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ABSTRACT OF THE THESIS 

 

ANALYSIS OF SPERMATOZOA MOTILITY AND DNA INTEGRITY FOLLOWING 

IRRADIATION WITH 633 NM LIGHT 

 

by 

 

Kay Wen Chow 

 

Master of Science in Bioengineering 

 

University of California, San Diego 2017 

 

Professor Michael W. Berns, Chair 

Professor Stephanie Fraley, Co-Chair 

 

Reproductive success is dependent on the ability of spermatozoa to reach and 

fertilize the oocyte. Although there are numerous assisted reproductive technologies that 

were developed for human use, not all are as effective in animals due to large variations in 

reproductive biology. The use of drugs and excessive handling on nondomestic animals 

may induce additional stress. Thus, there is a need for novel noninvasive, drug-free fertility 
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treatments that are applicable across a range of species. Sperm swimming speed and 

swimming force are two measures of sperm quality; improvement of these qualities may 

increase the chances of successful reproduction. It is believed that red light irradiation 

stimulates cytochrome c oxidase in the mitochondria to increase ATP production. 

However, stimulation of the electron transport chain has been shown to increase reactive 

oxygen species, which may have negative effects on sperm DNA. In this thesis, the efficacy 

of red light irradiation for improving sperm swimming speed and swimming force and its 

effect on DNA are assessed. Human spermatozoa were irradiated with a monochromatic, 

coherent 633 nm laser for 30 minutes. Swimming speed was measured using a wavelet-

based tracking algorithm implemented in LabVIEW. Swimming force was measured using 

optical trapping and position tracking. Oxidative DNA damage was assessed using single-

cell imaging following immunofluorescent staining for double-strand breaks and an 

enzyme-linked immunosorbent assay for oxidized guanine. Both sperm swimming speed 

and swimming force increased after irradiation without significant DNA damage.
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Chapter 1: Introduction 

 

1.1 Spermatozoa Physiology 

Spermatozoa are the gamete cells responsible for carrying and delivering genetic 

information from the male to the female. Sperm cells consist of 3 main sections: the head, 

which contains tightly packed genomic DNA as well as the acrosome; the midpiece, packed 

with 50-75 coupled mitochondria; and the tail, a single flagellum that propels the sperm1. 

Dynein molecular motors, powered by ATP hydrolysis, are responsible for the 

characteristic flagellar beat that allows sperm to swim towards the egg. The rate at which 

this movement occurs is known as the tail beat frequency (TBF). 

The acrosome reaction is triggered upon sperm-egg contact. The acrosome contains 

enzymes, such as hyaluronidase and acrosin, which digest the outer layers of the egg. These 

enzymes are released when the sperm makes contact with the egg. The egg cell is 

surrounded by the zona pellucida, a glycoprotein layer adherent to sperm. After one sperm 

cell penetrates and fuses with the ovum, the zona glycoproteins are modified so that other 

sperm cannot bind to or penetrate the zona2. In most mammalian species, the zona is 

surrounded by a layer of cells known as the cumulus oophorus that helps to protect the 

egg3. Sperm must be able to penetrate both of these layers to fertilize the egg.

Sperm are not fully capable of fertilizing the egg until they are activated, which 

requires hyperactivation and capacitation. Hyperactivation is a process, regulated by Ca2+ 

intake and reactive oxygen species (ROS) signaling, during which sperm reach full 

motility4. Upon entering the female reproductive tract, sperm calcium channels (CatSper) 

are activated and Ca2+ uptake is initialized; Ca2+ uptake is required for hyperactivation, 
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capactiation, and regulation of the acrosome reaction5. Ca2+ has been shown to increase 

sperm tail thrusting motions6. Thus, an increase in Ca2+ may lead to an increase in sperm 

swimming force.  

1.2 Low-Level Laser Therapy 

Low-level laser therapy  (also known as low-power laser irradiation, low-level light 

therapy, and laser biostimulation) (LLLT) is the use of red or near-infrared light at low 

powers (1-500 mW) on cells and and tissue for therapeutic purposes. Unlike most other 

laser therapies, LLLT is based on a photochemical effect rather than ablation or the effects 

of heating7. Common applications include wound healing, cell proliferation, angiogenesis, 

and pain relief8–11. Application of red laser and LED to A549, U2OS, and PTK2 cell 

cultures resulted in increased cell migration following scratch tests12. Another study saw 

increased tissue regeneration and expression of angiogenic growth factors in human 

adipose-derived stem cell spheroids in mouse skin models following irradiation with 660 

nm light9. The mechanism for these improvements is believed to be red light stimulation 

of Complex IV of the electron transport chain, also known as cytochrome c oxidase (Cox). 

Cox has been shown to be a photoacceptor for light in the wavelengths between 600-860 

nm, similar to the absorption spectra for biological responses to light such as DNA and 

RNA synthesis13. It is possible that absorption of these wavelengths results in an increase 

in activity for the enzyme. 

Cox is responsible for the generation of water molecules from protons, electrons, 

and oxygen molecules at the end of the electron transport chain. It also contributes to the 

formation of the proton gradient across the mitochondrial membrane, allowing ATP 

synthase to produce ATP. Passarella et al. observed an increase in ATP generation in 
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isolated rat liver mitochondria in response to 632.8 nm irradiation at 15 mW14. Wong-Riley 

et al. found that Cox activity increased in neurons in conjunction with increases in ATP 

content in response to irradiation from a 670 nm LED15. Pastore, Greco, and Passarella 

compared the effect of 632.8 nm light on isolated reduced cytochrome c and Cox and 

concluded that laser stimulation increases ATP generation in Cox, but not in cytochrome 

c, indicating preferential targeting of Cox16. Therefore, red light stimulation increases ATP 

generation in mitochondria, though the effects appear to be dose and duration dependent.  

 

Figure 1.1. Red light stimulation of Cox in the electron transport chain. Black arrows show flow of protons 

across the inner mitochondrial membrane. 

In addition to the generation of ATP, the electron transport chain produces ROS, 

such as superoxide anion (O2
-) and hydrogen peroxide (H2O2), as a byproduct of the 

formation of water molecules. LLLT has been shown to increase ROS production in low 
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levels that may be important for the activation of transcription factors, some of which 

upregulate genes related to proliferation, migration, and production of growth factors7,17. 

Normally, excess ROS are scavenged by endogenous antioxidants, but large excesses of 

ROS can lead to oxidative stress. Oxidative stress can cause oxidative DNA damage that 

can lead to genetic abnormalities and mitochondrial damage that may induce apoptosis.  

LLLT has been shown to increase the release of the free radical nitric oxide (NO). 

NO acts as a vasodilator which may help relieve pain by increasing blood flow18. It is 

believed that NO inhibits cytochrome c oxidase through competitive binding with O2. The 

observed increase in NO following LLLT is believed to be partially due to photodissection 

of NO from cytochrome c oxidase, both decreasing inhibition of Cox and increasing the 

availability of NO for endogenous and exogenous use7. Cox also contributes to the 

generation of NO through the reduction of NO2
-. It was shown that irradiation with 590 nm 

light led to an increase in NO production via this pathway19. 

Because spermatozoa are dependent on ATP for motility, LLLT can be beneficial 

for sperm function. Successful triggering of the acrosome reaction and delivery of genetic 

information is dependent on its ability to swim to the oocyte. The sperm flagellum is 

powered by dynein molecular motors, which rely on the hydrolysis of ATP to create the 

characteristic power stroke. In theory, an increase in ATP supply will allow the sperm tail 

to beat at a faster rate, limited by the maximum rate of ATP consumption. LLLT has also 

been associated with increases in Ca2+ transport in sperm20,21, which may lead to an 

increase in the thrust of the sperm tail. The increased production of ROS and NO may aid 

in sperm activation through their roles as secondary messengers4. However, due to the high 

density of mitochondria and limited access to antioxidants, sperm may be prone to 
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oxidative stress22. It is therefore imperative to carefully analyze the effect of LLLT on 

sperm DNA integrity.  

1.3 Optical Trapping 

Since the invention of the single-beam gradient trap by Ashkin in 198623, optical 

tweezers have been applied to single cells as well as smaller structures such as single 

strands of DNA. In optical trapping, a near infrared laser beam is focused through an 

objective lens of high numerical aperture to produce a steep intensity gradient. Near-

infrared wavelengths are typically used in biological applications to minimize damage to 

cells, since most biological structures absorb weakly at these wavelengths. For particles 

larger than the wavelength of light, optical trapping can be described by ray optics24. As 

rays of light travel through a particle, they are refracted, causing a change in their 

momentum. Due to Newton’s third law, an equal and opposite momentum must then be 

imparted to the particle. This change in momentum gives rise to the optical restoring force 

used to confine particles. The optical force is proportional to the gradient of the intensity 

of light. Particles with refractive index higher than the surrounding medium experience a 

force in the direction of the positive optical gradient while particles with refractive index 

lower than the medium experience a force in the opposite direction24.  
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Figure 1.2. Ray optics description of optical trapping. Red lines indicate the propagation of laser light 

through the lens and particle. Gray lines, denoted as F1 and F2, indicate the resulting optical forces. There is 

a net force on the particle in the axial direction towards the laser focus. 

Piconewtons of force can be applied to move and manipulate the trapped particle. 

Some biological applications include characterization of the forces exerted by molecular 

motors25, chromosome separation during mitosis26, and measuring swimming forces of 

spermatozoa27. The forces exerted by cells and biological molecules are often measured by 

conjugating a spherical bead to the structure to be measured, trapping the bead, pulling the 

bead with tweezers, and measuring its position in the trap. This method is especially useful 

when the particle of interest is too small to be trapped directly, such as DNA and proteins. 

By using a bead with known mechanical properties as a handle, the biomechanics of 

cellular structures, such as membranes and proteins, can be characterized. 

 Optical forces are rarely measured directly, but rather rely on the Hookean 

relationship with trap stiffness. Trap stiffness can be calculated from the corner frequency 

of the power spectrum, f0, of a trapped spherical particle by the following relationship28  

 𝑓0 =
𝜅

2𝜋𝛾
 (1.1) 
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where κ is the trap stiffness and γ is the drag force. Spherical objects of known radius are 

typically used to calibrate trap stiffness because of the homogeneity of their refractive 

indices and ease of calculating drag force. Due to the difficulty of determining drag forces 

of inhomogeneous objects, such as cells, this calibration method may not be optimal for 

living systems. An alternate method of determining trap stiffness is through equipartition 

theory, based on thermal fluctuation of Brownian particles. 

 
𝜅 =

𝑘𝑏𝑇

< 𝑥2 >
 (1.2) 

where kb is the Boltzmann constant, T is the temperature, and <x2> is the variance in 

position of the trapped particle.  

Sperm swimming force can be used to describe sperm quality, as it is directly 

related to the sperm’s ability to penetrate the zona pellucida and cumulus oophorus of the 

egg. In this thesis, optical trapping is used to determine relative sperm swimming forces 

and tail beat frequency with and without LLLT. 
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Chapter 2: The Effect of Red Light Irradiation on Spermatozoa DNA 

2.1 Introduction 

Current methods of assisted reproduction for humans and animals rely on the use 

of drug and hormone intervention to improve success rates. Because many animals do not 

respond predictably to treatment designed for human use, there is heavier reliance on the 

use of high quality spermatozoa for reproduction. Spermatozoan quality can be described 

as its ability to successfully reach and fertilize the egg. One metric of sperm quality is its 

motility, which is commonly measured using the computer-assisted sperm analysis 

(CASA) system. The CASA system determines motility parameters by capturing a series 

of images at a tunable frame rate (e.g. 60 Hz) and tracking the trajectory of the centroid of 

each sperm29. CASA systems use high-powered flash lamps to record images. CASA 

systems track sperm based on the brightest pixel value. Under coherent light, sperm appear 

dark over a light background, affecting CASA motility measurements. Thus, a novel 

wavelet tracking algorithm to measure VCL under both coherent and incoherent 

illumination has been developed. This allowed for the direct comparison of sperm VCL 

under red light irradiation and brightfield illumination. 

Red light irradiation of spermatozoa has been shown to increase sperm swimming 

speed and overall fertilizing potential20,30–34. One study showed an increase in oligospermic 

(low sperm count) and asthenospermic (low sperm motility) human sperm VCL in response 

to 905 nm laser light31. Another study saw an increase in fresh boar sperm VCL and 

mitochondrial membrane potential following treatment with red LEDs32. Sperm viability 
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following irradiation was characterized by testing membrane integrity with propidium 

iodide.

Although many studies have characterized the effect of red light irradiation on 

VCL, few have analyzed its effect on DNA integrity. It has been shown that 630 nm laser 

light stimulation can lead to the production of reactive oxygen species (ROS) in the 

mitochondria of mouse sperm33. Although low levels of ROS play an important role as 

messengers, such as allowing for capacitation of the sperm acrosome4, high levels of ROS 

can be damaging to cell DNA. Previous studies have shown that oxidative stress from ROS 

is a major cause of DNA fragmentation in sperm35. DNA damage in sperm has been linked 

to male infertility, miscarriage, and high morbidity rates of offspring36. Therefore it is 

important to assess the effect of red light irradiation on DNA integrity. 

Two methods of testing for oxidative DNA damage are assessing the quantities of 

(1) γH2AX and (2) 8-hydroxyguanine (8-oxo-G). A previous study showed that sperm are 

capable of phosphorylating histone H2AX on Serine 139 in the presence of H2O2
37. This 

protein modification is termed γH2AX and is used by the cell to mark double-strand breaks 

up to 1-2 megabases beyond the damage site. Therefore it is deemed to be a highly sensitive 

marker for DNA double-strand breaks produced by ROS38,39. Similarly, 8-oxo-G can be 

formed in response to oxidative stress. ROS can damage DNA, causing oxidation of 

guanine in the DNA that is correlated with DNA fragmentation and strand breaks40. If left 

unrepaired, the oxidized guanine may pair with adenine instead of cytosine, resulting in 

mutations in DNA.  

Many studies on the effect of red light irradiation on sperm consider its effect on 

membrane integrity41–48, but few analyze the potential generation of oxidative DNA 
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damage. Because the proposed method in this study is intended for fertilization and live 

birth, testing the effect of 633 nm irradiation on sperm DNA is critical. By monitoring 

γH2AX formation, the localization of DNA double strand breaks can be observed. 

Immunofluorescent staining for γH2AX allows for the quantification of fluorescence 

intensity to determine overall severity of damage as well as identification of γH2AX foci, 

which show localization of double-strand breaks in the nuclear DNA. The concentrations 

of 8-oxo-G were measured following red light irradiation using a quantitative enzyme 

linked immunosorbent assay (ELISA) to determine whether irradiation led to significant 

levels of oxidative DNA damage. 

2.2 Materials and Methods 

2.2.1 Sample preparation 

 Cryogenically frozen human sperm samples were obtained from Infertility, 

Gynecology, and Obstetrics Medical Group (San Diego, CA). Samples were collected from 

healthy men and frozen according to a standard human freezing protocol49,50. The samples 

were thawed in a water bath at 37°C and centrifuged for 10 minutes at 208 g and the pellet 

was resuspended in 1 mL modified human tubal fluid (HTF) (Irvine Scientific, Irvine, CA) 

with 5% serum substitute supplement (SSS) (Irvine Scientific, Irvine, CA). The samples 

were washed once more in this media and resuspended for a final concentration of 30000 

sperm/mL.  

2.2.2 Red light stimulation 

 To assess the effect of red light irradiation on sperm motility, live sperm were 

irradiated for 35 minutes from above using a monochromatic, coherent 633 nm laser 

(Intense 7404, North Brunswick, NJ) at  an intensity of 5.66 mW/cm2 coupled to a 
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multimode fiber with beam homogenizer (Medlight FD, Switzerland) to ensure uniform 

exposure. To assess the effect of red light irradiation on sperm DNA, sperm were irradiated 

for 30 minutes from above using the same light source at an intensity of 31 mW/cm2. 

Temperature change in the sample as a result of irradiation was assessed by periodically 

measuring the temperature of the dish with an infrared thermometer (Raytek Raynger 

MX2, Santa Cruz, CA). No significant change in temperature was recorded over the 

duration of the experiments. 

2.2.3 Analysis of motility 

 In order to measure sperm swimming speed while under the influence of red light, 

a wavelet-based tracking algorithm implemented in LabVIEW was used to measure VCL. 

Wavelet analysis is used to determine what particles are most likely to be sperm. The 

algorithm sorts through a stack of images based on frequency to differentiate motile sperm 

(high frequency information) from non-motile sperm (low frequency information). The 

identified sperm can then be tracked using a modified Kalman filter, which determines the 

VCL of each sperm by predicting their trajectories and comparing the predictions with their 

current positions.  
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Figure 2.1. Comparison of VCL measurements from CASA and wavelet-based algorithm. Error bars in 

both graphs indicate standard error. (A) Mean VCL Measurements from 14 Trials. VCL measurements 

from the algorithm are multiplied by the scaling factor (1.59) 

 The results of the algorithm were compared with those from the IVOS CASA 

system (Hamilton Thorne, Baltimore MD). Two 6 μL aliquots of sperm were drawn from 

the same sample and VCL was measured using both systems simultaneously. This 

experiment was repeated for 14 trials. It was concluded that the measurements made from 

the two systems differed by a factor of 1.59 ± 0.17 μm/s. However, after adjusting for the 

scaling factor, there was no statistically significant difference between the VCL 

measurements made from the two systems (Figure 2.1). This indicates that the wavelet-

based tracking algorithm is consistent with the CASA system, the gold standard in the 

fertility industry. Subsequent VCL measurements were taken using the wavelet-based 

tracking algorithm. 5 trials were conducted, with each trial representing the averaged VCLs 

of 4 aliquots taken from a single specimen imaged 1–2 minutes apart. Within each trial, 

approximately 1000 individual sperm traces were measured per test group. Samples from 

2 different donors were used. 
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2.2.4 Imaging 

 Live sperm were imaged using a 40x NA 1.3 phase III oil immersion objective 

(Zeiss) on a Zeiss Axiovert S100 2TV microscope with a CMOS camera (Cohu 7800, San 

Diego, CA). A diagram of the imaging set up is shown in Figure 2.2. DNA damage was 

assessed via fluorescent imaging using a 63x NA 1.4 phase III oil immersion objective on 

a Zeiss Axiovert S100 2TV microscope with a CMOS camera (Hamamatsu ORCA-flash 

4.0, San Diego, CA).  

 

Figure 2.2. Optical setup for red light irradiation. 

2.2.5 DNA damage detection 

 To test for DNA damage, a positive control was prepared by exposing live sperm 

to 1 mM H2O2 (Sigma, St. Louis, MO) in modified HTF for 2 hours. Three 50 μL sperm 

samples (1 positive control, 1 exposed to laser light, and 1 untreated sample) were plated 

on poly-d-lysine dishes (MatTek, Ashland, ME) to adhere them for imaging. The samples 

were fixed with 4% paraformaldehyde in phosphate buffered saline (PBS) for 1 hour and 

permeabilized with 500 μL blocking buffer for 1 hour. Blocking buffer was prepared with 
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5% horse serum and 0.2% Triton-X in PBS. The samples were stained with 1:1000 mouse 

anti-γH2AX antibody (Millipore, Billerica, MA) in blocking buffer for 1 hour. The samples 

were stained with 1:2000 anti-mouse secondary antibody in blocking buffer for 1 hour. The 

samples were stained with 1:600 DAPI (Invitrogen, Carlsbad, CA) in PBS for 10 minutes 

before imaging. The mean pixel intensity of γH2AX and γH2AX foci formation in the 

sperm head was assessed using ImageJ software (version 1.50a). A total of 297 sperm were 

imaged. 

 Oxidative DNA damage was further quantified using an 8-OHdG ELISA following 

the manufacturer’s protocol (Cayman Chemical, Ann Arbor, MI). Samples of irradiated 

and untreated sperm were compared. Genomic DNA was extracted from 9 different sperm 

samples using a DNA isolation kit following the manufacturer’s protocol (Zymo, Irvine, 

CA). Sperm DNA was assayed at a concentration of 1.5x107 pg/mL in triplicate. 

Concentrations of damaged DNA were calculated using a standard curve prepared by 

assaying 8 samples of known 8-oxo-G concentration (between 10.3 pg/mL and 3000 

pg/mL) in duplicate. 

2.2.6 Statistical analysis 

A post-hoc power analysis conducted in GPower 3.1.9.2 shows that a 3-group 

sample with n = 297 is sufficient to produce an effect size of 0.25 and α error probability 

of 0.05 with a power of 0.977. Statistical significance was determined using α = 0.05, where 

p < 0.05 indicates a less than 5% chance the test groups originated from the same 

population. A Shapiro-Wilk test indicated that the data used in this study were not normally 

distributed (p < 0.05). Thus, significance tests for non-normally distributed data were used. 

A Kruskal-Wallis one-way analysis of variance was used to determine whether there was 
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a significant difference in γH2AX intensities and whether there was a significant difference 

in γH2AX foci formation. A Welch’s t-test was used to determine 8-oxo-G concentration 

between the experimental and negative control groups. Statistical analysis was done using 

R software (version 3.2.0). 

2.3 Results 

2.3.1 Swim velocity following red light stimulation 

A Student’s t-test showed that all samples irradiated with red laser light exhibited 

a statistically significantly higher average VCL than their control counterparts (Figure 2.3). 

Increases in swimming speed were observed 35 minutes after irradiation. A 17-47% 

increase in VCL was observed. 

 
Figure 2.3. Comparison of mean VCL of spermatozoa before and after irradiation. Error bars indicate 

standard error.  



16 

 

 

 

2.3.2 Assessment of DNA damage following red light stimulation 

Fluorescent images show localization of γH2AX in each of the test groups (Figure 

2.4). Blue represents DAPI staining indicating the presence of nuclear DNA concentrated 

in the sperm head. Red represents γH2AX staining indicating the presence of double-strand 

DNA breaks. Overlaps in red and blue staining are representative of double-strand break 

formation in genomic DNA. The average fluorescence intensity and number of γH2AX 

foci across the sperm heads were quantified to determine the relative amounts of γH2AX 

formation (Figure 2.5). A total of 82 positive control sperm, 127 laser irradiated sperm, 

and 88 negative control sperm were analyzed. A Kruskal-Wallis test determined that there 

was no statistical significance between the mean pixel intensities of the experimental and 

negative control groups (p = 0.6605). The mean pixel intensity of the positive control group 

was determined to be significantly higher than that of the experimental and negative control 

groups (p = 2.144x10-10). The mean pixel intensities for the positive, experimental, and 

negative groups were 177.4, 93.5, and 91.9, respectively. A Kruskal-Wallis test indicated 

that the positive control had much larger numbers of γH2AX foci than the other two groups 

(p = 1.474x10-10). The numbers of γH2AX foci in the heads of sperm in the experimental 

group and negative control group were compared using a Kruskal-Wallis test (p = 0.723). 

The average number of γH2AX foci in the positive, experimental, and negative groups 

were 6.4, 2.6 and 2.6, respectively. 
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Figure 2.4. Fluorescent images of sperm stained with DAPI DNA dye and anti-γH2AX antibody. (A) 

Positive control. Sperm were treated with H2O2. (B) Experimental group. Sperm were exposed to 633 nm 

light for 30 minutes. (C) Negative control. Sperm were left untreated. 

 
 

Figure 2.5. Quantification of double-strand DNA breaks in sperm using γH2AX. Error bars indicate 

standard error. (A) The mean pixel intensities for the positive, experimental, and negative groups were 

177.4, 93.5, and 91.9, respectively. (B) The average number of γ H2AX foci in the positive, experimental, 

and negative groups were 6.4, 2.6 and 2.6, respectively. 
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A quantitative 8-OHdG ELISA was used to test for oxidative DNA damage. 9 

independent sperm samples were tested for the presence of oxidative DNA damage at a 

concentration of 15 ng/μL. The percentages of DNA damage relative to the total DNA 

concentration are given in Figure 2.6. The difference in calculated concentrations of 

damaged DNA between the two test groups in each sample was not significantly significant 

(p > 0.05), in all but 1 sample, as determined by a Welch’s t-test. In the sample where 8-

oxo-G concentrations differed significantly (Sample 4 in Figure 2.6 below, p = 0.000321), 

the percentage of oxidative damage in the control and irradiated sample were 0.000311% 

and 0.000198%, respectively. Although oxidative damage was present in the samples, it 

makes up a small amount of the total DNA assayed. The percentage of oxidative DNA 

damage in both groups was 0.0003%.   

 
 

Figure 2.6. Quantification of oxidative DNA damage using 8-oxo-G ELISA. Error bars indicate standard 

error. 
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2.4 Discussion 

This study indicates that 633 nm laser irradiation of sperm at a power density of 

5.66 mW/cm2 increases sperm swimming speed. This data supports the proposed chemical 

mechanism of intracellular photonic absorption, indicating that the photonic energy in red 

light is absorbed by Cox, increasing ATP production, and thus increasing sperm motility. 

In previous studies, the absorption spectra obtained for Cox in different oxidation states 

were recorded and found to be very similar to the action spectra for biological responses to 

light13. Therefore it was proposed that Cox is the primary photoacceptor for the red to NIR 

range in mammalian cells13,51. Photonic absorption in mitochondrial Cox boosts ATP 

production and energy supply and may increase mitochondrial Ca2+ uptake. In sperm, it is 

believed that this results in increased motility and increased fertilization potential21. It is 

possible that the observed increase in motility was due to local heating, rather than 

photochemical effects. However, assuming the absorption coefficient of water at 633 nm 

is 0.0029183 cm-1 the temperature rise due to laser illumination should be less than 2x10-4 

degrees, which is not sufficient to affect motility.  

Tracking micron-sized objects under coherent illumination is a difficult task. Due 

to the constantly moving fringes produced over the entirety of the image, algorithms that 

rely on shape or intensity information often fail. The wavelet-based approach that has been 

developed is a useful option especially under coherent illumination. The algorithm has 

some drawbacks, such as increased complexity and tendency to fail for completely dead 

sperm. However, for most cases it is remarkably robust and is certainly comparable to the 

conventional CASA systems which are relatively costly. In addition, the algorithm 

described here allows for the tracking of sperm during laser irradiation allowing the 
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observation of the direct effects of irradiation on swimming speed. This capability 

eliminates the lag period during which sperm are removed from the illumination source. 

To be a viable fertility treatment, it is necessary that laser irradiation does not 

induce DNA damage in sperm. While past studies confirm that red light increases 

fertilizing potential, its effect on DNA integrity has not been fully assessed. Table 2.1 

below indicates past studies of the effect of red light on spermatozoa quality and outlines 

the irradiation wavelength used, the species of the sperm analyzed, and the assay used to 

test sperm quality. While many studies assessed whether spermatozoa were still viable 

following irradiation, few looked specifically at its effect on DNA integrity.   
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Table 2.1. Prior work on irradiation of spermatozoa with visible and IR light. Sperm quality analysis tests 

listed above reflect tests of physical defects in sperm DNA and plasma membranes. Cell viability assays and 

hypo-osmotic swelling tests assess membrane integrity. Aniline blue staining assesses sperm chromatin 

condensation through the detection of lysine residues on sperm DNA52. The sperm chromatin dispersion test 

is used to measure DNA fragmentation based on chromatin morphology53. The sperm chromatin structure 

assay (described below) measures DNA fragmentation based on susceptibility to denaturation54. 

Sperm Quality Analysis Species Tested Irradiation Wavelength 

cell viability assay 

(membrane integrity)  

†bull41,42; †chicken43; 
†pheasant43; †turkey43; 
†ram44; *boar32; *turkey43; 
*rabbit45; *bull46 

600-700 nm 

*human55,56 700-1064 nm 

hypo-osmotic swelling test 

†chicken43; †pheasant43; 
†turkey43; *human47; *dog48 

600-700 nm 

*human5 800-1064 nm 

ROS production 
*ram57; *tilapia57; *human34 400-800 nm 
†bull42; *ram57; *tilapia57 600-700 nm 

sperm chromatin structure 

assay 
*human31 905 nm 

aniline blue staining *human47 636.6 nm 

sperm chromatin 

dispersion 
*human5 830 nm 

none 

*buffalo58 532 nm 
†bull21,59; †human60; 
*human60–62; *mouse20,33; 
*dog63 

600-700 nm 

†bull20,59; *human61,64 700-1064 nm 
†frozen specimens; *fresh specimens 

 

DNA damage in spermatozoa has been associated with impaired fertilization, as 

well as with developmental problems and difficulties with embryonic implantation. 

Additional problems linked to DNA damage in sperm include miscarriage and high 

morbidity rates of offspring36. A cell’s inability to cope with ROS has been linked to both 

DNA damage and a reduction in sperm motility22. The mitochondria are largely responsible 

for producing ROS within sperm cells and are thus likely to be responsible for causing 

oxidative stress. This study demonstrates that sperm exposure to 633 nm laser light at a 

power density of 31 mW/cm2 does not cause significant levels of double-strand DNA 
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breaks, marked by γH2AX, nor did it induce significant levels of oxidative DNA damage, 

measured with 8-oxo-G. H2O2 causes the indirect formation of γH2AX, which can be 

detected 1-2 megabases from the break site38.  The ability of this marker to spread would 

allow for easier detection of DNA damage than the more widely used sperm chromatin 

structure assay (SCSA), which measures DNA fragmentation. SCSA assesses DNA 

integrity using heat-induced or acid-induced denaturation. Damaged DNA is more 

susceptible to denaturation at high temperatures and at low pH conditions than intact 

DNA54. However, the source of DNA damage cannot be identified with this method. 

Testing for γH2AX is a highly sensitive method for detecting DNA damage caused by the 

production of ROS and oxidative stress in sperm. High levels of γH2AX in the sperm head 

were observed when exposed to H2O2, but little or no γH2AX in the laser-irradiated or 

negative control groups were detected. Some antibody binding is present in the sperm 

midpiece, where the mitochondria are concentrated. However, the mitochondrial DNA lack 

the H2AX histone. Therefore, it is likely that this is an effect of non-specific antibody 

binding, rather than an indication of the presence of double-strand breaks.  

From the quantitative ELISA, it is evident that DNA damage was detected in the 

experimental and negative control groups. Similar levels were detected between the two, 

indicating that this is likely an artifact of centrifugation, cryopreservation, and thawing. 

There is some variation in the amount of damaged DNA present between samples. This is 

the result of variation in the quality of sperm from sample to sample (each sample was 

taken from a different ejaculate). In all cases, the amount of DNA damage detected was 

miniscule compared to the amount of DNA assayed. From this data, it is likely that laser 

irradiation did not result in high enough levels of ROS production to cause significant DNA 
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damage. By immunostaining with γH2AX and assaying for 8-oxo-G, it was determined 

that red light irradiation does not produce significant levels of oxidative damage in sperm 

nuclear DNA. 

In order to further determine the safety of red light irradiation as a sperm motility 

treatment, additional DNA damage tests must be conducted. An ROS probe can be used to 

detect the production of ROS in the mitochondria as a result of laser irradiation. Tracking 

ROS may give insight into DNA repair pathways in sperm as well as ROS-induced DNA 

damage. Sperm DNA fragmentation assays, such as acridine orange, should be repeated in 

order to compare these results with those from previous studies31. Additionally, the 

proposed methodology and DNA damage analysis should be tested on fresh samples from 

men with poor sperm quality as well as on different animal species. Since sperm 

morphology and energetics are significantly different between species, the effect of photo-

stimulation could also vary significantly between species. These results open up the 

possibility that red light exposure could be used to improve IVF results in humans and 

possibly in animals obviating the need for drug induced stimulation of sperm. The current 

technique could also be used in conjunction with established IVF techniques to improve 

treatment outcomes.   
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Chapter 3: A Device to Increase the Motility of Spermatozoa 

 

3.1 Introduction 

The conservation of endangered species relies on the development of novel assisted 

reproductive technologies. Although there are many techniques designed for human use, 

not all of them are successful in animals because many species have complex reproductive 

biology65. For example, in vitro fertilization (IVF) has had limited success due to 

complications with obtaining oocytes from the mother and implanting embryos fertilized 

in vitro66. Excessive animal handling and drug administration may induce additional stress 

in the animal. Therefore, there is a need for noninvasive reproductive techniques that are 

effective for a variety of species. Artificial insemination (AI) is among the least invasive, 

most universally applicable assisted reproductive technologies, but its success relies on the 

use of high quality spermatozoa67. One metric for evaluating sperm quality is swimming 

speed68; faster swimming sperm are more likely to reach and fertilize the egg. However, in 

many cases AI is performed using freeze-thawed samples. Cryopreservation of sperm has 

been shown to decrease sperm motility and increase DNA damage69–71, decreasing the 

chance of successful fertilization. Previous studies have shown the use of red laser light to 

improve sperm swimming speed in vitro for a variety of animal species33,43,59,63 and this 

method was shown to be safe in human sperm DNA72. However, lasers are costly and, 

depending on the spot size, may only be able to irradiate a small area at a time. A potential 

low-cost higher-throughput alternative to laser irradiation is light emitting diode (LED) 

irradiation.
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The San Diego Zoo Institute for Conservation Research houses over 10000 samples 

of frozen animal cell cultures, sperm, eggs, and embryos in their “Frozen Zoo”. The 

organization can benefit from novel, inexpensive, easy-to-use reproductive technologies to 

aid in conservation research. Many current assisted reproductive techniques are costly and 

require extensive training to perform. To combat this, a red light delivery device, referred 

to here as Sperm Motility Assisted Reproductive Technology (SMART), was designed to 

improve sperm motility to aid in the success of AI for endangered species. The design goals 

of the device include portability and cost-effectiveness to cover a wide range of 

applications beyond assisted reproduction.  

3.2 Materials and Methods 

3.2.1 LED array 

An array of 36 635 nm little dot SMD LEDs (superbrightleds.com, St. Louis, MO) 

were arranged on a stripboard (Figure 3.1). The wires of the LEDs were soldered to a PCB 

and powered by a 12V power supply (Mean Well, Fremont, CA). LEDs were spaced 2 mm 

apart to cover an area of 58 mm x 58 mm. The maximum achievable power density above 

each LED was estimated using the inverse square law to yield the following equation 

 
𝑃𝐷 =

𝑃

𝑧2
+ 𝑛 (

𝑃

𝑧2 + 𝑟2
) (3.1) 

where PD is the power density above the LED, z is its distance from the surface, r is the 

spacing between LEDs, P is the power output of one LED (estimated based on available 

product information), and n is the number of adjacent LEDs. Using this method, the 

maximum power density was calculated to be about 100 mW/cm2, but it was assumed that 

much of the power would be lost to diffusion and scattering. It was assumed that LEDs 
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placed diagonally from an LED would have a negligible effect on the power density 

directly above it.  

  

Figure 3.1. Circuitry and LED array used for red light device. 

3.2.2 Enclosure 

The LED array was encased in an ASA waterproof enclosure (Takachi, Chicago, 

IL). A waterproof enclosure was chosen to protect the electrical components from 

moisture, particularly for use in an incubator as the user may require that samples are 

irradiated at controlled temperatures. A 7.4 cm x 6.7 cm rectangle was cut out of the top of 

the encasing and a rectangle of ground glass (Edmund Optics, Barrington, NJ) of the same 

dimensions, 1.6 mm thick, was placed for diffuse light distribution to the sample. Clear 

silicone sealant was applied to the glass-plastic interface to maintain waterproofing. A 

schematic of the device is shown in Figure 3.2. 
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Figure 3.2. AutoDesk Fusion 360 models of the proposed red light device. 

 
 

Figure 3.3. Fully assembled device. 

3.2.3 Analysis of motility 

Sperm VCL in response to irradiation from the device was assessed. Human sperm 

were prepared as described in Chapter 2. Two 6 μL aliquots were prepared in 20 μm 2-

chamber slides (Leja, Netherlands). One aliquot was placed on the red light device while 

the other was kept in darkness. Due to the method of irradiation, sperm could not be imaged 

directly under red light illumination and tracked with the algorithm described in Chapter 

2. Instead, VCL was measured using the IVOS CASA system (Hamilton Thorne, Beverly, 
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MA). The VCL of each aliquot was measured every 4 minutes, with a different aliquot 

measured every 2 minutes, for 50 minutes. Statistical significance was determined using a 

Student’s t-test in R software (version 3.2.0).  

3.2.4 Characterization of LED array 

The power density of the emitted light as well as potential heat generation were 

evaluated. To determine the power density across the surface of the device, a power meter 

(Newport 918D-SL-OD3R, Irvine, CA) was used to take measurements at discrete xy-

positions 1 mm above the surface. To determine whether heat was being generated by the 

power supply a thermistor was attached to the plastic surface of the device adjacent to the 

power supply. Temperature measurements were recorded every 15 seconds for 36 minutes. 

To determine whether heat was being generated by the LED array, a thermistor was 

attached to the glass surface of the device. Temperature measurements were recorded every 

15 seconds for 45 minutes.  

3.3 Results 

3.3.1 Swim velocity following red light irradiation 

The effect of 50 minutes of red LED irradiation on sperm VCL is shown in Figure 

3.4. A significant increase in sperm VCL of about 15% was observed in the irradiated 

sample compared with the untreated sample after 20-40 minutes of irradiation, as measured 

with a Student’s t-test (p < 0.05). Although the VCL of the irradiated sperm were also 

greater after 10-20 minutes and after 40 minutes, the difference in VCL was not statistically 

significant. 
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Figure 3.4. Comparison of sperm VCL during LED irradiation and without irradiation. Error bars indicate 

standard error. 

3.3.2 Power density above LED array 

The average power density across the array was determined to be 2.78 mW/cm2 

with a maximum of 3.49 mW/cm2. The power density at each measured position is shown 

in Figure 3.5. Although the power density has small fluctuations at the center of the array, 

there is a sharp decline towards the edges of the LED array. 

 

Figure 3.5. Power density above LED array measured at discrete positions above the array. 



31 

 

 

 

3.3.3 Temperature change over time 

The temperatures at different locations of the device were measured over time. Plots 

of these measurements are shown in Figure 3.6. The glass surface exhibited temperatures 

exceeding physiological conditions after 18 minutes.  

 
Figure 3.6. Temperature of (A) the plastic surface of the device and (B) the glass surface of the device over 

time. 

3.4 Discussion 

An inexpensive, easy-to-use device has been designed and tested to improve sperm 

swimming speed in vitro. Due to the wide window on the device, larger samples can be 

irradiated at a time, compared with the single-sample setup described in Chapter 2 (i.e. 

irradiation of 6-well dishes instead of irradiation of single dishes). The size of the LED 

array and corresponding window can be changed in future designs, if needed. The power 

density of the produced LED array was lower than the power density of the laser used in 

Chapter 2 but was shown to produce similar increases in swimming speed. Due to the 

decreased intensity of light, it may also be assumed that LED irradiation does not induce 

significant levels of oxidative DNA damage.  

Future design goals include implementing a thermal management system as well as 

homogenizing the field of light produced by the LED array. From Figure 3.6, it appears 

A B 
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that there is heating from the LED array transmitted through the glass window that may be 

damaging to spermatozoa after long periods of time. Although motile spermatozoa were 

still observed during the duration of speed measurement, it is important that the heat be 

sequestered away from the sample while maintaining the delivery of photonic energy to 

the sample. This may be done by implementing a heat sink to conduct thermal energy away 

from the sample or adding cooling vents and a fan to circulate and remove warmer air. 

These were not implemented in this design due to unexpected space limitations and 

concerns with waterproofing. It is also possible that the increase in temperature contributed 

to the increase in swimming speed; design changes are being implemented to mitigate the 

effects of heating. For better homogenization of the power density above the LED array, 

resistors can be added to modulate the intensity of each LED. This will ensure even delivery 

of light to all spermatozoa in all irradiated samples. Another possibility is to add layers of 

diffusive material over the LED array. However, this may significantly scatter and decrease 

luminous flux on the sample. The device is currently being developed further to address 

these initial design issues. 

Previous studies have analyzed the effect of red LED irradiation of fresh 

spermatozoa from humans47,61 and boars32 and noted improvements in VCL. It is important 

to note that in the present study, red LED irradiation was applied to frozen-thawed samples. 

In animal conservation applications, many samples are frozen-thawed to facilitate the 

spread of genetic diversity65. However, many assisted reproductive technologies in humans 

are conducted using fresh samples. Therefore, the described method should be applied to 

both fresh and frozen samples to ensure general effectiveness.  
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Future studies will include testing the device on various species of animal sperm. 

Because the device was originally designed for the San Diego Zoo Institute of Conservation 

Research, the main goal of this technology is to develop a fertility treatment that works on 

a wide variety of species to overcome the large diversity in animal reproductive biology. 

This technology also has implications beyond reproductive biology and can be used for 

other LLLT applications, such as wound healing, dermatology, and neurophysiology. 

Future iterations of the current device will be developed with these other applications in 

mind.  
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Chapter 4: The Effect of Red Light Irradiation on Optically Trapped Spermatozoa 

 

4.1 Introduction 

Although large numbers of thorough studies of spermatozoa quality and 

characteristics have been conducted, there is still much that is unknown about sperm 

motility. Conventionally, percentages of motile sperm, swimming speed, and sperm 

trajectories have been used as measures of sperm fitness. Sperm swimming force and tail 

beat frequency (TBF) are additional metrics for sperm quality, both of which are highly 

dependent on the energy dissipation of individual sperm. Increased sperm competition has 

been correlated with higher swimming force; it is implied that higher swimming force is 

indicative of increased ability to out-compete other sperm for successful fertilization73. 

TBF describes the frequency of tail movement for a single sperm. An increase in TBF was 

observed in response to incubation with pentoxyfilline74, a phosphatase inhibitor that has 

been shown to increase sperm swimming speed and swimming force75.

 It has been suggested that sperm swimming force is instrumental in fertilization of 

the egg. Sperm must be able to penetrate both the cumulus oophorus, a layer of cells 

surrounding the oocyte, and the zona pellucida, where fertilization occurs. Although the 

sperm acrosome contains enzymes to help digest the cumulus oophorus, it has been shown 

that mammalian sperm are capable of penetrating the egg without them76,77, indicating the 

importance of mechanical force. Additionally, it has been shown that surface receptors on 

the sperm interact with ligands on the zona78. In order to penetrate further into the egg, the 

sperm must be able to disrupt this ligand-receptor interaction79. Another study correlated 

the swimming force of epididymal sperm with fertilization80 wherein it was shown that 
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sperm with lower swimming force produced fewer embryos, implying a positive 

correlation between swimming force and fertilization potential.  

Studies have indicated a positive correlation between sperm swimming speed and 

swimming force73,81. Recently, it has been shown that red light irradiation of sperm can 

increase curvilinear velocity (VCL)32,72. One proposed mechanism for this increase is 

stimulation of cytochrome c oxidase (Cox), Complex IV of the electron transport chain. It 

has been shown to be a photoacceptor for red and near-IR light51. The absorption of these 

wavelengths is believed to cause an increase in ATP production, and thus an increase in 

VCL. It is therefore possible that an increase in VCL by 633 nm laser irradiation may also 

cause an increase in sperm swimming force, which may be of benefit to reproductive 

medicine particularly in increasing fertilization potential. 

In the current work, the effect of red light illumination on optically trapped 

spermatozoa is described. The average force exerted by the sperm and tail beat frequency 

were determined in the optical trap by observing the time dependent position of the sperm 

head in the optical trap under red light.  

4.1.1 Measuring sperm tail beat frequency 

The widely used CASA system does not measure individual sperm tail frequencies, 

but instead measures cross-beat frequency. This is a measure of the aggregate vibrational 

frequency of all of the sperm in the field of view. The image acquisition rate may also have 

an effect on the measured frequencies. Especially for fast sperm with nonlinear trajectories, 

high frequency data acquisition is necessary for accurate measurements82. However, CASA 

systems typically operate at a maximum of 30-60 frames per second, which may be 
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insufficient to capture fine movements such as TBF. Therefore, different methods should 

be employed for accurate TBF measurement. 

Another more direct method of measuring TBF was proposed by Chen et al. Sperm 

heads were stuck to glass slides with their tails free. A flash lamp was designed for use 

with a light microscope to flash at the same frequency as tail movement based on 

measurable vibrational sperm movement74. The measured frequency was verified based on 

timestamped images acquired as the lamp flashed. Although this methodology eliminates 

the need for complicated calculations and consideration of external sources of vibrational 

movement, it is possible that the bright flash lamp may affect sperm motility. Therefore, it 

is desirable to measure tail beat frequency using methods that do not bias measurements. 

One solution is to determine frequencies based on position data and generating the power 

spectral density (PSD) from the acquired signal. Because the majority of sperm movement 

comes from tail movement, the peak in the power spectrum corresponds with the tail beat 

frequency.  

4.1.2 Measuring forces generated by sperm cells 

The forces exerted by individual sperm are difficult to measure due to their small 

size and inherent motility. Baltz et al. used the forces generated by a suction micropipette 

to measure sperm escape force79. The suction force was lowered by decreasing the pressure 

within the pipette until the sperm was able to escape. The sperm swimming force was then 

calculated from the escape pressure and the area of the pipette opening. However, this 

method requires that only the sperm head is captured laterally on the pipette during force 

measurement, causing only about 20 in 10000 sperm to be measured.  
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Sperm swimming forces can also be measured by optically trapping sperm. One 

method to determine the force exerted by the sperm is to lower the trap power until the 

sperm is able to escape73,81. The force can then be calculated from the escape power by the 

following relationship 

 
𝐹𝑒𝑠𝑐 = 𝑄

𝑛 𝑃𝑒𝑠𝑐

𝑐
 (4.1) 

where Pesc is the trap power at which the sperm escapes the trap, c is the speed of light, n 

is the refractive index of the medium, and Q is the geometrically determined trapping 

efficiency parameter, determined to be 0.12 for ellipsoid human sperm oriented 

longitudinally27. Although this method is a simple, mathematically inexpensive method of 

determining swimming force, it has some drawbacks. For example, it does not account for 

directionality of force. It also relies on a single measurement obtained per sperm at a single 

instance in time without being able to take into account direction, position, or amount of 

sperm movement prior to escape. Confined sperm are not necessarily exerting the same 

amount of force at any given time. However, this method does preserve the integrity of the 

sperm cells by only exposing them to radiation for a small amount of time, thus reducing 

the possibility of "opticution" and allowing for high throughput measurements.  

Another way of determining force is by its relation with the optical trap stiffness. 

Because optical traps can be approximated as a parabolic potential well, the trapping force 

can be calculated from Hooke's law  

 𝐹 = 𝜅𝑥 (4.2) 

with trap stiffness, κ, as the proportionality constant, defined for a trapped particle under 

Brownian motion via equipartition theory as28 
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𝜅 =

𝑘𝑏𝑇

< 𝑥2 >
 (4.3) 

In the current chapter, sperm dynamics in the optical trap are used to generate a 

force metric which can serve as a measure of the overall forces present in differing 

populations of sperm.  

4.2 Materials and Methods 

4.2.1 Sample preparation 

Cryogenically frozen human sperm samples obtained from Infertility, Gynecology, 

and Obstetrics Medical Group (San Diego, CA) were collected from healthy men and 

frozen according to standard freezing protocol49,50. Samples were thawed in a water bath 

at 37°C before centrifugation at 208g for 10 minutes. The pellet was then resuspended in 

1 mL modified human tubal fluid (HTF) (Irvine Scientific, Irvine, CA) with 5% serum 

substitute supplement (SSS) (Irvine Scientific) and centrifuged again. This wash technique 

was performed twice for every sample used for a final concentration of about 30000 

sperm/mL. 10 μL of the suspension was plated in a 35 mm glass bottom dish with 2mL of 

modified HTF. To minimize the effect of diminishing motility over time, samples were 

discarded within 3 hours of preparation. 

4.2.2 Optical setup 

Motile spermatozoa were optically trapped in a single beam gradient trap before 

and after red light irradiation. An Nd:YVO4 continuous wave 1064 nm wavelength laser 

(Spectra Physics, BL-106C, Mountain View, CA) was used as the trapping beam. After 

power attenuation, the beam was directed through a 4f imaging system and into an Axiovert 

S100 2TV microscope (Zeiss, Thornwood, NY) and a 63x NA 1.4 phase III oil immersion 
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objective (Zeiss) (transmission ≈25% at 1064 nm). Samples were trapped at a power of 

150 mW, at the focal spot. For red light irradiation, samples were irradiated from above 

using a 633 nm He-Ne laser light source (Intense 7404, North Brunswick, NJ) coupled to 

a multimode, homogenizing fiber (Medlight FD, Switzerland) at a power density of 31 

mW/cm2 for 30 minutes. Experiments were conducted in the absence of excess lighting to 

prevent the effect of other wavelengths of light. Images were taken using a CMOS camera 

(Allied Vision, Mako G-030, Germany) at approximately 500 frames per second. A 

diagram of the optical setup can be seen in Figure 4.1. 

 

 
Figure 4.1. The experimental setup showing 1064nm laser, optical shutter, beam attenuation and 4f imaging 

system for optical tweezers and dichroic mirror, and camera for high speed imaging of sperm position. 

4.2.2 Sperm position analysis 

Sperm within the optical trap were tracked over a maximum duration of 20 seconds 

to avoid photo damage using center of mass (COM) tracking implemented in LabVIEW. 

The image is thresholded to eliminate background pixels and COM is computed via the 

formula: 
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𝑥𝑐𝑒𝑛𝑡𝑒𝑟 =

∑𝑥𝑃𝑖𝑥

∑𝑃𝑖𝑥
 (4.4) 

 
𝑦𝑐𝑒𝑛𝑡𝑒𝑟 =

∑𝑦𝑃𝑖𝑥

∑𝑃𝑖𝑥
 (4.5) 

where Pix is the pixel value in the image and x and y are coordinates in the image plane. 

Though it is possible to use this algorithm to track in three dimensions, only the x and y 

dimensions are tracked here to reduce complexity83. 

 
Figure 4.2. Representation of sperm in the optical trap. Over short time scales the sperm traces out a "rose 

curve" like trajectory in the xy-plane. 

 
Figure 4.3. Histogram of sperm movement. (A) Trajectory of the sperm head in the xy-plane over a 1 

second interval. (B) 2D histogram of sperm head position. Dark areas represent a greater number of counts 

in that location. 

Empirically, it was found that the trapped sperm traces a "rose curve" like trajectory 

in the xy-plane i.e. one which resembles a sine wave in polar coordinates, shown in Figure 

A B 
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4.2. This is due to the elliptical motion of the sperm head caused by flagellar motion as the 

sperm tries to escape the optical potential. Brownian noise and stochastic reorientations 

serve to perturb this behavior causing the ensemble position data to be largely Gaussian in 

distribution despite the periodic oscillations of the sperm head. Figure 4.3 illustrates this 

by showing a time sequence of sperm motion in the xy-plane and the position histogram of 

the sperm head taken over 10 seconds. Without a rigorous mathematical model of this 

behavior it is difficult to predict the dynamics of the sperm head in the optical trap nor is it 

within the scope of the current study. Instead the notion of an optical pseudo-potential is 

adopted84. Because the trap stiffness is a property of the geometry of the optical trap and 

of the trapped particle, there may be variation in trap stiffness due to particle orientation. 

This can be accounted for by measuring the trap stiffness for immotile sperm over a range 

of orientations and averaging over the occupation probability of each orientation state. The 

extra energy imparted into the system by the motion of the flagella can therefore be 

quantified by observation of the variations of the mean squared displacement (MSD) 

between different sperm. 

The relative force imparted by the optical trap can be estimated using Eqn. (4.2) 

and Eqn. (4.3). The trapping force is then approximately proportional to the square root of 

MSD, which represents an average net displacement over the duration of measurement. 

Since the instantaneous velocity of the sperm is found empirically to average to zero at all 

points in the xy-plane, the MSD due to the motion of the sperm cell can be approximated 

as proportional to the force exerted by the sperm. 
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4.3 Results 

4.3.1 The effect of red light on TBF and PSD 

The power spectral densities for 31 non-irradiated and 43 irradiated sperm were 

plotted and the peak frequencies determined from the xy-position data. The frequencies 

that occur at the highest power (indicated as the x-coordinate of the black squares in Figure 

4.4) correspond to the frequency of sperm tail beat. High-frequency, low power 

information represents Brownian noise. From these plots, there is small variation in both 

frequency and power at that frequency. However, it was determined that these differences 

were not statistically significant (p > 0.05) (Figure 4.5).  

 
Figure 4.4. Power spectra of trapped spermatozoa (A) before irradiation and (B) after irradiation. Peak 

frequencies (black square) indicate approximate tail beat frequencies. Blue lines indicate x-coordinate data 

and orange lines indicate y-coordinate data. 

  

A B 
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Figure 4.5. Analysis of power spectra for non-irradiated and irradiated spermatozoa. (A-B) Peak 

frequencies for x and y-coordinate information. (C-D) Power at peak frequencies for x and y-coordinate 

information. Error bars indicate standard error. The differences shown were not found to be statistically 

significant (p > 0.05). 

 

4.3.2 Trap stiffness 

Assuming a symmetric ellipsoid distribution, the trap stiffness for different 

rotational orientations of trapped sperm can be determined. Rotational orientations were 

determined by mapping the length of an imaged sperm to an orientation based on measured 

lengths in axially and laterally oriented sperm. A schematic of this process is shown in 

Figure 4.6. Approximately 2000 images of a single trapped sperm were analyzed and a 

Gaussian fit was applied to the histogram of orientations to produce a probability density 

A B 

C D 
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function representative of the occupation probability of each orientation (Figure 4.7). Trap 

stiffness was determined from the MSDs of 5 immotile sperm trapped axially and 2 trapped 

at about 65° determined using the method described above. The trap stiffness when sperm 

were in the axial position was estimated to be 10.32 ± 4.04 pN/μm and 10.83 ± 5.57 pN/μm 

at 65°. Extrapolating these estimated values to an ellipsoid distribution yielded the values 

shown in Figure 4.8. Weighted averaging yielded a trap stiffness of 10.68 pN/μm. 

 
Figure 4.6. Determination of rotational orientation of optically trapped spermatozoa. The length of the 

sperm head (l) was measured for sperm stuck to a cover slip. The major axis of the trapped sperm head (d) 

was measured using LabVIEW. The orientation angle was then determined based on trigonometry. For 

laterally oriented sperm heads (0°), d = l. For axially oriented sperm heads (90°), d is equal to the width of 

the sperm head. 

 

 
Figure 4.7. Occupation probabilities of each rotational orientation of trapped sperm heads. This histogram 

was generated based on orientations measured using the method described above for a motile trapped 

sperm over about 2000 frames. 
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Figure 4.8. Estimated trap stiffness for different rotational orientations of sperm heads. 

4.3.3 The effect of red light on MSD 

 
Figure 4.9. Comparison of potential energy for irradiated, non-irradiated and immotile sperm calculated via 

optical potential analysis (A) in the x-direction and (B) in the y-direction. 

From the position data, the relative potential energies of sperm with and without 

irradiation were calculated using Boltzmann statistics. Figure 4.9 compares the 

distributions of potential energy over position for irradiated, non-irradiated, and immotile 

sperm. The potentials for the trapped sperm appear parabolic with or without red light 

irradiation with low potential energy in the middle of the potential well and high potential 

A B 
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energy at the edges. The potential distribution shows how confined the sperm head is to 

the center of the trap. The less the sperm is able to move, the narrower the parabola. 

 
Figure 4.10. MSD of trapped spermatozoa with and without red light irradiation. Error bars represent 

standard error. The data were found to be statistically significant (p = 0.01269). 

The MSDs for 31 motile sperm before red light irradiation and 43 motile sperm 

after red light irradiation were measured. Although more sperm were trapped, data were 

excluded if (a) a second sperm entered the trap, (b) the sperm swam out of the trap before 

position data was attained, or (c) a histogram of the sperm position indicated tracking 

errors. Sperm had an average MSD of 0.026 μm2 and 0.016 μm2 with and without red light 

irradiation, respectively (Figure 4.10). From the estimated average trap stiffness, this 

produces trapping forces of 1.76 pN and 1.38 pN with and without red light irradiation, 

respectively. A Shapiro-Wilk test indicated that the distributions of MSD data were non-

normal. Thus, a Kruskal-Wallis test was used to compare the two groups. The increased 

MSD in the irradiated group was found to be statistically significant (p < 0.05).  
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4.4 Discussion 

MSD is a measure of the average squared distance a particle undergoing random 

motion has traveled. As such, MSD is representative of aggregate displacement over time 

and is highly correlated with optical trapping force. Thus, a larger MSD is indicative of a 

higher trapping force necessary to hold a particle in place. The irradiated sperm in this 

study had a larger MSD than the untreated sperm, implying greater relative swimming 

force in the irradiated sperm. It should be noted that the equipartition theory holds for 

systems in equilibrium, which motile sperm are not. Therefore, the force measurements 

presented here are qualitative values intended for the comparison of spermatozoa in 

different states. More robust numerical analysis and modeling is required for an accurate 

quantitative measure of swimming force. 

Due to their nonuniform shape, sperm head position data may be prone to error 

through COM tracking, as it relies on the pixel intensities within an image. In order to track 

positions of particles, images must be thresholded to produce a binary image wherein the 

tracked object is completely distinct from the background. Although computationally 

inexpensive, this method is unable to take into account the effects of asymmetrical objects 

rotating within optical traps. Other tracking techniques such as cross-correlation based 

algorithms may provide a more accurate measure of cell position85. However, because they 

require more computational time, this method was not utilized in the current work. The 

study outlined here relies on large data sets, limited by camera frame rate and image 

processing time. The current methodology was necessitated by the relatively short time 

window over which useful statistical data could be gathered.  
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Although a slight increase in tail beat frequency was observed in response to red 

light irradiation, this increase was not statistically significant. It was initially hypothesized 

that an increase in sperm swimming speed would produce a similar increase in tail beat 

frequency, as sperm movement is controlled by the flagellum. It is likely that the method 

of position-tracking of the sperm head and analyzing the power spectrum does not produce 

an accurate enough measure of tail beat frequency, since it is an indirect measurement. In 

some cases, multiple peaks in the power spectrum were observed, possibly due to 

contributions from other frequencies that were not accounted for. It is possible that the 

method described by Chen et al.74 could be implemented without the use of a flash lamp 

(at the expense of image acquisition) for a more direct measure of tail movement. Another 

alternative is to correlate tail beat frequency with rotational frequency, rather than 

translational motion. Trapped spermatozoa tend to orient axially where translational 

motion is restricted, but rotational motion is not. Subramani et al. saw a positive correlation 

between rotational speed and sperm swimming speed in trapped sperm86. However, for 

more accurate measures of tail beat frequency, future experiments should focus on more 

direct measurements of tail motion. 

It is possible that the 20 second trap duration could have adversely affected sperm 

motility. With a 1064 nm beam, significant decreases in VCL were observed after 45 

seconds at 1 W for fresh human sperm (mean VCL ≈ 1-60 μm/s)87 and after 15 seconds at 

420 mW for fresh dog sperm (mean VCL ≈ 102 μm/s)88. It is possible that the observed 

decreases are velocity or species dependent. Further experiments should be conducted to 

verify whether frozen-thawed human sperm experience a decrease in VCL at the power 
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and duration used in this study. Nevertheless, optical trapping is a promising method of 

further sperm characterization. 
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Chapter 5: Conclusions  

 

In this thesis, the efficacy of 633 nm red laser light at a power density of 31 mW/cm2 

in improving spermatozoa quality, as measured in terms of increase in curvilinear velocity 

(VCL) and swimming force as well as preservation of DNA integrity were demonstrated. 

An increase in VCL of 17-47% was observed after 35 minutes of laser irradiation at a 

power density of 5.66 mW/cm2, measured using a novel wavelet-based tracking algorithm. 

Swimming force was estimated using mean squared displacement (MSD) of optically 

trapped sperm following 30 minutes of red light irradiation. MSD was observed to increase 

from 0.016 μm2 to 0.026 μm2 following irradiation. This correlates with an approximate 

increase in swimming force from 1.38 pN to 1.76 pN. DNA integrity following irradiation 

was characterized by measuring γH2AX and 8-oxo-G formation, both of which have been 

shown to be indicators of oxidative stress. It was determined that there were no significant 

increases in either DNA damage marker when compared with an untreated control. Based 

on these findings, a device for the in vitro LED irradiation of spermatozoa was designed 

and constructed and showed increases in VCL similar to those seen following laser 

irradiation after 20-40 minutes. This device is being further developed to be used in animal 

conservation research at the San Diego Zoo. 

Low-level laser therapy has potential applications in assisted reproductive 

technologies in addition to the more established applications in dermatology, wound 

healing, and dentistry. However, a clear mechanism for the therapeutic effects of red light 

has yet to be elucidated. The mechanisms that have been proposed for wound healing, 

angiogenesis, and inflammation involve the stimulation of surrounding immune cells and 
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increased gene transcription. Because spermatozoa do not produce proteins and are treated 

in vitro, the same mechanisms may not be applicable in sperm. A number of studies have 

been conducted to trace Ca2+
 uptake and mitochondrial membrane potential in sperm. 

Additional studies may benefit from the extraction of mitochondria from irradiated and 

non-irradiated sperm to compare ATP content. However, because sperm mitochondria are 

coupled to one another, they are difficult to isolate from the midpiece21,89. Alternatively, 

ATP can be extracted and quantified directly90. Such studies may further validate the 

application of LLLT for fertility treatments.  

It was observed that red light irradiation increases sperm motility parameters such 

as curvilinear velocity and swimming force. These qualities have been associated with 

increased reproductive success. Further studies should be conducted to confirm whether 

the improvements resulting from red light irradiation also correlate positively with 

fertilization rates. Since sperm morphology and energetics are significantly different 

between species, the effect of photo-stimulation could also vary significantly for different 

species. This methodology should be applied to a wider variety of species to confirm the 

scope of its utility. Nevertheless, the potential of red light irradiation in fertilization is 

demonstrated. 
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