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Abstract 

The employment of Nanotechnology as a valuable tool could be beneficial to patients and also offer 

new alternatives for Assisted Reproductive Technology (ART). Surface modification by 

nanoparticles leads to the alteration of surface characteristics (e.g. roughness, elasticity, and surface 

charge).  These alterations affect sperm behavior especially its motility since sperms exhibit wall 

following behavior and surface accumulation. Moreover, surface modification is an attempt towards 

mimicking the complex in vivo environment of the female tract (highly folded and ciliated) with 

continually changing surface topology and also its functions. In this paper, we present the results of 

investigating the interactions between sperm cells and surface modified substrates using Nano 

diamond particles. A combinational and low-cost method was used for modification. The results show 

that the sperm motility parameters are significantly improved from 5 to 85%. Also, the results indicate 

that in optimized surface modification condition, the sperms swim faster and straighter and the 

surface facilitates the swimming due to the inherent characteristics of ND particles.  

Taken together, the replacement of normal with modified surfaces in fertility-aid microfluidic devices 

can enhance their efficiency and further improve their outcomes. 
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1. Introduction 

Motility of the sperms plays a key role in traversing the long path of the female tract and subsequently 

in their success of fertilization. The effects of different parameters on motility such as the flow [1-3], 

chemical environment [4-6], and temperature [7-9] have been studied so far. Among all, confinement 

and contact surface are known to be effective on sperm motility but their details remain unexplored. 
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When it comes to the surface, the wall following behavior and surface accumulation of sperms are 

highlighted. While near the wall, the hydrodynamic flow field loses its symmetry and results in 

surface accumulation [10]. Moreover, the interaction between the flagellar wave of human sperm and 

the surface, guides the swimming trajectory towards it being dependent on sperm distance from the 

surface and its orientation [11, 12]. The surface can also influence the group behavior of the sperms 

leading to the synchronized tail beatings and increasing the swimming velocity [13].  

Apart from hydrodynamic parameters that affect surface accumulation, geometrical constraints of the 

surface play the same role [14]. In this essence, the existence of nonplanar surfaces and surface 

roughness significantly changes sperm motion since the majority of sperms swim near the wall. This 

following behavior is observed at curvatures more than 150 micrometers otherwise rather sharp 

curvatures result in the repulsion of the sperms from the surface [15]. Many studies had focused on 

sperm motion in contact with flat surfaces, but in vivo geometries are more complex (highly folded 

and ciliated and continually changing) and relevant swimming behavior needs to be further addressed. 

This calls for bio-inspired micro/nanotechnologies to enter the arena and fully unveil the effects of 

geometrical complexity on sperm motion especially through surface modification. 

Surface modification leads to the alteration of surface characteristics such as roughness [16, 17], 

mechanical properties [18, 19], hydrophilicity [20, 21], biocompatibility [22-24], and surface charge 

[25]. It can be achieved through different physical and chemical methods making the surface exhibit 

enhanced and even new characteristics with or without the use of external micro/nanoparticles. 

Expensive and substrate-specific methods exist in the former category as chemical vapor deposition 

(CVD) which limits the extensive usage of particles and their possible benefits. While, combinational 

modification methods could be helpful for their relatively lower cost and modification capability of 

various substrates. Finally, the combination of surface modification and microscopy provides an 

opportunity for understanding the interaction between modified surfaces and sperm motility. 

Here, we used the combination of chemical etching and spin coating methods to modify the surface 

of widely-used microscope glass substrates with Nanodiamond (ND) particles for their unique 

biocompatibility and inherent potentials. The objective of the present study is to investigate the 

interaction of sperm cells with ND modified surfaces under the geometrical change in surface 

topology along with the ND coating itself. 

 

2. Materials and Methods 

2.1.Surface modification with ND particles 

2.1.1. Preparation of ND suspension 

Commercially available Nanodiamond powder (Shenzhen Jingangyuan New Material Development 

Co., Ltd., China) with the purity of 95% percent and average size of 50 nm was purchased. The ND 
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particles were then added to acetone (1:10 ratio). The mixture was sonicated in 50 cycles for 20 

minutes with an ultrasonic homogenizer sonotrode supplied by 90 W power (FAPAN, Iran). TEM 

was used to characterize the morphology and particle size of the dispersed particles in the solution. 

Finally, three different concentrations of the suspension as 1, 0.6, and 0.4 g/l v/v were prepared. 

 

2.1.2. Substrate etching 

The etching process of the microscope glass substrate included 6 steps. The procedure started with 

the immersion of the surfaces in a 50% v/v solution of H2SO4 (95%) and H2O2 (30%) for 3 days. The 

surfaces were rinsed after 3 days with distilled water until the stabilization of the solution pH. The 

surfaces were immersed in a solution of HNO3 (5 mol/l) for another 3 days. The rinsing was repeated 

on the fourth day. The procedure continued by the immersion of substrates in NaOH solution (4 mol/l) 

for 3 minutes with simultaneous heating at 55℃ on a hot plate. The excess NaOH was then removed 

from the substrates with distilled water and they were again immersed in HNO3 solution (5 mol/l) for 

3 days. Having rinsed the surfaces on day 4 with distilled water, they were transferred to a furnace 

and dried at 60℃ for 8 hours. The procedure was adopted from [26]. 

 

2.1.3. Spin coating 

The etched microscope glass substrates were first divided into 2.5 2.5 cm squares. Prepared ND 

suspensions were spin coated on the etched microscope glass substrates in 30 seconds using a custom-

built spin coater (Nanostructured Materials & Composites (NMC) lab, Faculty of material 

engineering, university of Tehran) with fixed droplet volume of 50 µl and varying rotational speed 

(2000 and 3000 rpm), and ND concentration (1, 0.6, and 0.4% v/v). Afterwards, the effect of droplet 

volume on the optimized surface was also investigated (50 and 100 µl). To ensure the repeatability 

of the results, the spin coating in each case was done on three different substrates. 

 

2.1.4. Furnace heating 

The marked spin coated substrates were then transferred to an electric furnace (Fan Azma Gostar, 

Iran) and heated for 3 hours at 100℃ and packed for testing. 

 

2.2.Sperm sample preparation 

Three discarded fresh routine semen analysis samples were consecutively collected from the 

Avicenna Infertility Clinic (Tehran, Iran). Collected semen specimens were liquefied and prepared 

by standard swim-up technique. In brief, 1 ml of whole semen was gently mixed with 1 ml of Ham’s 

F10 medium (Sigma, USA), supplemented with human serum albumin (3%) (Sigma, USA) and 

centrifuged (330×g for 10 min). The supernatant was removed and 2 ml of “Ham’s F-10” medium 

was added to the pellet. In this study, 3 µl of washed semen remnant was used for substrate testing. 
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2.3.Sperm Imaging 

The witness and spin coated substrates were incubated for 10 min at 37℃ prior to imaging. A 3 l

droplet of the same sperm sample was applied to the center of the glass substrates followed by adding 

a coverslip. An optical microscope (Olympus CX21, China) was used for imaging  with magnification 

of 40x. A 2MP Microscope Imager Digital USB Camera (Eyescope, NXM-EPA200) was mounted 

on the microscope eye and used to capture image sequences with 16 Hz frame rate. The imaging of 

each substrate was performed for 1 min. 

 

2.4.Sperm motion analysis 

Quantitative motion analysis was performed using freely available ImageJ software. Manual tracking 

was utilized to calculate sperm position in the XY plane. Thereafter, a custom-written Matlab code 

[27] was used to derive motility parameters according to computer-aided sperm analysis (CASA) 

standards along with swimming trajectories. The motility parameters included Curvilinear velocity 

(VCL), Average path velocity (VAP), Straight line velocity (VSL), Linearity (LIN), Mean curvature 

(MCR), and The amplitude of lateral head displacement (ALH) according to [27]. 12 sperms were 

tracked and followed for at least 40 frames in each case. The values were averaged over each 

trajectory and the trajectory-wise mean over the number of trajectories was considered as the final 

value. 

 

2.5.Atomic Force Microscopy (AFM) 

AFM technique was used to visualize and compare the topography of witness  and spin coated 

surfaces. The AFM z (x, y) maps were used to estimate some texture parameters allowing for surface 

roughness characterization, respectively �� and ���� were defined as: 

�� = 1��	
� |(�)|��
���
�  (1) 

 

���� = � 1��	
� ���
���
�  (2) 

where z (x, y) is the height of the surface element at point (x, y) and xmax is the maximum value of 

the lateral displacement x during the measurements, for a given value of y. Surface morphology and 

roughness of each surface were measured with a Nanosurf easyScan2 (Nanosurf, Liestal, 

Switzerland) atomic force microscope (AFM) in tapping mode in air. Silicon cantilever tip (Budget 

Sensors, Innovative Solutions Bulgaria Ltd., Sofia, Bulgaria) with resonant frequency of 190 kHz 

and with 48 N/m force constant and tip radii lower than 10 nm were used for measurements. 

EasyScan 2 software (Nanosurf, Liestal, Switzerland) was used to analyze the data and estimate the 

root mean squared (RMS) roughness. The AFM images dimensions were 100 × 100 μm. An image 
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consists of multiple scans displaced laterally from each other in the y direction. Low-pass filtering 

was performed to remove the statistical noise without loss of information. AFM measurements were 

repeated on different sites of the sample, keeping the same conditions of room temperature and 

ambient atmosphere. 

 

2.6.X-Ray Diffraction Analysis 

X-ray Diffraction (XRD) analysis was performed on modified substrates by a diffractometer (STOE, 

STADI MP, Germany) with a Cu X-ray tube throughout the process. Diffraction angles ( 2 ) in the 

range of 10 to 100 were analyzed at 0.04 /s  searching for diamond peaks. The XRD spectra was 

background corrected through polynomial subtraction, and noise was reduced with a Savitsky-Golay 

filter and the graphs were regenerated using Origin software (Origin (Pro), 2018, OriginLab 

Corporation). 

 

2.7.Contact Angle Measurement 

Contact angle measurements (sessile drop technique) was also carried out on the witness and the best 

modified surface with bi-distilled water. The static sessile drop contact angle between the surface and 

the tangent line starting from the three-phase point was measured using a contact angle goniometer 

using an optical subsystem to capture the profile of a pure liquid on a solid surface (Jikan CAG-10, 

Iran). Furthermore, the contact angle magnitude was measured using the complemented software 

designed for drop shape analysis. 

 

Fig. 1 Contact Angle Measurement Setup composed of Goniometer and analysis software. 
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3. Results and Discussion 

The ND particles were successfully spin coated and stabilized on the glass substrates. Fig. 2a shows 

the TEM image that characterizes the dispersed nanoparticles in terms of size showing a cluster of 

the particles with approximate size of 50 nm. Fig. 2b shows the XRD image taken from one of the 

modified surfaces spin coated with 1 g/l concentration of ND particles. Diamond peaks were 

detectable in the modified spectra (green line) with different 2  positions matching the first peak of 

the base spectra (blue line) at 44.12° corresponding (111) lattice plane which proves the existence of 

the ND particles on the surface. However, the peak intensity is not high (one order of magnitude 

lower than pure diamond) due to the low concentration of ND particles in the prepared suspension.  

 

 

Fig. 2 (a) TEM image of the dispersed ND particles in the prepared suspension. The cluster of diamond crystals is 50 nm in size. (b) 

Modified XRD spectra (green line) for the spin coated substrate with 1 g/l concentration of ND particles in the prepared suspension. 

Matching of the first diamond peak at 44.12° corresponding (111) lattice with the base spectra (blue line) plane proves the existence 

of the ND particles on the surface. 

 

3.1.Sperm motion analysis on ND-coated surfaces 

Figure 3 details the motility parameters of human sperm on different glass substrates modified by 

combinations of ND concentration (1, 0.6, and 0.4 g/l) and spin coating rotational speed (2000 and 

3000 rpm) compared to the witness surface (control). As compared to the witness surface under 

similar conditions, modified surfaces exhibited VSL, VCL and VAP increase between 5– 51%, 3–

53% and 1–37% (min—max), respectively (Fig. 3a–c). The maximum enhancement occurs in VSL, 

VCL, and VAP by 51, 53, and 37% respectively for the case with 1 g/l ND concentration and 2000 

rpm rotational speed (2000-c1). 
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Fig. 3 Human sperm motility parameters on different glass substrates modified by combinations of ND concentration (1, 0.6, and 0.4 

g/l) and spin coating rotational speed (2000 and 3000 rpm) compared to the witness surface (control). (a) straight line velocity (VSL), 

(b) curvilinear velocity (VCL), (c) average path velocity (VAP), (d) linearity (LIN), (e) amplitude of lateral head displacement (ALH), 

(f) and mean curvature (MCR) for human sperm swimming on the substrates. Values are reported as mean±s.d. Apart from the witness, 

the modified substrates are named by a hyphenated statement as ‘spin coating rotational speed’- ‘ND concentration(ci)’ in which c1 

stands for 1 g/l, c2 for 0.6, and c3 for 0.4 g/l concentration. 

 

Linearity (LIN) was higher in most substrates by 9% in average. Among the substrates, only the 2000-

c1 case that acquired the highest rank in velocity enhancement, did not show significant increase 

being almost equal to the witness (Fig 3(d)). The increase in linearity implies that sperm follow 

straighter trajectories on the modified surfaces. The amplitude of lateral head displacement (ALH) 

increased significantly, from 1.33 µm for the witness to 2.71 µm for the 2000-c1 case (P<0.001 with 

a t-test) and 19% in average (Fig 3(e)). Regarding the MCR of the instantaneous sperm trajectory, it 

was decreased considerably for all the modified surfaces ranging from 23% to 71% as compared with 

the witness (Fig. 3(f)), indicating an increase in symmetry of the flagellar wave. This significant 
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reduction in oscillations may contribute to the increased velocity and LIN experienced on ND-

modified surfaces.  

Results indicate that the sperm motility is generally enhanced on ND-modified substrates with 1 g/l 

and 2000 rpm case exhibiting the highest enhancements as compared to other cases. This can be 

explained with the higher concentration of ND particles used for spin coating. Moreover, compared 

to 3000 rpm, it shows that the lower rotational speed improves the distribution of ND particles on the 

surface rather than splashing of the applied droplet. 

To further investigate the effect of droplet volume, six substrates were modified based on 2000-c1 

case, three of which spin coated with 50µl droplet volume and the remaining with 100µl. Table 1 

summarizes the key motility parameters for human sperm swimming on both substrates. 

 

Table 1 Comparative swimming characteristics of sperms on 2000-c1 modified surface by varying droplet volume of 50µl and 

100µl. 

Parameters 
50µl droplet volume 

(n=36) 

100µl droplet volume 

(n=36) 

VSL (µm/s) 147.69±8.66 180.12±5.01 

VCL (µm/s) 187.85±8.68 215.39±5.13 

VAP (µm/s) 157.53±8.19 184.01±4.75 

LIN (%) 78.89±2.03 82.82±2.16 

WOB (%) 84.12±1.99 85.13±1.86 

MCR (1/µm) 0.12±0.02 0.07±0.004 

ALH (µm) 2.71±0.17 2.78±0.07 

BCF (Hz) 25.42±1.87 29.55±2.29 

 

Comparing the motility parameters shows that as the droplet volume increases, the better distribution 

of ND particles occurs on the surface leading to significant enhancement in VSL, VCL, and VAP. It 

also shows 5% improvement in LIN, 6% increase in BCF and the reduction of mean curvature by 

60%. However, the WOB and ALH were almost constant for both substrates being insensitive to 

droplet volume.  

Taken together, these observations indicate that sperm swim faster with improved linear progressive 

motility on ND-modified surface as compared with witness. When considering assisted reproduction, 

progressive motility of sperm is essential to ensure the arrival to the fertilization site and thus fertilize 

the ovum. The faster swimming speed in 2000-c1 case indicates that ND particles encourage 

hyperactivated swimming which negatively affects progressive movement. In addition, the ability of 

sperms to swim straighter also reduces sperm exhaustion nominating them for motility-based sperm 

selection [28]. 



 9  
 

Figure 4 shows the 3D AFM images of the witness and modified surfaces. The images prove the 

presence of ND particles on the surface but show insignificant change in roughness magnitude. The 

line-wise averages also do not show meaningful differences among the surfaces (495 nm for witness 

versus 501 nm for modified surface in average). 

 

 

Fig. 4 Comparison between 3D surface profiles of the witness and ND-modified surfaces. (a) witness surface exhibits an average 

surface roughness of 571 nm, (b) The modified surface shows an average roughness of 568 nm in average. Surface roughness is showed 

to be almost unchanged but with the presence of ND particles on the surface. (c) Contact angle of the witness surface is 17.16º (d) 

Contact angle of the modified surface is 42.99º that shows 2.5-folds increase and indicates that the surface is made less hydrophilic. 

 

Surprisingly, despite the insignificant change in surface roughness, the sperms exhibited improved 

behavior on the modified surfaces. Despite using several etching stages in this study, it is shown that 

the intentional roughening of the surface provided hosting sites for spin coated ND particles rather 

than the sperms. Thus, the reason behind such behavior would be the presence of ND particles on the 

surface. Similar sperm behavior was also reported by Sommer et al. which deposited Nano-diamond 

particles on IVF polystyrene petri dishes. They showed that grade A sperm’s motion is enhanced by 

300% [29]. The same authors showed that cells display improved climbing behavior on 

nanocrystalline diamond [30]. This behavior is supposed to be attributed with the rather ROS-free 

ND surfaces [29] that obviously calls for further investigation. From another standpoint, ND coating 

can reduce frictional coefficient of the surface by reducing the contact area of the sliding surface. It 

also significantly weakens the atomic drag force across the interface of two relatively moving surfaces 
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due to its inertness [31] which may be another explanation for such behavior. Moreover, based on 

Figures 4c and 4d, the modified surface shows increased contact angle magnitude compared to that 

of the witness by 2.5-folds. Still cannot be categorized as hydrophobic (contact angle>90 degrees), 

the modified surface shows decreased hydrophilicity. In this manner, the third explanation behind the 

improved behavior can be attributed to lessening of hydrophilicity. 

 

4. Conclusion 

The female reproductive tract is known to facilitate migration of sperms and micro/nanotechnologies 

offer the opportunity of mimicking the function of reproductive tract in vitro. Here we demonstrated 

that ND modified glass substrates improve the sperm motility from 5 to 85%. The results indicated 

that sperms swim straighter and with enhanced speed on the modified surfaces which in turn prevents 

sperm exhaustion. This behavior can root in rather ROS-free, friction-decreasing or less hydrophilic 

ND-modified surfaces. 

This low-cost (4$ per unit area of modified surface) and combinational method with scale-up potential 

allows for extensive usage of ND modified surfaces in biological applications. Despite the time-

consuming etching process, the method has high throughput where large numbers of glass substrates 

can be modified simultaneously.  In particular, the present study would open new windows in front 

of the assisted reproductive techniques as IVF to modify their protocols and subsequently improve 

their outcomes. Moreover, the replacement of normal with modified glass in fertility-aid microfluidic 

devices can also enhance their efficiency and turn them into competitive rivals for traditional 

techniques along with preparing them for commercialization. 
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Figures

Figure 1

Contact Angle Measurement Setup composed of Goniometer and analysis software.

Figure 2



(a) TEM image of the dispersed ND particles in the prepared suspension. The cluster of diamond crystals
is 50 nm in size. (b) Modi�ed XRD spectra (green line) for the spin coated substrate with 1 g/l
concentration of ND particles in the prepared suspension. Matching of the �rst diamond peak at 44.12°
corresponding (111) lattice with the base spectra (blue line) plane proves the existence of the ND
particles on the surface.

Figure 3



Human sperm motility parameters on different glass substrates modi�ed by combinations of ND
concentration (1, 0.6, and 0.4 g/l) and spin coating rotational speed (2000 and 3000 rpm) compared to
the witness surface (control). (a) straight line velocity (VSL), (b) curvilinear velocity (VCL), (c) average
path velocity (VAP), (d) linearity (LIN), (e) amplitude of lateral head displacement (ALH), (f) and mean
curvature (MCR) for human sperm swimming on the substrates. Values are reported as mean±s.d. Apart
from the witness, the modi�ed substrates are named by a hyphenated statement as ‘spin coating
rotational speed’- ‘ND concentration(ci)’ in which c1 stands for 1 g/l, c2 for 0.6, and c3 for 0.4 g/l
concentration.

Figure 4

Comparison between 3D surface pro�les of the witness and ND-modi�ed surfaces. (a) witness surface
exhibits an average surface roughness of 571 nm, (b) The modi�ed surface shows an average roughness
of 568 nm in average. Surface roughness is showed to be almost unchanged but with the presence of ND
particles on the surface. (c) Contact angle of the witness surface is 17.16º (d) Contact angle of the



modi�ed surface is 42.99º that shows 2.5-folds increase and indicates that the surface is made less
hydrophilic.
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