Prolonged Exposure to Polyvinylpyrrolidone Heightens DNA Breaks in Human Sperm
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Supplemental Calculation Methods 1
The mean number of DNA breaks of each individual sperm DNA was calculated from the concentration of ssDNA (A single strand of DNA has only one 3 'hydroxyl breakpoint). The relationship between the MDB and ssDNA concentration satisfies:

n × m × NA × (M0 × N)-1 = C0 × V0 × NA 

Among them,

n: Mean number of sperm DNA breakpoints (MDB)

m: Total mass of sperm in the reaction system (g)

C0: Concentration of single-stranded DNA (ssDNA) (nM)

NA: Avogadro's constant, which is 6.02×1023
M0: Average molecular weight of a single base, 330 g/mol

N: Number of bases contained in a complete sperm cell, which is 30×108
V0: Total volume of the reaction system (L)

The left side of the formula (n × m × NA × (M0 × N) -1) represents the total number of 3'-OH (i.e., breakpoints) contained in the sperm DNA sample with mass m.

The right side of the formula (C0 × V0 × NA) represents the number of 3'-OH at the end of a single-stranded DNA at concentration C0.

1. Zhou Y, Wang J, Zhuo L, Pei C, Jia S, Tian J et al. Fluorescent enzyme-based biosensor for sensitive analysis of DNA damage in cryopreserved sperm. Cryobiology 2023; 113:104591.

Protocol for Ultrastructural Analysis of Sperm Using Transmission Electron Microscopy (TEM)
1. Specimen Fixation: Sperm are collected by centrifugation, with the precipitate ideally no smaller than a mung bean. They are then mixed with TEM fixation solution at 4°C for 2-4 hours and stored at 4°C for preservation and transport.

2. Agar Pre-embedding: After centrifugation and washing with 0.1M phosphate buffer (pH 7.4), cells or bacteria are resuspended in 1% agarose solution. The mixture is allowed to solidify in Eppendorf tubes before the agarose completely sets, encasing the precipitate.
3.  Post-fixation: The sample is fixed with 1% osmium tetroxide in 0.1M phosphate buffer (pH 7.4) for 2 hours at room temperature in the dark. It is then washed three times with 0.1M phosphate buffer (pH 7.4) for 15 minutes each.
4. Room Temperature Dehydration: The sample undergoes sequential dehydration in 30%-50%-70%-80%-95%-100%-100% ethanol series, followed by two changes of 100% acetone, each for 15 minutes.
5. Infiltration Embedding:The sample is infiltrated with a mixture of acetone and epoxy resin (812 resin) in ratios of 1:1 and 1:2, followed by pure 812 resin, each step at 37°C for several hours. Finally, the sample is embedded in pure 812 resin overnight at 37°C in embedding molds.
6. Polymerization: The embedding molds are polymerized in an oven at 60°C for 48 hours, resulting in resin blocks ready for sectioning.
7. Ultrathin Sectioning:Ultrathin sections (60-80 nm) of the resin blocks are cut using an ultramicrotome and picked up onto 150-mesh copper grids.
8. Staining: Copper grids with sections are stained in 2% uranyl acetate saturated alcohol solution for 8 minutes in the dark, followed by washing in 70% alcohol and ultra-pure water, and staining in 2.6% lead citrate solution for 8 minutes. After washing and gentle drying on filter paper, grids are stored overnight at room temperature.
9. TEM Observation: Grids are examined under a transmission electron microscope (TEM), and images are captured and analyzed.
Protocol for Sperm Ultrastructural Examination via Scanning Electron Microscopy (SEM)
1. Specimen Fixation: Sperm are collected by centrifugation to form visible precipitates ideally the size of a grain of rice. After discarding the culture medium, they are gently washed with PBS, then centrifuged and mixed with TEM fixation solution, lightly dispersed.

2. Post-fixation: The fixed samples are washed three times with 0.1M phosphate buffer (PB, pH 7.4) for 15 minutes each. They are then fixed in 1% osmium tetroxide in 0.1M PB (pH 7.4) at room temperature in the dark for 1-2 hours. After fixation, they are washed again three times with 0.1M PB (pH 7.4) for 15 minutes each.

3. Dehydration: Sequentially immersed in 30%-50%-70%-80%-90%-95%-100%-100% ethanol for 15 minutes each, followed by acetone for 15 minutes.

4. Drying: Samples are dropped onto coverslips and dried in a critical point dryer.

5. Conductive Coating: Samples are affixed to double-sided conductive carbon tape and coated with gold using an ion sputter coater for approximately 30 seconds.

6. Image Capture: Images are captured using a scanning electron microscope.

Table S1. 

DNA chains used in the main text

	Name
	Sequence (5'-3') 

	S-001
	TTGACTGCCTATCTCCAACTAGGCAGTCAAACGACTTGGT

	F-001
	FAM-AAA AAA AAA AAA AAA AAA

	B-001
	TTT TTT TTT TTT TTT TTT TTT TTT TTT T -BHQ-1


The SD probe is created by annealing F-001 and B-001 through a temperature ramp and subsequent cooling (85℃ for 2 minutes, 55℃ for 2 minutes, and 37℃ for 5 minutes).
Table S2 Sperm parameters before and after direct swim-up processing

	
	asthenozoospermic

patients

(n=56)
	Normozoospermic

Controls

	
	
	(n=42)

	Parameters
	Before SU

(After SU)
	Before SU

（After SU）

	Sperm concentration

(×10 6 mL-1)
	90.09 ± 45.3
(45.96 ± 24.45****)
	110.87 ± 47.56

(58.56 ± 29.38****)

	 Progressive motility (%)
	20.27 ± 5.04
(43.45± 10.58***)
	49.7±8.93
(69.76±6.34***)

	Non-progressive motile sperm (%)
	8.59 ± 4.78
(11.64 ±4.40***)
	10.03 ± 4.7

(14.6 ± 3.59***)

	Viability (%)
	45.2±9.35
(65.86±7.75***)
	62.39 ±6.65
(80.79± 7.5***)

	Normal morphology (%)
	3.67 ±1.81
(6.47±3.2***)


	4.86 ±0.89
(12.0± 2.92****)


The data were presented as mean ± SD. Data were calculated using Paired t-test.

SU, swim-up; ***P < 0.001, ****P < 0.0001
Table S3. The inter-operator reproducibility test results for 15 samples analyzed by three independent operators:

	Sample ID
	Operator 1

 (MDB ×10⁵)
	Operator 2

(MDB ×10⁵)
	Operator 3

(MDB ×10⁵)
	Mean
(MDB ×10⁵)
	RSD
(%)

	NO.1
	3.2
	3.3
	3.5
	3.3 
	4.6 

	NO.2
	4.5
	4.4
	4.2
	4.4 
	3.5 

	NO.3
	3.7
	3.8
	3.5
	3.7 
	4.2 

	NO.4
	4.3
	4.1
	4.2
	4.2 
	2.4 

	NO.5
	3.3
	3.1
	3.3
	3.2 
	3.6 

	NO.6
	5.7
	5.5
	5.9
	5.7 
	3.5 

	NO.7
	3.5
	3.8
	3.6
	3.6 
	4.2 

	NO.8
	6.5
	6.7
	6.3
	6.5 
	3.1 

	NO.9
	9.5
	9.5
	9.4
	9.5 
	0.6 

	NO.10
	4.3
	4.5
	4.1
	4.3 
	4.7 

	NO.11
	3.4
	3.2
	3.1
	3.2 
	4.7 

	NO.12
	4.5
	4.6
	4.8
	4.6 
	3.3 

	NO.13
	3.7
	3.6
	3.4
	3.6 
	4.3 

	NO.14
	4.1
	4.1
	4
	4.1 
	1.4 

	NO.15
	3.7
	3.4
	3.5
	3.5 
	4.3 


Table S4. Experimental Results on the Recovery Rate of Sperm DNA Breakpoint Detection by the biosensor (n=15)

	Name
	Recovery Rate (%)
	Name
	Recovery Rate (%)

	NO.1
	99.5
	NO.9
	88.3

	NO.2
	97.5
	NO.10
	98.8

	NO.3
	97
	NO.11
	95.5

	NO.4
	95.8
	NO.12
	97.6

	NO.5
	101
	NO.13
	97.5

	NO.6
	98.8
	NO.14
	102.2

	NO.7
	90.6
	NO.15
	107.5

	NO.8
	96.9
	
	


Table S5. Post-Swim-Up MDB and DFI Values in 98 Samples (56 Asthenozoospermic + 42 Normozoospermic)
	NO
	Asthenospermia
	NO
	Normal

	
	MDB

 (×106)
	DFI

（%）
	
	MDB

 (×106)
	DFI

（%）

	1
	5.9
	15.8
	1
	3.3
	19.2

	2
	9.3
	13.5
	2
	2.7
	12.3

	3
	5.8
	16.2
	3
	2.6
	8.5

	4
	2.1
	8.4
	4
	4
	11.7

	5
	7
	21.3
	5
	1.1
	7.9

	6
	10.5
	18.9
	6
	1.6
	13.5

	7
	7.8
	16.7
	7
	1.2
	10.1

	8
	6.2
	15.8
	8
	2.7
	8.8

	9
	8.4
	10.2
	9
	2.4
	12.9

	10
	7.2
	22.4
	10
	3.3
	7.6

	11
	6.7
	20.1
	11
	2.6
	10.8

	12
	5.6
	14.3
	12
	3.2
	11.5

	13
	7.2
	17.5
	13
	2.4
	9.8

	14
	8.2
	17.6
	14
	2.3
	10.2

	15
	6.8
	23.8
	15
	2.5
	8.9

	16
	5.9
	29.3
	16
	3
	12

	17
	7.5
	21.9
	17
	3.8
	7.3

	18
	6.4
	16
	18
	2.8
	13.8

	19
	6.2
	15.1
	19
	5.4
	21.1

	20
	7
	18.2
	20
	1.9
	11.3

	21
	6.7
	18.1
	21
	5.8
	9.3

	22
	5.7
	22.7
	22
	3.5
	12.7

	23
	7.8
	19.5
	23
	6.6
	18.7

	24
	6.3
	15.1
	24
	1.2
	13.1

	25
	6.8
	16.3
	25
	4.1
	11.8

	26
	3.8
	17.9
	26
	1.2
	9.3

	27
	7.9
	10.5
	27
	2.5
	14.2

	28
	6.4
	14
	28
	1.5
	3.7

	29
	8.1
	11.5
	29
	3.4
	8.4

	30
	7
	16.5
	30
	5.7
	22.4

	31
	6.8
	27.9
	31
	3.1
	10

	32
	5.6
	18.7
	32
	2.6
	9.5

	33
	5.7
	29
	33
	0.2
	1.6

	34
	6.3
	22.1
	34
	1
	10.9

	35
	8.2
	10.4
	35
	1.1
	7.5

	36
	7.1
	15.4
	36
	3.3
	12.6

	37
	7.8
	15.7
	37
	3.5
	10.4

	38
	6.5
	18.5
	38
	4.1
	8.1

	39
	5.1
	20.5
	39
	2.2
	1.2

	40
	7.1
	23.2
	40
	4.2
	9.6

	41
	6.8
	11.7
	41
	0.3
	7.6

	42
	5.2
	6.8
	42
	0.1
	5.3

	43
	7.6
	17.2
	
	
	

	44
	6.4
	9.1
	
	
	

	45
	12.1
	28.6
	
	
	

	46
	7.1
	22.5
	
	
	

	47
	6.9
	20.8
	
	
	

	48
	5.8
	15.7
	
	
	

	49
	2.3
	4.9
	
	
	

	50
	6.3
	8.9
	
	
	

	51
	6.9
	29.8
	
	
	

	52
	7.1
	13.9
	
	
	

	53
	5.8
	22
	
	
	

	54
	5.9
	17.1
	
	
	

	55
	6.7
	16.8
	
	
	

	56
	5.8
	19.4
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Fig.S1 Comparison of sperm DNA extraction efficacy before and after protocol optimization (n=20). Data were analyzed using paired t-test. **** P <0.0001 was significant.
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Fig.S2 Receiver operating characteristic (ROC) curve analysis comparing the diagnostic performance of sperm DNA breakpoints (MDB) and DNA fragmentation index (DFI) for asthenozoospermia. MDB (AUC = 0.8695, 95% CI: 0.7931-0.9459); DFI (AUC = 0.7628, 95% CI: 0.6543-0.8512)
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Fig.S3 Effects of 10% PVP exposure on ROS levels in sperm samples. Data are presented as mean ± SD and compared to baseline (0 min control). *p<0.05, **p<0.01, ****p<0.0001; NS: not significant (p>0.05).
