

  jcs-06-00226




jcs-06-00226







J. Compos. Sci. 2022, 6(8), 226; doi:10.3390/jcs6080226




Article



Impact of Dialysis Clinical Operating Conditions on Human Serum Protein-Mediated Inflammatory Biomarkers Released in Patients Using Polyarylethersulfone Membranes



Heloisa Westphalen 1, Shaghayegh Saadati 1,2, Jumanah Bahig 2,3, Huu Doan 4, Ahmed Shoker 5,6 and Amira Abdelrasoul 1,2,*[image: Orcid]





1



Department of Chemical and Biological Engineering, University of Saskatchewan, 57 Campus Drive, Saskatoon, SK S7N 5A9, Canada






2



Division of Biomedical Engineering, College of Engineering, University of Saskatchewan, 57 Campus Drive, Saskatoon, SK S7N 5A9, Canada






3



College of Kinesiology, University of Saskatchewan, 87 Campus Dr, Saskatoon, SK S7N 5B, Canada






4



Chemical Engineering Department, Toronto Metropolitan University, 350 Victoria St., Toronto, ON M5B 2K3, Canada






5



Nephrology Division, College of Medicine, University of Saskatchewan, 107 Wiggins Rd, Saskatoon, SK S7N 5E5, Canada






6



Saskatchewan Transplant Program, St. Paul’s Hospital, 1702 20th Street West, Saskatoon, SK S7M 0Z9, Canada









*



Correspondence: amira.abdelrasoul@usask.ca; Tel.: +1-(306)-966-2946; Fax: +1-(306)-966-4777







Academic Editors: Thanasis Triantafillou and Francesco Tornabene



Received: 8 July 2022 / Accepted: 2 August 2022 / Published: 4 August 2022



Abstract

:

Hemodialysis (HD) is a life-sustaining treatment of crucial importance in managing end-stage renal disease (ESRD). However, this membrane-based therapy is associated with acute side-effects due to bioincompatibility issues and limitations on the removal of uremic toxins. The present study assessed the influence of hydrodynamic conditions applied during HD treatment on protein-mediated inflammatory and thrombotic responses. The membrane modules considered are commonly used in Canadian hospitals and are comprised of a polymer blend of polyarylether sulfone-polyvinylpyrrolidone (PAES). The membranes morphology and hydrophilicity were assessed using SEM, AFM, BET, and zeta potential. An in vitro study evaluated the adsorptive behavior of fibrinogen (FB) to the membrane under different flow conditions. Lower rates of 200 mL/min promoted slower and significant FB adsorption, leading to more severe inflammatory and thrombotic responses. Hydrodynamic conditions also affected the concentration of all inflammatory biomarkers. Lower flow rates triggered more complement activation as well as coagulation, clotting, and inflammatory responses compared to higher flow rates. At the end of the dialysis session, patients treated with a Qb of 200 mL/min presented a significant increase in the concentration of C5a (232%), properdin (114%), serpin (545%), IL-1α (50%), IL-6 (450%), and vWF (212%). IL-1β and TNF-α concentrations declined by 12.5 and 35.5%, respectively. Male patients experienced more severe inflammatory responses than female patients at the operating conditions considered. Comparing the pre- and post-dialysis levels of female and male patients, female patients experienced significantly higher levels of IL-6 and properdin, while male patients presented higher levels of C5a, IL-1α, and IL-6. The results of this study will help clinical doctors evaluate the impact of HD operating conditions on blood activations before prescribing treatment and inform expectations for outcomes in female and male patients.
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1. Introduction


The annual increase in the global prevalence of chronic kidney disease (CKD) is a concerning reality. In 2017, it was estimated that almost 700 million people were diagnosed with CKD [1,2]. The projections point to an upward trend in the CKD incidence, which has been aggravated with the COVID-19 pandemic [3,4]. With the decreased renal function, over 2.5 million patients worldwide require renal replacement therapy to manage the disease, and hemodialysis (HD) is the most prescribed treatment. Hemodialysis consists of an extracorporeal blood purifying method that allows the removal of metabolic wastes and excess fluids. HD is a membrane-based process and is hindered by protein adsorption in many ways. Protein adsorption leads to membrane fouling, which corresponds to the deposition of protein molecules within the porous structure and the gradual formation of a secondary filtration layer on the membrane surface. This phenomenon results in decreased therapeutic usefulness by limiting the diffusive and convective capacity of toxin removal and other complications associated with changes in osmolarity and ultrafiltration rate during treatment [5,6]. Additionally, protein adsorption triggers the activation of biochemical cascades that result in increased inflammation as well as coagulatory and thrombotic responses that can lead to life-threatening short- and long-term side-effects [7,8]. Patients undergoing chronic treatment can face long-term complications such as amyloidosis, malnutrition, accelerated atherosclerosis, and thrombotic diathesis, neutropenia, and hypoxemia [5,7]. The high mortality and morbidity rate in HD patients have been associated with the increased incidence of cardiovascular disease and hypoalbuminemia [9,10,11,12,13,14]. All these consequences that can jeopardize patient health and increase the risk of morbidity and mortality are related to the instantaneous protein adsorption that takes place when blood encounters the dialysis membrane [15].



The adsorption of proteins to the dialyzer membrane is a nonspecific process that can lead to a wide range of outcomes. This chain of intricate reactions has been extensively investigated and, although not fully understood, it has been observed to involve platelets, leukocytes, and the complement and coagulation systems [16]. Additionally, the extent of these undesired reactions is related to the bioincompatibility of dialysis membranes [16,17,18,19].



Cell activation is initiated by the contact between the patient’s blood and the HD membrane [14]. During HD, neutrophils, macrophages and monocytes are recruited and activated upon contact with the dialyzer membrane, then inflammatory cytokines (IL-6, IL-1, and TNF-α) and complement activators are released [20]. The complement system has a critical role in immunoprotection and is able to distinguish self and nonself [21]. The activation of the complement system can occur via different pathways depending on the nature of the interactions between blood components and foreign surfaces. All pathways converge to the cleavage of complement component 3 (C3) into C3a and C3b. The increase in C3a levels promotes the generation of C5 convertase, which breaks C5, forming C5a and C5b. C5a is a powerful anaphylatoxin and promotes a procoagulant state in hemodialysis patients, whereas C5b binds to the surface and interacts with C6-C9 to form the membrane complex attack (MAC/C5b-9) [22]. The coagulation and complement systems take on essential functions throughout the inflammatory response. Acute inflammation begins quickly, becoming severe within 10 and 30 min with symptoms lasting for multiple days. Coagulation cascade triggering is traditionally hindered by the administration of heparin [23]. However, the coagulation cascade enhances thrombin generation through the intrinsic pathway where the cascade aims to ensure hemostatic maintenance [24]. In the activation of both cascades, factor X initiates prothrombin using a series of sequential factors. Active thrombin can then catalyze the polymerization of fibrin and succeeding fibrin polymers create a clot together with activated platelets [25]. This leads to the conclusion that this polymerization is related to the fibrinogen (FB) function.



The present study aims to: (i) characterize the morphology and hydrophilicity of membrane modules commonly used in Canadian hospitals; (ii) evaluate the adsorptive behavior of FB to membrane fibers under different in vitro flow conditions; (iii) evaluate the influence of hydrodynamic conditions during HD treatment on FB adsorption and protein-mediated inflammatory and thrombotic responses; (iv) measure inflammatory biomarker release, before, during, and after dialysis in samples collected from dialysis patients; (v) assess the influence of biological sex on inflammatory and thrombotic responses.




2. Materials and Methods


2.1. Materials and Chemicals


In our present study, we used Ravenclear 400 dialyzer membranes, which are composed of a polymeric blend of polyarylether sulfone-polyvinylpyrrolidone (PAES). These clinical-grade membranes were supplied by St Paul’s Hospital, Saskatoon, Canada. This medical-grade membrane is widely prescribed in Canadian Hospitals based on the reported optimal filtration flux, solute removal, and hemocompatibility. For our in vitro protein adsorption investigation, we utilized human serum fibrinogen (2 mg/mL; Sigma-Aldrich, ON, Canada), saline (0.9% NaCl Injection USP, Baxter), and phosphate-buffered solution (1.0 M, pH 7.4 at 25 °C, Sigma-Aldrich) to simulate the patient’s blood. For the dialysate solution, we acquired the following reagents (Sigma Aldrich, ON, Canada): sodium bicarbonate (NaHCO3, ≥99.7%), sodium acetate (CH3COONa, ≥99.0%), sodium chloride (NaCl, ≥99.0%), potassium chloride (KCl, ≥99.0%), calcium chloride (CaCl2, ≥93.0%), glucose (anhydrous, 96%), and magnesium chloride (MgCl2, ≥98.0%).




2.2. Membrane Characterization


We utilized Atomic Force Microscopy (AFM, Model 4500 AFM instrument, Keysight Technologies, Chandler, AZ, USA) and Scanning Electron Microscopy (SEM, Hitachi SU8010, Hitachi High-Tech, Tokyo, Japan) to determine the morphological properties of the membrane including surface roughness, porous structure, fiber diameter, and thickness. SEM was also utilized to visualize the change in membrane morphology upon contact with fibrinogen. Zeta potential (Zetasizer-Nano Series, Malvern Instruments Ltd., Malvern, UK, ± 0.01 mV) and Brunauer–Emmett–Teller (BET, ASAP 2020 system, Micromeritics, Norcross, GA, USA) analyses were performed to assess membrane surface charge, surface area, and pore size distribution. The detailed methodology of each technique can be found in our recent report [26].




2.3. In Vitro FB Adsorption


To evaluate the adsorption of FB and consequent fouling under similar hydrodynamic conditions of HD operation, we simulated HD sessions in vitro. To that end, we passed an aqueous solution of FB of a physiological concentration of 2 mg/mL and pH 7.2 through the PAES membrane. The concentration value was selected to accommodate the FB concentration observed in female and male patients. The dialysate was created from the following reagents (Sigma Aldrich) dissolved in distilled water: NaCl, CaCl2, KCl, NaHCO3, MgCl2, CH3COONa, and glucose at a similar composition to that reported in [26]. In each simulated HD experiment, flow rates of the FB solution (Qb) and dialysate solution (Qd) were kept constant and the pressure was monitored in all inlets and outlets. Operating conditions were set to match common clinical conditions (Qb = 200–400 mL/min; Qd = 400–500 mL/min). The adsorption of FB was closely monitored by measuring the change in FB concentration in the stock solution using UV/Vis spectrometry (Flame, Ocean Optics, Dunedin, FL, USA). The detailed UV/Vis spectrometry methodology is reported in our recent study [25] where we constructed a calibration curve for the concentration of the protein as a function of the UV/Vis absorbance at 278.9 nm. The schematic presentation of our experimental setup is shown in Figure S1 and experiments were conducted in triplicate. Experiments were conducted until the level of adsorption was constant and indicating that equilibrium was achieved. Samples of 1.5 mL were collected from the protein solution every minute and analyzed at room temperature (22 °C). The FB concentration in solution at a given time (   C  s , i    ) was used to calculate the concentration adsorbed to the membrane surface (   C i   ) according to Equation (1), where    C 0    is the initial FB concentration in solution:


  N o r m a l i z e d   c o n c e n t r a t i o n =    C i     C 0    = 1 −    C  s , i      C 0     



(1)








2.4. Clinical Studies


2.4.1. Clinical Study of Inflammatory Biomarkers


We assessed the influence of prescribed HD operating conditions on the release of inflammatory biomarkers in HD patients treated with the PAES dialyzer. Following the Research Ethics Approval, we recruited twelve HD patients and two healthy controls from St. Paul’s Hospital dialysis center. For the dialysis patients, the inclusion criteria included a diagnosed kidney disease, male or female, and under 60 years of age. For the healthy controls, the criteria were the same for age and biological sex but normal kidney function. The studied population characteristics are presented in Table 1.



Blood samples were collected from the dialysis patients before dialysis, at 30 min, 1 h, and 4 h (end of dialysis treatment). The samples were analyzed using Luminex assays and the Bio-Plex-200 system (Bio-Rad, Hercules, CA, USA) for complement component 5a (C5a), properdin, tumor necrosis factor (TNF)-α, interleukin (IL)-1α, IL-1β, IL-6, serpin/antithrombin-III, and Von Willebrand factor (vWF). Detailed information on these analyses is reported in our previous studies by Westphalen et al., (2020) [27] and Saadati et al., (2020) [25]. Statistical analysis was performed using t-test. Data were expressed as mean values ± standard error of the mean. A p-value of less than 0.05 was considered as indicating a significant difference. The normality of the data was tested using the Shapiro–Wilk normality test and its results are presented in Table S1. Triplicate measurements were performed for all samples and controls. Here, we report the mean, standard deviation, and p-values from those measurements. Those data are also in agreement with the biomarkers models developed by Abdelrasoul et al., (2021) [28].




2.4.2. In Vitro Incubation of PAES Membrane


These tests were conducted to determine the effect of clinical practices on inflammatory responses associated with FB adsorption. Small aliquots of uremic serum were obtained from the blood samples collected pre-dialysis and were incubated with clean PAES fibers for 30 min at 37 °C, as reported in [29]. Using Luminex assays, the levels of properdin, serpin/antithrombin III, TNF-α, IL-1β, IL-6, and vWF were measured and compared to those observed in the blood samples collected during the HD session (at 30 min). The samples and controls were run in triplicate, with the mean, standard deviation, and p-values reported.






3. Results


3.1. Membrane Morphology and Surface Charge


The AFM micrographs (Figure 1) were utilized to determine the membrane average roughness (Ra) and root-mean-square roughness (RRMS), and the results are summarized in Table S2. The SEM images (Figure 2) revealed an interconnected porous structure within the membrane fibers. The PAES microfibers presented an average diameter of 266 μm and uniform thickness varying sightly between 21.7 and 24.0 μm along the measured length. The BET surface area was 1.99 ± 0.32 m2/g, the average pore size was 27.84 ± 6.32 nm, and the zeta potential measured was −68 mV. The PAES membrane presented a wide pore size distribution that facilitates the clearance of a broad spectrum of uremic toxins. The PES membrane proved to have a good mechanical behavior between −50 °C and 180 °C and high dimensional stability with a tensile strength of 85.55–109.25 ± 6.00 M.Pa. The zeta potential (−68 mV) is indicative of the fouling capacity of the membrane due to its surface hydrophilicity. Surface hydrophilicity has been observed to hinder protein adsorption, hence reducing deposition and fouling of the membrane [30].




3.2. In Vitro Fibrinogen Adsorption


The adsorptive behavior of FB was evaluated using various values of Qb and Qd similar to those prescribed to HD patients (Figure 3a,b). The results indicated that Qd impacted the adsorption of FB when operating at a lower Qb. Adsorption occurred faster at a lower Qb for both Qd values, especially during the first 10 min. Specifically, the difference between the amount of adsorbed FB at Qb values of 200 and 400 mL/min was 19.5 and 77.6% at Qd values of 400 and 500 mL/min, respectively. Moreover, the time to achieve a normalized concentration of adsorbed FB of 0.50 for a Qd of 400 mL/min was 10 and 20 min and for a Qd of 500 mL/min was 8 and 25 min for Qb values of 200 and 400 mL/min, respectively. The in vitro adsorption of FB showed that at a lower Qb (200 mL/min), adsorption occurred faster, and equilibrium was achieved in approximately 35 and 15 min for Qd values of 400 and 500 mL/min, respectively. At a higher Qb (400 mL/min), the adsorption of FB approached equilibrium more slowly but to similar final normalized values of 0.63 and 0.65 for Qd values of 400 and 500 mL/min, respectively; however, at a lower Qb (200 mL/min), final normalized values were quite different (0.73 and 0.57 for Qd values of 400 and 500 mL/min, respectively). At a Qb of 200 mL/min, the pressure on the blood side of the membrane was 0.85 psi and on the dialysate side was 1.15 and 1.0 psi for Qd values of 400 and 500 mL/min, respectively.



Figure 4 shows the surface of a PAES membrane before and after contact with the FB solution. The transmembrane pressure (TMP) varied from −0.08 to −0.23 for Qb = 200 mL/min, −0.03 to −0.13 for Qb = 400 mL/min (Figure 5a), −0.10 to −0.30 for Qb = 200 mL/min, and −0.08 to −0.13 for Qb = 400 mL/min (Figure 5b). As a consequence of the negative TMP, back-filtration was observed in all the in vitro cases under study, and the back-filtration rates (BF) are listed in Table 2. The impact of different levels of Qd is depicted in Figure 6, which shows that a higher Qd leads to faster FB adsorption and a smaller amount is adsorbed at equilibrium.




3.3. Clinical Study of Inflammatory Biomarkers


3.3.1. Influence of Hydrodynamic Conditions on the Release of Inflammatory Biomarkers


The hydrodynamic conditions were observed to affect the release of all biomarkers. Figure 7 shows the concentration of inflammatory biomarkers in samples collected 30 min into a PAES dialysis session and in samples incubated in patients’ uremic serum with PAES membrane for 30 min. Concentrations of properdin, vWF, IL-1β, TNF-α, and IL-6 are higher and concentrations of serpin/antithrombin III are significantly lower in the dialysis vs. incubated samples.




3.3.2. Levels of Inflammatory Biomarkers at Various Operating Conditions


Complement Activation Factors


Figure 8A,B display the change in concentration of C5a and properdin in blood samples before dialysis, at 30 min, 1 h, and 4 h (end of treatment) from HD patients subjected to different operating conditions. Before the HD session, HD patients and healthy controls had similar levels of C5a (p < 0.0579) and properdin (p < 0.544). Similar trends were observed for both factors during the first hour of treatment at Qb = 200 or 300 mL/min, but properdin levels exhibited opposing trends at Qb = 400 mL/min (decrease) vs. 500 mL/min (increase). C5a concentrations in HD patients were higher than in healthy controls throughout HD treatment. After 4 h, the highest and lowest levels of C5a were observed in patients treated at Qb = 400 or 500 mL/min and Qb = 200 mL/min, respectively; the highest and lowest levels of properdin were observed for Qb = 200 and 500 mL/min, respectively. Figure S2A displays the overall percent change in C5a and properdin concentrations in patients treated at different Qb values. Patients treated at Qb = 200 mL/min experienced the highest increases in both biomarkers, with C5a and properdin increasing by 232 and 114%, respectively; smaller changes were observed at higher Qb values. C5a concentrations were above initial values for all flow rates, whereas properdin concentrations declined by 17 and 10% at Qb = 400 and 500 mL/min, respectively.




Coagulation and Clotting Factor


Figure 8C shows changes in serpin/antithrombin III concentration at different time points in blood samples from HD patients treated at Qb values of 200–500 mL/min. Before the HD session, serpin levels in HD patients were significantly higher than healthy controls (p < 0.02116). For all treatment conditions, the serpin concentration significantly decreased (p < 0.0150) in the first 30 min. At the end of the session, serpin concentrations were significantly higher in patients treated at 200 mL/min than other flow rates (p < 0.00228). Furthermore, serpin levels of HD patients treated at higher Qb values did not differ significantly from healthy controls. Figure S2B shows the overall percent change in serpin/antithrombin III concentration experienced by patients treated at different Qb values. Patients treated at Qb = 200 mL/min experienced a 545% increase in serpin concentrations compared to pre-dialysis, while patients treated at higher Qb values (300, 400, and 500 mL/min) presented overall decreases (83, 92.5, and 64%, respectively).




Pro-Inflammatory and Pro-Thrombotic Factors


Figure 8D–H show changes in the concentration of pro-inflammatory cytokines (TNF-α, IL-1α, vWF, IL-1β, and IL-6) in blood samples from patients subjected to different Qb values (200, 300, 400, or 500 mL/min). Before HD, TNF-α (p < 0.00371), vWF (p < 0.0218), and IL-6 (p < 0.0803) concentrations were higher in patients than in healthy controls, whereas IL-1α (p < 0.00642) and IL-1β (p < 0.03994) concentrations were lower. After 1 h, IL-1β, TNF-α, IL-1α, and vWF concentrations declined but the IL-6 concentration remained elevated. After 4 h, patients treated at Qb = 200 mL/min had IL-1α, IL-6, and vWF concentrations that had increased by 50, 450, and 212% compared to pre-dialysis levels; IL-1β and TNF-α concentrations declined by 12.5 and 35.5%, respectively. For patients undergoing HD treatment at Qb = 300 mL/min, TNF-α, IL-1α, IL-6, and vWF concentrations declined while IL-1β concentrations increased in the first 30 min. Similar trends were observed for patients treated at Qb = 400 or 500 mL/min. After 1 h of treatment, patients treated at Qb = 300 mL/min experienced a further decrease in TNF-α, IL-1α, IL-6, and vWF concentrations while IL-1β concentrations remained elevated. Similar results were observed for patients treated at Qb = 400 or 500 mL/min, but with increased IL-1α concentrations at 400 mL/min and IL-6 concentrations at 500 mL/min. However, after 4 h, the concentrations of vWF, IL-1α, and IL-6 had significantly increased in patients treated at a blood flow rate of 200 mL/min. On the other hand, almost all pro-inflammatory and pro-thrombotic factors had declined in patients treated at higher flow rates. The IL-1β concentrations declined in all patients, except those treated at Qb = 400 mL/min. TNF-α concentrations significantly decreased for all patients, with those treated at Qb = 400 or 500 mL/min. IL-1α concentrations increased in patients treated at 200 mL/min but declined in patients treated at higher flow rates. For IL-6, patients treated at the lowest and highest flow rates experienced an overall increase and those treated at intermediate flow rates experienced a reduction. For vWF, patients treated at Qb = 200 or 400 mL/min had, respectively, overall increases of 212 and 38% compared to pre-HD concentrations, while patients treated at Qb = 300 or 500 mL/min experienced a decrease. Figure S2C shows the overall changes in inflammatory biomarker concentrations.





3.3.3. Inflammatory Responses in Male and Female Patients


Figure 9 shows the concentration of inflammatory biomarkers of male and female patients before, during, and after HD. Female patients presented higher pre-dialysis C5a, vWF, and IL-1α concentrations, whereas male patients presented higher properdin, serpin, TNF-α, IL-6, and IL-1β concentrations. During the first 30 min of treatment, C5a, properdin, serpin, and vWF concentrations converged to similar levels for both female and male patients. After 1 h, female patients presented higher levels of C5a, properdin, serpin, and vWF, whereas male patients experienced higher levels of TNF-α, IL-1β, IL-1α, and IL-6. Different trends are noted thereafter. Notably, female patients experienced an increase in the level of all biomarkers except properdin and IL-6 between 1 and 4 h of treatment. Figure S3 shows the overall change in biomarker concentrations experienced by female and male patients, calculated by comparing concentrations at 4 h to pre-dialysis levels. Female patients experienced significantly higher levels of IL-6 and properdin, corresponding to overall increases of 182 and 79%, respectively, while male patients presented higher levels of C5a, IL-1α, and IL-6, corresponding to overall increases of 80, 76.5, and 10%, respectively.






4. Discussion


The in vitro adsorption of fibrinogen demonstrated that Qd impacts the adsorption of the protein when operating at a lower Qb. Adsorption occurs faster at a lower Qb for both Qd values, especially during the first 10 min. When a lower Qb is used, the protein molecules take longer to pass through the dialyzer, enhancing the contact between protein molecules and the membrane surface. The attachment of more FB molecules to the membrane in the first few minutes of contact corroborates findings from our theoretical model with respect to the strong affinity between them.



In crossflow filtration mode, a high feed flow rate is expected to create higher shear near the membrane surface, promoting the continuous washing of particles away from the surface, lower particle attachment, and less fouling. In HD operation, a higher Qb increases the pressure on the simulated blood side, which, in some cases, overcomes the increase in shear near the surface. As seen in Figure 5, for both cases, a lower Qb leads to significantly lower TMP during operation. For a fixed value of Qd but higher Qb, the shear stress near the surface is higher and may detach particles from the cake layer, and the TMP is higher compared to cases with a lower flow rate. As such, a higher TMP promotes convective transport and a higher removal of toxins, while a lower Qb may not allow the same removal efficacy. A negative TMP value indicates that the pressure applied on the dialysate side is higher than on the blood side and is evidence of back-filtration (BF). As the difference between Qb and Qd increases, a higher BF rate is observed (Table 2). In all cases, BF took place after the first 5 min. A higher BF rate is expected to result in some protein molecules detaching from the cake layer, resulting in a lower adsorption rate. These observations indicate that patients undergoing HD treatment might experience less FB adsorption at higher Qd values, which can lead to less inflammatory responses. At higher Qb values, the removal of small toxins is also enhanced due to the increase in TMP. Furthermore, less BF is observed due to a smaller pressure difference across the membrane.



To further evaluate the effect of Qd, Figure 6 plots normalized concentrations of FB adsorbed for a fixed Qb of 200 mL/min and Qd values of 300, 400, and 500 mL/min. As Qd increases, FB adsorption occurs faster, and a smaller amount is adsorbed at equilibrium. Thus, a higher Qd is expected to lead to less FB adsorption, which can reduce inflammatory responses in HD patients and enhance the removal of small-molecular-weight toxins. These data align with the common clinical practice of Canadian hospitals to use a Qd of 500 mL/min. However, monitoring patients closely and evaluating the occurrence of BF in clinical practice is important to avoid undesired side-effects.



Hydrodynamic conditions within the HD membrane module can impact protein adsorption and lead to RBC rupture, enhance protein adsorption and platelet adhesion, and lead to coagulation pathways and thrombus formation. Figure 7 shows the concentration of inflammatory biomarkers in samples collected 30 min into a PAES dialysis session and in samples incubated in patients’ uremic serum with the PAES membrane for 30 min. Concentrations of properdin, vWF, IL-1β, TNF-α, and IL-6 are higher and concentrations of serpin/antithrombin III are significantly lower in the dialysis vs. incubated samples. This is expected because serpin is a clotting factor, and, hence, the absence of flow would lead to an increase in concentration. These results indicate that hydrodynamic conditions established by Qb and Qd influence the level of inflammation experienced by dialysis patients, with serpin concentration more affected than the other components.



Before the HD session, HD patients and healthy controls presented similar levels of C5a (p < 0.0579) and properdin (p < 0.544). The levels of serpin (p < 0.02116), TNF-α (p < 0.00371), vWF (p < 0.0218), and IL-6 (p < 0.0803) were higher in HD patients and the levels of IL-1α (p < 0.00642) and IL-1β (p < 0.03994) were lower. Elevated levels of vWF are commonly observed in uremic patients and are associated with recurrent platelet activation promoted by HD; elevated levels are related to long-term, low-grade endothelial damage and recurrent platelet activation [31]. At the end of the dialysis session, patients treated with a Qb of 200 mL/min presented a significant increase in the concentration of C5a (232%), properdin (114%), serpin (545%), IL-1α (50%), IL-6 (450%), and vWF (212%). IL-1β and TNF-α concentrations declined by 12.5 and 35.5%, respectively.



Comparing the change in concentration levels of C5a and properdin, the results of this study suggest that lower flow rates trigger more complement activation than higher flow rates. Analyzing the pre- and post-HD levels of the coagulation factor serpin, it was observed that patients prescribed a lower Qb presented increased levels, whereas the other patients demonstrated a decreased tendency. This is attributed to the lower clearance promoted by the lower Qb and the longer contact between the blood and membrane surface and suggests lower flow rates promote coagulation and clotting pathways. These results align with observations that high flux interventions are associated with a reduced risk of cardiac-related events [32]. Regarding the levels of pro-inflammatory and pro-thrombotic factors, at Qb = 200 mL/min, vWF, IL-6, and TNF-α concentrations increased in the first 30 min, while IL-1β and IL-1α concentrations declined. The first minutes of contact between blood components and the membrane surface are critical to the development of inflammatory responses as more surface area is available for contact. More severe interactions are expected at a lower Qb and a consequent longer residence time of the blood in the membrane module [26]. These results indicate less activation during the first 30 min at higher flow rates. Overall, most patients experienced reduced levels of pro-inflammatory and pro-thrombotic factors after 1 h.



The results obtained from the clinical study can be related to observations above on FB adsorption to PAES membranes. At increased blood flow rates, the hydrodynamic conditions developed inside the polymeric fibers lead to faster adsorption of FB, but at a lower cumulative amount. Consequently, this leads to a lower activation of inflammatory and thrombotic responses and a better clearance of toxins. For low blood flow rates, the time of contact between blood components and the dialyzer membrane is prolonged, leading to more activation. The impact of the hydrophilic nature of the PAES membrane surface is also important; dehydration of RBCs is expected at the zeta potential of −68 mV, which favors rupture and hemolysis [33,34,35]. Hemolysis leads to negative effects on the immune system, promoting the release of cytokine and leukocytes such as IL-6, TNF-α, IL-1α, and IL-1β [36,37,38].



Comparing the pre- and post-dialysis levels of female and male patients, female patients experienced significantly higher levels of IL-6 and properdin, while male patients presented higher levels of C5a, IL-1α, and IL-6. These results indicate that male patients experience more severe inflammatory responses than female patients when using the PAES dialysis membrane at the specified operating conditions. Overall, the sex of HD patients is a biological variable factor and it differs in innate and adaptive immunological responses against foreign and self-antigens. Many genes on the X chromosome [39] and levels of hormonal mediators, for example, estrogen [40], progesterone [41], and androgen [40,41], regulate immune functions. They play an important role in modulating sex differences in the development of the immune response. The molecular mechanisms of mediating these factors have been reported in detail [41]. Another study showed the relation of hormonal factors influencing propensity, progression, and biochemical and psychological aspects of CKD [41].




5. Conclusions


The results of this study lead us to conclude that at fixed Qd, a higher Qb results in higher TMP; this effect overrides the effect of increased shear stress near the surface that may detach particles from the cake layer. Less back-filtration occurs due to a smaller pressure difference across the membrane. A higher Qd leads to the faster adsorption of FB but lower overall levels due to the hydrodynamic factor, whereas a low Qb results in prolonged contact between the blood and membrane surface, which promotes more activation. At the end of the dialysis session, patients treated with a Qb of 200 mL/min presented a significant increase in the concentration of C5a (232%), properdin (114%), serpin (545%), IL-1α (50%), IL-6 (450%), and vWF (212%). IL-1β and TNF-α concentrations declined by 12.5 and 35.5%, respectively. Hydrodynamic conditions increase the concentration of all inflammatory biomarkers except serpin, which is attributed to its role as a clotting factor. The release of pro-inflammatory and pro-thrombotic factors in patients’ serum confirms that lower flow rates trigger more adverse responses compared to higher flow rates. Male patients experience more severe inflammatory responses than female patients when using the PAES dialysis membrane at the specified operating conditions. The results of this study will help clinical doctors evaluate the impact of HD operating conditions on blood activations before prescribing treatment and inform expectations for outcomes in female and male patients.
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Figure 1. AFM micrographs of neat PAES hemodialysis membrane fibers collected at two different spots of closed proximity ((a) first and (b) second rows). 
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Figure 2. SEM micrographs of neat PAES hemodialysis membrane fiber surface: (a) whole microtubes; (b) the magnified surface image; (c) membrane diameter and thickness. 
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Figure 3. (a,b) Change in the normalized concentration of FB adsorbed (Ci/C0; Qb = 200 or 400 mL/min; Qd = 400 or 500 mL/min. 
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Figure 4. SEM images of the PAES membrane surface (a) before and (b) after contact with FB solution. 
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Figure 5. (a,b) Variation in TMP during simulated dialysis session (Qb = 200 or 400 mL/min; Qd = 400 or 500 mL/min). 
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Figure 6. Changes in the normalized concentration of FB adsorbed (Qb = 200 mL/min; Qd = 300, 400, or 500 mL/min). 
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Figure 7. Concentration of (a) properdin and serpin/antithrombin III, (b) vWF, and (c) IL-1β, TNF-α, and IL-6 from dialysis (Qb = 200 mL/min; Qd = 500 mL/min) and incubated samples. 
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Figure 8. The concentration (pg/ml) of (A) C5, (B) properdin, (C) Serpin, (D) TNF-α, (E) IL-1α, (F) IL-1β, (G) IL-6, and (H) vWF in blood samples collected during dialysis sessions from patients treated with different Qb levels (Qd = 500 mL/min). 
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Figure 9. Concentrations of (a) C5a, (b) properdin, (c) serpin, (d) TNF-α, (e) IL-1β, (f) IL-1α, (g) IL-6, and (h) vWF in blood samples collected during dialysis session from female and male patients (Qb = 200 mL/min; Qd = 500 mL/min). 
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Table 1. Characteristics of the population included in the clinical study.
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Healthy Control

	
Hemodialysis Patients




	
Variables

	
Values

	
N

	
%

	
N

	
%






	
Gender

	
Female

	
1

	
50

	
5

	
41.66




	

	
Male

	
1

	
50

	
7

	
58.33




	
Age

	
<50 years

	
0

	
0

	
5

	
41.66




	

	
≥50 years

	
2

	
100

	
7

	
58.33




	
Race

	
Non-black

	
2

	
100

	
12

	
100




	

	
Black

	
0

	
0

	
0

	
0




	
BMI a

	
<27 kg/m2

	
0

	
0

	
0

	
0




	

	
≥27 kg/m2

	
2

	
100

	
12

	
100




	
CAD b

	
Yes

	
0

	
0

	
5

	
41.66




	

	
NO

	
2

	
100

	
7

	
58.33




	
Diabetes

	
Yes

	
0

	
0

	
6

	
50.00




	

	
No

	
2

	
100

	
6

	
50.00




	
Hypertension

	
Yes

	
1

	
50

	
10

	
83.33




	

	
No

	
1

	
50

	
2

	
16.66




	
PVD c

	
Yes

	
0

	
0

	
4

	
33.33




	

	
No

	
2

	
100

	
8

	
66.67




	
ESRD duration

	
<1 year

	
NA

	
NA

	
1

	
8.33




	

	
1–5 years

	
NA

	
NA

	
10

	
83.34




	

	
>5 years

	
NA

	
NA

	
1

	
8.33








BMI a: body mass index (kg/m2); CAD b: coronary artery disease; PVD c: peripheral vascular disease.
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Table 2. Back-filtration rate at different operating conditions.






Table 2. Back-filtration rate at different operating conditions.





	Qb (mL/min)
	Qd (mL/min)
	BF Rate (mL/min)





	200
	400
	9.6



	400
	400
	2.8



	200
	500
	16.7



	400
	500
	8.1
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