively. (b) and (f) Both the original and the low-pass filtered raw frames are back 
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propagated over a small depth neighborhood (e.g.,        ) around the optimal reconstruction height 

(z2
*
) and the corresponding phase images are extracted. The reconstructions corresponding to the low-

pass filtered images only contain features from the background. (c) Each original phase reconstruction 

from the stack in (b) is element-wise divided by its low-pass filtered phase reconstruction from the same 

height in (f), after adding 2π radians to each image. The resulting image stack is a background 

compensated version of (b), only containing higher frequency noise grains. (d) Averaging the background 

compensated stack in (c) further suppresses the noise grains.      

 The majority of these remaining noise grains can be further smeared out by averaging the 

background compensated phase images of the same FOV that are reconstructed at different 

heights, around a neighborhood of the sample height (i.e.,         with intervals of     ) – see 

Fig. 4-5. It is observed that at each different reconstruction height, physical particles focus or de-

focus but remain in the same lateral position at the corresponding reconstruction plane, while the 

noise grains move in random lateral directions. The resulting average image (Fig. 4-5d) strongly 

highlights the signatures of the physical particles, while further suppressing noise features. 

However some of the remaining noise grains could also generate particle-like lateral features if 

they happen to randomly overlap during averaging (see e.g., Fig. 4-6b and Supplementary Fig. 4-

S1). To mitigate this, each such particle candidate (determined through thresholding of the 

averaged phase image) is also tested for depth focusing: the physical particles focus, but the 

noise does not
29

. This additional depth-focusing criterion further helps to reject noise features 

and avoids false positives as illustrated in Fig. 4-6. Using this process, we were able to image 

polystyrene nanoparticles (size distribution provided in Supplementary Fig. 4-S2) down to 26-

nm diameter, which was independently verified by SEM (Fig. 4-6). The size of such particles is 

smaller than /10 and to our knowledge this constitutes the smallest particle detected using an 

on-chip microscope to date.  



95 
 

In addition to being able to detect smaller particles compared to visible illumination 

wavelengths, another advantage of using UV illumination is the increased absorption by 

biomolecules such as proteins and nucleic acids33,34. This enables exploiting the intrinsic 

absorption properties of biomolecules to image them with high sensitivity and contrast using our 

on-chip imaging platform operating at a 266-nm wavelength. As a proof of concept, we imaged 

sub-micron protein aggregates, which are a topic of high interest in biomedicine because they are 

linked to many neurodegenerative diseases and other proteinopathies
6,7

. For these proof-of-

concept experiments, we used SOD1—an enzyme that is normally responsible for protection 

against superoxide radical anions formed during respiration. Aggregation of mutant SOD1 has 

been linked to amyotrophic lateral sclerosis (ALS), a fatal disease caused by the death of motor 

neurons46–48. Fig. 4-7a shows the amplitude reconstruction image of SOD1 aggregates under 266-

nm UV illumination, using on-chip microscopy with a very high contrast between the protein 

aggregates and the background signal. The same sample was also imaged by an on-chip 

microscopy platform20 under red (633-nm, Fig. 4-7e), green (532-nm, Fig. 4-7d) and blue (470-

nm, Fig. 4-7b) illumination wavelengths using the same number of frames (i.e., 556) for frame 

averaging and pixel super-resolution. Compared to visible wavelengths, the contrast of the SOD1 

aggregates is substantially higher with 266 nm illumination (see Fig. 4-8), highlighting the 

unique advantage of our UV on-chip microscopy platform in imaging biomolecules. The contrast 

values reported in Fig. 4-8 were calculated over ten individual SOD1 aggregates by measuring 

the difference between the average background signal and the minimum amplitude across the 

target aggregate and dividing this difference by the average background signal
57

. The 

significantly higher contrast (Fig. 4-8) under 266-nm illumination can be attributed to the high 
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absorption of SOD1 in the UV part of the spectrum (see Fig. 4-8 inset), compared to the visible 

spectral region. 

Figure 4-6. (a) Phase reconstruction of a holographic raw image after pixel SR and circular averaging. 

(b) The same FOV after background compensation and averaging over different reconstruction heights 

(see Fig. 4-5). Note that the two larger particles (>150 nm), appearing red in the bottom-right corner, are 

digitally peeled
29

 to highlight the smaller particles in (c), as detailed in the Methods section. (c) Particle 

candidates are automatically determined by thresholding, and each candidate is checked for focusing 

criteria. The insets show the peak phase vs. focusing depth values (plotted in green) of 3 physical particles 
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(color-coded arrows: red, orange and green) and 3 noise grains (purple arrows), all verified by SEM 

images, as illustrated in (d), following the same color coding as the arrows in (c). The best fit parabolas 

(plotted in yellow) are used to assess focusing criteria (see the Methods sections): the coefficient of the 

quadratic term for the bottom-right noise grain is significantly larger than the threshold and the R-squared 

goodness of fit values for the top and bottom-left noise grains do not satisfy the threshold unlike the 

physical/real particles, which satisfy these criteria. (d) We show the remaining physical particles after 

checking the focusing criteria for each particle candidate in (c). The insets show the SEM images of the 

detected particles as well as the empty regions co-localized with the noise grains (numbered and outlined 

in purple). The smallest particle detected is 26.4 nm in diameter, denoted with the red arrow and red 

image frame in (c) and (d), respectively. The color coded arrows point to these particles across (a), (b) 

and (c). 

  

Figure 4-7. (a) SOD1 protein aggregates show significantly enhanced contrast in the amplitude 

reconstruction, imaged using the on-chip microscopy platform operating at 266 nm. (b), (d) and (e) The 

same aggregates imaged using a visible on-chip microscopy platform under blue (470 nm), green (532 

nm) and red (633 nm) illumination light, respectively, all of which provide substantially lower contrast; 

also see Fig. 4-8. To provide a fair comparison we used the same number of frames, i.e., 556 frames, in 

panels a, b, d and e. The color bar represents the relative signal intensities in the holographic 
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reconstructions. (c) and (f) SEM images of two representative protein aggregates of 483-nm (red arrow in 

(a)) and 443-nm (green arrow in (a)) in diameters.  

 

Both in the imaging of biomolecules, such as SOD1 aggregates, and nanoparticles, we have 

demonstrated how UV illumination helps on-chip holographic imaging reach new frontiers. Our 

platform benefits from the increased scattering and higher absorption properties of UV 

illumination, enabling us to decrease the nanoparticle detection limit of the on-chip imaging 

modality and also image biomolecules with significantly increased contrast. Using this UV 

wavelength required building a custom-designed free-space light delivery system composed of 

multiple UV lenses and other components. We believe that emerging LED technologies will 

make high-power and narrowband LEDs operating at UV wavelengths commercially available in 

the near future, further simplifying the illumination front-end unit of our current microscopy set-

up.  
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Figure 4-8. A quantitative comparison of the contrast measured for ten similar-sized (450 - 750 nm) 

SOD1 aggregates. The inset shows that the absorption of the SOD1 protein is significantly higher at 266 

nm compared to the visible region, explaining the significantly higher contrast in the corresponding 

images from the UV on-chip microscopy platform. The P values were P<0.1 for *, P<0.01 for **, 

P<0.001 for *** and P<0.0001 for ****. 

   

Methods 

 UV on-chip imaging platform. Our on-chip microscopy platform (Fig. 4-1) is composed 

of a 4
th

 harmonic, Q-switched, Nd:YAG laser (FQSS 266-Q2, CyLaS GmbH, Berlin, Germany) 

a 13 Mega-pixel, 1.12 μm pixel pitch CMOS image sensor (IMX135, Sony Corporation, Tokyo, 

Japan) and a free-space light delivery system composed of UV lenses and motor controlled 

scanning galvo mirrors (GVS411, ThorLabs Inc., NJ, USA). The first stage of this light delivery 

nm 
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system is composed of a spatial filter, which focuses the laser beam (f=18 mm, Edmund Optics, 

NJ, USA) through a high-power 25 μm pinhole (Lenox Laser, MD, USA). The cleaned-up beam 

is then expanded by a factor of 10 (BE10-266, ThorLabs Inc., NJ, USA) so that the beam 

diameter would be sufficient to cover the full sensor active area of ~16.45 mm
2
. The beam is 

then reflected towards the first scanning galvo mirror from a harmonic beamsplitter (HBSY134, 

ThorLabs Inc., NJ, USA) that reflects 266 nm but transmits 532 nm and 1064 nm light to remove 

the residual 2
nd

 harmonic 532 nm and the base wavelength of 1064 nm light escaping from the 

laser. The spectrally and spatially cleaned up 266 nm pulse then reflects from the first scanning 

galvo mirror and passes through a 4-f lens system composed of a pair of UV lenses (f=100 mm, 

Edmund Optics, NJ, USA) onto the second scanning galvo mirror which is placed at an 

orthogonal axis of rotation. From this second galvo, the beam is reflected through another 

identical 4-f system, towards the sensor placed at the focal plane of the final lens. The two 

scanning galvo mirrors and 4-f systems enable us to steer the incidence angle of beam in both 

axes across the image sensor while keeping the illuminated area constant on the image sensor. 

Both galvo mirrors were interfaced to a PC, through an I/O board (National Instruments, TX, 

USA) and controlled through a custom developed LabVIEW program, which automated the 

image acquisition and the positioning of the mirrors throughout each experiment. 

 Sample preparation. Because the 266-nm light is highly absorbed in regular glass slides, 

fused silica slides (10 mm-by-10 mm, 0.2 mm thick) that are transparent at this wavelength were 

used (MTI Corp., CA, USA). A handheld plasma generator was used to plasma-treat these slides 

for 1-2 minutes, making them hydrophilic, which is important for both sample binding and for 

the formation of self-assembled nanolenses. A ~3-μl droplet of the nanoparticle or protein 

aggregate solution was then deposited onto the plasma-treated side of the slide. After waiting ~3 
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minutes, the slide was carefully tilted allowing the remaining solution to drain. The slide was 

then gently washed with DI water to remove any excessive particles from the sample. After the 

UV imaging was completed, the samples used for SEM (Nova 600 NanoLab, FEI, OR, USA) 

imaging were further coated with 13.6 nm of gold by ion sputtering. This thickness of the gold 

coating was subtracted when reporting size measurements of the nanoparticles based on SEM 

images28.   

 Sample imaging and nanolens deposition. The image acquisition was fully automated 

using a custom-developed LabVIEW program, which adjusted the new galvo mirror positions for 

each frame. The first 196 images contained sub-pixel shifts of ~0.16 μm on a rectangular grid, 

and the remaining 360 images were shifted on a circular grid composed of 12 concentric circles 

with radial intervals of ~0.3 μm and 30 images per circle with equal angular spacing of 12°. To 

ensure reproducibility across experiments and account for any differences in the sample 

thickness, a one-time calibration step was introduced. Three images with predefined galvo mirror 

positions (ranging up to 0.2° tilt in the mirrors) were captured and the corresponding shifts in the 

image was calculated based on a visible mark (dust or any large object) located on the sample 

plane. The calibrated shift table, containing the angular positions for the two mirrors for the 556 

images, was generated accordingly and input into the LabVIEW program.  

 For samples requiring nanolens deposition, the UV fused silica slides were first inserted 

into a portable vapor-deposition device
29

 where a reservoir of PEG (molecular weight: ~300 Da) 

was heated up to 90-100° C and the vapor was channeled towards the sample. The deposition 

process was constantly monitored with the CMOS camera attachment of the same device, 

tracking the increase in the brightness of the holograms originating from larger objects in the 

FOV to assess the optimal time point for PEG deposition, which was observed to be around 5 
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min. Once the nanolens deposition was complete, the sample slide was carefully and rapidly 

transferred to the UV imaging platform and imaged within ~15 min, ensuring nanolens stability 

throughout the experiment. 

 Pixel super-resolution with circular averaging and image reconstruction. The green 

channel of the image sensor was the most responsive to the 266-nm light and this channel was 

used to fill in the red and blue pixels of the image by averaging the neighboring green pixels58 in 

all the raw images. These raw frames were then background compensated (not to be confused 

with the background compensation of the phase images for nanoparticle detection) by passing 

them through a low-pass filter and dividing the initial frames with the filtered ones which 

eliminates the modulation in the background illumination. All these frames, which included 196 

sub-pixel shifted images for pixel super-resolution and 360 circularly shifted images for circular 

averaging, were used to generate a noise-suppressed high-resolution image by a shift-and-add 

pixel super-resolution algorithm (Fig. 4-2)
52,53

. The algorithm first estimates the shifts in each 

frame, using the signatures of visible objects (e.g., dust or a mark) on the sample plane for image 

registration. This step is important for noise suppression since once the shift-and-add algorithm 

locks on to the holograms emanating from the sample plane, shifting and adding the low 

resolution images smears all the out-of-plane speckle and multiple reflection interference related 

noise artifacts, significantly reducing the background noise (Fig. 4-2). This shift estimation step 

is also important to account for any positioning errors in the galvo mirrors that might have 

occurred during the image capture, increasing the tolerance and robustness of the entire imaging 

platform.    

 The resulting noise-suppressed high-resolution image, with an effective pixel pitch of 

0.28 μm, can then be digitally back-propagated using the angular spectrum approach59 to the 
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correct object height (z2), reconstructing both the amplitude and phase images of the sample. For 

particle detection, the optimal z2 is defined as the height where the particle reconstruction shows 

minimum amplitude or maximum phase
28,29

. Other image sharpness features could also be used 

for reconstructing larger objects
20,60

.  

 Digital object peeling and twin-Image elimination. If there are any large particles 

within the target FOV, the corresponding twin-image artifact of these larger particles could bury 

the signatures of the smaller, target nanoparticles. In this case, the high-resolution raw image is 

first forward-propagated to the twin-image plane (-z2) and the reconstructions of the larger 

objects (determined through simple thresholding of the phase image) are peeled off by replacing 

the object amplitude and phase with the background amplitude and background phase
29

. The 

resulting complex image after peeling is then back propagated to the sensor plane and saved as 

the new twin-image free raw image (now also a complex field) for further processing. In addition 

to their twin-images, these larger objects could also be digitally removed from the object plane in 

a similar manner. For example, in Fig. 4-6a and b, the larger particles were not removed from the 

object plane to help with image registration and comparison. However, they were removed in 

Fig. 4-6c and d to only highlight the smaller nanoparticles in the FOV.     

 Focusing behavior check. The final step to distinguish the physical particles from noise 

grains and other spatial artifacts was to check the focusing behavior of these particle candidates 

where the reasoning is that the true particles focus whereas the noise features do not
29

. For this 

purpose, the particle candidates from the final averaged phase image were determined by simple 

thresholding. The location information of the particles was then used to extract the original peak-

phase signal of each candidate across a z2 range of ± 40 μm around the optimal z2 (i.e., z2
*
) with 

a step size of 2-μm. A parabola was fitted to the phase data of each candidate (Fig. 4-6c), and the 
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focusing characteristic was determined based on the following properties of the fitted curve
29

: (1) 

the coefficient of the quadratic term should be <        , (2) the R-squared goodness of fit 

should be > 0.42, and (3) the peak of the parabola should be within a ± 15 μm distance of the 

optimal z2 of each particle candidate. Particles that satisfy all these 3 criteria were kept as true 

particles, and all the rest of the particles were digitally cleaned, as detailed in the previous 

section (see e.g., Fig. 4-6d).                  

 SOD1 aggregation and absorbance measurements. Wild-type SOD1 plasmid was used 

to transform the EG118 strain of Saccharomyces cerevisiae to produce the target protein, which 

was purified as described previously
61

. The demetallated (apo) SOD1 was prepared by dialyzing 

first against 50 mM ethylenediaminetetraacetic acid (EDTA) and 100 mM sodium acetate, pH 

3.8, then against 100 mM NaCl and 100 mM sodium acetate, pH 3.8, and finally against 10 mM 

potassium phosphate (pH 7.0). The protein concentration was determined by using an extinction 

coefficient of 1.08 x 10
4
 M

-1
cm

-1
 

62
. The purified SOD1 was diluted to 50 µM using 10 mM 

potassium phosphate, pH 7.0. The UV-visible spectrum of the protein solution was recorded 

using a quartz cuvette using a Beckman Coulter spectrophotometer. 

 To monitor the aggregation of apo-SOD1, the protein was dissolved at 50 μM in 10 mM 

potassium phosphate, 25 mM dithiothreitol (DTT) and 40 µM of ThT, pH 7.0 as described 

previously
48

. After mixing, 100 µL of the solution was placed in a 96-well plate and incubated at 

37 °C with continuous shaking at ~1000 rpm for 48 h. The progress of aggregation was 

monitored by measuring ThT fluorescence every 2 h with λex = 420 nm and λem = 485 nm using a 

Synergy HT plate-reader (BioTek Instruments, Inc., VT, USA). The SOD1 samples for UV 

holographic imaging were prepared simultaneously in solutions that did not contain ThT. The 

samples used for imaging were extracted at 19 h into this aggregation process. 
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Conclusions 

 We have designed and built an on-chip holographic microscope operating at a UV 

wavelength of 266 nm, along with its custom-designed free-space light delivery system. Due to 

the high temporal and spatial coherence of the light source, speckle and other interference 

patterns have increased the background noise in the captured images, which was suppressed by 

capturing redundant circularly shifted images and averaging them via the pixel SR framework. 

With this circular averaging, our UV on-chip imaging platform detected 200 nm beads without 

the need for any nanolenses, in agreement with our RCS analysis. To detect smaller 

nanoparticles, further digital filtering steps, involving background compensation of the phase 

reconstructed images at different heights and averaging, were used in addition to nanolens 

deposition. Based on these, our on-chip imaging platform was able to detect nanoparticles as 

small as 26.4 nm. The platform was further tested for imaging SOD1 protein aggregates, which 

showed significant improvements in contrast compared to visible-range on-chip microscopy. We 

believe that future advances in LED technology could help simplify the illumination front-end of 

our current UV microscopy set-up, making it a broadly applicable platform for high-throughput 

imaging of biomolecules and nanoparticles. 
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Appendix: Supplementary Information 

Supplementary figures 

 

Supplementary Figure 4-S1. (a), (b) and (c) The noise grains removed from reconstructions of three 

different samples with increasing nanoparticle density which was 474 per mm
2 

for (a), 1778 per mm
2 

for 

(b) and 3082 per mm
2 

for (c). The density of the removed noise grains remains relatively constant, 4031 

per mm
2 

for (a), 3556 per mm
2 

for (b), and 4098 per mm
2 

for (c), despite the increasing nanoparticle 

density. 

 

 

Supplementary Figure 4-S2. The size distribution of the sub-100nm polystyrene nano-beads imaged 

with nanolenses (Fig. 4-6). Dynamic light scattering (ZetaSizer, Malvern Instruments) was used to 

measure the size distribution.  
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Chapter 5: Low-cost and Portable UV Holographic Microscope for 

High-contrast Protein Crystal Imaging 

 Protein crystallographers rely on a dual-mode optical microscope composed of bright-

field and ultraviolet (UV) induced fluorescence modes to image protein crystals as well as to 

distinguish them from salt crystals that could form during the crystallization process. This 

distinction is mainly based on the response to the UV excitation, where most protein crystals 

absorb the UV light and emit fluorescence through tryptophan residues, unlike most salt 

crystals
1,2

. Fluorescent emission
3,4

 is not the only way to utilize this absorptive property of UV 

light within organic materials
5,6

 however, as the strong contrast generated by the absorption itself 

have been utilized to image tissue samples
7
, cells

8
, intracellular nucleic acids and proteins

9–12
, 

viruses
13

 and protein aggregates
14

 in other imaging modalities
15

, which also include bright-field 

UV microscopy incorporating special optics suitable for the UV wavelength with a camera UV-

sensitive and a source emitting UV light
2
.      

 Both these bright-field UV microscopes, and the more conventional UV fluorescence 

based setups require expensive and bulky optical components, some of which are UV friendly, 

adding up to significant costs (e.g. $35k-200k)
1
. In addition, all these techniques come with the 

inherent limitations of lens-based microscopy, where the trade of between the field-of-view 

(FOV) and resolution limits the total area that could be imaged.  

 As an alternative, on-chip holographic imaging
16–19

 offers a unique, cost-effective 

alternative
20–23

 for such microscopy tasks without the need for imaging lenses or other bulky 

optical components, only using consumer-grade image sensor chips
24

 and simple light sources 

like light-emitting diodes (LEDs) opening up new frontiers for portability
25–28

. The ever 
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decreasing peak emission wavelengths and increasing efficiencies of LED technologies made the 

deep UV LEDs (240 nm-360 nm)
29–32

 more available and affordable. This, when integrated with 

the capabilities of portable and cost-effective on-chip holographic microscopy, enables a wide 

variety of studies related to proteins, particularly in the field of crystallography. Here we present 

a portable on-chip holographic imaging platform that is composed of a UV-LED operating at 280 

nm peak wavelength, and a de-capped complementary metal–oxide–semiconductor (CMOS) 

image sensor connected to a Raspberry Pi single-board computer
33,34

. The sample is placed very 

close (~300-400 μm) to the image sensor and the light source further above, where the 

interference between the light transmitted/scattered from the target crystals and the background 

illumination create interference patterns (or holograms) that are digitized/recorded by the image 

sensor. These captured images are then digitally processed to extract the information about the 

target objects that is encoded in the holograms, resulting in UV transmission images over a large 

FOV that is only limited by the sensor active area ( >10 mm
2
).    

 The utility of this platform in crystallography was demonstrated by imaging multiple 

different protein crystals including Proteinase K (Fig.5-2 and 5-3), the RING1B complex (Fig. 5-

4), Maltose Binding Protein (Fig. 5-4) and salt crystal samples which include sodium chloride 

(Fig. 5-2), ammonium sulfate (Fig. 5-2), lithium acetate (Fig. 5-3) and lithium sulfate (Fig. 5-3). 

Our platform can clearly differentiate between protein crystals and salt crystals due to the strong 

contrast in the protein crystal images which appear significantly darker compared to the 

background. Without the need for fine alignment and temperature stability unlike its lens-based 

counterparts, we believe this platform could be a low-cost, robust and portable alternative to the 

conventional UV microscopes.   
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Results and Discussion 

  Our portable on-chip imaging platform (Fig. 5-1) is built upon the versatile Raspberry Pi 

3 board
34

, with its readily available 8 Megapixel CMOS camera, all housed within a custom 

designed and 3D printed shell which also holds a UV LED light source operating at 280 nm peak 

wavelength with a band-pass filter to block the visible side-band emissions
30,31,35

. The CMOS 

camera is de-capped, removing all lenses and optics, and the sample is placed very close (~300-

400 μm) to the active area of the image sensor chip that is fully utilized as the imaging FOV 

(>10 mm
2
, Fig. 5-3a). The filtered UV light is scattered/transmitted through the sample, 

generating in-line holograms through its interference with the background light that is captured 

by the image sensor. These holographic images are then digitally processed to extract the 

amplitude information encoded in the interference patterns from the target objects.   

 

Figure 5-1. a) The portable on-chip imaging platform operates at 280 nm illumination wavelength. The 

UV LED is spectrally filtered using a band-pass filter to block the visible side-bands, letting through pure 
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UV light with 280 nm peak wavelength and a 10 nm bandwidth towards the sample, which is placed very 

close to the image sensor (~300-400 μm). Utilizing the full active area as the imaging FOV (>10mm
2
). 

The CMOS image sensor captures holograms generated through the interference of light 

transmitted/scattered from the sample and the background illumination, encoding the necessary 

information about the object, which is then extracted through digital back-propagation. b) The CAD 

model of the portable on-chip imaging platform. 

 We have tested our portable on-chip imaging platform to verify the effect of strong UV 

absorption in our amplitude reconstructions, imaging protein and salt crystals (Fig. 5-2). Samples 

were prepared by constructing imaging chambers using UV fused silica glass slides and pieces of 

Aclar protein crystallization covers, a standard material used by protein crystallographers which 

is also UV transparent. It is especially important to note that, additional consideration has to be 

given in the ―transparency‖ of materials for coherent imaging modalities like holography, as the 

irregularities in the material could result in strong background distortion. The standard UV 

transparent Aclar used by protein crystallographers is suitable for holographic imaging, only 

creating a faint modulation in the background (Fig. 5-2b) which does not affect the imaging 

quality.  
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Figure 5-2. Proteinase K crystals appear significantly darker compared to the background due to strong 

UV absorption at 280 nm, unlike salt crystals. a) Brightfield microscope images of Proteinase K, sodium 

chloride and ammonium sulfate crystals. b) Amplitude reconstructions of the same FOVs in (a), 

Proteinase K crystals appearing significantly darker. c) X-ray diffraction data from the Proteinase K, 

sodium chloride and ammonium sulfate crystal samples, with largest spacing values of 30 Å, 3.25 Å and 

3.25 Å respectively.    

 The imaging platform was first tested by preparing one protein crystal sample with 

Proteinase K, a serine protease readily available for crystallization which contains aromatic 

amino acids that fluoresce when excited by 280 nm light, and two salt crystal samples (sodium 

chloride and ammonium sulfate) (Fig. 5-2a and b), where the respective X-ray diffraction data is 

shown in (Fig. 5-2c). Individual crystals were pipetted along with ~1μL of solution on to the 

Aclar piece (sticky side facing up), and a UV fused silica was used to seal the droplet into the 
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chamber. The amplitude reconstructions clearly showed that the protein crystals appeared much 

darker compared to the background, unlike the salt crystals (Fig. 5-2b). 

 To further evaluate our portable on-chip holographic imaging, we have tested our 

platform with mixed-samples containing both protein (Proteinase K) and salt crystals (lithium 

acetate and lithium sulfate) in the same FOV (Fig. 5-3b and d), prepared by sandwiching droplets 

of ~1μL buffer solution containing the crystals between a UV fused silica slide and a piece of 

Aclar sheet. The crystals were grown in their respective buffer solutions and then individually 

fished by a micro loop and deposited in the droplet before sealing. The samples where first 

imaged with the lens-based microscope, which is able to distinguish between the protein and salt 

crystal through the fluorescence of the protein crystal (Fig. 5-3b), where the protein crystal is 

observed to be emitting fluorescence while the salt crystal remains dark. The samples were then 

imaged with the on-chip platform (Fig. 5-3a and d), and the Proteinase K crystals showed a 

significantly stronger contrast compared to the salt crystals (Fig. 5-3c), easily distinguishing 

between them, where the contrast is calculated by subtracting the average background value from 

the average amplitude from target crystals and dividing this difference by the average 

background value
14,36

.  

Additional experiments were performed with the RING1B complex, which is associated 

with the nuclear membrane and participates in histone ubiquitination in humans
37

, and Maltose 

Binding Protein, which breaks down maltodextrins in Escherichia coli and also forms UV active 

crystals
38

, (Fig. 5-4) to further test the high contrast imaging capabilities of our portable on-chip 

holographic imaging platform as an alternative for protein crystallographers, along with a control 

sample of salt crystals. All samples were imaged by the lens-based UV microscope first (Fig. 5-

4a) and then by the on-chip UV microscope (Fig. 5-4b). The capabilities of our portable UV 
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imaging platform in distinguishing between protein and salt crystals was further verified with 

these different types of proteins, which showed a significantly higher contrast compared to salt 

crystals (Fig. 5-4b). 

 

Figure 5-3. A low-cost, portable and high-throughput alternative to the lens-based UV microscope used 

by protein crystallographers to distinguish between protein and salt crystals. a) The full FOV (>10 mm
2
) 

image captured by on-chip imaging platform where the red rectangle shows the maximum FOV possible 

using the lens-based UV microscope at the lowest magnification of 5X b) Samples containing Proteinase 

K and salt crystals (lithium acetate and lithium sulfate) in the same imaging chamber, imaged by the lens-

based UV microscope in both brightfield and UV fluorescence mode. The Proteinase K crystals emit 

fluorescence when excited by 280 nm UV light, where the salt crystals do not. c,d) The amplitude 

reconstructions of the same FOVs captured by the on-chip UV imaging platform. The same crystals that 

emitted fluorescence in (b) appears significantly darker compared to the background, while the crystals 

that did not emit fluorescence do not show any contrast in our amplitude reconstructions as well.  
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Figure 5-4. High contrast imaging capabilities of our portable on-chip holographic imaging platform 

further demonstrated by imaging the RING1B complex and Maltose Binding Protein crystals where 

lithium acetate crystals were used as control. a) The protein crystals showed fluorescence when imaged 
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by the lens-based UV imaging platform while the salt crystals showed no fluorescence. In the same 

manner, amplitude reconstructions from of the protein crystals showed a significant contrast while the salt 

crystals did not show contrast. b) This significant difference observed in contrast clearly shows the 

efficacy of the on-chip UV imaging platform in differentiating protein crystals from salt crystals. 

Materials and Methods 

 Portable UV on-chip imaging platform. Our portable on-chip microscopy platform 

(Fig. 5-1) is composed of a de-capped 8 Mega-pixel, 1.12 μm pixel pitch, color, CMOS image 

sensor (IMX219, Sony Corporation, Tokyo, Japan) interfaced to a Raspberry Pi 3B single-board 

computer, a deep UV LED operating at 280 nm peak wavelength (Tianhui Optoelectronics Co., 

Ltd, Guangdong Province, China) and a UV band-pass filter with a 280 nm center and a 10 nm 

bandwidth (FF01-280/10-25, Semrock, NY, USA) to block the visible side-band emissions
30,31,35

 

from the UV LED. All of these components are housed within a custom designed and 3D printed 

acrylonitrile butadiene styrene (ABS) (Stratasys, Dimensions Elite) shell. 

 The sample is placed very close to the active area of the image sensor (~300-400 μm) 

which captures in-line holograms generated from the light that is transmitted/scattered from the 

target objects and the background UV illumination. A custom Python script was used to capture, 

extract and save the raw frames from the sensor to the onboard storage of the Raspberry Pi 3B.   

 Data processing. Since the green pixels of the image sensor were most responsive to the 

UV illumination
14

, the values in the red and blue pixels of the raw frames were replaced with the 

average of their neighboring green pixels. These frames containing holographic projections were 

then digitally back-propagated using the angular spectrum approach
39

, generating the amplitude 

images from the sample. The complete data processing takes ~1 minute using a standard desktop 

computer (Dell Optiplex 9010) operating MATLAB (MathWorks, MI, USA).  
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 Sample preparation. UV compatible materials which include UV fused silica slides (10 

mm-by-10 mm, 0.2 mm thick, MTI Corp., CA, USA) and pieces of standard protein 

crystallization covers (Grace Bio-Labs ProCrystal Cover 875238, OR, USA) were used to 

construct the sample chambers which held the crystal samples. A 0.8-1 μL droplet containing the 

crystals and the corresponding buffer solution was deposited onto an Aclar piece containing one 

well, sticky side facing up. A UV fused silica slide was then gently used to cover the well, 

sealing the droplet. It is noteworthy that the Aclar standard protein crystallization cover material 

was suitable for coherent imaging, and only resulted in a faint background modulation (Fig. 5-

2b) which did not affect our imaging quality.  

 Protein crystallization. A TTP LabTech Mosquito (TTP Labtech Inc., MA, USA) was 

used to generate 96-well hanging drop crystallization setups. All protein crystals were grown in a 

manner of days using vapor diffusion. Proteinase K (VWR catalog number 97062-238, PA, 

USA) was crystallized by dissolving lyophilized powder in water to obtain a 50mg/ml stock. The 

Stock solution was mixed 1:1 with 1.5 M Ammonium Sulfate and 0.1 M Tris-HCl pH 7.5. 

Maltose Binding Protein 80mg/ml in 20 mM Tris–HCl pH 8.0 and 50 mM NaCl was crystallized 

by mixing 1:1 with 0.2 M Magnesium chloride hexahydrate, 0.1 M MES pH 6.0, and 20 % w/v 

PEG 6000. Oligomerization regions of RING1B, PCGF4, CBX8 and PHC1 were supplied by a 

collaborator. This sample was mixed 1:1 with 0.7 M Sodium Formate pH 7.0 and 20% w/v PEG 

3350. All 300 nL drops were equilibrated over 100 μL the corresponding crystallization 

solutions. 

 Salt crystallization. 1.0 M sodium chloride, 2.0 M ammonium sulfate, 1.0 M lithium 

acetate and 1.0 lithium sulfate were dispensed in μL microliter aliquots and allowed to evaporate 

in air while being observed in a stereomicroscope. Crystals that formed by dehydration in 
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aqueous solution were manually harvested using 50 micron micro loops (Mitegen M5-L18SP-

50LD, NY, USA) and placed in 1 μL of the stock salt solution. These solutions, containing 

crystals, were placed on the Aclar surface by pipette for imaging. 

 Lens-based UV microscopy. A Korima PRS-1000 UV Microscope was used for 

comparison with the holographic platform. Samples were imaged with the PRS-1000 first and 

then sent for holographic imaging. Crystals were exposed to 280nm light for no more than five 

seconds and the images taken were compared with holographic images (Figure 5-4a). 

 X-ray diffraction. To further distinguish protein crystals from salt, diffraction images 

were taken. Individual crystals from the target sample were harvested and placed in their mother 

liquor with 33% glycol added to resist the formation of crystalline water. A Rigaku, Tokyo, 

Japan Fre+ rotating anode generator and HTC detector were employed for x-ray data collection. 

Macromolecule crystals are distinguishable from salt crystals by lower resolution reflections that 

occur as the result of larger spacing between symmetric elements of the crystal (Figure 5-2c). 

Conclusions 

 We have designed and built a low-cost and portable on-chip holographic imaging 

platform operating at the deep UV wavelength of 280 nm for the high-contrast imaging of 

protein crystals. Without the need for sensitive, bulky and costly components, our platform offers 

a low-cost, high-throughput and robust alternative to the dual-mode optical microscopes 

composed of bright-field and ultraviolet (UV) induced fluorescence modes that are used by 

protein crystallographers to image protein crystals and to distinguish them from salt crystals. We 

have tested the on-chip holographic imaging platform by imaging multiple different protein 

crystals including Proteinase K, Maltose Binding Protein and the RING1B complex in 
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comparison to several different salt crystals which include sodium chloride, ammonium sulfate, 

lithium acetate and lithium sulfate. While the amplitude reconstructions of the protein crystals 

appear much darker compared to the background, the salt crystals do not show any contrast, 

clearly distinguishing between the two types of crystals. We believe our portable on-chip 

holographic platform could aid protein crystallographers as a low-cost and robust alternative 

platform to image protein crystals and to distinguish them from salt crystals.          
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Chapter 6: Conclusions 

On-chip holographic imaging offers unique opportunities in wide-field imaging of 

nanoparticles/biomolecules and 3D tracking of sperm cells, without the use of any imaging 

lenses that impose a trade-off between the FOV and the spatial resolution and result in poor 

depth resolution. Only composed of a consumer-grade CMOS image sensor and a partially-

coherent light source (e.g. LEDs), this imaging modality records in-line holograms of the target 

sample, capturing volumetric information at a single image and utilizing the complete sensor 

active area as the imaging FOV. Information encoded in these holograms is computationally 

extracted through digital back-propagation, revealing both the amplitude and phase information 

from the target objects. The on-chip holographic imaging platform has been previously utilized 

to capture the detailed 3D head locomotion of human and horse sperm trajectories, and to image 

nanoparticles as small as 40 nm in diameter and biomolecules including viral particles (e.g. 

H1N1, Ad5 adenovirus and HSV1) in high-throughput. 

 We further improve both the 3D sperm tracking and nanoparticle/biomolecule imaging 

capabilities of the on-chip imaging platform, reporting a high-throughput and label-free 

computational imaging technique that simultaneously measures in 3D the locomotion and 

angular spin of freely-moving microswimmers‘ heads, as well as the beating patterns of their 

flagella, over a sample volume that is more than two orders-of-magnitude larger compared to 

existing optical modalities. Using this platform, we quantified the 3D locomotion of 2,133 

bovine sperms, and by determining the spin axis and the angular velocity of the sperm head, we 

provide the perspective of an observer that is seated at the moving and spinning sperm head. In 

this constantly transforming perspective, flagellum beating patterns are decoupled from both the 
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3D translation and spin of the head, which  provides the opportunity to truly investigate the 3D 

spatio-temporal kinematics of the flagellum. Besides providing unprecedented information on 

microswimmers‘ 3D locomotion, this computational imaging technique could also be 

instrumental for micro-robotics and sensing research, and enable high-throughput quantification 

of the impact of various stimuli and chemicals on the 3D swimming patterns of sperms, motile 

bacteria and other micro-organisms, leading to new insights in their taxis behavior and the 

underlying biophysics. 

The differences in the swimming behavior of sperm cell populations that carry the 

opposite sex chromosome have been an important topic of research as well, aiming to shed more 

light on the seemingly random process of gender determination at conception. Earlier studies on 

human sperm cells resulted in a misconception that, Y-chromosome bearing sperm cells swim 

faster than X-chromosome bearing sperm cells as they carry a lighter payload. This has been 

clarified with more recent studies using modern computer-aided semen analysis (CASA) systems 

and improved sex-sorting techniques, showing that the velocity parameters of the two sperm 

populations exhibit similar values. CASA systems typically rely on conventional optical 

microscopes however, where the trade-off between spatial resolution and field-of-view and poor 

depth resolution necessitate confining the sperm cells into shallow chambers which limit their 

3D motion. Alternatively, dual-view on-chip holographic imaging offers a unique capability to 

image free-swimming sperm cells across a large volume (~1.8 μl) and depth (~0.6 mm) in 3D. 

Operating our platform at 300 fps, we have comparatively analyzed the complete 3D motion 

characteristics of 235 X-sorted and 289 Y-sorted free-swimming bovine sperm cells, which 

include the head translation and spin as well as the 3D flagellar beating. While there was no 

significant difference in the velocity parameters, it was observed that the Y-sorted sperm had a 
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stronger preference for helical trajectories compared to X-sorted sperm with a higher linearity. 

Comparatively studying the kinematic responses to the surrounding chemicals and ions could 

help better understand the reasons behind these observed differences. 

Another critical application of the on-chip holographic imaging platform is nanoparticle 

and biomolecule imaging, which has become an important need for various applications. In an 

effort to find a higher throughput alternative to existing devices, we have designed a lensfree on-

chip holographic imaging platform operating at an ultraviolet (UV) wavelength of 266 nm. With 

a custom-designed free-space light delivery system to illuminate the sample that is placed very 

close (<0.5 mm) to an opto-electronic image sensor chip, without any imaging lenses in between, 

the full active area of the imager chip (>16 mm
2
) was utilized as the imaging field-of-view 

(FOV) capturing holographic signatures of target objects on a chip. These holograms were then 

digitally back propagated to extract both the amplitude and phase information of the sample. The 

increased forward scattering from nanoparticles due to this shorter illumination wavelength has 

enabled us to image individual particles that are smaller than 30 nm over an FOV of >16 mm
2
. 

Our platform was further utilized in high-contrast imaging of nanoscopic biomolecule aggregates 

since 266 nm illumination light is strongly absorbed by biomolecules including proteins and 

nucleic acids. Aggregates of Cu/Zn-superoxide dismutase (SOD1), which has been linked to a 

fatal neurodegenerative disease, ALS (amyotrophic lateral sclerosis), have been imaged with 

significantly improved contrast compared to imaging at visible wavelengths. This unique UV 

imaging modality could be valuable for biomedical applications (e.g., viral load measurements) 

and environmental monitoring including air and water quality monitoring. 

Benefitting from the improvements in the deep UV LED technology, we simplified the 

illumination front-end of the UV on-chip holography modality, developing a low-cost and 
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portable platform to image protein crystals in high-contrast and to distinguish them from salt 

crystals. Protein crystallographers typically rely on a dual-mode UV microscopes to image 

crystals and assess whether they are protein or salt crystals, where most protein crystals emit 

fluorescence when exited with deep UV light, unlike most salt crystals. As an alternative, we 

designed and built a portable UV holographic imaging platform operating at the wavelength of 

280 nm which is highly absorbed by protein crystals but not by most salt crystals. Due to this 

strong absorption, the protein crystals appear significantly darker compared to the background in 

the amplitude reconstructions, where the salt crystals do not show any contrasts, enabling us to 

clearly image and distinguish between them. We believe our platform could serve as a low-cost 

and portable alternative to the expensive and sensitive lens-based UV microscopes widely used 

by protein crystallographers.     

 




