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Introduction and Objective 

 The kidneys are simply the human body’s filters as they purify it from waste products and 

remove excess fluids through urine production. End stage renal disease (ESRD), or Kidney failure, 

occurs when the progressive, irreversible loss of kidney function advances to a stage where the 

kidneys are incapable functioning properly risking survivability without long term dialysis or 

kidney transplant. Thus, waste products and excess fluids are accumulated in the body while blood 

is contaminated with uremic toxins. The most common treatment of ESRD is dialysis, which is an 

artificial way of filtering the blood. Current dialysis membranes are extremely inefficient due to 

their large size relative to the molecules that are filtered during the process. Additionally, there are 

numerous health-related side effects that are a result of dialysis’s torturous flow paths; schematic 

diagram showing below. Post-dialysis patients continue to suffer from waste accumulation, low 

blood pressure, anemia, muscle cramping, difficulty sleeping, pericarditis, and depression. 

 

 The University of Rochester’s Nano Research Laboratory has developed highly efficient 

nanoporous silicon nitride (NPN) membranes that aim to replace center-based dialysis filters 

through the creation of a wearable hemodialysis device. This study utilizes URnano’s double slot 

membrane chips in single pass microfluidic clearance devices to validate the lab’s use of 

cytochrome c as a low-cost, reliable surrogate for the largest kidney-filtered protein toxin, β-2 

Microglobulin.  

 

Methods and Materials 

 Cytochrome c (13 kDa) was used as a surrogate for β-2 Microglobulin (13 kDa) because 

of the molecule's strong visible absorbance and reliable detection at 405 nm. Cytochrome c was 

purchased from Sigma-Aldrich (St. Louis, MO, USA) while β-2 Microglobulin was purchased 

from Lee Biosolutions (Maryland Heights, MO, USA). 



Devices were constructed with a double slot membrane chip, 

three 300 um layers of silicone gasket material, two 120 um double 

sided tape layers, and an upper layer of PDMS to hold the inlet/outlet 

dialysis tubing. The design of these devices was based on the 

previously made single slot devices and was created using the 

Silhouette studio software. The geometry of each layer allowed for 

the counter flow of the analyte (red) and dialysate (blue), as shown in 

the diagram to the right. All the layers were bonded, along with the 

chip, on top of a glass slide via an UV-ozone bonding process. 

The starting concentration for both proteins was 1 mg/mL in 

phosphate-buffered saline (PBS). In addition, a 720 uL analyte 

volume of each protein was filtered through the double NPN 

membranes, shown in the figure below, while samples were collected 

every hour using an automated fraction collection system for a period 

of 6 hours at 3 ͦC to prevent any evaporation. The analyte and 

dialysate fluid flow rates were 2 uL/min and 4 uL/min, respectively, for all experiments. This 1:2 

ratio was shown to be the optimal ratio in clearing the middle weight proteins from earlier 

experiments. A triplicate of each experiment was done, using new devices, to confirm the results. 

 

 An appropriate 1.44 mL dialysate (1X PBS) volume was set based on its flow rate and 

analyte volume and flow rate. Moreover, the analyte and dialysate flow rates were maintained 

using the lab’s programmable syringe pumps systems. The setup was carried out, as shown in the 

picture below. 



 

 

 The Cytochrome c protein was assayed using a simple protocol that mainly measured its 

light absorbance at 405 nm in clear a 96-well plate. On the other hand, an appropriate β-2 M 

ELISA-kit (#1814648) was purchased from IBL America (Minneapolis, MN, USA). The kit’s 

reaction was based on the indirect enzyme immuno assay (ELISA) method. The β-2 Microglobulin 

binds to the antibody coated plate wells forming an antigen-antibody complex. Then, washing of 

the microwells removes any other unbound molecules. During incubation with anti-beta-2-

microglobulin enzyme-conjugate immunologically a conjugate/antibody/antigen complex is 

formed. Again, the wells are washed to remove unbound conjugate. Consequently, an enzyme 

substrate in the presence of bound conjugate hydrolyzes to form a blue color. Then, the addition 

of an acid stops the reaction forming a yellow end-product. Finally, the intensity of this yellow 

color is measured photometrically at 450 nm. The amount of color is directly proportional to the 

concentration of antibodies present in the original sample. All protein absorbances were measured 

using a Tecan Infinite M200 Microplate Reader (TecanTrading AG, Switzerland). 

 

  



Results 

Experimental 

 After performing the assay for three sets of standards of cytochrome c protein, the 

following standard curve was obtained. The R2 value of the curve equaled 0.9982 with a                      

y = 0.4777x equation relating the absorbance values to the corresponding concentration. 

 

Three devices were assembled to carry out three double slot single pass clearance 

experiments and their averaged data is presented below. The slope of the curve was 0.0023. 

 



 In a similar manner, the following β-2 Microglobulin standard curve was obtained after 

carrying out the ELISA kit’s procedure. The R2 value of the curve equaled 0.9924 and the                   

y = -0.0179x2 + 0.3201x +0.0869 equation related the absorbances to the corresponding 

concentrations. 

 

 More importantly, the clearance after three experiments was averaged to form the 

following figure. The slope of the curve was -0.0072. 

 



 In conclusion, the following figure was created to compare the performance of the lab’s 

double slot single pass counterblow microfluidic devices in filtering each protein. The average 

from three devices for each protein showing the clearance percentage from 5 test tubes which 

collected the samples over a period of 6 hours; first tube was disregarded as waste. 

 

 A final figure of the first and last data points of each protein filtration is plotted below, 

showing that the device’s performance is steady. 

 



Analytical 

 To calculate the time required for the first amount of fluid filling each of the dialysis tubes, 

the flow rate was converted from 4 uL/min to 6.667E-11 m3/s.  
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Then the cross-sectional area of a dialysis tubes was calculated using the diameter of the 

syringe, which is larger as it stretches the tubes when connected. The following calculation were 

carried out: 
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 In addition, the velocity was calculated using the rearranged flow rate equation as shown 

below: 
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 Finally, the time required to clear the first amount of fluid took less than an hour; 

disregarded from the data analysis as it was only sampled in the first waste test tube. The 

calculation simply required dividing the length of the dialysis tube over the previously calculated 

velocity yielding: 
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Statistical Analysis 

 Statistical calculations were carried out on Microsoft Excel through a paired two sample t-

test. The test yielded a t- value = 17.47 and a p-value = 0.00003 showing that the results were 

significantly different. The standard deviation for β-2 Microglobulin was 1.0954 while it was 

0.8292 for Cytochrome c. Finally, the standard error of the mean values were 0.4899 and 0.3708 

for β-2 Microglobulin and Cytochrome c, respectively. 

 Another statistical test was performed to compare the first and final data points. The test 

resulted in a t-value = 9.61 and a p-value = 0.005326. 

 

Conclusion 

 These encouraging results prove that URnano’s ultrathin NPN membranes are capable of 

separating protein toxins, such as β-2 Microglobulin, mimicking the kidney function and keeping 

their levels steady and constant below 50%. The experimental results were a validation of 

URnano’s use of the cheap and reliable Cytochrome c; surrogate for β-2 M. The statistical analysis 

supported this conclusion as both experimental results were significantly different proving that the 

devices perform significantly better with β-2 M than Cytochrome c. This signifies that the 

microfluidic single pass devices would have a stronger performance in real dialysis applications.  


