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Abstract

Male infertility affects millions of males worldwide and is rising in prevalence due to
social and environmental conditions. However, men often feel too embarrassed to
receive a semen analysis in the hospital due to social stigmas. To overcome this
problem, we developed a 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium
bromide test strip to distinguish semen samples with low total motile sperm concentra-
tion from those with normal motile sperm concentration. This is a point-of-care
colorimetric semen analytical method with a one-step, inexpensive, equipment-free eval-
uation process, and adequate accuracy validated in a 42-sample clinical trial. In this study,
results were evaluated visually and with a smartphone application. Using visual observa-
tion methods, the area under the curve (AUC) was 0.71 (95% of confidence inter-
val = 0.55-0.86; p = 0.021), sensitivity was 41%, specificity was 95%, positive predictive
value was 90%, negative predictive value (NPV) was 59.4%, and accuracy was 67%.
Using a smartphone recording and analytical system, AUC was 0.766 (95% of confidence
interval = 0.612-0.92; p = 0.003), sensitivity was 96%, specificity was 65%, PPV was
75%, NPV was 92.9%, and accuracy was 80.9%. This work demonstrated a screening
tool that could elevate semen analysis to the level of routine healthcare and provide for

private, in-home self-assessment.
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1 | INTRODUCTION

Infertility is defined as a disease characterized by the failure to estab-
lish a clinical pregnancy after 12 months of regular sexual inter-
course.> The concept of describing infertility as a disease is part of a
conscious effort to arouse public attention regarding the issue. The
increasing prevalence of infertility has been associated with trends in
delayed marriage, obesity, and stress.>® Currently, nearly 200 million
people worldwide suffer from infertility.* Male infertility was found to
be responsible for 20%-30% of all infertility cases and involved in
50% of cases overall.” Furthermore, some researchers have discov-
ered a significant decreasing trend in sperm quality over recent
decades.®® Unfortunately, men often feel too embarrassed to seek help
such as a semen analysis when encountering infertility issues, which
sometimes leaves women to bear the burdens and pressures of infertility
and infertility testing” Even though the infertility examination for men
(semen analysis) is much easier and less invasive than that for women
(ovulatory function test, hysterosalpingogram, and saline infusion
sonohysterography, etc.), less men seek medical assistance with infertility
than women.1© This imbalance may be attributable to cultural stigmas
and men's' fears over loss of social status.**? For all of these reasons, it
is important to develop a point-of-care (POC) diagnostic device that
allows men to evaluate sperm health in the privacy of their own homes.
The current diagnostic methods for examining male infertility are
primarily rely on microscope-based examination and computer-
assisted semen analysis (CASA) systems described in the World
Health Organization (WHO) Laboratory manual for the examination
and processing of human semen.'® Standard semen analysis com-
prises examinations of semen volume, pH, sperm concentration,
count, motility, morphology, leukocyte count, and an immunobead
test. Although standard methods could provide a holistic approach for
determining sperm quality, such approaches require bulky and costly
microscopes, equipment, and well-trained technicians. These require-
ments are expensive, often costing hundreds of USD. They also limit
accessibility to semen analysis in resource-limit areas and push the
process into the category of nonroutine health examinations. To meet
the need for rapid, convenient, and easy-to-handle semen analysis
tools, technologies for home-based semen analysis have recently
emerged. Most of the current home-based semen analytical devices
have relied on an image magnifier and an image interpretation applica-
tion (APP) that can only return a few analytical parameters, for exam-
ple, concentration, TMS, and motility. Furthermore, the plane image
presentation of both the standard microscopic-based diagnostic
methods and the smartphone-based evaluations are not useful for
accurately tracking the three-dimensional spatial motion of spermato-
zoa because they lack z-axis observation capacity.'* The relatively
high price of smartphone-based analysis (usually >50 USD, but varied
depending on economic environment) also presents an obstacle for con-
tinuous monitoring. Chemical-based semen analysis tools, for example,
the FertilityScore kit and Sperm check, offer a relatively inexpensive and
useful alternative testing option. The FertilityScore kit is a colorimetric
kit based on the reduction of blue resazurin dye by motile spermatozoa,

and the Sperm check tool is a lateral flow assay based on an antigen-

antibody interaction.*>¢

It is worth noting that the physical-based
methods usually detect the parameters of sperm concentration and
motility separately while the chemical-based methods usually detect
motile sperm concentration.)” Here, we introduce a novel strategy that
differs from those mentioned above. This approach, extremely inexpen-
sive and easy-to-use, is a paper-based diagnostic device capable of
detecting total motile sperm concentration (TMSC) based on the mito-
chondrial activity of motile spermatozoa. It can be used to distinguish
low TMSC semen samples from those with normal TMSC levels.

Mitochondrial activity and functionality are the keys to sperm func-
tionality and play a critical role in many sperm functions including basic
motility, acrosome reaction, and final fertilization.*® Studies have shown
that defects in sperm mitochondria functionality may result in reduced
sperm quality and male infertility.2*?° Moreover, the activity of succi-
nate dehydrogenase (SDH), one of the mitochondrial respiratory chain
enzymes, was found to be highly correlated with sperm quality, includ-
ing sperm concentration, motility, and vitality.2*2® Therefore, testing
mitochondrial functionality, especially the activity of SDH, may be a
potential approach for determining sperm quality. In a previous study,
we developed a paper-based diagnostic device for evaluating the mito-
chondrial activity of spermatozoa based on 3-(4,5-Dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT), and used it to successfully
examine the mitochondrial activity of porcine spermatozoa.?*?> MTT is
a yellow-colored tetrazolium salt that can be reduced into purple-
colored formazan by SDH within the mitochondria of metabolically
active cells. The amount of formazan produced is directly proportional
to the metabolic activity of viable cells, indicating that MTT can be used
as a powerful tool for providing information regarding basic sperm qual-
ity. Recent studies have shown that TMSC, which is calculated by muilti-
plying the sperm volume by the percentage of sperm motility (% of
grade a/b), may be a better parameter for determining male infertility
than the parameters introduced by the WHO (2010).24?7 Our MTT test
strips determine TMSC based on mitochondrial functionality within
spermatozoa, and may provide a more relevant determinant of sperm
health than volume, concentration, or motility.

The goal of this study was to develop a truly POC diagnostic semen
analysis device to distinguish semen samples with low TMSC from those
with normal TMSC levels in order to assist men suffering from infertility
issues. Here, we present a rapid, inexpensive, user-friendly, colorimetrically
based POC sperm health testing device that can be used with low sample
volumes. This device was used to test fresh, unprocessed clinical semen
samples, and results were compared to those from traditional, clinical,
microscope-based analysis. Based on our findings, we further demonstrate
the potential for the development of an all-in-one semen analysis device

that can simultaneously detect multiple parameters quickly and easily.

2 | RESULTS

2.1 | Basic characteristics

Forty-three men (median age, 35.31 years) provided informed con-

sent and were recruited for this study between 2018 and 2019.
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TABLE 1 Patient characteristics

Patient group

No. of patients

Age (y)

BMI (kg/m?)

Systemic underlying diseases
Smoking history

Semen amount (ml)

Semen color (Grayish-white/yellow)
Semen viscosity (<2/>2, cm)
Sperm concentration (10%/ml)
Motility (%)

TMSC (x10%/ml)

Normal morphology sperm concentration (10%/ml)

WABC count (HPF)
RBC count (HPF)

3of11

Patient with normal TMSC Patient with low TMSC Total

20 22 42

31.6 +8.67 38.68 + 7.90 35.31+8.92
23.38 +2.82 27.17 +3.78 25.37 +3.83
2 4 6

2 7 9

3.73+1.79 2.86 +1.59 3.27+1.73
19/1 22/0 41/1

14/6 21/1 35/7

78.45 + 57.96 473 £ 10.36 39.83 + 54.78
48.7 +17.78 13+21.61 30 + 26.67
132.87 + 165.06 2.65+504 17.69 + 24.43
19.13 + 11.39 445 +7.75 11.44 + 12.08
2.78 +2.33 452 +84 3.57 + 6.29
0.28 + 0.30 0.45 +0.75 0.37 £ 0.58

Note: Value are presented as mean + SD, or number of cases. Systemic underlying diseases include hypertension, diabetes mellitus, dyslipidemia, heart dis-

ease, kidney disease, etc.

Abbreviations: BMI, body mass index; RBC, red blood cell; TMSC, total motile sperm concentration; WBC, white blood cell.

()

Succinate dehydrogenase (SDH)

/\‘ P
. /\ N — L
MTT 7 Formazan > 122 X105

FIGURE 1 The mechanism and colorimetric results of an MTT test strip. (a) The mechanism of the sperm and MTT interaction. There is an
abundance of mitochondria in the middle portion of the sperm cell, where succinate dehydrogenase (SDH) located on the mitochondria
transforms yellow-colored MTT into purple-colored formazan. (b) The color of the MTT test strip before and after testing the semen sample. The
colorimetric result is homogenously distributed over the testing zone of the MTT test strip and the result can be easily interpreted by visual
observation or with a smartphone-based recording and analytical system. MTT, 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium

bromide

One patient was excluded because of macroscopic significant hem-
atospermia. Therefore, a total of 42 semen samples from 42 differ-
ent patients were obtained for this study. The low TMSC group
(TMSC <20 x 10° spermatozoa) included 22 patients, while the
normal TMSC group (TMSC >20 x 10° spermatozoa) included
20 patients and was used as the control group. The diagnosis of
low TMSC (22 patients) for each study subject was confirmed by

manual microscopic-based semen analysis as recorded in each

patient's medical record. The basic characteristics of these 42 sam-
ples are provided in Table 1.
2.2 | MTT test strip semen analysis

The mechanism and colorimetric change features of the MTT test

strip are illustrated in Figure 1. The large number of mitochondria
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FIGURE 2 Two-image readout system and MTT test strip results differentiate normal and low total motile sperm concentration (TMSC)
semen samples. (a) The red/green/blue (RGB) colorimetric results recorded using pantone color chips (b) The receiver operating characteristic
(ROC) curve based on visual observation of the MTT test strip to differentiate normal and low total motile sperm concentration (TMSC,

< 20 x 10° spermatozoa) in semen samples. (AUC = 0.71; 95% of confidence interval = 0.55-0.86; p = 0.021) (c) The confusion matrix of the
results based on visual observation. (sensitivity = 41%,; specificity = 95%,; positive predictive value (PPV) = 90%; negative predictive value
(NPV) = 59.4%; accuracy = 67%) (d) The RGB scale of the colorimetric results recorded via smartphone. The arrow in the middle part of the
ColorPicker application can be used to analyze the RGB scale of the loaded picture. (€) ROC curve of an MTT test strip analyzed with the
smartphone-based recording and analytical system to differentiate normal and low TMSC semen samples. (AUC = 0.766; 95% of confidence
interval = 0.612-0.92; p = 0.003) (f) The confusion matrix of the results recorded using the smartphone-based recording and analytical system
(sensitivity = 96%; specificity = 65%; PPV = 75%; NPV = 92.9%; accuracy = 80.9%). In figure (c), (f), the RGB threshold that separates patients
predicted as normal TMSC status and low TMSC status was determined by the point on the ROC curve that maximized sensitivity and specificity.

MTT, 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide

located in the middle portion of a sperm cell can transform yellow
MTT into purple formazan via electron-transport activity. In Figure 1
(b), the colorimetric change of the test strip is significant enough for
measurement using visual (naked eye) interpretation or color analyz-
ing devices. For clinical validation of the visual, naked eye image read-
out system (recorded as the pantone color, illustrated in Figure 2(a)
and Table SI), the colorimetric results recorded by MTT test strip were
significantly correlated with TMSC (rho = 0.36, p = 0.019; calculated
by Spearman correlation coefficient). The predictive value of all
parameters mentioned in Table 1, including age, BMI, systemic under-
lying diseases, smoking history, and manual semen analytical parame-
ters, were calculated by univariate logistic regression, and parameters
with p-values <0.05 were considered as confounding factors (Table 2).
Subsequent multivariate logistic regression analysis indicated that the
odds ratio of the MTT test strip was 0.953 (95% confidence inter-
val = 0.902-1.002; p = 0.094) after adjusting for confounding factors

(age, BMI, and normal morphological sperm concentration). We
obtained an area under the curve (AUC) of the receiver operating
characteristic (ROC) curve of 0.71 (95% confidence interval = 0.55-
0.86; p = 0.021) when the MTT test strip was compared with conven-
tional semen analysis (Figure 2(b)). The red green blue (RGB) threshold
that separated patients diagnosed with normal TMSC status and low
TMSC status was determined by the point on the ROC curve that
maximized sensitivity and specificity. The sensitivity, specificity, posi-
tive predictive value (PPV), negative predictive value (NPV), and accu-
racy were obtained at the cut-off value of 20x10° TMSC, which gave
the results of 41%, 95%, 90%, 59.4%, and 67%, respectively. These
data were presented in the confusion matrix (Figure 2(c)). A
smartphone-based system, a general smartphone and a free APP
(ColorPicker) were used to assist the color interpretation (Figure 2(d)).
We used the ColorPicker APP to transform the colorimetric changes

of the test strip into RGB scale. After adjusting for the “blank” color,
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TABLE 2 Predictive value of the parameters mentioned in Table 1
%p = 0.015, Exp
Age (y) (B)=1.116
BMI (kg/m?) %p = 0.005, Exp (B) = 1.397
Systemic underlying disease p = 0.900
Smoking history p=0.101
Semen color (Grayish-white/yellow) p=1
Semen viscosity (<2 / >2, cm) p =0.053

Normal morphology sperm %p = 0.001, Exp (B) = 0.825

concentration(10%/ml)
WBC count (HPF)
RBC count (HPF)

p=0477
p =0.356

2Parameters with significant predictive value.

colorimetric results were converted to grayscale for analysis. The ana-
lytical data for all the patients are illustrated in Table SlI. The results
were significantly correlated to TMSC (rho = 0.452, p = 0.003; calcu-
lated by Spearman correlation coefficient). Using this approach, the
odds ratio of the MTT test strip for predicting male fertility status was
0.947 (95% confidence interval = 0.904-0.991; p = 0.02, calculated
by multivariate logistic regression analysis) after adjusting for con-
founding factors including age, BMI, and normal morphological sperm
concentration. The AUC of the ROC was 0.766 (95% confidence
interval = 0.612-0.92; p = 0.003) as demonstrated in Figure 2(e). The
sensitivity, specificity, PPV, NPV, and accuracy were calculated as
96%, 65%, 75%, 92.9%, and 80.9%, respectively. These data were also

presented in the confusion matrix (Figure 2(f)).

3 | DISCUSSION

This study introduced a POC semen analytical test strip that can dis-
tinguish semen samples with low TMSC from those with normal
TMSC levels by detecting the amount of mitochondrial activity in
sperm. The results were generated and observable via a colorimetric
change, that is, yellow MTT to purple formazan. The experiment
extended previous studies suggesting that a paper-based MTT assay
could be used to monitor sperm quality.?*?> We further compared
our results with those from standard microscopic-based semen ana-
lyses and found that the results from using our MTT test strip were
significantly correlated with TMSC. The MTT test strip can distinguish
low male TMSC status (TMSC <20 x 10° spermatozoa) from normal
TMSC status with an accuracy of 67% using just a visual, naked eye
image readout system and with an accuracy of 80.9% using a
smartphone-based system. The smartphone-based recording and ana-
lytical system showed superior predictive ability for determining male
infertility compared to the naked eye image readout system, which
may be attributed to the more accurate RGB analytical capacity of the
smartphone. The ColorPicker APP can precisely transform the colori-
metric image to its corresponding RGB values and perfectly distin-

guish shades of color. This is a significant advantage over the naked

eye system, which relies on human-made comparisons to pantone
color chips. Altogether, the standardized protocol of the smartphone-
based system avoids subjective factors and significantly improves
diagnostic accuracy. In addition, it is worth noting that the sensitivity
of the MTT test strip when using the smartphone-based system was
96%, indicating that the MTT test strip can be adopted as a suitable
screening tool for POC semen analysis in a variety of circumstances.

To select an appropriate diagnostic tool, one can follow the
ASSURED criteria provided by WHO.28 In keeping with this set of
criteria, the MTT test strip we developed displayed characteristics of
being affordable (approximately 0.03 USD per test), user-friendly
(1 step), rapid (less than 30 min), equipment-free, and deliverable to
end-users. The MTT test strip allows men to evaluate their semen
quality at home, in clinics, or in developing countries where infertility
problems are severe, but sophisticated equipment and well-trained
technicians are difficult to access.?’ Moreover, because MTT test
strips are easy to use and cost-effective, they could facilitate and pro-
mote the inclusion of semen analysis in routine health examinations.
Men who suffer from infertility or have undergone a vasectomy can
easily use the MTT test strip as a screening or follow-up tool. This
would provide a clear benefit to men, but would also reduce stress on
women who are typically burdened with the responsibility for fertility
testing. A schematic diagram demonstrating the applied use of an
MTT test strip is provided in Figure 3.

30,31 and

An estimated 15% of all couples suffer from infertility,
10% of all couples rely on vasectomy for contraception.’?% As a
result, at least 25% of all couples worldwide require semen analysis.
The high demand for semen analysis has given rise to a variety of
POC semen analytical devices. The Fertell test, developed in 2006,
was the world's first commercially available home-based semen ana-
lytical device.®* In this device, a layer of hyaluronic acid is used to
select progressively motile spermatozoa through a swim-up process,
and the concentration of progressively motile sperm is measured by
lateral flow immunoassay. Overall, POC semen analytical tool method-
ology can be divided into chemical-based semen analytical devices,
physical-based semen analytical devices, and combined-system
devices. The chemical-based semen analytical methods include colori-
metric reaction and lateral flow immunochromatography, which can
measure sperm concentration or TMSC.'>® The chemical-based
semen analytical methods are characterized by low cost and their lack
of equipment needs. The physical-based semen analytical methods

include centrifugation®>3¢

and magnification. In the magnification
method, sperm images can be magnified by a miniaturized micro-
scope®” or a portable optical attachment, and images can be analyzed
using a computer or smartphone.®®#° The physical-based semen ana-
lytical methods can be used to determine sperm concentration and
motility in a quantitative manner and they can do so with high accu-
racy. Some semen analytical devices combine chemical and physical
methodologies into a single device that provides information provided
by both approaches.t”#1*® Comparative details of current POC
semen analytical methodologies are provided in Table 3. The MTT test
strip we developed is a cotton-based diagnostic tool that appears to

be the most inexpensive and easy-to-use semen analytical device,
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Home

Clinic >~

Developing
Country /

FIGURE 3

(.

Normal

Low fertility status

Potential clinical application of the MTT test strip. The equipment-free MTT test strip allows men to evaluate their semen quality

anywhere, whether in the home, the clinic, or in resource-limited developing countries. After collecting a semen sample, men can easily determine
results using a smartphone or color indicator chart (within 15 min). MTT, 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide

with a cost of less than 0.03 USD per test (about 1,500 times cheaper
than the cost of currently available semen analytical devices). This
approach requires only a single step, compared to the 2 to 4 steps
required by other currently available semen analytical devices.
Although the accuracy of the MTT test strip is relatively low (67%-
81%) compared to currently available POC semen analytical devices,
the high sensitivity (up to 96%) of the MTT test strip makes it a suit-
able semen quality screening tool capable of diagnosing possible infer-
tility issues. In addition, paper-based or cotton-based analytical
devices appear to be the most promising platform for developing
physiological fluid-based diagnostic devices because of their low-cost,
portability, trace substance requirements, and adaptability.***> The
adaptability of these paper-based or cotton-based diagnostic devices
allows them to overcome some of the limitations of currently avail-
able, at-home semen analytical tools, such as their bulky size and lim-
ited parameter testing. The design of our MTT test strip enables
several determinations simultaneously. The potential for cotton-based
semen analytical devices is summarized in Figure 4(a),(b). These
devices facilitate measurements of volume, TMSC, white blood cell
count, pH level, and other parameters in a single device and with only
a single step.

As highlighted above, the MTT test strip provides convenient and
rapid qualitative TMSC values based on a measurement of mitochon-
drial activity. Because the age at which people are getting married has

been increasing in many countries,*64”

early detection of possible infer-
tility factors is an important issue for early fertility management and
better pregnancy outcomes. Early evaluation of semen quality by cur-
rent WHO manual or CASA methods is labor-intensive, expensive, and
time-consuming. Men who want to conceive a child would benefit by
the availability of MTT test strip technology for early, home-based
screening. If results indicate normal TMSC status, men can try natural

conception following the WHO guidelines; but if results indicate low

TMSC status, we suggest that men go to the hospital for a more
detailed examination, and further determination regarding whether they
should receive assisted reproductive technology (Figure 4(c)). Following
this process may help men with infertility to receive appropriate inter-
vention earlier than the current WHO guidelines, which suggests that
couples try normal conception for 1 year before having any examina-
tion. Due to the high sensitivity and low cost of the MTT test strip, we
believe it could facilitate more rapid and effective management of possi-
ble infertility issues. However, it should be noted that we do not sug-
gest using the MTT test strip to replace standard semen analysis. If
MTT test strips indicate normal TMSC, but couples fail to conceive over
a year's time, they should seek help following the WHO guidelines.
Despite its clear value, this process has limitations. First, the sam-
ple size was relatively small, and the sample source was restricted to
Asian men. Further, although we have validated our experiment using
spiking methods under very controlled conditions and animal testing
in our previous study, the optimized concentration of MTT required
for manufacturing the test strip is different for human samples com-
pared to the porcine samples we used in our previous study.?*?> A
greater number of samples, and a selection of samples from additional
races could provide advantageous results and further validation.
Another issue is the lack of a clinical test value directly comparable to
the mitochondrial activity tested using the MTT test strip. Clinical
tests and medical reports based on the WHO manual methods could
only provide the values of volume, turbidity, color, viscosity, sperm
count, motility, vitality, morphology, white blood cell count, and red
blood cell count. Furthermore, many studies have shown that the cur-
rent WHO criteria for semen analysis are not enough for adequate
determination of fertility level.*8-> The poor prognostic power of the
current diagnostic criteria may result from their lack of functional con-
sideration of spermatozoa characteristics including DNA integrity and

mitochondrial activity, which are key to successful fertilization.”?>* In
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(a) Integrate multiple (b)

s parameters in a single

test strip Cover
' 4\ — MTT test pad for TMSC
Yelune X ® 2" | — WBC TestKit

(c)

N . Try natural conception first

¥ Normal-fertilify stains following the WHO guideline

Low fertility status

FIGURE 4

WHO-based
semen analysis

Try natural conception
following the WHO guideline

Normal ——

Receive assisted reproductive

I .
nfertility —— tesnolagy

1 year earlier than the current protocol

Potential cotton-based holistic semen analytical devices and MTT test strip application flow chart (a) The test strip design allows

integration of multiple parameters in a single test. The co-tested parameters can include pH, white blood cell count, and other parameters. (b) The
transformable property of the cotton-based MTT test strip allows for redesign. Used in combination, the measuring cylinder and the MTT test
pad attached to the cover could provide more information about semen quality. (c) This flow chart suggests that men evaluate their semen quality
before trying to conceive. If the result shows normal total motile sperm concentration (TMSC) status, men can try natural conception first,
following the WHO guidelines, but if the result shows low TMSC status, we suggest that men go to the hospital for a detailed examination.
Following this flow chart, infertile man can receive appropriate intervention earlier than they would under the current WHO guidelines, which
suggests that couples attempt normal conception for 1 year before having any examination. MTT, 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-

tetrazolium bromide

our study, we could only choose the most correlated parameter, that
is, TMSC, which examined multiple parameters to increase the poten-
tial for determining fertilization.2¢%?” However, a specialized study to
evaluate the correlation between MTT test strip results and spermato-
zoan mitochondrial normality may be required. Furthermore, to truly
validate the predictive ability of the MTT test strip for determining
male infertility, a meticulous study design with a longer follow-up
period lasting for at least 1 year would facilitate the tracking of real
fertility outcomes and may yield more significant results. Finally, the
results of the MTT test strip may be interfered with by the presence
of other karyocytes, for example, white blood cells with mitochondria,
that could also transform yellow MTT into purple formazan. This limi-
tation may be overcome with the use of a filter or by simultaneous

determination of WBC count as shown in Figure 4(a),(b).

4 | MATERIALS AND METHODS

41 | Study design and patients

This is a cross-sectional study to assess the utility of our MTT test
strip for examining clinical samples and comparing them to clinically
derived results, that is, microscopy-based, gold standard semen analy-
sis. Patients receiving semen analysis due to infertility concerns were
recruited from the Division of Urology at Chang Gung Memorial Hos-

pital, Linkou. Patients with extremely low semen volume, that is, levels

that were insufficient to complete the test and those with hem-
atospermia, were excluded. This study was approved by the local
institutional review board of Chang Gung Memorial Hospital in 2018
(IRB number: 201800088B0) and followed the relevant guidelines.
Informed consent was obtained from all patients after providing them
with a detailed explanation of the study. All semen samples were col-
lected from March 2018 to July 2019 (n = 43).

4.2 | Semen preparation

The semen samples were provided via patient masturbation following
3 to 5 days of sexual abstinence. The semen samples were ejaculated into
an aseptic plastic cup and shelved for 30 min at room temperature for
semen liquefaction.’® All semen samples were obtained using sterilized
cups and analyzed using our MTT test strips immediately following com-
pletion of clinical semen analysis. The time span between ejaculation and

both the manual semen analysis and the MTT strip test was less than 1 h.

43 | MTT test strip fabrication

The test strip consisted of a ribbon made of paper and a test pad made
of cotton adhered to the tip of each strip. To encourage user-
friendliness in our POC diagnostic device, the test pad was designed

with a width of approximately 5 mm and a length of 10 mm. MTT
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purchased from Sigma-Aldrich (No.: M2128, USA) was used as the coat-
ing reagent. To manufacture our MTT test strip, test pads were impreg-
nated with a solution of 0.75 mM MTT and 5% sucrose, which was
used as a stabilizer.>>° The MTT test strip was subsequently dried at
room temperature overnight. While drying, it was kept in the shade, at
room temperature, and away from light. If kept away from light, humid-

ity, and heat, the test strip can be stored and used for more than a year.

44 | Experimental section: Semen analysis

To execute semen analysis, MTT test strips were immersed directly
into liquefied semen samples for approximately 2 s. The test strip was
subsequently removed from the semen sample and placed on a hori-
zontal surface for a 15 min reaction period away from the light. Dur-
ing this time, the reactive SDH found within sperm mitochondria
transformed the yellow-colored MTT into purple-colored formazan.
The resulting colorimetric change was easily captured and analyzed.
To achieve the goal of developing a true POC semen analytical device,
we carried out two simple strategies to interpret the colorimetric
results without sophisticated equipment: (a) a visual, naked eye com-
parison; and, (b) a smartphone-based recording and analysis. When
employing the visual, naked eye assay, we compared the postreaction
test strip color with pantone color chips to find the most similar
match. We recorded the RGB scale of the selected color chips. The
difference between the pantone color chips and the blank value
(white, RGB 255; 255; 255) was calculated for further analysis. When
using the smartphone-based system, we recorded the intensity of the
purple signal using the camera of a simple smartphone (Asus Zenfone
6, Taiwan), and then processed the colorimetric results using an RGB
detection APP, ColorPicker. This APP can be installed via the App
Store or via Google Play. We used the free version. The central area
of the test strip was marked as the tested point and the white paper
strip area near the tested pad area was marked as the blank value.
The difference in RGB values between the tested point and the blank
value was recorded for further analysis. All procedures were carried
out at room temperature, and the experimental time from sample
preparation to image analysis was less than 1 h. Only an MTT test
strip and a smartphone were required to complete this test.

The MTT test strip results were compared to clinically determined
TMSC results from patient medical records. Clinical tests were performed
and recorded using the manual, microscope-based method described in
the WHO criteria (2010), which is considered the gold standard.2® In this
experiment, TMSC values of more than 20 x 10° spermatozoa were
defined as being in the range of normal TMSC status, while TMSC values
below 20 x 10° spermatozoa were considered to be indicative of low

TMSC status in accordance with the reference mentioned above.?%?”

4.5 | Statistical analysis

Statistical analyses were performed using software (IBM SPSS Statis-
tics for Windows, Version 22.0. Armonk, NY: IBM Corp.). A p-value of

less than 0.05 was considered statistically significant. The colorimetric
results of the MTT strip test were converted into grayscale where
gray = (red + green + blue). For continuous data, the normality of the
distribution was tested using the Shapiro-Wilk test. Pearson's correla-
tion coefficient was used to calculate the normally distributed data,
and Spearman correlation analysis was used for the nonnormal distrib-
uted data. For results with significant correlation, multivariate logistic
regression analysis was used to assess the predictive probability of
male infertility using our MTT-test strip, and results were demon-
strated using a ROC curve with AUC and a 95% confidence interval.
Based on the ROC curve, the Youden's J statistic was used to calcu-
late the maximum potential effectiveness of the MTT test strip. The
results were presented as a confusion matrix, wherein we calculated
sensitivity, specificity, PPV, NPV, and accuracy.

5 | CONCLUSIONS

This study demonstrates a rapid, inexpensive, sensitive, equipment-
free, and easy-to-use POC semen analytical tool for assessing male
fertility. Men can easily test their semen quality with a one-step evalu-
ation process at home using the MTT test strip, which costs only
$0.03 per test. Our results were clinically validated by comparing
them to TMSC values from the medical records of 42 patients. As the
problem of infertility becomes an increasingly pressing issue, imple-
mentation of a tool such as our MTT test strip could alleviate burdens
and increase the efficiency of fertility testing and planned pregnancy,
speeding the process by as much as an entire year compared to the

generally accepted protocol.
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