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a b s t r a c t

Sperm damage caused by reactive oxygen species (ROS) is one of the main causes of male infertility.

Therefore, the level of ROS in sperm is an important indicator for the diagnosis and prognosis of male

infertility. Herein, we constructed a single sperm ROS detection method (SSRDM) with an optical micro-

probe fabricated via focused ion beam process. The micro-probe is used to separately excite fluorescence

in the sperm and the area around the sperm after ROS staining, and the difference in fluorescence val-

ues can reflect the level of ROS in the sperm. We collected 102 semen samples and 72 of them were

divided into asthenozoospermia and non-asthenozoospermia groups. SSRDM and flow cytometry were

used to detect the ROS levels of the two groups. The results of SSRDM showed that the ROS levels of

asthenozoospermia group were higher than that of non-asthenozoospermia group (P=0.002), while the

results of flow cytometry indicated no difference (P=0.152). In terms of ROS levels, compared with flow

cytometry, SSRDM has a stronger ability to distinguish between those two groups, providing a reliable

basis for assessment of sperm quality. Another 30 semen samples were used to investigate temperature

and temporal variability of SSRDM to ensure the stability and accuracy of this method. Overall, we have

developed a method that can quantitatively detect fluorescent substances in sperm at the single-cell level

supplying evidence for diagnosis and prognosis of male infertility.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Infertility has been defined as having not taken any contracep-

tive measures for more than 1 year, a normal sex life, and no suc-

cessful pregnancy [1]. In recent years, the incidence of infertility

has increased annually. According to the World Health Organiza-

tion (WHO) statistics, infertility has affected 8%−12% of couples

in the reproductive age group, with 50% of these cases being re-

lated to male factors [2,3]. The occurrence and development of

male infertility is related to a variety of factors, including changes

in lifestyle [4,5], genetic causes [6,7], and body damage caused by

reactive oxygen species ROS [8]. Sperm damage caused by ROS is

one of the main causes of male infertility. ROS refers to a class
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of oxygen-containing substances that have a high oxidizing capac-

ity in the body or natural environment, including superoxide an-

ions (O2
•−), hydrogen peroxide (H2O2), hydroxyl (

•OH), and peroxyl

(•ROO) [9]. The mechanism of excessive ROS damages to sperm in-

cludes two aspects: (1) ROS directly destroys the sperm DNA in the

cell nucleus and mitochondria [10], and (2) ROS leads to the perox-

idation of sperm cell membrane lipids, triggering axonemal injury

and causing ATP deficiency in the sperm, which ultimately affects

sperm motility [11,12]. In conclusion, excessive ROS in sperm has

an important impact on male infertility; therefore, the level of ROS

in sperm is an important indicator for the diagnosis and treatment

of male infertility [13,14].

At present, the main methods for detecting ROS in sperm are

a chemiluminescence (CL) assay and flow cytometry (FCM) [15,16].

The CL assay uses luminol as a luminescent agent; luminol is oxi-

dized by ROS to emit a light signal, which is then detected by a CL

meter to reflect the level of ROS in the sperm. However, the ROS
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detected by this method is the sum of sperm and seminal plasma

ROS levels. The seminal plasma ROS level is greatly affected by the

surrounding environment; therefore, this method cannot accurately

reflect the sperm ROS level. Importantly, the level of ROS in sperm,

and not that in semen, is the indicator that best reflects the quality

of sperm and male fertility.

To overcome the difficulty that the CL assay cannot directly de-

tect sperm ROS, researchers employed FCM to detect sperm ROS.

The principle of FCM detection of ROS is to excite the fluorescent

probe (such as 2′,7′-dichlorodi-hydrofluorescein diacetate, DCFH-

DA) and then collect the signal. The probe alone does not emit a

fluorescent signal and can freely pass through the cell membrane.

However, after the probe enters the sperm and is oxidized by ROS,

it can no longer penetrate the sperm. The probe in the sperm is

then excited by the laser, and emits a fluorescent signal. The detec-

tion method can produce a specific response to ROS in the sperm

cells. However, the flow cytometer divides the tested sample into

individual droplets that pass through the detection area. Although

each droplet contains one cell, the detected signal is the fluores-

cence intensity of the entire droplet, which cannot accurately de-

tect the fluorescence intensity of the sperm. In addition, the excita-

tion light of the flow cytometer is focused on a specific plane. For

different sperm, even if they have the same ROS level (concentra-

tion of fluorescent substance in the cell), they will show different

detection results due to the difference in the focal plane. There-

fore, FCM cannot accurately measure the intracellular fluorescence

signal of the sperm.

In summary, evaluation of the ROS level has important guiding

significance for evaluating sperm quality and in the prognostic as-

sessment, educational diagnosis, and antioxidant treatment of male

infertility. However, a method for accurately quantifying a single

spermatic ROS level is currently lacking.

In this study, we constructed a single sperm ROS detection

method (SSRDM). The method is divided into two steps: First, we

used 5-(and-6)-chloromethyl-2′,7′-dichlorodihydrofluorescein diac-

etate (CM-H2DCFDA) to fluorescently stain ROS in the sperm.

This compound is typically loaded into sperm in the form of a

membrane-permeant diacetate (DA) ester. Then, intracellularly, it is

converted into non-fluorescent CM-H2DCF by esterase action. Af-

ter that, cellular oxidant stimulates the formation of CM-DCF from

CM-H2DCF through a peroxide-catalyzed reaction, which involves

two main steps: (1) conversion of CM-H2DCF into CM-DCFH•/CM-

DCF•− stimulated by CO3
•−, NO2

• and/or peroxidase-like catalysts

involving conversion of GS• into GSH, (2) formation of CM-DCF

stimulated by generation of O2
•− from O2. And the chloromethyl

on fluorescent CM-DCF prompts it more negatively charged, mak-

ing it difficult to penetrate the sperm membrane. The lack of speci-

ficity of CM-DCF formation makes it difficult to identify the nature

of the oxidants detected by the probe. Therefore, the formation of

CM-DCF in cellular systems can best be considered as a marker of

cellular oxidant levels rather than as a direct reporter of a spe-

cific ROS species. After removing the extracellular free staining so-

lution, CM-H2DCFDA could more specifically indicate the level of

ROS in sperm cells. Second, we measured the fluorescent signal

in a single sperm and introduced a unique optical micro-probe

that is fabricated via a focused ion beam (FIB) process. The micro-

probe is approximately 8 cm in length composed of three layers

from the inside to the outside: an optical fiber layer, a titanium

metal layer with a thickness of about 100nm, and a 1 μm thick

plastic wrap layer (Fig. 1A). This design allows the laser light to

be irradiated from the probe to the cell through the optical fiber

without damage. We would like to point out that the fundamen-

tal advantages of using micro-fiber to detect ROS are direct mea-

surement and eliminated background signal. The claimed advan-

tage of direct measurement is with respect to the clinically preva-

lent flow-cytometry method which only reports the percentage of

sperm cells higher than cut-off. “The percentage of sperm cells” is

actually a cell-level parameter, not a direct quantitative description

of the ROS. Using an indirect cell-level parameter to describe the

amount of molecule-level ROS is intrinsically deviated. As for the

eliminated background signal, the size of the micro-fiber is around

6μm, and therefore the diameter of the spherical exciting light

emitted by the micro-fiber is also around 6μm. Such small volume

of spherical exciting light can only cover the head and neck of one

sperm (which is also around 6μm) and excite the fluorescent dyes

within the pointed sperm head. As a result, the un-pointed sperms,

interfering cells and surrounding buffer are not excited and will

not produce any background signals [17]. Compared with conven-

tional fluorescence microscopy which excites a thick layer of the

sample, the background signal and the measurement deviations

of our method are much lower. As shown in Fig. 1B, we built a

fluorescence detection platform based on a laser micro-probe. We

placed the micro-probe on the sperm head, which emits the cor-

responding excitation light according to the dye excitation wave-

length and is confined to the sperm head and neck area; the scat-

tered light is then received to obtain the fluorescence value A (Fig.

S1 in Supporting information). This localized excitation method al-

lows different sperm to receive the same excitation light inten-

sity without being affected by the focal plane. The probe was then

moved to excite the area around the sperm head, and the mea-

sured fluorescence was used as the background value B. The differ-

ence between A and B reflects the intracellular fluorescence inten-

sity of the tested sperm. In summary, this method can accurately

determine ROS level in a single sperm.

We first characterized the micro-probe. The field emission-

scanning electron microscope (FE-SEM) image (Fig. 1C) of a typ-

ical optical micro-probe clearly revealed an optical fiber aperture

surrounded by a ring of titanium. The aperture effectively confined

the excitation light in the evanescent field with an extremely low

penetration depth, leading to highly localized excitation. Further-

more, the reduced excitation intensity from the aperture could also

minimize dye bleaching [18].

Further, we discussed the sensitivity, specificity and stability of

CM-H2DCFDA in buffer. CM-H2DCFDA can be oxidized by the var-

ious ROS. Therefore, we cannot prepare standard solutions to pro-

duce a standard curve that can calculate the levels of mixed ox-

ides. However, we can use standard solutions of H2O2 to create

a standard curve of the number of photons over the concentra-

tion of H2O2. Subsequently, the number of photons produced by

a certain sperm could be translated to a calculated concentration

of H2O2, i.e., we could use the concentration of H2O2 as an equiv-

alent parameter to quantitatively describe the amount of ROS in

the sperm. In the concentration range of 0.05–1 μmol/L, the num-

ber of photons (after subtracting the background value) demon-

strated a good linear regression relationship with H2O2 concen-

tration (R2 =0.9921) (Fig. 2A). The detection limit was calculated

to be 0.01μmol/L based on 3 σ /S, where σ is the standard devi-

ation of a blank measurement and S is the slope of fluorescence

intensity versus H2O2 concentration. The equation of the standard

is NPs= −502.158+13,112.637C, where NPs and C represent num-

ber of photons and the concentration of H2O2, respectively. Fi-

nally, we can calculate the amount of ROS of any sperm simply

by plugging the number of photons into the above equation (The

calculated result is the equivalent concentration of H2O2, not the

real concentrations of mixed oxides). For specificity, we tested CM-

H2DCFDA with 10 different ions and biomolecules. As shown in

Fig. 2B, only H2O2 could trigger an obvious fluorescence in-

crease. The other tested species showed a negligible effect rela-

tive to H2O2. For stability, we treated CM-H2DCFDA with 2 μmol/L

and 20 μmol/L of H2O2 for 30min. The fluorescent signals were

recorded in two modes: the first mode was continuously monitor-

ing the fluorescence intensity from the beginning to the endpoint
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Fig. 1. (A) The preparation of the capillary with the Ti ring at the microtip. (B) Schematics of the platform for fluorescence detection. (C) FE-SEM image of the optical

micro-probe. Scale bar is 1 μm.

Fig. 2. (A) Linear relationship of CM-H2DCFDA between the fluorescence intensity and H2O2 concentration (0.05–1 μmol/L). (B) Fluorescence response of CM-H2DCFDA to

various common species (20 μmol/L). The red bar shows the fluorescence intensity after the addition of these analytes. (C) Endpoint fluorescence intensity of CM-H2DCFDA

oxidized by 2 μmol/L and 20 μmol/L of H2O2 for 30min in the continuous monitoring mode and endpoint measurement mode. (D, E) A higher fluorescence value (1796) was

measured when using the platform to detect bright sperm. (F, G) A lower fluorescence value (26) was measured when using the platform to detect sperm with no visible

fluorescence. Scale bar is 10μm. (H) The result of SSRDM in detecting ROS in sperm of menadione group and control group.

(30min), and the latter mode was incubating the reaction system

(CM-H2DCFDA with 2 μmol/L and 20 μmol/L of H2O2) in dark for

30min and only measuring the fluorescence intensity at the end-

point. Overall, CM-H2DCFDA in the first mode was exposed with

exciting light for many times whereas it was exposed only once

in the latter mode, so we could evaluate the photostability of our

probe by comparing the endpoint fluorescent signals in such two

modes. As presented in Fig. 2C, the end-point fluorescence inten-

sity in two modes were very close (the difference was not signifi-

cant), demonstrating the photostability of our probe.

Then 72 of 102 semen samples were performing standard

semen analysis and the specific studied semen parameters for

the samples were summarized in Table S1 (Supporting informa-

tion). Based on the WHO guideline (2010), asthenozoospermia

was defined as progressive motility < 32% in a semen sample

[19]. According to the standard, we divided the 72 semen sam-

ples from infertility clinic and sperm bank into asthenozoosper-

mia and non-asthenozoospermia groups. The average of the dif-

ferent semen parameters was calculated (Table 1). Overall, the

non-asthenozoospermia group had significantly higher sperm pro-

gressive motility (P < 0.001) than the asthenozoospermia group.

Table 1

Different studied semen parameters for non-asthenozoospermia group and astheno-

zoospermia group.

Parameter Non-asthenozoospermia

(n=34)

Asthenozoospermia

(n=38)

P value

Concentration

(106/mL)

48.8 39.9 0.284

Count (106) 143.09 152.08 0.269

Progressive (%) 48.43 16.61 < 0.001

SSRDM 400.75 597.38 0.002

FCM (%) 23.47 29.46 0.152

Note: Mann-Whitney U test was used to compare the parameters between two

groups. Participants with progressive parameter below the reference value (32%)

were classified as the asthenozoospermia group. Values are shown as average.

Sperm concentration (P=0.284) and count (P=0.269) were simi-

lar in both groups.

To explore the effect of CM-H2DCFDA on the staining of ROS

in sperm, we took the sperm suspension after incubation and ob-

served it under a fluorescence microscope. As shown in Fig. S2

(Supporting information), the head and neck had a high ROS level

compared to the background or other parts of the sperm, resulting
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in the emission of a very bright green fluorescence. This indicates

that CM-H2DCFDA can be oxidized by ROS in sperm, and this is

most obvious in the head and neck, which is consistent with the

results of previous studies.

Next, we used SSRDM to detect sperm ROS in a sperm sus-

pension. Here we are using photon-counting system, the measured

value is the number of photons. Sperm with a higher fluores-

cence value (Figs. 2D and E, number of photons=1796) appear as a

bright spot under the fluorescence microscope, while sperm with a

lower fluorescence value (Figs. 2F and G, number of photons=26)

had no bright spots. Moreover, the progressive motility < 32% in

the sample showed in Figs. 2D and E. While, the sperm in Figs. 2F

and G was non-asthenozoospermia. The capacity of CM-H2DCFDA

and the micro-fiber probe was further studied using menadione as

an ROS stimulant for monitoring the expression levels of upreg-

ulated ROS in sperm (Fig. 2H and Fig. S3 in Supporting informa-

tion). The result above indicates that we have successfully estab-

lished a micro-probe-based method for detecting intracellular ROS

in sperm.

Then, to further explore the feasibility of this method in clini-

cal applications, we tested the ROS in the sperm of 72 semen sam-

ples. The specific results are shown in Table S1. The average fluo-

rescence value of the non-asthenozoospermia group was 400.75,

while that of the asthenozoospermia group was 597.38 (Table 1

and Fig. S4 in Supporting information). The Mann-Whitney U test

showed a significant between-group difference in the average flu-

orescence value (P=0.002) (Table 1 and Fig. S4). Therefore, SS-

RDM can clearly distinguish the ROS levels of asthenozoospermia

sperm and non-asthenozoospermia sperm, thereby providing a re-

liable basis for the determination of sperm quality.

Besides, the intracellular ROS of the 72 samples were also de-

tected by FCM. Gate for sperm was set according to dot plot chart

displaying characteristics of forward scatter, which is roughly pro-

portional to the diameter of the cell, and side scatter, which is pro-

portional to cellular granularity (Fig. S5 in Supporting information).

The specific results are presented in Table S1. However, we notice

that the proportion of luminous sperm in the asthenozoospermia

group detected by FCM was approximately 30%, while the propor-

tion in the non-asthenozoospermia group was approximately 23%

(Table 1 and Fig. S4). The results of FCM were non-normally dis-

tributed, and the Mann-Whitney U test gave a P value of 0.152

(Table 1 and Fig. S4). Based on the above results, FCM cannot dis-

tinguish asthenospermic sperm from non-asthenospermic sperm in

terms of ROS levels.

The above results indicate that SSRDM can be used to detect the

level of ROS in sperm, thereby providing evidence for the assess-

ment of sperm quality and the diagnosis of male infertility. In fact,

this method can also evaluate the effect of andrology antioxidant

therapy. One of the patients in the group likes smoking. Moreover,

standard semen analysis showed that progressive motility of his

sperm was weak; thus, we further detected ROS level in sperm. It

was observed under the microscope that there were many bright

sperm in the visual field (Fig. 3A). SSRDM results showed that flu-

orescence value of his sperm reached 2806 (Fig. 3B), while FCM in-

dicated the proportion of luminescent sperm in the semen reached

34% (Fig. 3C). After taking the antioxidant drugs of astaxanthin and

vitamin C for one and a half months, we detected ROS level in his

sperm again. Microscopic examination, SSRDM and FCM all showed

that the level of ROS in sperm was significantly decreased. There-

fore, SSRDM is also a reliable tool for evaluating the prognosis of

antioxidant therapy.

ROS level in sperm is easily affected by the external environ-

ment, especially related to factors such as the storage temperature

and time after liquefaction. Therefore, we investigated the temper-

ature variability (Table S2 in Supporting information) and tempo-

ral variability (Table S3 in Supporting information) of SSRDM to

Fig. 3. Different methods to show the level of ROS in sperm before and after treat-

ment. (A) Fluorescence microscopy. (B) SSRDM. (C) FCM.

Fig. 4. (A) Variability study of storage temperature on detection results of SSRDM.

Each column represents the statistical sample population of 20 semen. (B) Vari-

ability study of time to be detected on detection results of SSRDM. Each column

represents the statistical sample population of 10 semen. ∗∗P < 0.01, ∗∗∗P < 0.001.

optimize the detection conditions. Firstly, the results of paired t-

test indicated that, compared with fresh samples, the ROS levels

in sperm that were frozen at −20 °C and −80 °C showed signif-

icant differences (P < 0.05) (Fig. 4A). Consistent with the find-

ings of previous studies, ice crystals produced at low temperature

severely impact the formation of sperm ROS. Subsequently, we also

explored the effect of time that liquefied semen specimens placed

in a 37 °C water bath, on the results of SSRDM. The results of

paired t-test showed that there was no statistically significant dif-

ference between the ROS of the sperm placed for 1h (P=0.889),

2 h (P=0.654), 3 h (P=0.709) and 0h (Fig. 4B). The above conclu-

sions manifested that to ensure the stability and accuracy of SS-

RDM, the specimens can be measured within 3 h and are not suit-

able for storage at low temperature.

There is overwhelming evidence that ROS play a significant role

in male infertility [20]. However, current clinical methods cannot

accurately measure the level of ROS in sperm cells, which makes it

difficult to accurately diagnose the cause of male infertility. In this

study, we developed a new method for detecting ROS in sperm.

This method uses a micron-level fiber optic probe to specifically

excite oxidized CM-H2DCFDA in the head and neck of the sperm to

achieve the quantitative detection of ROS in the sperm. In addition,

in terms of ROS levels, compared with FCM, SSRDM has a stronger

ability to distinguish between asthenozoospermia sperm and non-

asthenozoospermia sperm, which provides more reliable evidence

for the assessment of sperm quality and the diagnosis of male in-

fertility. We further prove that this method can also be used to

evaluate the effect of antioxidant treatment. Moreover, tempera-

ture variability and temporal variability of SSRDM are also investi-

gated to optimize the detection conditions.

Compared with other clinical methods for detecting ROS in

sperm, the SSRDM has the main advantage of being able to remove
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non-specific background values relatively accurately, thereby mea-

suring the level of ROS in sperm. Because the traditional CL assay

cannot remove ROS detected in the seminal plasma, such as the

ROS produced by white blood cells, the measured ROS level cannot

truly reflect that in the sperm. The flow cytometer uses the fluo-

rescence of the unstained sperm as the background signal. How-

ever, ROS fluorescent dye can still pass out the sperm cell mem-

brane after being oxidized, resulting in a certain difference be-

tween the background signal of the sperm-containing droplet and

the set background signal, resulting in an inaccurate detection of

ROS.

Although the method we developed has great advantages, it

also has some shortcomings. First, the detection throughput of this

method was not high. Specifically, our method can only detect ap-

proximately 60 sperms in 30min. The main reason for this prob-

lem is the low degree of automation of the fluorescence detection

platform; at present, our platform can only use a robotic arm to

hold a light probe, and the human eye needs to assist the micro-

probe to point to the sperm. To solve this problem, we are de-

veloping intelligent software that automatically recognizes sperm.

Under the control of the software, the micro-probe can be auto-

matically aligned with the head and neck of the sperm. Moreover,

the software can control several micro-probes to work at the same

time, thereby increasing the degree of automation of the method

and greatly increasing the detection throughput. At present, this

work is already in progress, and good progress has been made. Sec-

ond, due to limited clinical sample resources, we could not obtain

a large number of semen samples from infertile men. Therefore,

in evaluating the clinical application prospects of this method, we

used its ability to detect ROS levels in sperm as the criterion. Al-

though we believe that this method can be used to diagnose ox-

idative stress infertility, we still need to test more male infertility

patients to further prove the clinical value of this method.

In conclusion, we have developed a method that can quantita-

tively detect fluorescent substances in sperm at the single-cell level

and successfully verified the method’s strong specificity and high

sensitivity by detecting ROS in the sperm of 102 semen samples.

This method can accurately determine the level of ROS in sperm,

provides a new detection method for assessing sperm quality, and

makes a significant contribution to providing evidence for diagno-

sis and prognosis of male infertility.
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