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ABSTRACT 
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Degree:   Doctor of Philosophy  

Year:    2021 

Genetic disorders like Cystic Fibrosis (CF) and X-linked Diseases (XLD) are 

inherited by offspring from parents who are healthy carriers of the autosomal recessive or 

allosomal genes. About 10-million Americans are healthy carriers of a mutant cystic-

fibrosis gene (predominantly F508del) and about 4% of newborns are at risk of being 

born with an X-linked disease. The current clinically approved mitigation plan for 

preventing genetic disorders in newborns from “at-risk couples” is to consider 

Preimplantation Genetic Testing for Monogenetic diseases (PGT-M). PGT-M involves an 

invasive microsurgical procedure that requires the removal of cells from 3-5day old 

embryos.   

To minimize this invasiveness, we proposed a less invasive approach to prevent 

genetic disorders in newborns by genotypically sorting sperm cells which may be used 

for fertilization events (IUI/IVF/ICSI) with specially characterized antigens on the sperm
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surface membrane. For the disease models being adopted in our study – CF and XLD; we 

utilized certain monoclonal antibodies (mab) to target the H-Y male antigen and the 

Cystic Fibrosis Transmembrane Conductance Regulator (CFTR) protein which are both 

selectively expressed on the sperm surface.  

Semen samples purchased from FairFax Cryobank from an anonymous CF-carrier 

and a non-carrier were used in immuno-magnetic sorting protocols with the use of 

phycoerythrin (PE) binding Tetrameric Antibody Complexes (TAC) coupled with 

magnetic beads. Immuno-magnetic sorting was conducted with a conventional sort of 

method in tubes and with specially fabricated microfluidic sperm sorting (MSS) chips.   

Sort yield and purities of positively selected sperm populations were assessed by flow 

cytometry, immunofluorescence, fluorescent in situ hybridization (FisH) and by 

quantitative-PCR (qPCR – Cq & Tm).  

Sort purities of positively selected HY and CFTR sperm populations from sort tubes 

were optimally assessed by flow cytometry. CFTR-wt and F508del-Mut sperm 

populations were indistinguishable by qPCR-Cq in sort tubes because of their genetic 

relatedness, while the MSS chip enabled a comparably higher yield of positively selected 

CFTR-wt sperm, as assessed by qPCR-Cq. Although an assessment of the MSS chip was 

not statistically powered enough for significance, its optimized use for genotypic sperm 

sorting may usher the PGT field into a new era of less invasive ART.
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CHAPTER 1 

INTRODUCTION  

The field of Assisted Reproductive Technology (ART) proffers certain interventions 

for male factor infertility and other applications in reproductive medicine. About 20-30% 

of infertility cases are associated with male factor infertility solely, and about 50% of 

overall infertility cases are attributed to integrated male factors [1]. By geographical 

location, Africa and Central Eastern Europe have the highest rates of male factor 

infertility – with over 30million men across the globe being considered sub-fertile [2].  

Cases of male factor infertility may present as low sperm volume (hypospermia, < 

1.5ml) low sperm concentration (oligozoospermia, <15million spermatozoa/ml) or no 

sperm count (azoospermia). Azoospermia could be a result of blocked ductal tubes 

(obstructive azoospermia), or it could be non-obstructive azoospermia with patent tubes. 

Other cases of male factor infertility include reduced sperm motility (asthenozoospermia, 

<40% total motility); abnormal sperm morphology (teratozoospermia, <4% normal sperm 

forms), or any combination of all possible male factors or pathophysiologies [3].  

There are a few clinical applications that are currently used with Assisted 

Reproductive Technologies (ART) to help mitigate some of the male factor indications or 

complications. These may include surgical interventions such as ICSI (Intra-Cytoplasmic 

Sperm Injection); TESA (Testicular Sperm Aspiration); TESE (Testicular Sperm 

Extraction); micro-dissection TESE (micro-TESE), or MESA (Microsurgical Epidydimal 
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Sperm Aspiration) – to directly access the sperm from the ductal tubes or testicular 

tissues. Retrieved sperm cells can then be used in IVF (In Vitro Fertilization) or for ICSI 

procedures, mostly in cases of obstructive azoospermia [4].  

Microfluidic sperm sorting applications have been devised to remediate instances of 

asthenozoospermia. While sperm motility might be improved with microfluidic sorting 

chips integrated with micropore membranes, natural selection of sperm cells during the 

process may also help eliminate teratozoospermia to maintain or improve the recovery of 

healthy sperm forms [5]. Primarily ICSI (Intra-Cytoplasmic Sperm Injection) remains the 

gold standard clinical procedure for treating cases of oligozoospermia where the limited 

sperm cells are picked up with fine micro-pipettes and then used to micro-surgically 

inject eggs to achieve fertilization. It is quite an invasive microsurgical process which is 

energy tasking for the oocyte as well [6].  

Other ART procedures utilized in cases of male factor infertility include PICSI 

(Physiologically selected Intra-Cytoplasmic Sperm Injection) or IMSI (Intracytoplasmic 

Morphologically Selected Sperm Injection). These techniques are possible interventions 

to help mitigate infertility as a result of oligozoospermia or teratozoospermia respectively 

[7]. 

Beyond indications for male factor infertility, there is a subgroup of healthy fertile 

individuals who meet all the criteria for optimal fertility, but the genetic composition of 

their gamete cells predisposes their offspring to certain genetic disorders as a result of 

autosomal recessiveness or certain allosomal abnormalities. In these cases, ART also 

proffers procedural interventions such as PGT-A (Pre-implantation Genetic Testing for 
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Aneuploidy) and PGT-M (Pre-implantation Genetic Testing for Monogenetic Diseases) 

[8].  

  Popularly addressed genetic disorders such as cystic fibrosis and sickle cell disorder 

(which are both autosomal recessive conditions) can be prevented with IVF procedures. 

Certain X-linked disorders like Hemophilia, Duchene Muscular Dystrophy and others 

may also be clinically important for assisted conception interventions [9, 20]. 

 With regards to distribution, Cystic Fibrosis and X-linked disorders like 

Hemophilia would be regarded as “orphan diseases” – with a patient prevalence of under 

200,000 in the USA [21]. About 10-30 million Americans are unaffected carriers of 

various mutant forms of the Cystic Fibrosis gene, and the number of actual 

pathophysiologies relating to Cystic Fibrosis is about 30,000 cases varying from race to 

race but predominantly present within the Caucasian population. Being an autosomal 

recessive condition, the mutant gene can be passed down to an offspring sired by two 

heterozygous carriers – who might be oblivious of their Cystic Fibrosis genotype [22, 

23].  

Cystic Fibrosis is a challenging disease to clinically manage due the molecular 

deficiency or dysfunction of the chloride transporter protein. Cystic Fibrosis 

Transmembrane Conductance Regulator (CFTR) is present on most cells of the human 

body. The most definitive way of mitigating the disease is to prevent it. The CFTR 

protein has a surface expression that controls chloride absorption across secretory 

epithelial cells in several organ systems – including the lungs, GUT (Genitourinary tract), 

GIT (Gastrointestinal tract), pancreas, liver, bones, kidneys, and other associated glands 

[24]. There are about six classes of mutations that have been attributed to the over 2000 
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allelic genotypes or polymorphisms of the CFTR gene. One of the phenotypic 

characteristics of the most frequent mutant genotypes of Cystic Fibrosis (F508del) is the 

exclusion or partial secretion of the CFTR protein being transported to the apical 

membrane of the epithelial cells [25].  

Barring the ethical circumstances of prenatal testing outcomes and the attendant 

clinical recommendations to terminate an ongoing pregnancy or fetus that may have been 

diagnosed with a genetic disorder like Cystic Fibrosis, our study hopes to proffer a less 

invasive approach at preventing such diseases by orchestrating the selection of male 

gamete cells that may be lacking pathogenic CFTR genotypes or polymorphisms. It is 

expected that most cells should express the CFTR protein, but its absence can also predict 

the presence of a deleterious mutant genotype which can be detected by the activity of 

monoclonal antibodies [26]. Sperm cells – for them to engage in fertilization events have 

to undergo capacitation – which is a series of biochemical events that occur in a sperm 

cell to get it maturated for fertilization.  One of the mechanisms of capacitation requires 

the transport of chloride (Cl-) ions which need to be facilitated by the CFTR protein 

channel that is also present on the sperm surface membrane. Therefore, the absence or 

partial expression of the CFTR protein may be indicative of a Cystic Fibrosis disorder 

and other associated pathophysiologies like CBAVD (Congenital Bilateral Absence of 

the Vas Deferens) – which is also indicative of male factor infertility [27, 28].    

This novel ART (Assisted Reproductive Technology) application for gamete 

selection may also be utilized in the prevention of X-linked diseases. For example, if the 

gene for an X-linked disorder is carried by the mother, a boy child born to the parents for 

example will inherit his single X-chromosome from the mother as well as the inherent 
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disease. In such instances, the selection of a female child may be preferable as the 

possibility of manifesting the disease would be halved in an XX-genotype [29]. During 

embryogenesis, it is known that just one copy of the X-chromosome is randomly 

activated while the other loses its function to become an inactive Barr body; therefore, 

the chances of coming down with an X-linked disease inherited from the X-chromosome 

of the mother is a 50/50 chance in a girl child [30]. 

To specifically select sperm cells for ART applications in an X-linked disease 

prevention model, the HY-antigen – which has been extensively studied as a male 

specific minor histocompatibility antigen present on the SMCY gene of the Y-

chromosome – will be utilized [31]. As a result of the male-specificity of the HY antigen 

and its slight expression bias on the Y-chromosome bearing sperm, the protein has also 

been evaluated as a potential marker for sorting X-and Y-chromosome bearing sperm.  

The ability to select sperm cells by their sex genotype is utilized in assisted 

conception procedures for the prevention of genetic disorders or for gender balancing 

[18, 32]. However, given the mediocre results and failures at achieving a clinically 

relevant and statistically significant sort result with existing HY monoclonal antibodies as 

described in previous studies by several groups, it may be important to review the 

composition of the antigenic epitopes that are being utilized in the creation of the HY 

antisera or monoclonal antibodies currently in use for sperm sexing [17, 33].  

Bioinformatics analyses of the sequence data for the HY-antigen on the SMCY gene 

shows that there are other existing homologs of the same antigen on the SMCX gene 

present in the X-chromosome [16]. Therefore, for an improvement on the sort efficiency 

of HY+ve sperm cells – depicting the presence of a Y-chromosome in the cell, there 
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might be a need to reassess a well conserved HY-antigenic epitope with the lowest 

amino-acid homology sequence on the SMCX gene [34]. This may be considered as one 

of the future objectives of this study – in order to help improve the sorting efficiency of 

X- and Y-chromosome bearing sperm cells for their selective application in less invasive 

ART (Assisted Reproductive Technology) protocols. The ultimate goal is to help prevent 

certain genetic disorders in newborns.   

1.1 Objectives 

The primary objective of this study is to consider a less invasive preventive ART for 

two categories of genetic disorders which includes X-linked diseases and Cystic Fibrosis. 

These were specifically chosen because of the known, readily characterized surface 

antigens on the sperm cell membrane. From existing literature and representative gene 

pools, our secondary study objectives will focus on: 

a. Characterization of sperm sex genotypes based on their chromosomal content 

– using the HY antigen which has slightly significant expression bias for Y-

chromosome bearing sperm cells. 

b. Characterization of Cystic Fibrosis sperm based on the expression profile of 

the CFTR+ gene present on the sperm surface membrane.   

1.2 Hypotheses 

Considering the clinical significance of these two genetic disorders within the 

Northern American population and among other minority groups, we therefore 

hypothesized that: 
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i. the immuno-magnetic separation of sperm cells with selected monoclonal 

antibodies (mabs) will be efficient at sorting desired sperm genotypes by 

positive or negative selection.   

ii. the use of a monoclonal antibody functionalized microfluidic sperm 

sorting chip will be efficient at delineating sperm genotypes. 

1.3 Specific Aims 

To effectively test these hypotheses or research questions, the following specific aims 

precluded the execution of required laboratory experiments to ascertain the possibility 

and viability of devising a method for genotypic sperm sorting using these two genetic 

disease models which have peculiar protein expression profiles on the sperm surface 

membrane. The specific aims of this study were to: 

(1) Create and assess the functionality of a Microfluidic Sperm Sorting chip that 

is capable of capturing positively/negatively selected sperm populations.  

(2) Assess the adaptability and efficiency of a method to immuno-magnetically 

sort sperm cells by their sex chromosomes with HY-mabs. 

(3) Assess the adaptability and efficiency of a method to immuno-magnetically 

sort CF-sperm with a CFTR-mab. 

 

 

 

 

 

 

 

 



 

8 

 

 

CHAPTER 2 

LITERATURE REVIEW 

2.1 Current trends in Pre-implantation Genetic Testing 

Current Preimplantation Genetic Testing (PGT) methods require the biopsy of 

embryonic cells such as the trophectoderm’s – which are known to develop into the 

placental tissues following implantation. Excised cells are often invasively removed – 

sometimes with fired laser shots, to enable the removal of cellular pieces for molecular 

diagnostics. Biopsied materials can then be further subjected to genetic or chromosomal 

evaluation – to ascertain the health and viability of the embryos before uterine transfer 

[36].  

Newer preimplantation genetic testing methods are now looking at noninvasive 

assessments such as the evaluation of genetic materials from the Blastocoel Fluid (FL) or 

the Spent Culture Medium (SCM) where the embryo had been grown continuously over a 

period of 5 to 7 days. Although it has not been clearly determined, the SCM is known to 

contain genomic DNA and apoptotic debris with some cellular materials [37].
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Figure 1. Comparative assessment of Invasive and Non-invasive PGT [40] 

Current diagnostic methods used in Assisted Reproductive Technology or Assisted 

Conception Techniques that are based on genotypic sperm sorting to help prevent certain 

genetic disorders in newborns are also quite invasive. “MicroSort” for example, used to 

be the only clinically assessed method of sorting sperm cells based on their sex 

chromosome or allosomal genotypes. The selective diagnostic method was subscribed to, 

by IVF clients seeking to raise embryos with minimal risks for X-linked disorders or for 

family balancing. MicroSort was however later discontinued by the FDA in the USA 

because it uses an invasive nuclear staining protocol where a membrane permeating 

DNA-binding fluorescent dye (Hoechst 33342) stains the chromatin structure of live 

sperm cells at their A-T rich minor groove region – raising potential iatrogenic damage 

concerns [38]. The chromatin-stained sperm cells would then be further sorted during 
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possible exposure to damaging UV-lights – using a Fluorescent Activated Cell Sorter 

(FACS) to separate sperm cells by their sex genotypes [39].  

2.2 PGT Diagnostics Panel 

Though our current studies focused on propounding new less invasive methods in 

Assisted Reproductive Technology to prevent genetic disorders in newborns by sorting 

healthy sperm cells prior to being used for fertilization events; healthy and less-invasively 

sorted sperm cells may however be utilized in assisted conception procedures for in vitro 

fertilization (IVF), intra-uterine insemination (IUI) or intra-cytoplasmic sperm injection 

(ICSI). With advancements in sequence-based diagnostics, there are a number of existing 

Expanded Carrier Screening (ECS) tests that now provide information about genetic 

disorders in “at-risk couples” (ARC) or affected individuals which may be passed to their 

progenies [41]. According to the American College of Medical Genetics and Genomics 

(ACMG), and the American College of Obstetrics and Gynecology (ACOG), there is a 

curated list of early-onset pediatric genetic diseases/disorders based on prevalence, 

carrier rate and severity. This kind of information may vary from one population, race, or 

ethnicity to the other, and it often informs the technicalities surrounding the design of 

libraries and diagnostic panels by commercial labs [42]. 
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Table 1. Genes with pathogenic variants and high predictive value to cause a childhood 

early-onset disorder [42]. 

With respect to the epidemiology and distribution of certain orphan diseases [43], a 

prominent commercial lab (Igenomix) engaging in Preimplantation Genetic Testing 

recently did an assessment of the clinical validity and utility of preconception Expanded 

Carrier Screening for the management of reproductive genetic risks in IVF. A cohort of 

about 3877 patients were screened for various autosomal recessive Pathogenic/Likely 

Pathogenic (PLP) gene variants or X-linked PLP variants; and from their largely 

Caucasian participant population, it was established that the risk of conceiving a child 

with autosomal recessive or X-linked genetic disorder in reproductive couples is 2-4%. 

Other priority genetic diseases with significant carrier frequencies included Cystic 

Fibrosis with a prevalence of 2.9% and Beta-thalassemia/sickle cell disorder at 3.2% 

[41].   
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Table 2. Carrier frequency of diseases included in Expanded Carrier Screening of a 

Cohort of 3877 largely Caucasian participants [41] 

2.3 PGT for X-linked diseases 

With the forgoing, regarding the chances of conceiving a child with X-linked diseases 

being 2-4% even among populations of healthy reproductive couple, the current gold 

standard of intervention is to consider an “ART” procedure (IVF/ICSI) to raise embryos 
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which can be genetically tested, then subsequently selected with an exclusion criterion 

for the particular X-linked genetic disease being tested by PGT-M.  

A recent study conducted by Morris et al (2018) [44] showed the top five X-linked 

disorders (XLD) within a 6-year period from 2011 to 2017 – that were often being 

referred for PGT-M services – among 276 patients. Although this may vary by region, 

race, or ethnicity, the major XLDs with the highest occurrence or clinical prevalence in 

that geographical location (NY, USA) are listed below: 

S/N Top 5 XLDs among 276 patients referred for PGT-M* 

in 6years (n=41) 

Prevalence/

Occurrence 

1 Fragile X Syndrome 57% 

2 Duchene Muscular Dystrophy (DMD) or Becker Muscular 

Dystrophy (BMD) 

9% 

3 Hemophilia A 9% 

4 Adrenoleukodystrophy 3% 

5 Hemophilia B 3% 

 

Table 3. Top 5 X-linked diseases referred for PGT-M from a fertility center in NY, USA [44] 

*PGT-M (Preimplantation Genetic Testing for Monogenetic Diseases)  

2.4 PGT for Cystic Fibrosis  

Cystic Fibrosis (CF) is the most widely spread autosomal recessive genetic disorder 

within the Caucasian population with a prevalence carrier rate of about 3-4% and an 

actual incidence rate of about 1 in 3500 live births [45, 46]. The gold standard for 
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preventive intervention at present is also to consider preimplantation genetic testing for 

the monogenetic disorder in embryos created by “at risk couples” who may have been 

flagged during an initial clinical evaluation or with expanded carrier screening tests. CF 

was in fact the very first monogenetic disorder to be diagnosed in a preconception 

assessment scenario from cleavage stage embryos in 1992 [47]. 

The methodologies employed in PGT-CF also rely on an invasive approach utilized 

for embryoblast biopsy – either from a day 3 blastomere biopsy or the more conventional 

but quite invasive day 5-6 trophectoderm biopsy [48]; or by the slightly futuristic 

diagnostic protocol to have the blastocoel fluid biopsied for blastocentensis – from cell 

free DNA materials. Whichever biopsy method yields sufficient non-mosaic embryonic 

DNA material is often adopted, and it can be utilized for other down-stream molecular 

assessments of intrinsic genetic properties – with regards to the CFTR gene. Most IVF 

and reproductive genetics labs however seem to utilize the quite invasive trophectoderm 

biopsy approach for frozen embryo transfer cycles as it gives room for the non-

interruption of the inner cell mass which eventually develops into the fetus [49].      

2.5 Microfluidics for sperm sorting 

Newer methods of sorting sperm cells have recently surfaced, and of utmost 

innovative interest in the past decade has been the introduction and utilization of 

microfluidic chips to help select healthy sperm cells with optimal parameters by their 

natural rheotaxes and other cellular characteristics [50]. Although there has been no 

clinical application for genotypic sorting, microfluidics has largely focused on the 

motility potentials and other intrinsic molecular and electro-chemical properties of sperm 

cells – such as DNA fragmentation index, zeta potential, viability, with other 
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morphological or intrinsic cellular characteristics to sort sperm cells through microfluidic 

channels [51].  

While there has been ongoing debate as to the exact contribution of microfluidics 

sorted sperm fraction to clinical outcomes in ART, a group recently utilized a commercial 

grade microfluidic chip whose design was based on Space Constrained Microfluidic 

Sorting (SCMS) in a randomized clinical trial setting; and their conclusion suggested that 

it does not change fertilization rate, clinical pregnancy rate or live birth rate. The device 

uses however seemed to have positively impacted the morphological quality of embryos 

created with ICSI (Intra-cytoplasmic Sperm Injection) and the surplus number of grade 1 

embryos available for cryopreservation following embryo transfer – as compared to the 

control group, where swim-up sperm from density gradient centrifugation were used [52, 

53, 54, 55].  

However, with another commercial grade microfluidic sperm sorting chip (Zymot), a 

retrospective cohort study was conducted with a total of 256 IUI (Intra-uterine 

insemination) patients who were split into two study groups. The control group had 

sperm prepared by density gradient used for IUI and the other test group had semen 

sorted through the microfluidic sperm sorting chip used for insemination. The clinical 

outcome showed that the pregnancy rate for the microfluidic group was 18.04%, while 

the density gradient group had an ongoing pregnancy rate of 15.03%. The adjusted odds 

ratio for ongoing pregnancy between both sperm preparation methods was 3.49 [10, 56].    
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Figure 2. Zymot Fertility Chip Process Workflow Compared to Density Gradient 

Centrifugation [57] 

 

Figure 3. ZyMot Fertility Device Explanation as Commercially Advertised [58] 
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2.6 Magnetic and Fluorescence Activated Sperm Sorting 

Nano-sized magnetic beads have also been used in conjunction with biological 

molecules – to tag and sort sperm cells within magnetic fields. Previous studies have 

been conducted using Magnetic Activated Sperm Sorting (MACS) to sort apoptotic 

sperm cells – which are known to express certain cellular signatures such as the secretion 

of phosphatidylsterine (PS) on the sperm surface membrane. PS is known to be 

externalized on the sperm surface membrane of stressed cells, and it selectively binds to 

annexin-V which is coated onto the magnetic beads [59]. MACS have also found utility 

in microfluidics as studies have shown their adaptions and use in sorting other non-sperm 

clinical samples such as circulating tumor cells [60].  

An earlier study had also reported an attempt to sort X and Y chromosome bearing 

sperm cells with H-Y monoclonal antibodies (mabs) which were conjugated with 

magnetic beads and used immuno-magnetically to separate sperm cells expressing the H-

Y antigen on the sperm surface membrane. The results of the MACS process with H-Y 

mabs for sperm sexing were not optimal – as the positive Y-sort selection sperm 

population was 54.1% while a larger proportion of the negative selection (49%) were in 

fact Y-sperm but with no H-Y expression – as identified by fluorescent in situ 

hybridization (FISH) [9]. 

Another prominent study which has used the fluorescence activated sperm sorting 

protocol as earlier discussed in section 2.1 was the sperm sexing clinical trial by 

“MicroSort” [39]. Although the method has been widely validated even clinically with 

sorted sperm cells being used for clinical IUI or IVF/ICSI cases, the FACS method 

requiring the staining of sperm cells with a fluorescent dye (Hoechst 33342) was 
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evaluated in recent retrospective study of over 7000 patients. The results showed that the 

differential emittance of fluorescent signals from X and Y-chromosome bearing sperm 

cells may indeed be used successfully for determining child sex in Family Balancing 

cases and also in preventing certain X-linked diseases. The most recent evaluation for 

“MicroSort” indicated that X-sorted sperm averaged 87.7 ± 5.0% and Y-sorted sperm 

averaged 74.3 ± 7.0%. Of the enrichment sorts for the delineated sperm populations, 

93.5% were females and 85.3% were males. Clinical pregnancy rates for IUI, IVF/ICSI 

and Frozen Embryo Transfer (FET) were 14.7%, 30.8% and 32.1% respectively. 

However, comparable to unsorted sperm controls, clinical miscarriage rates for IUI, 

IVF/ICI and FET were 15.5%, 10.2% and 12.7% respectively [61].    

 

Figure 4. Illustration of Magnetic (A) and Fluorescent (B) Activated Sperm Sorting 

to separate apoptotic sperm and fluorescently-labelled sperm respectively [51]. 
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2.7 The H-Y antigen for sperm sexing 

The H-Y antigen is regarded as a male specific antigen that is present on the SMCY 

(Selected Mouse cDNA on Y) gene of the Y-chromosome. It is also known by its other 

aliases like KDM5D (lysine demethylase 5D), JARID1D (Jumonji AT-Rich Interactive 

Domain 1D) and HYA (minor Histocompatibility Y-antigen) among other names. It is 

cytogenetically located on the Yq11.223 locus and it is known to have up to 7 motifs 

listed below with their protein coding sequence lengths. 

 

 

Figure 5. KEGG SSDB (Sequence Similarity Database) Motif Search Result (Top) for H-Y 

antigen (Alias: KDM5D) and their Protein Coding Sequence Lengths and Motif IDs [62] 

The H-Y antigen is also known to be expressed in most male tissues like the prostate 

and testes, and from past studies it has been particularly found on the sperm surface 

membrane – as a potential biomarker for distinguishing between X-chromosome and Y-

chromosome bearing sperm cells [14, 19].        
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Figure 6. RNA expression profile for H-Y antigen (alias: KDMD5) in human testes measured in 

protein transcripts per million (pTPM) as rendered by The Human Protein Atlas [63]. 

There have been some controversies on the appropriateness of the H-Y antigen for 

use as the ideal sperm sexing biomarker, this is because of possibly shared homologs of 

the H-Y antigen that are also present on the SMCX gene which is carried on the X-

chromosome [16, 34]. There are also limited studies regarding the cellular 

characterization of the antigen on sperm tissues as the H-Y antigen is broadly shared and 

expressed in other somatic tissues including the small intestine, urinary bladder, gall 

bladder, stomach, duodenum, brain, and bone marrow [31]. Although the SMCY gene 

codes for a number of zinc finger domain proteins whose molecular functions are 

associated with DNA binding and transcriptional regulation within the nuclear area of the 

cells where they are expressed, there have also been studies that have shown the extra-

cytoplasmic presence of some H-Y epitopes – especially on the acrosomal region of the 

sperm head [64]. An explorative assessment and characterization of the protein may also 

be achieved with Scanning Electron Microscopy [15]. 
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Barring potential limitations of sperm sexing with H-Y antigen, using currently 

available commercial monoclonal antibodies [65], our study still provides a proof of 

concept regarding the integration of this biologic (H-Y mab) in existing and novel less 

invasive methods aimed at genotypically sorting sperm cells for the purpose of 

preventing X-linked disorders.  

2.8 Sorting with the CFTR protein to delineate CF Sperm 

The Cystic Fibrosis Transmembrane conductance Regulator (CFTR) protein controls 

the cellular channels that enable the transport of chloride ions and secretion of 

bicarbonates via the apical membranes of secretory epithelial cells across the body. Their 

cellular functions also include the inhibition of sodium ion transport – which is one of the 

pathophysiological manifestations of an impaired or dysfunctional CFTR protein. [66].  

The protein is present on the long arm of chromosome 7 and it has five domain 

transcripts – among which are two membrane spanning domains (MSD 1&2) which 

individually control the apical retention of three extra-cytoplasmic loops (EL1-6) each. 

There are also two nucleotide binding domains (NBD 1&2) and a regulatory (R) domain 

that is actively phosphorylated following the hydrolysis of ATP molecules that bind with 

the two NBD 1&2 domains. The integrated CFTR protein also belong to the ATP-binding 

cassette (ABC) family that traffic ATPases while activating an R-domain following 

phosphorylation. The membrane spanning domains therefore open-up as channels for 

chloride ions or bicarbonate transport once the R-domain gets phosphorylated per time 

[67, 68, 69]. 
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With respect to the CFTR protein and its relevance in CF sperm selection as earlier 

described, the F508del (also known as c.1521_1523delCTT) mutant form of the CFTR 

protein is the most prominent among the over 2000 polymorphisms that have been 

described with their respective pathophysiologies [70]. Of utmost interest for our CF 

sperm selection protocol is an understanding that the CFTR protein is also present on the 

sperm cell membrane, and that it is involved in the sperm capacitation process for the 

transport of chloride ions and bicarbonates [27]. A loss of function phenotype occurs for 

an F508del mutation in the CFTR protein which leads to misfolding of the protein and a 

possible clearance or degradation of the impaired protein structure by the cell’s 

endoplasmic reticulum physiological quality assurance processes [70, 71].  

It is therefore hypothesized that an F508del mutant carrier subject in their 

heterozygous state would have a mixed population of wild type CFTR protein-expressing 

sperm cells and another population of sperm cells with impaired or non-expression of the 

CFTR protein on their surface membrane. Hence monoclonal antibodies, such as one that 

is raised from the EL1 (Extra-cytoplasmic Loop 1) epitope – known to have up to 15 

amino acid residues in the membrane spanning domain (MSD 1) of the CFTR protein 

[69, 70, 72] – may be utilized in the positive selection of normal sperm (with the CFTR 

protein expressed). A negative selection however, (with impaired or no CFTR protein 

expression) may indicate a diseased or mutant CF sperm with a possible presence of the 

F508del mutation (being epidemiologically responsible for more than 70% of actual CF 

cases) [73]; and as such will not be utilized for fertilization events such as IUI or 

IVF/ICSI. 
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Figure 7. Linear and annotated structure of the CFTR protein with its 5 domains 

including two Membrane Spanning Domains (MSD 1&2), two Nucleotide Binding 

Domains (NBD 1&2) and a Regulatory (R) domain [67]. 
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CHAPTER 3 

MATERIALS AND METHODS 

3.1 Microfluidic Chip Fabrication and Assembly 

The Microfluidic Sperm Sorting (MSS) chips used in our studies were fabricated at 

FAU’s College of Engineering and Computer Science by the Asghar lab as documented 

in the publication by Asghar et al., 2014 [10].  

The primary components of the chip include a 50 mm x 30 mm PMMA (Poly Methyl 

Methacrylate) or acrylic glass material which is about 3mm in thickness (McMaster Carr, 

Atlanta, GA). It serves as the bottom chamber of the chip which is aligned with a top 

chamber that has been laser-cut (Versa Laser, Scottsdale, AZ) to an area of 30 mm x 30 

mm. An injection inlet channel of about 0.6 mm in diameter was burrowed into the 

bottom PMMA material at about 5 mm distance away from the center of the chambers. A 

20 mm cylindrical hole was drilled into both chambers, then the bottom chamber was 

first glued to the base slide with DSA (Double Sided Adhesive, 120 μm thick, St. Paul, 

MN). The top chamber was also aligned and glued to the bottom chamber with DSA. A 

nucleopore track-edged membrane filter (Whatman Ltd, 25 mm diameter, with maximum 

pore size of 8 μm) was sandwiched between both PMMA chambers. The chip design and 

dimensions were completed using CorelDraw4 and the USLE Engrave software for 

cutting. The entire chip assembly was then sterilized by washing in 70% alcohol in a cell 

culture hood. 
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3.2 Preparation of Human Sperm 

Sperm wash media (InVitroCare, through ThermoFisher Scientific, USA) was used to 

prepare semen samples used in immuno-magnetic and microfluidic protocols. 

Cryopreserved vials of anonymous human washed semen from a normal donor (non-CF 

carrier) and a Cystic Fibrosis carrier donor were purchased from Fairfax Cryobank, 

Virginia, under existing IRB protocols through the Asghar lab. Vials were stored in liquid 

nitrogen and thawed in 10mins on a dry bath at 370C before use – according to Fairfax 

Cryobank protocols for thawing cryopreserved IUI-ready semen samples. 

3.3 H-Y and CFTR monoclonal antibodies 

A commercially available PE-conjugated H-Y mouse monoclonal antibody (mab) 

was procured from eBiosciences (through ThermoFisher Scientific, USA). The mab is an 

IgG1 kappa isotype raised in mice which reacts with the transgenic alpha betaTCR (T-

Figure 8: Pre-fabricated Microfluidic Sperm Sorter as created 

and described in Asghar et al., 2014 [10]. Functional parts of 

the device include the sperm inlet, flow channel, semen 

chamber and the retrieval chamber as shown. 
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cell receptor) that recognizes the male antigen H-Y – which is widely expressed in other 

tissues in mice and human species.  

The CFTR mab (A12: TJA9) recognizing the EL1 (Extracytoplasmic loop 1 of the 

MSD1 region of the CFTR protein) was obtained from the Cystic Fibrosis Foundation 

(University of North Carolina, Chapel Hill) via a Materials Transfer Agreement (MTA) 

[Appendix B] as untagged IgG1 mouse monoclonal antibody (mab) in ascites fluid. For 

specific use with the selection kit [EasySepTM Release Human PE Positive Selection Kit 

(StemCell Technologies, Vancouver)], CFTR mabs from Cystic Fibrosis Foundation 

were purified and tagged with a PE (Phycoerythrin) fluorophore using protocols 

described in a commercially available conjugation kit – Mix-n-StainTM R-PE Antibody 

Labeling Kit (Biotium, California).   

3.4 Immuno-magnetic Sperm Sorting  

Selection of HY+ and CFTR+ sperm cells was achieved using the EasySepTM Release 

Human PE Positive Selection Kit (StemCell Technologies, Vancouver) as described in 

the workflow chart below: 
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Figure 9: Workflow of an EasySepTM Positive Selection Kit by Stem Cell Technologies. 

Step 1 involved using PE-fluorophore-coupled monoclonal antibodies (HY or CFTR) 

which were initially incubated with the “mixed” population of sperm cells at room 

temperature for about 5-15mins. Sperm cell population had also been pre-blocked (with 

5% Bovine Serum Albumin as an FcR blocker) and re-suspended in sperm wash buffer. 

Step 2 involved the introduction of magnetic beads (RapidSpheresTM with proprietary 

non-disclosure of nanoparticles’ size by company [StemCell Technologies, Vancouver]; 

however, bead size was estimated at ≤1µm under the microscope at 1000x). Magnetic 

beads were then incubated at room temperature from 0-3mins to enable them bind to the 

PE-mab-sperm conjugates. Step 3 was the immunomagnetic sorting stage where beads 

bound to mab selected sperm cells were separated. Step 4 was the final stage where the 

desired separated cell fraction (negative selection – predominantly non-HY or non-CFTR 

cells) were removed and used for other downstream applications. An additional step to 

utilize the positively selected cells (predominantly HY+ or CFTR+ sperm) was achieved 

by using the release buffer in the EasySepTM Release Human PE Positive Selection Kit to 

detach magnetic beads specifically bound to PE-conjugated mabs. 
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3.5 Immuno-magnetic Sperm Sorting in MSS Chips 

The MSS chips were functionalized with monoclonal antibodies (each set for H-Y 

and CFTR mabs). The bottom chamber of the MSS chips were prefilled with 

RapidSheresTM magnetic beads (100µl maximum suspension volume) which were bound 

colloidally to Tetrameric Antibody Complexes (TACs) – from the EasySepTM Release 

Human PE Positive Selection Kit (StemCell Technologies, Vancouver) in an adapted 

protocol. Sperm with PE-mab complexes (for HY+ or CFTR+) which had been pre-

blocked (with 5% Bovine Serum Albumin as an Fcr blocker) and re-suspended in sperm 

wash buffer – were pre-incubated outside the MSS chip (at room temperature between 5-

15mins according to the kit’s protocols). Followed by the addition of a selection cocktail 

from the EasySepTM kit (to attain a maximum volume of 560 µl for the chip’s bottom 

chamber), the entire mixture was then flowed through the MSS inlet. The upper chamber 

of the MSS chip above the nucleopore membrane was also topped off with a maximum of 

560µl of sperm wash media. The content of the chip was then incubated at room 

temperature for 25mins – following which a flat base magnet with dimensions 3" x 1" x 

1/8" (K&J Magnetics, Pennsylvania) was introduced to the base of the MSS chip for 

5mins. Top chamber of the MSS chip following the incubation process was collected as 

the negative selection – as it may contain some motile sperm that may have escaped 

binding to the bead-TAC-PE-mab complex. Bottom chamber of the chip was suctioned 

with a micro-pipette after magnet removal, and cell-bead-mab complexes were collected 

and processed as the positive selection complex. Release buffer from EasySepTM kit was 

used to detach magnetic beads by a competitive inhibition mechanism – from positively 

selected cells. Further purification to separate attached residual beads from positive 
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selection was achieved by running the re-washed positive selection suspension through 

EasySepTM magnet in compatible tubes to remove excess magnetic beads and other 

impurities. 

  

 
 

Figure 10: Stepwise methodology utilized for immuno-magnetic-microfluidic sorting of sperm cells 

within a fabricated Microfluidic Sperm Sorter (MSS) that was functionalized with magnetic beads 

tagged with monoclonal antibodies for HY+ or CFTR+ antigens on sperm surface membrane. 

 

 

      

 

 

 

 

 

Figure 11. Fabricated MSS chip application as described in “Fig. 8” during pre-incubation 

(left) and immuno-magnetic (right) separation phase with base magnet. Current chip 

fabrication may have a limiting selective potential for motile negative selection sperm 

populations with a membrane pore size of about 8µm. Future fabrications may test 12µm 

membrane pore sizes for improved selection efficiency. 
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3.6 Immunofluorescent assessment and quantitative enumeration of labelled and 

un-labelled sperm cells 

Positively and negatively selected sperm cells from the various sorting protocols were 

evaluated for immunofluorescence using a digital fluorescent microscope – ZOETM 

Fluorescent Cell Imager (BioRad, California) following additional staining protocols for 

unstained stock and negatively selected sperm fractions. Brightfield images were 

obtained for all sperm fractions evaluated and PE-stained or positively selected sperm 

fractions were observed under the red channel (with an excitation spectrum of 556/20nm 

and an emission spectrum of 615/61nm) of the imaging equipment. However, the PE 

fluorophore has a maximum excitation spectrum wavelength of 565nm, and a maximum 

emission spectrum of 578nm – which keeps it within detectable limits with the imaging 

equipment used. 

Unstained or negatively selected cells were further washed and stained with DAPI – 

to fluorescently outline the sperm nucleus in the head region. DAPI-stained cell fractions 

were observed in the blue channel (with an excitation spectrum of 355/40nm and an 

emission spectrum of 433/36nm) of the imaging equipment.  

Cell fractions were further enumerated quantitatively using the Countess II FL 

Automated Cell Counter (Life Technologies, California) to assess selected or unselected 

sperm populations. 

3.7 Assessment of immuno-sorted sperm fractions by Flow Cytometry 

All sperm cell fractions were also cytometrically evaluated for their selective 

homogeneity in a side and forward scatter plot – assessing size and internal complexity. 
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The intensity of fluorescence emanating from selected (tagged with HY or CFTR-PE-

conjugated mabs) and unselected sperm populations were also used to assess sort purity 

and efficiency.  About 20,000 read events were programmed for each sperm fraction 

using Guava easyCyte 8HT Flow Cytometer (Luminex Corporation, Texas). 

3.8 Chromosomal evaluation of HY-mab sorted sperm cells by Fluorescent in situ 

hybridization (FISH). 

Following the immuno-magnetic separation of sperm cell fractions sorted with HY 

monoclonal antibodies, an actual assessment of chromosomal content was also utilized to 

evaluate sort purity of sperm cells at the molecule level. This protocol was not used to 

assess CFTR-selected sperm cells as non-CF selection were expected to be sperm 

populations with a few polymorphisms that may not be well suitable for differentiation 

with the wild type populations (bearing the normal CFTR gene).  

A standard protocol of FISH analyses on human sperm was adopted [11], and it 

required the use of appropriate chromosome enumeration probe (CEP) kit with 

hybridization probes for X and Y chromosomes. A CEP FISH kit - VividFISHTM CEP 

Kit (GeneCopoeia, Maryland) which has FISH probes only for X and Y chromosomes 

was used for the qualitative assessment. 

An abridged fixation protocol for sperm cells highlighted elsewhere [11] – was used, 

which is slightly different from the fixation protocol of the CEP FISH kit that was 

utilized in this assessment. Following fixation, the isolated/separated sperm cells were 

pooled and drop-wisely spread onto a pre-treated glass microscope slide (recommended 

to be previously stored in methanol at -200C for de-greasing). The DNA of fixed sperm 

cells were denatured by incubating slides in a denaturation solution (as described in the 
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VividFISHTM CEP Kit protocols) for about 5-6mins. For the tough impervious shell 

covering the sperm membrane and its highly dense chromatin, a further incubation step 

with DTT (dithiothreitol) solution was recommended at 370C for about 8-15mins. An 

additional denaturation step was followed by incubating the slide in denaturation solution 

for about 5-6mins. A series of ethanol wash steps (70%, 90% and 100% concentrations 

respectively for about 1-min treatment time each) were followed to dehydrate the fixed 

cells on the slide whose chromosomes should now be decondensed. Pre-warmed FISH 

probes were then denatured at 800C for about 5mins, then placed on ice prior to use. 

Probes were mixed gently, then added in aliquots to the slides where the fixed sperm cells 

had been decondensed. The reaction area on the slide was covered with coverslip and 

sealed with rubber cement to prevent dehydration). The slides were then incubated in a 

humid chamber at 370C for 16-24hours. Post-hybridization wash protocols were carried-

out (according to the CEP FISH Kit manufacturer’s protocols), and a counterstaining dye 

(DAPI) was added to the target region, covered with a coverslip, and stored in the dark at 

-200C or directly observed under the fluorescent microscope - ZOETM Fluorescent Cell 

Imager (BioRad, California) at the appropriate fluorescence channels (green for X-CEP, 

and red for Y-CEP) according to the CEP FISH kit’s protocols in use. 
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Figure 12. Fluorescent in situ Hybridization Assay Workflow [12] 

 

3.9. Sperm DNA Extraction 

 Genomic DNA was extracted from sperm cells with QIAamp DNA mini kit 

(Qiagen, Germany), using a modified protocol in microvolumes. Due to the tough and 

almost impervious shell of the sperm head, cells were initially incubated for 2hours at 

560C with the addition of about 100 µl volume of Proteinase K for proper digestion of 

sperm membrane proteins. A second incubation was done for another 2hours with 

another addition of about 100 µl of Proteinase K.  Following sperm protein lysis, the 

rest of the QIAamp DNA mini kit’s extraction steps were carried-out – using spin 

columns according to the manufacturer’s protocols. 

3.10 Evaluation of immuno-sorted sperm populations by qPCR. 

 Quantitative Polymerase Chain Reaction (qPCR) assay was utilized to assess the 

sort yield and sort purity of positively and negatively selected sperm populations for 

both cases of HY and CFTR sperm selection from mixed sperm populations. Primers 
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targeting SMCX gene on the X-chromosome and SMCY on the Y chromosome were 

used to evaluate the efficiency of the HY-sort with respect to the expected outcome 

for the X-chromosome bearing (negative selection) and Y-chromosome bearing 

sperm cells. Forward and reverse primers for both SMCX and SMCY gene pairs are 

shown in Table 4 below: 

Name Gene Direction Sequence (5’ – 3’) 

SMCY-F Human 

SMCY 

Forward GTCGCAGTACTGTTTAATATGAGTCC 

SMCY-R Human 

SMCY 

Reverse AATCTTACTAAGGCTGTAAGAGTCCA 

SMCX-F Human 

SMCX 

Forward GATAATGAGGAGAAGGACAAGGAAT 

SMCX-R Human 

SMCX 

Reverse CTCAACAGTCACATCTTCCTCAATG 

Table 4. PCR forward and reverse primers for SMCY and SMCX genes – as described 

by Yao et al, 2010 [13]. 

 

 The SYBR-green method for real time fluorescence detection was used to assess 

Cq values (cycle threshold at which detectable fluorescence signal was achieved) 

from amplified DNA material – using a low-cost dual channel qPCR equipment – 

OpenQPCR (ChaiBio, California). The cycling program utilized in the SMCX and 

SMCY amplification protocols are also shared below: 
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The same qPCR SYBR-green methodology was used to assess the sort yield and sort 

purity of positively and negatively selected sperm populations for the CFTR sperm 

selection. Primers targeting wild type CFTR and mutant CFTR (F508del) genes were 

used to evaluate the efficiency of the CF-sort with respect to the expected outcome for 

the CFTR-positive sperm (positive selection) and CFTR-negative sperm (negative 

selection and possibly carrying the F508del mutant gene). Since both genes are variants 

of one another, a common antisense (reverse) primer was used with the sense (forward) 

primers of both wt-CFTR and mut-CFTRR (F508del) genes. The primers’ sequences 

adopted as discussed in literature [35] are shown in Table 6 below: 

 

 

Table 5. qPCR Program for SMCY/SMCX Amplification [13]. 
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Name Gene Direction Sequence (5’ – 3’) 

CFRT-F Human 

CFTR-Wild 

type 

Sense GCCTGGCACCATTAAAGAAAATATCAT

CT 

F508del-F Human 

F508del-

Mutant 

Sense GCCTGGCACCATTAAAGAAAATATCAT

TG 

Common 

Primer-R 

Common 

Primer 

Antisense GGGTAGTGTGAAGGGTTCATATGCATA

AT 

Table 6. PCR forward and reverse primers for CFTR-wildtype and F508del mutant genes 

– as described by Figueredo Lago et al, 2017 [35]. 

The cycling program utilized in the CFTR (wild type) and F508del (mutant) 

amplification protocols are also shared below: 

PROG STEP TEMP. TIME STAGE 

HOLDING Initial 

Denaturation 

950C 1min 1 

CYCLING 

(x45) 

Denaturation 950C 25s  

2 Anneal 590C 20s 

Extend 720C 25s 

MELT 

CURVE 

Step 1 900C 30s 3 

Step 2 700C 1min 

Step 3 900C 30s 

HOLDING Cool 40C 59min (~) 4 

Table 7. qPCR Program for CFTR / F508del Amplification [35]. 

3.11 Statistical Analyses. 

Quantitative experiments (qPCR – Cq & Tm) were run in triplicates and the results 

were expressed as absolute means for comparison between paired variables. Statistical 

analyses were performed using Student’s t-test and a p value of less than 0.05 was 

considered to be statistically significant. 
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3.12 Research methodology in summary 

 

Figure 13. Summary of a positive sperm selection protocol with CFTR-mab (or HY-mab) tagged 

with a PE fluorophore. PE-CFTR-mab+sperm following brief incubation (15mins) at room 

temperature are then conjugated with TAC-bound magnetic beads which have affinity for the PE-

fluorophore. A beaded-TAC+PE-CFTR-mab-sperm complex completes an initial positive 

selection phase. [Image was created with Biorender.com] 

 

 

Figure 14. Immuno-magnetic sorting separates selected sperm with magnet from a mixed sperm 

population. Beads are then detached from positively selected CFTR-sperm fractions with the 

introduction of the kit’s realease buffer. Realeased sperm cells still conjugated with TAC+PE-

CFTR-mab can then be utilized for other downstream applications.  

[Image was created with Biorender.com]. 
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CHAPTER 4 

RESULTS 

The table below shows an overview of the different molecular and cytological 

assessments that were carried out in the immunomagnetic sorting studies as detailed 

in the methods section. 

Sperm cell samples utilized in the study protocols were mixed sperm populations 

whose carrier or non-carrier genetic status are known and are shared under (Appendix 

A) of this manuscript. Additional statistical analyses were also conducted – such as a 

T test to ascertain the interdependence and significance of the quantitative data 

derived from the various experimental protocols conducted. 

An assessment of the study’s hypotheses were revisited by plugging in the various 

datasets recorded from each experimental process before arriving at a statistically 

reliable conclusion regarding the different immuno-magnetic sorting methods utilized 

in this study.  
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Table 8: Overview of experimental protocols used to assess the study objectives 

 

Objective Category Experiments Sub-Analyses Sample Types 
Assessed 

References 

 
 
 
 
 

HY-Sort 
(Sperm Sexing) 

 
 

Immuno-magnetic 
sort in tubes 

 
AND 

 
Microfluidic sort 

with chips 

 
Immunofluorescence 

 Unstained Whole 
Sperm Stock (Control) 
[X and Y-sperm mixed 

population] 
 

POSITIVE Selection 
[Mostly Y-sperm] 

 
NEGATIVE Selection 

[Mostly X-sperm] 

 

 
Flow Cytometry 

 

 
FISH (Fluorescence in 

situ Hybridization) 

Sarrate & Anton, 
2009 [11] 

 
 

qPCR 

 
Cq 

(Cycling threshold 
assessment) 

 
 

Yao et al, 2010 [13] 

 
 
 
 

CF-Sort 
(Cystic Fibrosis 

Sperm Selection) 

 
 

Immuno-magnetic 
sort in tubes 

 
AND 

 
Microfluidic sort 

with chips 

 
Immunofluorescence 

 Unstained Whole 
Sperm Stock (Control) 

[CFTR-WT & CFTR-
Mut mixed sperm 

populations] 
 

POSITIVE Selection 
[CFTR-WT sperm] 

 
NEGATIVE Selection 
[CFTR-Mutant sperm 

populations] 

 

 
Flow Cytometry 

 

 
 

qPCR 

Cq 
(Cycling threshold 

assessment) 

 
 

Lago et al, 2017 [35] 

Tm 
(Melt curve 

analyses) 
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4.1 HY-Immunomagnetic Sort 

HY-mabs were used for Y-sperm enrichment for the purpose of trying to prevent X-

linked Diseases. Frozen thawed semen sample from Fairfax Cryobank, VA (Non-CF 

Carrier) was used in an array of experimental assessments including 

immunofluorescence, flow cytometry, Fluorescent in situ Hybridization (FisH) and 

quantitative Polymerase Chain Reaction (qPCR) – measuring cycling threshold (Cq) 

values only for the HY-Immunomagnetic sort.  

The sperm parameters of the anonymous sample vials included an expected pre-

freeze sperm concentration of 57.7x106/mL. a pre-freeze motility of 60% and an expected 

post-thaw motility of 35%. The actual observed post-thaw sperm concentration was 

60x106/mL and an actual post-thaw motility of <20%. 

4.2.1 Immunofluorescence results of HY-immuno-magnetic sort in tubes. 

Following the protocol earlier described in the methods section for 

immunofluorescence assessment, we compared immunofluorescence in an unstained / un-

sorted sperm population between the positive and negative HY-mab-sperm selection.
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Figure 15. Immunofluorescence result of HY-immuno-magnetic sort in tubes for control sperm stock and positive selection 
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Figure 16. Immunofluorescence result of HY-immuno-magnetic sort in tubes for control sperm stock and negative selection 
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Figures 15 and 16. Estimated cell counts for control sperm stock [A-B] was (5.01 x 

107/ml). Positive sperm selection [C-D] had an estimated cell count of (5.81 x 105/ml) 

while the negative selection [E-F] had an estimated cell count of (4.73 x 107/ml). 

Immunofluorescence results show sub-optimal selection (1%) for HY-PE-mab 

conjugated sperm cells in the positively selected sperm population [C-D]. 

 

4.2.2 Flow cytometry results of HY-immuno-magnetic sort in tubes. 

Sorted sperm populations were prepared for flow cytometry analyses following the 

device protocols as described in the methods section. We compared gated fluorescence 

values in the PE channel for the unstained / un-sorted control sperm population between 

the positive and negative HY-mab-sperm selection.  
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Figure 17. Flow cytometry result of HY-immuno-magnetic sort in tubes for control sperm stock and positive selection. 
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Figure 18. Flow cytometry result of HY-immuno-magnetic sort in tubes for control sperm stock and negative selection. 
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Figures 17 and 18. PE-fluorescence intensity for unstained sperm stock (G) was 5.51%. 

Positive selection sperm population (H) with HY-mab-PE sperm conjugates had an 

optimal PE-fluorescence intensity of 81.1% while the unselected or negative selection 

sperm population (I) had a PE-fluorescence intensity of 63.1% – indicating partial 

fluorescence capture mostly from unbound PE-mab complexes. 

4.2.3 Fluorescent in situ Hybridization (FisH) results of HY-immuno-magnetic sort 

in tubes. 

Sorted sperm fractions were prepared and fixed for FisH assay following the 

protocols described in the methods section. We compared hybridization to the 

Chromosome Enumeration Probes (CEP) for the un-sorted control sperm population and 

between the positive and negative HY-mab-sperm selection. However, a differential 

assessment of the fluorescence intensity – following hybridization between the X- and Y- 

CEPs as elucidated in the control sperm stock, was not conducted for each fraction of 

positive and negative sperm populations due to limited supplies. 
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Figure 19. FisH assay result of HY-immuno-magnetic sort in tubes for control sperm stock and positive selection. 
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Figure 20. FisH assay result of HY-immuno-magnetic sort in tubes for control sperm stock and negative selection. 
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Figures 19 and 20. Fluorescence capture from FISH probes show specific hybridization 

of Y-chromosome enumeration probe (red/orange) with fixed positive selection sperm 

(L-M) minimally highlighted in the observed field of view. Unselected or negatively 

selected sperm populations (N-O) show hybridization with X-chromosome enumeration 

probe (green) indicating possible absence of HY-antigen which depicts X-chromosome 

bearing sperm prevalence. 

4.2.4 qPCR-Cq results of HY-immuno-magnetic sort in tubes. 

Sorted sperm populations were prepared and further analyzed by qPCR-Cq for their 

sort purities as described in the methods section. We compared Cq means for the 

unstained / un-sorted control sperm population between the positive and negative HY-

mab-sperm selection.  
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Figure 21. qPCR-Cq result of HY-immuno-magnetic sort in tubes for control sperm stock and positive selection. 
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Figure 22. qPCR-Cq result of HY-immuno-magnetic sort in tubes for control sperm stock and negative selection. 
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Figure 21 and 22. Cq value for positive HY-sperm selection (Q) with 39.76 for SMCY 

target amplification show that there were lesser population of Y-chromosome bearing 

sperm selected with the HY-mab compared to X-chromosome bearing sperm present in 

the mixed population with a Cq value of 36.74. Though the exact amounts of X- and Y-

chromosome bearing sperm is hard to determine, the control sperm stock (P) population 

however shows there were more X-chromosome bearing sperm cells in the original 

mixed sperm sample population. 

4.1.1.1 Immunofluorescence results of HY-immuno-magnetic sort in microfluidic 

chips. 

The stepwise protocol earlier described in the methods section for sorting in 

Microfluidic Sperm Sorting (MSS) chips was followed and sperm populations derived 

were equally assessed for immunofluorescence as they were previously analyzed in the 

sort tubes. We compared immunofluorescence in an unstained / un-sorted sperm 

population between the positive and negative HY-mab-sperm selections. 
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Figure 23. Immunofluorescence result of HY-immuno-magnetic sort in MSS chips for control sperm stock and positive selection. 
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Figure 24. Immunofluorescence result of HY-immuno-magnetic sort in MSS chips for control sperm stock and negative selection. 
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Figures 23 and 24. Estimated cell count for the control sperm stock [A-B] was (5.01 x 

107/ml). Positive sperm selection [S-T] cell estimate was (1.47 x 106/ml), while the 

negative sperm selection [U-V] had an estimated cell count of (7.03 x 106/ml). 

Immunofluorescence results showed moderate selection (2%) for HY-PE-mab conjugated 

sperm cells or the positive selection sperm fraction [U-V] sorted by the MSS chips. 

4.2.2.1 Flow cytometry results of HY-immuno-magnetic sort in MSS chips. 

Sorted sperm populations from MSS chips were also prepared for flow cytometry 

analyses. We likewise compared gated fluorescence values in the PE channel for the 

unstained / un-sorted control sperm population between the positive and negative HY-

mab-sperm selection.
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Figure 25. Flow cytometry result of HY-immuno-magnetic sort in MSS chips for control sperm stock and positive selection. 
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Figure 26. Flow cytometry result of HY-immuno-magnetic sort in MSS chips for control sperm stock and negative selection. 



 

58 

 

 

Figures 25 and 26. PE-fluorescence intensity for unstained sperm stock (G) was 5.51%. 

Positive selection sperm population (W) with HY-mab-PE conjugate had a moderate PE-

fluorescence intensity of 36.6% while the unselected or negative selection sperm 

population (X) had a PE-fluorescence intensity of 77.7%. The high PE-fluorescence in 

the negative selection sperm fraction may be an indication of possible indiscriminate 

fluorescence capture from sperm-conjugated or unconjugated PE-mab complexes. 

4.2.3.1 Fluorescent in situ Hybridization (FisH) results of HY-immuno-magnetic 

sort in microfluidic chips. 

Sorted sperm fractions from MSS chips were also prepared and fixed for FisH assay. 

We also compared hybridization to the Chromosome Enumeration Probes (CEP) for the 

un-sorted control sperm population and between the positive and negative HY-mab-

sperm selection. A differential assessment of the fluorescence intensity – following 

hybridization between the X- and Y- CEPs as elucidated in the control sperm stock, was 

not also conducted for each chip-sorted fraction of positive and negative sperm 

populations due to limited supplies.
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Figure 27. FisH assay result of HY-immuno-magnetic sort in MSS chips for control sperm stock and positive selection. 
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Figure 27 (Additional summary notes). There were no descriptive FisH-imaging data 

for HY-sperm negative selection with MSS chips. However, fluorescence capture from 

FisH probes in (Y-Z) show specific hybridization of Y-chromosome enumeration probe 

(red/orange) with fixed positive selection sperm fraction – as highlighted in the observed 

field of view.  

4.2.4.1 qPCR-Cq results of HY-immuno-magnetic sort in microfluidic chips. 

Sorted sperm populations from MSS chips were also prepared and further analyzed 

by qPCR-Cq for their sort purities. Cq means were compared for the unstained / un-

sorted control sperm population between the positive and negative HY-mab-sperm 

selection. 
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Figure 28. qPCR-Cq result of HY-immuno-magnetic sort in MSS chips for control sperm stock and positive selection. 
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Figure 29. qPCR-Cq result of HY-immuno-magnetic sort in MSS chips for control sperm stock and negative selection. 
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Figure 28 and 29. Cq value for positive HY-sperm selection (AA) was 38.63 for SMCY 

target amplification. It implies that there were lesser population of Y-chromosome 

bearing sperm selected with the HY-mab, compared to X-chromosome bearing sperm 

present in the mixed population with a lower Cq value of 34.84. Though the exact 

amounts of X- and Y-chromosome bearing sperm is hard to determine, the control sperm 

stock (P) population however showed that there were more X-chromosome bearing 

sperm cells in the original mixed sperm sample population. 

 

4.2 CFTR-Immunomagnetic Sort 

The same protocols and analyses (except for FisH) carried out with the HY-

immunomagnetic sort were also repeated for the CFTR-immunomagnetic sorting 

experiments but with samples from a CF-carrier as shown in the genetic report of the 

anonymous donor sample used (Appendix 2). The objective was to be able to delineate 

between a CFTR-wildtype and an F508del-mutant sperm using the selectivity potential of 

the CFTR-mab as earlier described. Frozen thawed semen sample from Fairfax 

Cryobank, VA (CF-Carrier) was used in an array of experimental assessments including 

immunofluorescence, flow cytometry, quantitative Polymerase Chain Reaction (qPCR) – 

measuring both cycling thresholds (Cq) and melting temperatures (Tm) for the CFTR-

immunomagnetic sort.  

The sperm parameters of the anonymous CF-carrier sample vials included an 

expected pre-freeze sperm concentration of 62.5x106/mL. a pre-freeze motility of 60% 

and an expected post-thaw motility of 20%. The actual observed post-thaw sperm 

concentration was 10x107/mL and an actual post-thaw motility of <20%. 
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4.2.1 Immunofluorescence results of CF-immuno-magnetic sort in tubes. 

Immunofluorescence protocols were also repeated for the CF-sorts in tubes, then we 

again compared immunofluorescence in an unstained / un-sorted sperm population 

between the positive and negative CFTR-mab-sperm selection. 
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Figure 30. Immunofluorescence result of CF-immuno-magnetic sort in tubes for control sperm stock and positive selection. 
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Figure 31. Immunofluorescence result of CF-immuno-magnetic sort in tubes for control sperm stock and negative selection. 
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Figures 30 and 31. Estimated cell count for sperm stock control [AC-AD] was (10 x 

107/ml). Positive selection sperm fraction [AE-AF] had an estimated count of (1.3 x 

106/ml) while the negative selection sperm fraction [AG-AH] had an estimated cell count 

of (6.23 x 107/ml). Immunofluorescence results show sub-optimal selection (<1%) for 

CFTR-PE-mab conjugated sperm cells in the positively selected sperm population [AE-

AF]. 

 

4.3.2 Flow cytometry results of CF-immuno-magnetic sort in tubes. 

Sorted sperm populations were also prepared for flow cytometry analyses as earlier 

described in the methods section. We then compared gated fluorescence values in the PE 

channel for the unstained / un-sorted control sperm population between the positive and 

negative CFTR-mab-sperm selection. 
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Figure 32. Flow cytometry result of CF-immuno-magnetic sort in tubes for control sperm stock and positive selection. 
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Figure 33. Flow cytometry result of CF-immuno-magnetic sort in tubes for control sperm stock and negative selection. 



 

70 

 

 

Figures 32 and 33. PE-fluorescence intensity for unstained sperm stock (AI) was 6.12%. 

Positive selection sperm population (AJ) with CFTR-mab-PE conjugate had an optimal 

PE-fluorescence intensity of 88.3%. The unselected or negative selection sperm 

population (AK) had a PE-fluorescence intensity of 64.9 – indicating partial fluorescence 

capture mostly from unbound PE-mab complexes. 

 

4.3.3 qPCR-Cq results of CF-immuno-magnetic sort in tubes. 

Sorted sperm populations were further prepared and analyzed by qPCR-Cq for their 

sort purities. Cq means were compared for the unstained / un-sorted control sperm 

population between the positive and negative CFTR-mab-sperm selection.  
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Figure 34. qPCR-Cq result of CFTR-immuno-magnetic sort in tubes for control sperm stock and positive selection. 
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Figure 35. qPCR-Cq result of CFTR-immuno-magnetic sort in tubes for control sperm stock and negative selection. 
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Figures 34 and 35. Cq value for positive CFTR-sperm selection (AM) was 33.12 for 

CFTR Wild-type target amplification. This showed that there was no significant 

difference between the population of CFTR-WT sperm selected compared to CFTR-

Mutant (F580del) sperm present in the mixed population with an equal Cq value of 33.12. 

Though the exact amounts of CFTR-WT and CFTR-Mut sperm is hard to determine, the 

control sperm stock (AL) population equally showed that there were more CFTR Wild-

type sperm cells in the original mixed sperm sample population. This disparity may 

explain why there was a negative correlation with the negative sort which also had more 

CFTR-WT sperm population. 

4.3.4 qPCR-Tm results of CF-immuno-magnetic sort in tubes. 

Melting temperature data were also derived from the qPCR cycling program as 

described in the methods section. Sorted sperm populations were further assessed for the 

amount of target amplicon present in the sperm fractions. Unlike Cq means, it was 

expected that Tm values would be higher with increasing amount of target amplicon 

present. Tm means were therefore compared for the unstained / un-sorted control sperm 

population between the positive and negative CFTR-mab-sperm selection.  
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Figure 36. qPCR-Tm result of CFTR-immuno-magnetic sort in tubes for control sperm stock and positive selection. 
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Figure 37. qPCR-Tm result of CFTR-immuno-magnetic sort in tubes for control sperm stock and negative selection. 
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Figures 36 and 37. Tm value for positive CFTR-sperm selection (AP) was 77.3 for the 

CFTR Wild-type (CFTR-WT) target. It showed that there were fairly more population of 

CFTR-Mutant sperm compared to CFTR-Wildtype sperm cells present in the mixed 

population. The negative selection however supports the expected outcome that there 

were more CFTR-Mutant sperm populations – as shown with a Tm of 76.78 which was 

slightly higher than the CFTR Wildtype population at a Tm of 76.74. 

 

4.2.1.1 Immunofluorescence results of CF-immuno-magnetic sort in microfluidic 

chips. 

Immunofluorescence protocols were also repeated for the CF-sorts in MSS chips, 

then we also compared immunofluorescence in an unstained / un-sorted sperm population 

between the positive and negative CFTR-mab-sperm selection. 
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Figure 38. Immunofluorescence result of CF-immuno-magnetic sort in MSS chips for control sperm stock and positive selection. 
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Figure 39. Immunofluorescence result of CF-immuno-magnetic sort in MSS chips for control sperm stock and negative selection. 
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Figures 38 and 39. Estimated cell count for control sperm stock [AC-AD] was (10 x 

107/ml). The positive selection sperm population [AR-AS] had an estimated count of 

(3.23 x 105/ml) while the negative selection sperm fraction [AT-AU] had an estimated 

cell count (1.73 x 107/ml). Immunofluorescence results show sub-optimal selection 

(<1%) in MSS chips for CFTR-PE-mab conjugated sperm cells in the positive selection 

sperm fraction [AR-AS]. 

4.3.2.1 Flow cytometry results of CF-immuno-magnetic sort in microfluidic chips. 

Sorted sperm populations from the MSS chips were also prepared for flow cytometry 

analyses as described in the methods section. We then compared gated fluorescence 

values in the PE channel for the unstained / un-sorted control sperm population between 

the positive and negative CFTR-mab-sperm selection. 
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Figure 40. Flow cytometry result of CF-immuno-magnetic sort in microfluidic chips for control sperm stock and positive selection. 
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Figure 41. Flow cytometry result of CF-immuno-magnetic sort in microfluidic chips for control sperm stock and negative selection. 
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Figures 40 and 41. PE-fluorescence intensity for unstained sperm stock control (AI) was 

6.12%. Positive selection sperm population (AV) had a moderate PE-fluorescence 

intensity of 44.0% while the negative selection sperm fraction (AW) had a PE-

fluorescence intensity of 58.2% – indicating possible indiscriminate fluorescence capture 

from both sperm-conjugated or unconjugated PE-mab complexes in (AW). 

4.3.3.1 qPCR-Cq results of CF-immuno-magnetic sort in microfluidic chips. 

Sorted sperm populations from MSS chips were also prepared and analyzed by 

qPCR-Cq for their sort purities. Cq means were compared for the unstained / un-sorted 

control sperm population between the positive and negative CFTR-mab-sperm selection.  
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Figure 42. qPCR-Cq result of CFTR-immuno-magnetic sort in MSS chips for control sperm stock and positive selection. 



 

 

 

 
8
4
 

 

Figure 43. qPCR-Cq result of CFTR-immuno-magnetic sort in MSS chips for control sperm stock and negative selection. 
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Figures 42 and 43. Cq value for positive CFTR-sperm selection (AX) was 34.87 for 

CFTR Wild-type (CFTR-WT) target amplification. It showed that there were more 

population of CFTR-WT sperm selected with the CFTR-mab in MSS chips compared to 

CFTR-Mutant (F580del) sperm present in the same population but with a Cq value of 

35.88. The negative selection however did not show that there were more population of 

CFTR-Mutant sperm at a Cq value of 31.03 which was higher than CFTR-Wildtype’s Cq 

value at 30.83. 

4.3.4.1 qPCR-Tm results of CF-immuno-magnetic sort in microfluidic chips. 

For sperm fractions collected from the MSS chips, melting temperature (Tm) data 

were also derived from the qPCR cycling program as earlier described. Sorted sperm 

populations were also further assessed for the amount of target amplicon present in the 

sperm fractions. Again, but unlike Cq means, it was expected that Tm values would be 

higher with increasing amount of target amplicon present. Tm means were therefore 

compared for the unstained / un-sorted control sperm population between the positive and 

negative CFTR-mab-sperm selection.  
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Figure 44. qPCR-Tm result of CFTR-immuno-magnetic sort in MSS chips for control sperm stock and positive selection. 
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Figure 45. qPCR-Tm result of CFTR-immuno-magnetic sort in MSS chips for control sperm stock and negative selection. 
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Figures 44 and 45. Tm value for positive CFTR-sperm selection (AZ) was 78.11 for 

CFTR Wild-type (CFTR-WT) target. It showed that there were fairly lesser population of 

CFTR-WT sperm selected in the MSS chips compared to CFTR-Mutant (F580del) sperm 

present in the same population but with a Tm value of 78.13. Tm for the negative 

selection also showed that there were slightly more CFTR-Wildtype sperm in the 

unselected sperm population (BA).  
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Table 9: Results Evaluation Table (HY-Sperm Sort) 

 

 

 

 

 

 

 

 

 

Objective Hypotheses Category 

 

Experiment Samples 

Generated 

Experimental 

Results 

Expected 

Outcome 

 

Hypotheses 

Assessment 

Inferences 

Sperm 

Sexing with 

HY-

Monoclonal 

Antibodies 

 

 

 

(1) That 

immuno-

magnetic 

separation of 

sperm cells with 

selected mabs 

will be efficient 

at sorting desired 

sperm genotypes 

by positive or 

negative 

selection. 

Immuno-

magnetic 

Sorting in 

Tubes 

 

 

 

 

 

Immunofluorescence 

 

POS 

Selection 

 

5.81 x 105/ml 

 

POS Sel. 

Cell Count 

> 

NEG Sel. 

Cell Count 

 

 

NO 

Sub-optimal 

assessment of Y-sperm 

selection with 

immunofluorescence. NEG 

Selection 

 

4.73 x 107/ml 

 

 

Flow Cytometry 

 

POS 

Selection 

 

81.1 

POS Sel. PE-

Fluorescence 

> 

NEG Sel. 

PE-

Fluorescence 

 

 

YES 

 

Optimal assessment of 

Y-sperm selection with 

Flow Cytometry.  

NEG 

Selection 

 

63.1 

 

 

qPCR (Cq) 

POS Sel. 

(SMCX) 

36.74 POS Sel. 

(SMCY) Cq 

< 

POS Sel. 

(SMCX) Cq 

 

 

NO 

Non-optimal 

assessment of Y-sperm 

selection with qPCR 

(Cq). 
POS Sel. 

(SMCY) 

 

39.76 

NEG Sel. 

(SMCX) 

31.64 NEG Sel. 

(SMCY) Cq 

> 

NEG Sel. 

(SMCX) Cq 

 

 

YES 

Optimal assessment of 

X-sperm selection with 

qPCR (Cq). NEG Sel. 

(SMCY) 

 

35.63 
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Objective Hypotheses Category 

 

Experiment Samples 

Generated 

Experimental 

Results 

Expected 

Outcome 

 

Hypotheses 

Assessment 

Inferences 

Sperm 

Sexing with 

HY-

Monoclonal 

Antibodies 

 

 

 

(2) That the use 

of a mab-

functionalized 

microfluidic 

sperm sorting 

chip will be 

efficient at 

delineating 

sperm 

genotypes. 

 

Microfluidic 

Sperm 

Sorting 

(Chips) 

 

 

 

Immunofluorescence 

 

POS 

Selection 

 

1.47 x 106/ml 

 

POS Sel. 

Cell Count 

> 

NEG Sel. 

Cell Count 

 

 

NO 

 

 

Non-optimal 

assessment of Y-sperm 

selection in chips with 

immunofluorescence.  

NEG 

Selection 

 

7.03 x 106/ml 

 

 

 

Flow Cytometry 

 

POS 

Selection 

 

36.6 

POS Sel. PE-

Fluorescence 

> 

NEG Sel. 

PE-

Fluorescence 

 

 

NO 

 

Non-optimal 

assessment of Y-sperm 

selection in chips with 

Flow Cytometry. 

 

 

NEG 

Selection 

 

77.7 

 

 

 

qPCR (Cq) 

POS Sel. 

(SMCX) 

34.84 POS Sel. 

(SMCY) Cq 

< 

POS Sel. 

(SMCX) Cq 

 

 

NO 

Non-optimal 

assessment of Y-sperm 

selection in chips with 

qPCR. 

 

POS Sel. 

(SMCY) 

 

38.63 

NEG Sel. 

(SMCX) 

35.65 NEG Sel. 

(SMCY) Cq 

> 

NEG Sel. 

(SMCX) Cq 

 

 

YES 

Optimal assessment of 

X-sperm selection in 

chips with qPCR. 

 
NEG Sel. 

(SMCY) 

39.18 
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    Table 10: Results Evaluation Table (CF-Sperm Sort) 

 

 

 

 

 

Objective Hypotheses Category 

 

Experiment Samples 

Generated 

Experimental 

Results 

Expected 

Outcome 

 

Hypotheses 

Assessment 

Inferences 

 

 

Sperm 

Sorting with 

CFTR-

Monoclonal 

Antibodies 

 

 

 

 

 

 

(1) That immuno-

magnetic separation of 

sperm cells with 

selected mabs will be 

efficient at sorting 

desired sperm 

genotypes by positive 

or negative selection. 

 

 

 

 

Immuno-

magnetic 

Sorting in 

Tubes 

 

 

 

 

 

Immunofluorescence 

 

POS Selection 

 

1.3 x 106/ml 

 

POS Sel. Cell 

Count 

> 

NEG Sel. Cell 

Count 

 

 

NO 

Non-optimal 

assessment of CFTR-

WT sperm selection 

with 

immunofluorescence. 

NEG 

Selection 

 

6.23 x 107/ml 

 

 

Flow Cytometry 

 

POS Selection 

 

88.3 

POS Sel. PE-

Fluorescence 

> 

NEG Sel. PE-

Fluorescence 

 

 

YES 

Optimal assessment of 

CFTR-WT sperm 

selection with flow 

cytometry.  

NEG 

Selection 

 

64.9 

 

 

 

qPCR (Cq) 

 

POS Sel. 

(CFTR-WT) 

33.12 POS Sel. (WT) Cq 

< 

POS Sel. (Mut) 

Cq 

 

≡ 

Assessment of CFTR-

WT sperm selection 

with qPCR (Cq) is not 

distinguishable. POS Sel. 

(CFTR-Mut) 

33.12 

NEG Sel. 

(CFTR-WT) 

28.63 NEG Sel. (WT) 

Cq 

> 

NEG Sel. (Mut) 

Cq 

 

 

NO 

Non-optimal 

assessment of CFTR-

Mut sperm selection 

with qPCR (Cq). 
NEG Sel. 

(CFTR-Mut.) 

28.70 

 

 

qPCR (Tm) 

POS Sel. 

(CFTR-WT) 

77.30 POS Sel. (WT) 

Tm 

> 

POS Sel. (Mut) 

Tm 

 

NO 

Non-optimal 

assessment of CFTR-

WT sperm selection 

with qPCR (Tm). 
POS Sel. 

(CFTR-Mut.) 

77.35 

NEG Sel. 

(CFTR-WT) 

76.74 NEG Sel. (WT) 

Tm 

< 

POS Sel. (Mut) 

Tm 

 

YES 

Optimal assessment of 

CFTR-Mut sperm 

selection with qPCR. 

(Tm). 
NEG Sel. 

(CFTR-

Mut.) 

76.78 



 

 

 

 
9
2
 

 
Objective Hypotheses Category 

 

Experiment Samples 

Generated 

Experimental 

Results 

Expected 

Outcome 

 

Hypotheses 

Assessment 

Inferences 

 (2) That the use of a 

mab-functionalized 

microfluidic sperm 

sorting chip will be 

efficient at delineating 

sperm genotypes. 

 

Microfluidic 

Sperm 

Sorting 

(Chips) 

 

 

Immunofluorescence 

POS Selection  

3.23 x 105/ml 

 

POS Sel. Cell 

Count > 

NEG Sel. 

Cell Count 

 

 

NO 

 

Sub-optimal assessment of 

CFTR-WT sperm 

selection in chips with 

immunofluorescence. 
NEG Selection  

1.73 x 107/ml 

 

 

Flow Cytometry 

POS Selection  

44.0 

POS Sel. PE-

Fluorescence 

> 

NEG Sel. PE-

Fluorescence 

 

 

NO 

Non-optimal assessment 

of CFTR-WT sperm 

selection in chips with 

flow cytometry. 
NEG Selection  

58.2 

 

 

 

qPCR (Cq) 

POS Sel. 

(CFTR-WT) 

34.84 POS Sel. 

(WT) Cq 

< 

POS Sel. 

(Mut) Cq 

 

YES 

Optimal assessment of 

CFTR-WT sperm 

selection in chips with 

qPCR (Cq). 
POS Sel. 

(CFTR-Mut) 

35.88 

NEG Sel. 

(CFTR-WT) 

30.83 

 

 

NEG Sel. 

(WT) Cq 

> 

NEG Sel. 

(Mut) Cq 

 

 

NO 

Non-optimal assessment 

of CFTR-Mut sperm 

selection in chips with 

qPCR (Cq). 
NEG Sel. 

(CFTR-Mut) 

 

31.03 

 

 

 

qPCR (Tm) 

POS Sel. 

(CFTR-WT) 

 

78.11 

 

POS Sel. 

(WT) Tm 

> 

POS Sel. 

(Mut) Tm 

 

 

NO 

 

Non-optimal assessment 

of CFTR-WT sperm 

selection in chips with 

qPCR (Tm). 
 

POS Sel. 

(CFTR-Mut) 

 

78.13 

NEG Sel. 

(CFTR-WT) 

 

77.76  

NEG Sel. 

(WT) Tm 

< 

POS Sel. 

(Mut) Tm 

 

NO 

Non-optimal assessment 

of CFTR-Mut sperm 

selection in chips with 

qPCR (Tm).  

NEG Sel. 

(CFTR-Mut.) 

 

 

77.75 
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4.4 Interpretation of Results from Tables 9 and 10.  

(A) HY-Sperm Sort Assessments 

i.) For the assessment of H-Y sperm sort in table 4.4, the data showed that flow 

cytometry was able to well confirm the positive selection (which were mostly Y-

chromosome bearing sperm cells) with the HY-mab in a sperm genotyping 

protocol utilizing immuno-magnetic sort tubes. 

ii.) Both immuno-magnetic sort tubes and the microfluidic chips were able to 

optimally confirm from qPCR Cq means – the negative selection – being the X-

chromosome bearing sperm that may have been largely unselected by the HY-

mab as expected. 

 

(B) CF-Sperm Sort Assessments 

i.) For the assessment of CFTR-sperm sort in table 4.5, the data showed that flow 

cytometry was also able to well confirm the positive selection (which were mostly 

CFTR-Wildtype sperm) with the CFTR-mab in a sperm genotyping protocol 

utilizing immuno-magnetic sort tubes. 

ii.) qPCR-Cq values for the immuno-magnetic sort tubes were unable to 

significantly distinguish between the positive and negative CFTR-WT and CFTR-

Mutant sperm populations. The assessment of Cq means (averages) used to make 

this inference were adjudged to be slightly unreliable as the p value for the CF-

qPCR means was 0.092 (where P value is significant at <0.05).  

iii.) qPCR-Tm values for the immunomagnetic sort tubes were able to optimally 

confirm the negative selection – being the CFTR-Mutant sperm populations that 
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may have been unselected by the CFTR-mabs as expected. P-value for this data 

set was significant at 0.025 (where P value is significant at <0.05). 

iv.) qPCR-Cq values for the microfluidic sorts were able to confirm the positive 

selection – being the CFTR-Wildtype sperm population which may have been 

duly selected by the CFTR-mabs as expected. However, P-value for this data set 

was also 0.092 (where P value is significant at <0.05) which makes the selection 

assessment for the chips in CFTR-sperm sorting slightly unreliable.  

 

4.5 Statistical assessment of quantitative data set: qPCR Cq and Tm Means  

 

Student’s t-test (paired, 1-tailed) was used to analyze statistical significance across and 

between data sets for HY-qPCR (Cq), CFTR-qPCR (Cq) and CFTR-qPCR (Tm). Values 

for Cq means compared under HY-qPCR data sets were statistically significant with a p 

value of 0.000023 (p values is significant at <0.05). Cq means assessed under CFTR-

qPCR were not considered to be significant with a p value of 0.09. Data set for Tm means 

were however considered to be significant with a p value of 0.025.   

Table 11. HY-qPCR Cq Means       

      

Sample SMCX SMCY p-value  Legend 

7 30.69 33.81 0.0028 Whole Sperm 

      

10 34.84 38.63 0.00417 Pos Selection Chip 

      

11 35.65 39.18 0.005927 Neg Selection Chip 

      

13 36.74 39.76 0.026973 Pos Selection Tube 

      

12 31.64 35.63 0.005344 

Neg Selection 

Tube 

      

T-test 0.000023 1-tailed Paired     
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Table 12. CF-qPCR Cq Means 

      

Sample 

CFTR-

wt 

F508del-

mut   Legend 

1 29.35 29.54  Whole Sperm 

      

3 34.87 35.88  Pos Selection Chip 

      

4 30.83 31.03  Neg Selection Chip 

      

5 33.12 33.12  Pos Selection Tube 

      

6 28.63 28.70  

Neg Selection 

Tube 

      

            

T-test 0.092467 1-tailed Paired     

 

 

Table 13. CF-qPCR Tm Means       

      

Sample 

CFTR-

wt 

F508del-

mut   Legend 

1 78.61 78.64  Whole Sperm 

      

3 78.11 78.13  

Pos Selection 

Chip 

      

4 77.76 77.75  

Neg Selection 

Chip 

      

5 77.30 77.35  

Pos Selection 

Tube 

      

6 76.74 76.78  

Neg Selection 

Tube 

      

      

T-test 0.025071 1-tailed Paired     

 

*Complete triplicate data sets with their respective Standard Deviations are shared in 

Appendix C of the supplemental documents.  
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CHAPTER 5 

DISCUSSION 

The efficiency of sorting sperm cells with monoclonal antibodies solely depends on 

the presence of the delineated proteins or antigens on the sperm surface membrane to be 

able to maintain the integrity of the cell for use in fertilization events. Extra-

cytoplasmically expressed proteins or characterized antigens would make a less invasive 

interventional protocol of sorting sperm cells genotypically – to be clinically applicable.  

Both HY and CFTR monoclonal antibodies used in this study have been well 

characterized and the putative roles of the proteins or epitopes being targeted have been 

well studied as well [16, 72]. As to whether the retention of antibodies on the surface of 

the sperm membrane may potentially inhibit certain physiological abilities of the cell 

such as capacitation and eventual fertilization by binding to the zona pellucida of an egg, 

that remains a subject of study for explorative assessment – initially in lower animals 

such as mice models.  

While some studies have shown that specific proteins involved in fertilization events 

may indeed be blocked by certain mabs [74,75], there are mechanistic workflows that 

may reversibly detach mabs on the surface of sperms cells in a physiologically safe 

manner that still upholds the cellular integrity of the sperm cells. Some clinically 

considerable methods of eluting mabs from sperm surfaces such as in the case of 

antisperm antibodies resulting in immunological infertility – may include treatment with 
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certain anti-immunoglobulins that can equally be immuno-magnetically removed from 

the surface of the sperm membrane. Other novel methods also consider using immuno-

elution with well characterized sperm antigens by immuno-adsorption to reduce surface 

bound antisperm antibodies [76, 77, 78].      

With regards to the suitability of the CFTR mabs used to separate sperm cells bearing 

a wild type CFTR protein and a mutant F508del protein that may have lost its expression 

– from cellular quality assurance processes; the EL1-CFTR mab target may have its own 

sort efficiency limitations. From the molecular characterization of the CFTR protein, it 

clearly shows that the bulk of the protein is embedded intracellularly except for the extra-

cytoplasmic loops (EL1 – EL6) which are distributed equally between the MSD1 and 

MSD2 transcripts. The longest protruding loops prominent in the extra-cytoplasmic space 

are the EL1 and EL4 which both have an amino acid residue length of 15 and 30 

respectively [69]. While the EL1 epitope is expected to bind with the Fab region of the 

CFTR mab, there may be slight inefficient conjugation at the interface of the cytoplasmic 

membrane because of the short length of the EL1’s amino acid residue.   

The HY mab also utilized in the process of delineating between X- and Y-

chromosome bearing sperm cells may equally have its own sort limitations and 

inefficiencies. The entire HY protein or the SMCY gene which is also known as the 

lysine demethylase 5D (KDM5D) protein has about 1500 amino acid residues with up to 

seven protein coding transcripts – as earlier discussed in the literature review section. 

There are however strong indications according to its structural protein functionalities 

that the protein also has restricted expression to the nucleolar fibrillar center 

intracellularly – because it has several DNA binding domains that play significant role in 
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the histone associated packaging of the condensed chromatin. However, its role in 

spermatogenesis has also been widely enumerated with expression profiles of the HY-

antigen being found in gonadial tissues such as the testis, spermatids, and spermatocytes. 

A known epitope of the HY-antigen which has been characterized on the sperm surface 

membrane as an 11 amino acid residue SPSVDKARAEL has been aligned to the PLU1-

region of the entire SMCY gene transcript [31, 79]. There is however a potential for an 

indiscriminate sort with mabs raised from the male specific HY- antigen which is known 

to have some expression bias for Y-chromosome bearing sperm cells, but its homolog on 

the SMCX transcript has also shown to have highly similar antigenic epitopes relating to 

HY – which may therefore impact the sort efficiency of HY-mabs [16, 34].  

Apart from the potential limitations of the mabs utilized for the immuno-sorting 

protocols, the required 5-15min pre-incubation time with PE-tagged monoclonal 

antibodies may be deemed non-optimal for adsorption to adequately take place between 

the mab and sperm surface proteins. An optimization experiment to ascertain optimal 

binding time may be useful in subsequent studies – to vary from 15mins to 24hrs of 

incubation at room temperature. Although the selection kit EasySepTM Release Human 

PE Positive Selection Kit (StemCell Technologies, Vancouver) may have been optimized 

for 5-15mins pre-incubation time with other cell types, a similar immuno-magnetic 

sorting study had an extended incubation time of 1hr at an immobilizing temperature of 4 

degrees Celsius with monoclonal antibodies used in sorting X and Y chromosome 

bearing sperm [19]. In contrast to such protocols requiring an immobilization of sperm 

cells for optimal immuno-adsorption to be established, there are other sperm kinetics 

studies that have shown that sperm acrosome reaction on the zona surface of human eggs 
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was achieved within 15mins of binding, but with an initial 3-5hr co-incubation period 

with the eggs – in human follicular fluid at the optimal incubation temperature of 

simulating IVF at 370C [80]. It is however being suggested that an optimized binding 

with sperm surface antigens by HY or CFTR mabs may be adequate with an extended 

incubation time beyond 15mins or up to 1hour or more – to achieve a more efficient 

immuno-adsorption process. While a chilling immobilizing temperature at 40C may not 

be feasible for sorting with the microfluidic chips as motile sperm cells are in fact being 

sorted, an optimal incubation temperature from room temperature to 370C may 

considerably improve the sort efficiency. 

Another potential design limitation that may have been observed with the 

microfluidic chips immuno-sorting efficiency was the method in which the positive 

selection sperm populations were retrieved – by suction of all materials left in the bottom 

chamber of the chip – including the magnetic beads, viable non-motile sperm, dead non-

viable sperm, and other cellular debris. This particular protocol for the retrieval of the 

positive selection sample may require additional processing to ensure that the actual 

population of selected sperm cells are reflected in the statistical data being presented. In 

our study, this additional sample quality assurance was considerably achieved by 

subjecting the bead-selected sperm populations to a second layer of magnetic sorting to 

remove unbound cells. Then beads were detached from the positively selected cells with 

the introduction of the release buffer. 

A major critically evaluated parameter in the experimental design was the use of 

frozen thawed sperm for both disease models of Cystic Fibrosis and X-linked disorders. 

Although sourcing for anonymous donor samples from cryobanks may have hastened the 
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time required to look for actual trial participants who may be willing to provide fresh 

sperm samples for experimental procedures. There is also the rigor of having to conduct 

all the required genetic testing to ascertain that the carrier status of the samples received 

are within the inclusion criteria for suitability of use in the experimental design. The most 

critical challenge with using frozen thawed sperm is however sample loss and reduced 

motility potential [81]. Samples usually thawed from cryopreservation in liquid nitrogen 

at -1960C would often have their motility and possibly viability potentials being halved 

once they have been warmed up and re-washed in appropriate sperm buffers before being 

eventually put to use. Immuno-sorting efficiencies for sperm genotyping may however be 

improved with freshly collected normospermic semen sample as to a frozen thawed 

sample which may have been subjected to the stress of vitrification and potential cellular 

damage with reduced motility to about half of the thawed sperm populations. 

This phenomenon of losing sample viability following a sperm-thaw protocol may 

have partly contributed to the sort efficiencies which was about 2% of total sperm 

population as seen with the positive selection enumeration in the sperm 

immunofluorescence assessment.    A considerable low sort efficiency in both tube and 

chip immuno-magnetic separation protocols may also be attributed to the minimal 

incubation time frame for the mabs to adsorb to their respective sperm antigens. 

There is also a potential limitation of sample volume that can be maximumly flowed 

through the microfluidic chip for immuno-magnetic sperm sorting. The capacity of the 

current chip in use has a total sample volume of about 560µl in its bottom chamber [10]. 

It is however expected that a lesser volume of sperm sample can in fact be used in the 

chip, as additional components such as the magnetic bead suspension, selection cocktail 
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and sperm wash buffer – altogether must constitute the composition of the genotypic 

sperm separation complex. 

It is also important to note that sperm stock populations usually would have an 

unequal population of sperm genotypes – such as an uneven distribution of X- and Y-

chromosome bearing sperm cells or a skewed population of more CFTR-positive sperm 

against a population of close variants with the F508del (or vice versa) with an impaired 

CFTR expression on the sperm surface membrane [19, 82]. This uneven distribution may 

also impact the statistical assessment of positive and negative sperm populations selected 

as it was seen in most of our experimental outcomes compared to what was 

hypothetically expected if the sorting protocols were started-off with equal populations of 

sperm genotypes assessed. It is however recommended in future clinical applications or 

experimental protocols to consider the use of a Fluorescent Activated Cell Sorter (FACS) 

to first segregate individual sperm populations by their absolute sort purities before 

conducting genetic assessments or other downstream molecular analyses on the selected 

sperm populations [39, 61, 83].    

For an estimate of the exposure time of sorted sperm cells to magnetic fields, an 

extended duration of exposure was minimal and cut off at 5mins. Although the immediate 

impact of magnetic field exposure on sperm populations was not assessed, studies have 

however shown that extended magnetic field exposure may have adverse effects on 

sperm quality in a dose and time dependent manner [84].    

Finally, regarding the statistical significance levels for Cq and Tm values between 

CFTR-wildtype and F508del-mutant sperm populations which were selected with CFTR-

mabs; the minimal variance between them is explainable by their closeness in genetic 
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variability. The F508del mutant is 3nucleotide deletions (codon for phenylalanine amino 

acid at position 508) different from the CFTR-wildtype variant [85, 86] – which explains 

why there may not be much variance or deviation in the cycling threshold values (Cq) or 

the melting point temperatures being used in the assessment of the sort purities between 

the two different sperm populations. 
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CONCLUSION 

Using two disease models namely: X-linked Disorders (XLD) and Cystic Fibrosis 

(CF), we hereby conclude that our explorative experimental design to genotypical sort 

sperm cells may equally have future clinical applications in other disease models (e.g., 

sickle cell) as an adaptable platform – where the use of microfluidic sperm sorting chips 

or conventional immuno-magnetic sorting in tubes can help prevent genetic disorders in 

newborns.  

Following an optimization of our current experimental sorting protocols – some of 

which may include modifying the microfluidic sperm sorting chip (MSS-chip) with a 

12µm pore sized membrane to enable adequate retention of the negative-sort (e.g., X-

chromosome bearing sperm for the HY-sort; and the F508del-Mutant sperm for the 

CFTR-sort); this study might be re-created in transgenic mice models for both XLD and 

CF. The experimental design in disease-carrier mice models will help to ascertain its 

safety before proceeding to conduct human trials where fertilization, pregnancy and live 

birth rates may be assessed alongside genetic integrity and fidelity of embryos and babies 

raised from such genotypically sorted sperm cells. 

While genotypically sorted sperm cells may be clinically adapted for use in Intra-

Uterine Insemination (IUI) or In Vitro Fertilization (IVF) procedures, this novel less 

invasive method of Assisted Reproductive Technology (ART) may also usher in a new 

ART called Intra-cytoplasmic Genotypically-selected Sperm Injection (IGSI) [87]. The 

IGSI method would potentially enable the selection of non-diseased sperm cells which 
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may be used to micro-inject healthy eggs in a modified ICSI-protocol – for the sole 

purpose of helping to prevent genetic disorders in newborns.  

Although we had de-emphasized the application of the HY-sorting protocols for 

legitimate use in sex selection and gender balancing clinical scenarios, it is important to 

note that such applications are in fact banned in certain countries – such as South Africa. 

And while we are solely focused on adapting the study design for prevention of genetic 

disorders such as XLD, it is also important to know that the HY-sorting protocols herein 

described can also be used in forensic case analyses by the Judicial System. Such 

applications in genotypic sperm sorting can also help to process the backlog of sexual 

rape kits by enabling a differential selection of male cell fractions from female cell 

fraction for potential use in Autosomal or Y-str typing to arrive at an identification or 

CODIS hit. 

In summary, our study was able to elucidate a potential less invasive clinical “ART” 

application or method of genotypically sorting sperm cells with mab-functionalized 

microfluidic chips or conventional immuno-magnetic sorting protocols in sort tubes.  

Our concise conclusions therefore reiterate that: 

1.  Flow cytometry may be utilized to confirm sort purities of positively selected 

sperm populations (with HY or CFTR markers) from immuno-magnetic sort tubes 

– based on their morphological and cellular characteristics. 

2. Positively and negatively selected CF-sperm fractions (being CFTR-Wt and 

F508del-Mut sperm) from immuno-magnetic sort tubes could not be adequately 

distinguished for their intrinsic, slightly insignificant genetic variabilities by 

qPCR-Cq.     
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3. The microfluidic sperm sorting chip fabricated for this study may have enabled a 

differential and positive immuno-magnetic selection of CFTR-Wt sperm with a 

comparably higher but statistically insignificant sort yield / purity relative to the 

population of the F508del-Mut sperm negatively selected – when assessed by 

qPCR-Cq values.  
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Appendix A 

FairFax Cryobank – CF Genetic Test Report for Anonymous Sample (Pg1)   
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Appendix A2 

FairFax Cryobank – CF Genetic Test Report for Anonymous Sample (Pg2)   
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Appendix A3 

FairFax Cryobank – CF Genetic Test Report for Anonymous Sample (Pg3)   

(Other Pages Non-CF Related) 
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Appendix B 

Cystic Fibrosis Foundation MTA – CFTR Monoclonal Antibodies (Pg1)   
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Appendix B2 

Cystic Fibrosis Foundation MTA – CFTR Monoclonal Antibodies (Pg2) 

(Signature Section Redacted)   
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Appendix C 

Complete Data Set – HY-qPCR (Cq) 

 

Cq HY-qPCR  

 Sample 7 Cq-Mean St. Dev 

 

Ist 
Run 

2nd 
Run 

3rd 
Run   

SMCX 30.78 30.67 30.61 30.69 0.09 

      

SMCY 33.55 33.71 34.18 33.81 0.33 

      

 Sample 10   

SMCX 35.13 34.9 34.48 34.84 0.33 

      

SMCY 39.09 38.02 38.77 38.63 0.55 

      

 Sample 11   

SMCX 35.69 35.69 35.58 35.65 0.06 

      

SMCY 39.87 39.24 38.42 39.18 0.73 

      

 Sample 13   

SMCX 36.15 36.8 37.27 36.74 0.56 

      

SMCY 40.55 38.71 40.02 39.76 0.95 

      

 Sample 12   

SMCX 31.12 31.7 32.11 31.64 0.50 

      

SMCY 34.94 35.06 36.88 35.63 1.09 

      

 NEG   

SMCX 36.78 0.00 36.68 36.73  

      

SMCY 41.21 0 39.6 40.41  
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Appendix C2 

Complete Data Set – CF-qPCR (Cq) 

Cq CF-qPCR  

 Sample 1 Cq-Mean St. Dev 

 

Ist 
Run 2nd Run 3rd Run   

CFTR-wt 29.29 29.43 29.34 29.35 0.07 

      
F508del-
mut 29.15 29.96 29.5 29.54 0.41 

      

 Sample 3   

CFTR-wt 34.12 35.2 35.3 34.87 0.65 

      
F508del-
mut 34.88 35.79 36.98 35.88 1.05 

      

 Sample 4   

CFTR-wt 30.61 30.89 30.99 30.83 0.20 

      
F508del-
mut 30.69 31.12 31.27 31.03 0.30 

      

 Sample 5   

CFTR-wt 32.65 33.35 33.37 33.12 0.41 

      
F508del-
mut 32.62 33.29 33.46 33.12 0.44 

      

 Sample 6   

CFTR-wt 28.35 28.76 28.78 28.63 0.24 

      
F508del-
mut 28.84 28.51 28.76 28.70 0.17 

      

 NEG   

CFTR-wt 35.16 0.00 40.13 37.65  

      
F508del-
mut 36.65 0 0 36.65  
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Appendix C3 

Complete Data Set – CF-qPCR (Tm) 

Tm CF-qPCR  

 Sample 1 Tm-Mean St. Dev 

 Ist Run 2nd Run 3rd Run   

CFTR-wt 78.51 78.58 78.74 78.61 0.12 

      
F508del-
mut 78.4 78.71 78.8 78.64 0.21 

      

 Sample 3   

CFTR-wt 78.03 78.13 78.16 78.11 0.07 

      
F508del-
mut 77.9 78.2 78.29 78.13 0.20 

      

 Sample 4   

CFTR-wt 77.88 77.78 77.62 77.76 0.13 

      
F508del-
mut 77.78 77.79 77.69 77.75 0.06 

      

 Sample 5   

CFTR-wt 77.67 77.38 76.84 77.30 0.42 

      
F508del-
mut 77.61 77.38 77.05 77.35 0.28 

      

 Sample 6   

CFTR-wt 77.39 76.81 76.01 76.74 0.69 

      
F508del-
mut 77.36 76.87 76.11 76.78 0.63 

      

 NEG   

CFTR-wt 0.00 0.00 72.86 72.86  

      
F508del-
mut 77.02 0 0 77.02  
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