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The rheology of human follicular fluid has been empirically evinced to be related to the reproductive health status of individuals, which supports its use as an indicator for improving the success rates of in vitro fertilization. However, there is a dearth of studies investigating the viscoelastic properties of human follicular fluid. Moreover, a comprehensive elucidation of the rheological properties of complex fluids necessitates the assessment of data regarding both shear and extensional viscosities. Nonetheless, to the best of our knowledge, the extant literature does not include reports on the behavior of follicular fluid under extensional conditions. Consequently, this study aimed to analyze the shear and extensional viscosities of human follicular fluid. Primarily, the impact of oocytes on the rheology of follicular fluid was evaluated by measuring the shear viscosity of this fluid using a high-resolution coaxial cylinder viscometer. The shear viscosity of follicular fluid exhibited marked differences depending on the presence or absence of oocytes. Subsequently, a measurement system that enables the handling of minute quantities of body fluid was developed to determine the extensional viscosity of follicular fluid, which contains albumin. A comparison of the acquired follicular fluid data with that of the protein solution containing albumin demonstrated that the follicular fluid alone displayed extensional behavior, whereas the protein solution did not. Therefore, it can be inferred that the protein solution is not its sole determinant, as other constituents of the fluid, such as peptides and cumulus cells, may determine its rheological properties. This observation was not attained through the conventional technique consisting in shear viscosity measurements.
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1 INTRODUCTION
In recent years, the prevalence of infertility treatment through assisted reproductive technology (ART) has significantly increased [1–3]. ART is a treatment strategy that artificially promotes pregnancy by culturing harvested gametes (oocytes and sperm) outside the body and includes intracytoplasmic sperm injection, in vitro fertilization, and embryo transfer. The pregnancy rate achieved through ART is approximately 30% per embryo transfer [3], being imperative to increase this success rate to alleviate the financial, physical, and emotional strain on infertile patients. To this end, the best oocytes must be obtained. The oocyte fertilization rate can be increased by selecting the best sperm for oocytes [4] and applying the oocyte activation method [5]. Another method is to analyze the results of time-lapse observation using artificial intelligence (AI) [6] to evaluate the development of oocytes until they become fertilized, although the efficacy of this method has not been proven. While the above procedures are performed before oocyte fertilization, even when fertilized oocytes are obtained, they are not always successful, and there is the possibility of miscarriage at the embryo transfer stage. To reduce this probability, some cells of the embryo are biopsied and tested for chromosomal aberrations using a next-generation sequencer [7]. However, this method has the disadvantage of being invasive because it requires a biopsy examination of the embryo. Thus, although these various methods are employed in ART, the most important factor in increasing the success rate of pregnancies recurring to ART is selecting the best oocytes at the initial stages.
Artificial fertilization through ART involves the aspiration of oocytes from mature follicles prior to ovulation. The human ovarian follicle consists of mural granulosa and theca cells on its outer surface [8] and encapsulates the oocyte, surrounded by cumulus cells and follicular fluid (Figure 1). The follicle is 150–400 μm in diameter and predominantly comprises 200–3,000 cumulus and mural granulosa cells [9–11], both of which are approximately 10–15 μm in diameter [12]. When an oocyte is aspirated, the follicular fluid that fills the follicle is collected as a secondary sample. Follicular fluid is composed of substances derived from the blood, local secretions, and metabolism. It contains biochemical components such as hormones, enzymes, anticoagulants, electrolytes, active oxygen species, and antioxidants [13, 14]. Furthermore, the composition of the follicular fluid has been demonstrated to vary depending on the degree of oocyte maturation [10, 13, 14].
[image: Figure 1]FIGURE 1 | Illustration of the female reproductive system and human ovarian follicle. The follicle harbors mural granulosa and theca cells on its outer surface, and an oocyte surrounded by cumulus cells and follicular fluid.
As oocyte maturation is associated with the balance in protein constituents of the follicular fluid, the rheological properties of this fluid are hypothesized to reflect the quality and fertility potential of oocytes; consequently, a quantitative rheological analysis would facilitate the selection of oocytes better suited for ART. Moreover, the rheological properties of the follicular fluid have been empirically evinced to be influenced by the medical condition of an individual regarding the degree of oocyte maturation at the time of fluid collection, such as age and stage of the menstrual cycle. Nevertheless, research on the rheology (delineation of the simple flow and deformation of complex fluids) properties of follicular fluid has been limited [15, 16]. A study quantitatively evaluated the shear viscosity-dependent characteristics of porcine, bovine, and human follicular fluids [15] using a cone-plate viscometer; the shear viscosity of human follicular fluid was 1–2 mPa s within the shear rate range of 75–750 s-1, which is lower than those of porcine and bovine follicular fluids [15]. Furthermore, the shear viscosity of human follicular fluid exhibited a shear-thinning property, meaning that the shear viscosity decreased with an increasing shear rate [15]. Another study that assessed the shear viscosity of human follicular fluid and the maturation state of the sample using a B-type viscometer documented the absence of a relation between them [16]. However, the limited precision of the B-type viscometer used in the aforementioned study hindered the accurate detection of shear viscosity in the order of one-tenth of mPa·s; this suggested that the viscosity measurement was unable to reflect differences in the shear viscosity of human follicular fluid attributable to distinct maturation states of the sample. Furthermore, the determination of the rheological properties of complex fluids necessitates the measurement of not only their shear viscosities but also extensional viscosities. Nonetheless, despite the documentation of the shear and extensional viscosities of other body fluids [17, 18], the behavior of human follicular fluid under extensional conditions (outside of a study using follicular fluid from chicken eggs [19]) remains unexplored to the best of our knowledge. In addition, the measurement of extensional viscosity of follicular fluid is challenging due to its extremely low viscoelasticity.
Thus, this study endeavored to assess the rheology of human follicular fluid using shear and extensional viscometry. The shear viscosity of the follicular fluid was measured using a coaxial cylinder viscometer. Moreover, the impact of internal structural modifications attributable to the removal of the cumulus, mural granulosa, and red blood cells (RBCs) on the shear viscosity of follicular fluid was examined. The association between the shear viscosity-based characteristics of follicular fluid and oocyte maturity was then delineated by analyzing shear viscosity data acquired from follicular fluid samples collected at different stages of oocyte development. The high sample variability and limited sample availability pose substantial challenges in surveying the rheological properties of follicular fluids. Although certain shear viscosity-measuring devices have overcome these challenges through technological advancements, current devices measuring extensional viscosity have not. Therefore, we also developed a novel apparatus for measuring extensional viscosity featuring disposable and replaceable components that come into contact with the sample, thereby mitigating the inadvertent risk of sample contamination. Furthermore, the device was designed to enable rheological measurements of minute amounts of sample, including those in the order of sub-milliliters. Additionally, the shear and extensional viscosities of pure water, protein solutions, and dilute polymer solutions were compared with those of follicular fluid. In general, human follicular fluid contains 58 ± 1.0 mg/mL of protein, of which 40 ± 1.9 mg/mL is albumin [20–22]; thus, the viscosity of this protein alone was also measured to evaluate the effect of its presence on the rheological properties of human follicular fluid. As the polymer in dilute polymer solutions, we used polyethylene oxide (PEO), which is often used to investigate the extensional viscosity properties of complex fluids [23–27].
2 MATERIALS AND METHODS
2.1 Materials
The bioethical review committees of the Nagoya Institute of Technology (approval no. 2022-7) and Nagoya University Hospital (approval no. 2022-0010) approved the experimentation and handling of the follicular fluid samples used in this study. Follicular fluid samples (1–10 mL) were collected via syringe aspiration from a cohort of seven Japanese women aged between 30 and 45 years. Since the cohort was small and only a limited dataset was available, some caution should be demonstrated when extrapolating the results of this study. Samples were sealed in conical tubes and stored in a refrigerated medicine showcase (MPR-S300H-PJ, PHC Co., Ltd.) at 4°C. Some samples collected at the Department of Obstetrics and Gynecology at the Nagoya University Hospital contained oocytes, whereas others did not. Oocytes, if detected in samples, were extracted with meticulous precision by medical professionals, and the remaining samples that were deemed unnecessary were utilized for measurement purposes. Only samples with a minimum volume of 3 mL were subjected to measurements. As four to seven follicles could be collected from each individual, the sample size of follicular fluid per individual also ranged from four to seven.
Follicular fluid samples differed in color owing to the variation in RBC concentration (Figure 2). Samples were centrifuged at 10,000 rpm for 5 min using a MagFuge (Heathrow Scientific LLC), following which the pellet containing RBCs was discarded. The supernatant was collected using a micropipette and stored in a separate microtube in a refrigerated medicine showcase.
[image: Figure 2]FIGURE 2 | Follicular fluid specimens sealed in conical tubes. Ovarian follicular fluid is conventionally yellow but turns red with increased concentration of red blood cells.
Pure water, protein, and dilute polymer solutions were prepared for analysis. Ovalbumin (OVA) (4 wt%; Fujifilm Wako Pure Chemical Corporation), predominant protein component of egg white, dissolved in phosphate-buffered saline (pH 7.1–7.3; Fujifilm Wako Pure Chemical Corporation) was used as the protein solution. OVA is a glycoprotein with a molecular weight of 45,000 and accounts for 54% of the egg white protein. Three different PEO (molecular weight = 1 × 106 g/mol; Sigma-Aldrich Inc.) solutions at the concentrations of 0.03, 0.05, and 0.1 wt% were formulated as diluted polymer solutions. The aforementioned PEO solutions were regarded as diluted polymer solutions below the overlap concentration c* = 0.17 wt% [23].
2.2 Experimental setup for measuring shear viscosity
The shear viscosity of follicular fluid was measured using an experimental setup comprising a coaxial cylinder viscometer (ONRH-1B, Ohna Tech Inc.) and a temperature control system (Figure 3). The coaxial cylinder viscometer was coupled to an elastic-hinged bearing to facilitate highly accurate torque measurement. In this viscometer, the sample is placed between a bob and a cup that share a rotation axis, and the shear viscosity is obtained from the relation between the torque stress and the rotation speed of the cup [28, 29]. The steady-state speed ranged from 0.001 to 1,000 rpm, and the frequency ranged from 0.001 to 10 Hz. The outer diameter of the bob made of titanium was 19.36 mm, the inner diameter of the cup made of glass was 21.00 mm, and the gap width between them was 0.82 mm.
[image: Figure 3]FIGURE 3 | Experimental setup for measuring shear viscosity. (A) Photograph of the experimental setup consisting of (B) a thermostatic chamber with a temperature control system and (C) coaxial cylinder viscometer.
To maintain the temperature of the sample filling the cup of the viscometer, a temperature control system was constructed using both a small circulating cooler with a built-in thermostat (ZC-500α, Zensui Co., Ltd.) and a throw-in pipe heater (LY-MAC103, As One Corporation). The heater was connected to the cooler, and water was circulated using a water pump (Rio+ 1100 60 Hz, Kamihata Fish Industry Co., Ltd.) to maintain the temperature in the chamber. Circulating water was drawn into the cooler by the pump, cooled, and returned to the thermostatic chamber. Circulating water was heated using a pipe heater inserted into the thermostatic chamber. By using this temperature control system, the shear viscosity was measured at the temperature of 25°C ± 0.5°C in the torque sensor section. In the case of follicular fluid, measurements taken at body temperature (37°C) are preferred; however, the shear viscosity at 37°C is lower than that at 25°C and was not suitable for investigating rheological properties (see Supplementary Material).
2.3 Experimental setup for measuring extensional viscosity
Figure 4 shows a photograph and schematic diagram of the experimental setup used to measure the extensional viscosities of the samples. This experiment employed a liquid dripping technique, which enabled the evaluation of the extensional viscosity by measuring the diameter of the filament of a droplet suspended from a micro-nozzle [24, 25, 30]. Section 3.2 delineates the method for deriving the extensional viscosity from filament diameter data. The liquid dripping apparatus attached to a syringe pump (Pump 11 Elite, Harvard Apparatus Inc.) consisted of a 2.5 mL syringe (Terumo syringe ss-02Sz, Terumo Corporation), 0.5 mL silicone tube (SF-ET0525L22, Terumo Corporation), and micro-nozzle with a 0.3 mm outer diameter (DPN-30G-1, Musashi Engineering Inc.), all of which were disposable and were replaced for each individual sample. The utilization of intricate parts facilitated measurements with a sampling volume of 3 mL or less. The measurements were conducted at room temperature (25 °C). Samples were allowed to drip from the micro-nozzle at a flow rate of 10 μL/min.
[image: Figure 4]FIGURE 4 | Experimental setup for measuring extensional viscosity employing a liquid dripping method [24, 25, 30]. (A) Photograph of the experimental setup. (B) Scheme of the experimental setup with photographs of specific components.
A light source (UFLS-751-08W-UT, U-Technology Corporation) and a high-speed camera (CRYSTA PI-1P, Photron Co. Ltd.) coupled to a microscope lens at ×5 magnification (Leica Z16APO, Leica Microsystems Ltd.) were used to capture the high-speed behavioral event of liquid filament thinning. The images were captured at a frame rate of 100,000 frames per second, a shutter speed of 1/100,000 s, and a maximum spatial resolution of 2.14 μm/pix. Image analysis was performed using the programming language MATLAB (R2022b, Mathworks Ltd.) to enumerate the filament diameter required to calculate the filament extensional viscosity. The minimum diameter of the liquid filament in each image was computed by applying subpixel processing using a linear interpolation method [24] to the binarized images generated from the continuous-intensity images. Subpixel processing enabled us to analyze fast-varying diameters more accurately.
3 RESULTS AND DISCUSSION
3.1 Shear viscosity of follicular fluids
Follicular fluid samples were centrifuged prior to the experiment. Some samples retained their original yellow color after centrifugation, whereas others that were originally red in color turned yellow after centrifugation (Figures 5A, B). Colored images of the follicular fluids sealed in a plastic cell measuring 5 mm, 12 mm, and 18 mm in width, depth, and height, respectively, were captured using a single-lens reflex camera (α7RIV, Sony Corporation) fitted with a macro lens (FE 90 mm F2.8 Macro G OSS, Sony Corporation). Moreover, follicular fluid samples were observed under a microscope before and after centrifugation, which confirmed that the extant RBCs were removed after centrifugation; this elucidated that the original red color of certain samples changed to yellow because of RBC elimination. As granulosa cells can be removed through centrifugation at 100 g (approximately 2,500 rpm) for 10 min [31], centrifugation of samples at 10,000 rpm for 5 min appeared to partially but sufficiently remove granulosa cells.
[image: Figure 5]FIGURE 5 | Follicular fluid color and red blood cell density (A) before and (B) after centrifugation. (C) Shear viscosity vs. shear rate for follicular fluids (subjected and not subjected to centrifugation).
Subsequently, the impact of centrifugation on the shear viscosity of samples was investigated (Figure 5C; sample size = 12). The measurement conditions were a steady shear viscosity under several shear rates without pre-shear. The shear rate was programmed to escalate from a low shear rate of 100 1/s to a high shear rate of 103 1/s, and then decline to a low shear rate, which was repeated three times. The shear viscosity of follicular fluids decreased with increasing shear rate, confirming that they possess shear-thinning properties similar to those reported in a previous study [15]. Moreover, the obtained values were approximately 1.5–2 mPa s in the shear rate range of 101–103 1/s, which were also similar to those obtained in a previous study [15]. As the respective error bars overlapped in the shear rate range of 100–103 1/s, we concluded that the presence of RBCs after centrifugation did not exert any effect on the shear viscosity of follicular fluids. Generally, in whole blood, shear viscosity increases with increasing concentration of RBCs in the plasma (low-viscosity Newtonian fluids) [32]. However, this effect was negligible in this study, indicating that the concentration of RBCs in follicular fluids was visibly minute. It should also be noted that the effect of RBCs on the extensional viscosity was not investigated in this study.
Figure 6 illustrates the relation between shear viscosity η and shear rate [image: image] of pure water, OVA solution, dilute polymer solutions, and follicular fluids. The slight decrease and increase in the shear viscosity of water (Newtonian fluid) down to a shear rate of 100 1/s and up to a shear rate of 103 1/s, respectively, represent the measurement limits of the used coaxial cylinder viscometer. Note that the slight decrease and increase in the shear viscosity (down to a shear rate of 100 1/s and up to 103 1/s, respectively) represent the measurement limits of the viscometer, as pointed out by Ewoldt et al. [33]. The shear viscosity of dilute PEO solutions exhibited Newtonian behavior, where the shear viscosity was independent of the shear rate. In contrast, the shear viscosities of OVA solution and follicular fluids displayed shear-thinning properties, where the shear viscosity decreased with increasing shear rate, indicating that they were non-Newtonian fluids. Fifty-four samples of follicular fluids were prepared for this study. The shear viscosity of the dilute polymer solutions used in this study was almost the same as that of water. It increased by approximately 0.2 mPa s with the slight increase in PEO concentration from 0.03 to 0.1 wt%, which is consistent with the results of a previous study [23], indicating high measurement accuracy. The shear viscosity of the OVA solution showed shear-thinning properties, consistent with the findings of a previous study on bovine serum albumin [34]. The shear viscosity of follicular fluids was relatively close to that of the OVA solution in the high shear rate range. Therefore, considering that the majority of proteins in the follicular fluid are OVA, the non-Newtonian property of the shear viscosity of follicular fluids might be predominantly attributable to the effect exerted by OVA.
[image: Figure 6]FIGURE 6 | Shear viscosity vs. shear rate for pure water, protein (OVA/phosphate-buffered saline) solution, dilute polymer (PEO) solutions, and follicular fluids. Error bars include both measurement- and sample-derived errors for follicular fluids and measurement-derived errors only for the other solutions.
When measuring the shear viscosity of follicular fluids (Figure 6), the shear rate increased and decreased three times in reciprocal cycles, and no significant hysteresis was observed in the process. This was also evident from the shear viscosity measurements at the constant high shear rate of 103 1/s (Figure 7). When the obstetrician/gynecologist collected oocytes and follicular fluids from the subjects, they used a lumen needle with a diameter of 0.8 mm (U5099-MM, 21G × 300 mm, Hakko Co., Ltd.). The shear rate acting on the follicular fluids flowing through the needle is estimated to be the order of 103 1/s. Therefore, the extent of shear viscosity reduction upon application of a shear rate of 103 1/s to the follicular fluid for 1 h (3,600 s) was investigated. It was expected that high shear stress on follicular fluids would disrupt their internal structure and consequently affect shear viscosity. However, the shear viscosity of follicular fluids decreased by approximately 0.73% after experiencing a high shear rate of 103 1/s for 1 h, indicating little degradation. Therefore, although the follicular fluid contains various types of cells, it does not form structures, and the effect of degradation on shear viscosity due to shear stress is negligible.
[image: Figure 7]FIGURE 7 | Time variation of the shear viscosity of follicular fluid under steady shear stress at a shear rate of 103 1/s.
The relation between the shear viscosity characteristics of follicular fluid and oocyte maturity was investigated. Here, information on oocyte maturity provided by the Department of Obstetrics and Gynecology of the Nagoya University Hospital and the corresponding shear viscosity data of follicular fluid samples were investigated. Cases in which the oocyte was present in the follicle were classified as “with oocyte,” and those in which the oocyte was absent from the follicle were classified as “without oocyte.” A comparison of the shear viscosities of follicular fluids with and without oocytes is shown in Figure 8. In this study, 16 and 28 samples of follicular fluid with and without oocytes, respectively, were prepared. In the low shear rate range of 100–101 1/s, the shear viscosities of all cases were similar, and the error bars overlapped. Nevertheless, in the high shear rate range of 101–103 1/s, the shear viscosities of the two groups were different, and the error bars did not overlap. Furthermore, the high shear rate range induced a substantial difference of up to 0.1 mPa s between samples with and without oocytes. This suggests that the shear viscosity of follicular fluid differs depending on the presence or absence of oocytes. The protein and peptide composition of follicular fluid varies depending on the presence or absence of oocytes [20–22]; we speculate that this is a primary factor affecting our results. However, as we did not obtain biochemical data of the follicular fluids, we were unable to compare the composition of samples with and without oocytes, which prevents us from discussing the specific factors underlying the observed difference; this is a subject for future investigation.
[image: Figure 8]FIGURE 8 | Shear viscosity vs. shear rate for follicular fluids with and without oocytes.
3.2 Extensional viscosity of follicular fluids
The variability of data among follicular fluid samples was evidently minute for shear viscosity but large for extensional viscosity; thus, extensional viscosity data of only one follicular fluid sample, in which the extensional property appears, are presented in this section. The variability in our data on the extensional behavior of follicular fluid and OVA solutions have been described in the Supplementary Material. Figure 9 shows an image time series of the extensional behavior of pure water, protein solution, dilute polymer solution, and follicular fluid captured using a high-speed camera. In the case of water, no liquid filament was formed; however, in the case of the protein solution, dilute polymer solution, and follicular fluid, the formed liquid filament with a cylindrical shape showed a uniaxial extension and gradually became thinner with time. It is well established that a filament is not formed in the case of water (Newtonian fluid) but is formed in the case of a PEO solution used as dilute polymer solution (non-Newtonian fluid) [23–27]. Therefore, this suggests that the protein solution and follicular fluid that formed filaments are non-Newtonian fluids. Note that although the shear viscosity data for the PEO solution showed Newtonian behavior (Figure 6) because of the measurement limit of the viscometer, the filament behavior of the PEO solution indicates non-Newtonian fluids. To quantify the extensional behavior, we derived the extensional viscosity using the method described below.
[image: Figure 9]FIGURE 9 | Temporal evolution of the extending liquid filament of pure water, protein (OVA/phosphate-buffered saline) solution, 0.05 wt% polymer (PEO) solution, and follicular fluid. The time interval shown from left to right is Δt = 1/2,000 s, while that of the actual photo is 1/100,000 s.
Figure 10A shows a semi-logarithmic graph of the diameter ratio versus time for pure water, protein solution, diluted polymer solution, and follicular fluid. The diameter ratio is a dimensionless number obtained by normalizing the minimum diameter of the liquid filament at each time instant D to the outer diameter of the capillary nozzle D0. The horizontal axis represents the elapsed time t [ms], where t = 0 is the time at which D/D0 = 0.7. The time evolution of the liquid filament of a viscoelastic fluid is mainly classified into three regimes: inertio-capillary (IC) or visco-capillary (VC), elasto-capillary (EC), and terminal visco-elasto-capillary (TVEC) regimes [27]. The EC regime is theoretically a perfect uniaxial extension, with an exponential decay of the diameter ratio D/D0 with respect to time t, expressed as follows:
[image: image]
where tEC is the onset time of the EC regime, that is, the time at which D/D0 begins to decay exponentially with respect to time t, and λE is the extensional relaxation time. Newtonian fluids only have the IC or VC regime, whereas viscoelastic fluids have EC and TVEC regimes that are further developed from the IC or VC regime. An inflection point exists as the slope of the diameter ratio changes during the transition from the IC or VC regime to the EC regime. As the TVEC regime is the moment when the extending liquid filament fails, data may not have been accurately acquired because of the low spatial resolution of the camera, and the TVEC regime was not confirmed for all data in this study. Therefore, only the diameter ratio data in the EC regime were used to calculate the extensional viscosity; the diameter ratio data in the TVEC regime were not used. Six measurements were conducted for each solution, and the error bars obtained from these six measurements are shown in Figure 10. The reproducibility of the extensional behavior was high in pure water, protein solutions, and dilute polymer solutions, confirming the reliability of this measurement system. In contrast, in the follicular fluid sample, two measurements showed extension and four did not, despite pertaining to the same sample. In other words, we obtained two measurement data with an EC regime and four without. As it was impossible to calculate the extensional viscosity for the data without the EC regime, only data with the EC regime were used for further analysis.
[image: Figure 10]FIGURE 10 | Semi-logarithmic graphs of the diameter ratio vs. time for pure water, protein solution, dilute polymer solutions, and follicular fluid. (A) Diameter ratio plotted against t. (B) Diameter ratio plotted against t—tEC.
As shown in Figure 10A, the diameter ratios of pure water and protein solution did not exhibit an exponential decay trend with respect to time. Therefore, the protein solution was considered a Newtonian fluid with only the IC or VC regime, similar to water (Newtonian fluid). The extensional behavior of the protein solution in this measurement system was consistent with that reported in a previous study [35]. Although the liquid filament of the protein solution extended uniaxially (Figure 9), the analytical results did not show a clear EC regime. It is possible that this measurement system does not clearly detect the extensional filament behavior of the protein solution owing to limitations in the spatio-temporal resolution. The proteins are generally surface-active molecules that affect interfacial behavior. Tammaro et al. [36] reported that proteins (such as BSA) can exhibit strong interfacial viscoelasticity at the protein surface layer when accompanied by bubble rupture dynamics. By contrast, Regev et al. [37] noted that the interfacial viscoelasticity for a protein surface layer of uniaxially extending filaments exerts a surface-stabilizing effect on the overall filament; this phenomenon is strongly dependent on the Peclet number, which is the ratio of the timescale of protein diffusion and the timescale of surface dilatation. Furthermore, in uniaxial extensional flows of proteins such as BSA, the Peclet number exceeds 1; thus the effect of interfacial viscoelasticity can be ignored [37]. Brust et al. [38] also noted that the effect of interfacial viscoelasticity is negligible in the uniaxial extensional flow of plasma protein solutions. In the present study, which deals with the uniaxial extensional flow of protein solutions using the LD method, the effect of interfacial viscoelasticity can be ignored because the Peclet number exceeds 1, as in previous studies [37, 38].
In contrast, the dilute polymer solutions and follicular fluid showed an EC regime in which the diameter ratio decayed exponentially with time, confirming that they were viscoelastic fluids. We believe that human follicular fluid likely has elastic properties because it was confirmed (via an experimental investigation of its uniaxial extensional behavior) that the follicular fluid of chicken eggs possesses elastic properties [19]. The PEO solutions showed the same trend, which is consistent with the findings of a previous study [26], indicating that our measurement system is reliable. The diameter ratios of water and dilute polymer solutions showed the same curve up to the midpoint of the IC or VC regime, and the dilute polymer solutions further evolved over time to reach the EC regime. This is due to the influence of polymer chains dispersed in water, which impart rheological properties to water. Interestingly, this was also the observed relation between the protein solution and follicular fluid. The diameter ratio of both showed the same curve up to the midpoint of the IC or VC regime, and the follicular fluid evolved further over time to reach the EC regime. These findings suggest that other components of the follicular fluid, such as peptides and cumulus cells [20–22], influence its rheological properties, even though proteins by themselves do not exhibit elastic properties. Although we could not identify significant differences in the shear viscosity data between the protein solution and follicular fluid (Figure 6), the aforementioned findings would not have been known without performing extensional viscometry.
For each diameter ratio data (Figure 10A), a graph organized with the time reference as the onset time of the EC regime tEC is shown in Figure 10B. For Newtonian fluids such as pure water and protein solutions, tEC is considered the breakup time of the liquid filament. We found that the slope of the diameter ratio graph in the EC regime of the follicular fluid was in relatively good agreement with that of the PEO solution at a concentration of 0.05 wt%. The relaxation times of the dilute polymer solutions in the EC regime and follicular fluid were calculated using Eq. 1. The relaxation times of the dilute polymer solutions were λE = 1.18, 0.36, and 0.11 ms for the concentrations of 0.1, 0.05, and 0.03 wt%, respectively, while that of the follicular fluid was λE = 0.37 ms. Therefore, the extensional viscosities and relaxation times of 0.05 wt% PEO solution (λE = 0.36 ms) and follicular fluid (λE = 0.37 ms) are similar, suggesting that they are viscoelastic fluids with similar extensional behavior.
Next, the extension rate (or strain rate) was derived to investigate the reliability of tEC. To determine whether the extensional behavior of complex fluids in the EC regime is uniaxial extensional flow, Hencky strain ε was introduced and expressed in the following equation as the length of the liquid filament that is deformed from L0 to L (Figure 4B):
[image: image]
As the extension rate is theoretically constant in the EC regime [27], the latter was determined from the time variation graph of the extension rate calculated from the diameter ratio data. The extension rate [image: image] is the derivative in the Hencky strain ε with time t, and is expressed from the diameter ratio of the liquid filament D/D0 as follows:
[image: image]
Figure 11 shows the time variation in the extension rate in 0.05 wt% PEO solution and follicular fluid. In the dilute polymer solution, there was an inflection point at time when the extension rate increased/decreased (at t - tEC = −0.04 ms), after which it became constant. Generally, this inflection point exists at the end of the IC or VC regime for viscoelastic fluids, and the time at which the extension rate reaches a constant value after decreasing is known to be the onset of the EC regime [27]. The time range of the EC regime t - tEC in the dilute polymer solution was set between 0 and 1.09 ms, and the Hencky strain ε varied between 4.46 and 6.88. In the case of follicular fluid, the variation in the extension rate was gentle, and there was an inflection point where the extension rate slightly increased/decreased (around t - tEC = −0.5 ms), after which it was observed to be constant. Therefore, we determined that the time range of the EC regime t - tEC was between 0 and 0.65 ms, and the Hencky strain ε was estimated to be between 5.98 and 7.21. When deriving the extensional viscosity, it is necessary to assume that the liquid filament is cylindrical in the EC regime and that the extensional stress σE acting on the filament is only the pressure difference Δp; thus, the extensional viscosity ηE is expressed as follows:
[image: image]
where Γ is the surface tension of the liquid. The surface tension of the follicular fluid was measured in 10 trials using the Wilhelmy plate method (DY-300, Kyowa Interface Science Co. Ltd.), and the average value was Γ = 52.4 ± 0.4 mN/m. Figure 12 shows the extensional viscosity ηE plotted against the Hencky strain ε for dilute polymer solutions and follicular fluid. For the former, the extensional viscosity increased monotonically with increasing Hencky strain, thereby expanding the range of extensional viscosity. Both the Hencky strain range and extensional viscosity increased with increasing solution concentration. This was because the slope of the diameter ratio in the EC regime decreased with increasing solution concentration, and the diameter ratio increased around the transition time (t = tEC) from the IC or VC regime to the EC regime (Figure 10B). This trend was confirmed in a previous study using the same concentrations of PEO solutions [26]. For the follicular fluid, the range of the Hencky strain in the EC regime was smaller than that for the dilute polymer solutions. The extensional viscosity ηE of follicular fluid was estimated to be between 4.0 and 7.2 Pa s, and almost the same as that of the PEO solution (0.05 wt%), which suggests that the rheological property of the follicular fluid is comparable to that of 0.05 wt% PEO solution.
[image: Figure 11]FIGURE 11 | Temporal extension rate for 0.05 wt% PEO solution and follicular fluid.
[image: Figure 12]FIGURE 12 | Extensional viscosity vs. Hencky strain for dilute polymer solutions and follicular fluid.
4 CONCLUSION
This study aimed to examine the rheology of human follicular fluids in terms of shear and extensional viscosities, and compare it to that of pure water, protein solutions, and dilute polymer solutions at three distinct concentrations. Despite the alteration in the color of the follicular fluid due to RBC removal via centrifugation, no discernible modification was observed in its shear viscosity. Moreover, the shear viscosity of follicular fluid remained constant even when the stress loading time increased. A comparison between the shear viscosities of follicular fluids that contained oocytes and those that did not revealed a marked difference that may be attributable to the distinct components, such as proteins and peptides, of follicular fluid, warranting further investigation of the causal relation. These findings suggest that the presence of oocytes in follicular fluids can be inferred from their shear viscosities, even if the present measurements were not conducted in situ. Moreover, an extensional viscosity measurement system based on the liquid dripping approach was designed and used to measure a sample volume of less than 3 mL. Pure water and OVA solution did not exhibit axial extension, whereas PEO solutions and follicular fluid exhibited extensional behavior. The diameter ratio curves for pure water and PEO solutions in the IC/VC regime closely resembled those for OVA solution and follicular fluid, respectively. However, upon comparing the diameter ratio curves of the protein solution and follicular fluid, only the latter was revealed to possess an EC regime. Therefore, OVA is not the sole determinant of the rheological properties of follicular fluid. Additionally, the extensional viscosity of follicular fluid was directly proportional to the Hencky strain, displaying a similar trend to that observed in dilute polymer solutions. The extensional viscosity characteristics of follicular fluid showed high sample variability and were comparable to those of low-viscosity dilute polymer solutions, making the measurement of extensional viscosity of the fluid itself highly challenging. Hence, it is difficult to determine the developmental stage of oocytes based on differences in the extensional viscosity characteristics of follicular fluid. To establish such a relation, the development of an extensional viscosity measurement technique specifically for measuring lower viscosity solutions and investigation of the extensional viscosity of a large number of follicular fluid samples should be conducted in the future.
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