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Abstract

Background and Objectives: Red blood cell (RBC) units in hypothermic storage degrade 

over time, commonly known as the red blood cell (RBC) storage lesion. These older RBC 

units can cause adverse clinical effects when transfused, as older RBCs in the unit lyse and 

release cell-free hemoglobin (Hb), a potent vasodilator which can elicit vasoconstriction, systemic 

hypertension and oxidative tissue injury post transfusion. In this study, we examined a novel 

method of washing ex vivo stored single RBC units to remove accumulated cellular waste, 

specifically cell-free Hb, using tangential flow filtration (TFF) driven by a centrifugal pump.

Materials and Methods: The TFF RBC washing system was run under hypothermic conditions 

at 4°C, at a constant system volume with 0.9 wt% saline as the wash solution. The RBC washing 

process was conducted on 10 separate RBC units. For this proof-of-concept study, RBC units 

were expired at the time of washing (60-70 days old). Cell-free Hb was quantified by UV-visible 

absorbance spectroscopy and analyzed via the Winterbourn equations. Pre and post wash RBC 

samples were analyzed by Hemox Analyzer, Coulter Counter, and Brookfield rheometer. The RBC 

volume fraction in solution was measured throughout the wash process by standard hematocrit 

(HCT) analysis.

Results: No substantial decrease in the HCT was observed during the TFF RBC washing 

process. However, there was a significant decrease in RBC concentration in the first half of the 

TFF RBC wash process, with no significant change in RBC concentration during the second half 

of the TFF cell wash process with an 87% overall cell recovery compared to the total number of 

cells before initiation of cell washing. Utilization of the extinction coefficients and characteristic 

peaks of each Hb species potentially present in solution was quantified by Winterbourn analysis 

on retentate and permeate samples for each diacycle to quantify Hb concentration during the 

washing process. Significant cell-free Hb reduction was observed within the first 4 diacycles with 
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a starting cell-free Hb concentration in the RBC unit of 0.105 mM, which plateaus to a constant 

Hb concentration of 0.01 mM or a total extracellular Hb mass of 0.2 g in the resultant washed unit. 

The oxygen equilibrium curve showed a significant decrease in P50 between the initial and final 

RBC sample cell wash with an initial P50 of 15.6± 1.8 mm Hg and a final P50 of 14 ± 1.62 mm 

Hg. Cooperativity increased after washing from an initial Hill coefficient of 2.37 ± 0.19 compared 

to a final value of 2.52 ± 0.12.

Conclusion: Overall, this study investigated the proof-of concept use of TFF for washing single 

RBC units with an emphasis on the removal of cell-free Hb from the unit. Compared to traditional 

cell washing procedures, the designed system was able to more efficiently remove extracellular Hb 

but resulted in longer wash times. For a more complete investigation of the TFF RBC washing 

process, further work should be done to investigate the effects of RBC unit storage after washing. 

The designed system is light weight and transportable with the ability to maintain sterility between 

uses, providing a potential option for bedside ex vivo transfusion in clinical applications.
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2. Introduction

Red blood cells (RBCs) degrade during ex vivo storage, and lead to the accumulation 

of toxic hemolysis byproducts in the unit such as hemoglobin (Hb) during the maximum 

42 day storage period set by the US FDA.[1] [2] Upon transfusion, cell-free Hb in the 

stored RBC unit can extravasate from the blood volume into the tissue space, where it 

scavenges nitric oxide (NO), a potent vasodilator, and elicits vasoconstriction and systemic 

hypertension within the patient.[3] Additionally, tissue extravasation of cell-free Hb leads to 

tissue deposition of iron, and inevitably leads to oxidative tissue injury.[4]

Therefore, in light of the accumulation of hemolysis byproducts during ex vivo RBC 

storage, RBC washing is often employed to remove accumulated waste products within an 

RBC unit prior to transfusion to mitigate any potential side-effects.[5,6] Many commercially 

available technologies are clinically employed to wash stored RBC units prior to transfusion.

[7,8]

Manual washing of single RBC units is an attractive approach due to its’ low cost, but is 

laborious, limited in processing volume by the available centrifuge cup size, and exposes the 

unit to a high risk of bacterial contamination.[5,9] In contrast, automated RBC unit washing 

systems are most commonly used in clinical settings to remove toxic byproducts, one 

example is the COBE 2991 cell processor (Terumo, Somerset, NJ).[7,10] The COBE 2991 

is an open cell processing system that utilizes centrifugation to facilitate separation based 

on differences in blood component density and can effectively reduce proinflammatory 

markers, restoring overall RBC quality near the end of the unit’s ex vivo shelf life.[9,10] 

Unfortunately, levels of hemolysis have been shown to rapidly increase after washing with 

the COBE 2991, and often surpass prewashed levels before the 24 hr transfusion window 

is reached.[9] Additional work investigating the ability of the COBE 2991 to wash 40 to 

42 day stored RBC units showed that after washing, the COBE 2991 is unable to provide 
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significant reduction in total cell-free Hb after the washing process, Hb being a toxic 

byproduct of the storage lesion.[11] Regarding this limitation, it is clear that there is an 

urgent need for an innovative, easy to use RBC washing system that addresses the current 

pitfalls of both manual and automated washing systems.

Considering the plethora of centrifugation-based RBC washing systems in existence, there 

has been substantially less research into the use of tangential flow filtration (TFF) for RBC 

unit washing, with no commercially available system on the market. TFF utilizes a porous 

hollow fiber or flat sheet membrane to enable continuous flow purification. Molecules 

larger than the pore size cutoff of the membrane are retained on the membrane and in the 

system, while molecules smaller than the pore size cutoff permeate through the membrane 

and are removed from the system. The use of TFF techniques on whole blood currently 

utilize gravity-driven separation, and are primarily focused on the separation of whole blood 

into plasma and RBC fractions.[12,13] Compared to centrifugal separation, TFF systems 

can process a wide range of RBC concentrate volumes, allows for easy storage solution 

exchange, and has the ability to maintain sterility via the use of autoclavable materials and 

a closed loop system. Additionally, the currently designed TFF system is light weight and 

easily transportable, with the system as a whole (system vessel, pump, tubing, and hollow 

fiber filter) weighing less than 2 kg. One study used TFF to wash RBCs in diafiltration 

mode, and concentrated a cryopreserved RBC unit, but resulted in significant RBC lysis 

(likely due to use of a peristaltic pump), and focused on investigating the rheological 

properties of the washed unit.[14] Alternatively, in this study we explored implementation 

of a novel TFF system using a low shear stress inducing centrifugal pump to separate stored 

RBCs from their primary hemolysis byproduct Hb. This proof-of-concept study developed 

a system that effectively washes RBC units as demonstrated by the successful removal of 

cell-free Hb and shows negligible process-induced hemolysis, providing a viable alternative 

to current manual and automated RBC washing systems. Because this is a proof-of-concept 

study, we evaluated TFF-facilitated RBC washing effectiveness using outdated stored human 

RBCs and saline as the wash solution to investigate the absolute worst case scenario of 

RBC unit quality. Future studies will focus on washing unexpired stored RBC units, using 

FDA approved storage solutions as the wash solution, and expanding the analysis of analytes 

beyond cell-free Hb.

3. Materials & Methods

3.1 Materials

Sodium chloride (NaCl), sodium hydroxide (NaOH), and 0.2 μm Titan3 sterile filters 

were purchased from Fisher Scientific (Waltham, MA). Hollow fiber TFF modules (S02-

E65U-07N, modified polyethersulfone membrane, 0.65 μm pore size, composed of 110 

individual hollow fibers, 0.75 mm internal diameter, 520 cm2 total surface area) were 

purchased from Repligen (Rancho Dominguez, CA). A biocompatible centrifugal pump 

(PuraLev i30SU) that exposes cells to low shear stresses was purchased from Levitronix 

(Framingham, MA). A minicentrifuge (50-090-100, working speed 6,000 rpm, max speed 

6,600 rpm) from Fisher Scientific (Waltham, MA) was used to separate RBCs from the wash 

solution. Expired leuko-reduced packed human RBCs (RBC units, 60-70 days old, stored in 
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AS-1) were generously donated by the Transfusion Services of the Wexner Medical Center 

at The Ohio State University, Columbus, Ohio. The RBC units used in this study were 

expired and deidentified and thus required no Ethics Committee approval.

3.2 RBC Washing

The TFF-facilitated RBC washing process was performed on individual stored RBC units 

expired past the FDA regulated 42-day storage period. All RBC units were stored and 

washed at 4°C in a chromatography refrigerator. A single RBC unit was transferred to 

a 1 L Nalgene container by opening and transferring the RBC unit in a sterile biosafety 

cabinet. The hematocrit (HCT) in the total system volume (which includes the combined 

fluid volume in the TFF filter, lines, and retentate vessel) was standardized to 45% with 0.9 

wt% saline to decrease variability in the starting HCT between RBC units and was selected 

as an appropriate average between male and female HCT values. Prior to washing, single 

RBC units were mixed by gentle inversion to yield a homogenous cell suspension. An initial 

sample of the RBC unit was taken to establish baseline conditions prior to washing. Figure 

1 shows the general schematic of the TFF-facilitated RBC washing system. 0.9 wt% saline 

solution was diafiltered into the retentate vessel to maintain a constant system volume. The 

sample port in the RBC retentate loop was used to take retentate samples. The retentate 

line was connected to a centrifugal pump from the reservoir, which operated at a constant 

flow rate of 1000 ml/min and directed RBCs through the bottom of the TFF filter against 

gravity, with RBCs being retained in the retentate, while cell debris, proteins and other 

molecules smaller than 0.65 μm passing into the permeate. The permeate line enters a cell 

waste container with samples collected directly from the permeate line.

RBCs in the retentate vessel were first acclimated to the system components via circulation 

for 2 minutes with the permeate line closed. This ensured proper mixing of the RBCs in 

the system before starting the constant volume diafiltration cell washing process. During the 

acclimatization period, an initial 0× diacycle sample was taken to confirm the HCT of 45 % 

was successfully achieved before initiating the diafiltration process. The total system volume 

was used to determine the volume per diacycle (i.e. one complete system exchange volume) 

and was measured by collecting permeate leaving the system. Retentate and permeate 

samples were taken at the end of each diacycle and stored at 4°C for analysis. RBC units 

were washed with standard 0.9 wt% saline washing solution for the entirety of the process 

and were not stored ex vivo after the washing process was completed. Instead, newly washed 

RBCs were utilized for hemoglobin purification based on published procedure. A total of 

ten diacycles were completed per RBC wash for each individual RBC unit, with a total of 

ten individual RBC units being subjected to the TFF RBC washing process. The scope of 

this work focuses primarily on establishing the feasibility of washing expired RBC units as a 

proof-of-concept of the TFF-facilitated RBC washing approach, however preliminary results 

from a limited study of TFF-facilitated RBC washing of unexpired units is included in the 

Supplemental Information section.

3.3 Hematocrit Analysis

The HCT was determined by injecting 65 μL of each retentate sample, including an initial 

sample from the RBC unit, into a mylar wrapped 75 mm capillary tube (Drummond, 
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Broomall, PA) followed by centrifugation in a Sorvall Legend micro 17 microcentrifuge 

(Fisher Scientific, Waltham, MA) for 5 minutes to pellet the RBCs. Post centrifugation, the 

capillary tubes were quantified using a standardized HCT graph to obtain the HCT of RBCs 

in the retentate.

3.4 Total Hb Quantification

The cell-free Hb concentration was quantified via UV-visible absorbance spectrometry on 

a diode array spectrophotometer HP 8452A (Olis, Bogart, GA). Retentate supernatants 

were isolated via centrifugation using a minicentrifuge (Fisher Scientific, Waltham, MA) 

at 6000 RPM for 2 minutes to pellet the RBCs and analyzed after separation. Processed 

retentate and permeate samples were sterile filtered through a 0.2 μm Titan3 filter (Fisher 

Scientific, Waltham, MA) for UV-visible spectral analysis. Sterile filtration was employed 

to reduce light scattering during optical measurements to only quantify cell-free Hb. The 

Winterbourn equations were used to determine the total concentration of cell-free Hb in 

the permeate and retentate samples and further used for the cell-free Hb mass balance.[15] 

Quantification using UV-visible spectral analysis examines the absorbance of the various 

Hb oxidation species that could be present in a sample. Using the characteristic absorbance 

peaks: oxyhemoglobin at 577 nm, methemoglobin at 630 nm, and hemichrome at 560 

nm and the defined extinction coefficients of each species at each wavelength previously 

described by Winterbourn, the quantity of each different species can be found and used to 

find the total Hb of the sample. The equations used for each species quantification are found 

below.

Oxyhemoglobin = 119A577 − 39A630 − 89A560 (1)

Methemoglobin = 28A577 + 307A630 − 55A560 (2)

Hemichrome = − 133A577 − 114A630 + 233A560 (3)

3.5 Oxygen Equilibrium of RBCs

Oxygen equilibrium curves (OEC) for RBCs pre and post wash were measured using a 

Hemox Analyzer (TCS Scientific Corp., New Hope, PA) operated at 37 ± 0.1°C. RBC 

samples were diluted into 5 mL of Hemox buffer (pH 7.4) with 20 μL additive A, 20 μL 

additive B, and 20 μL anti-foaming agent (TCS Scientific). Data obtained from the Hemox 

Analyzer was fit to the Hill equation using an Igor (Wavemetrics, Portland, OR) script to 

regress the oxygen affinity (P50, pO2 at which half of the Hb is saturated with oxygen), and 

Hill coefficient (n, cooperativity of O2 binding to Hb).[16]

3.6 RBC Viscosity

A Brookfield DV3T rheometer with a CP-40 spindle (Brookfield, Middleboro, MA) was 

used to measure the viscosity of RBC samples at 37°C and a shear rate of 160 s−1.[17,18]
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3.7 RBC Cell Count

Cell counts for retentate samples were measured using a Multisizer 4e Coulter Counter 

(Beckman Life Sciences, Indianapolis, IN). RBC samples were diluted 100× prior to 

addition of 100 μL of the diluted cells into 20 mL of filtered Isoton solution (Beckman 

Life Sciences) prior to Coulter Counter analysis.

3.9 Data Analysis

Results are reported as the mean ± standard deviation. RStudio (version 1.3.1093, RStudio 

Inc., Boston, MA) was used to analyze all data. A one-way ANOVA was utilized along 

with TukeyHSD posttest for data analysis. T-tests were used for P50 and n initial and final 

comparisons. A two-tailed p-value < 0.05 was considered statistically significant.

4. Results

4.1 Time for Each Diacycle Remained Constant

The average time per diacycle remained constant at ~10 minutes throughout the RBC 

washing process for a total of 10 diacycles (Figure 2A). The entire process takes 100 

minutes to wash one RBC unit (10 diacycles) or 40 minutes to remove the majority of 

cell-free Hb (4 diacycles). The lesser washing time (40 minutes) necessary to remove the 

majority of cell-free Hb in the unit is triple the average 14 minutes washing time for 

processing a single unexpired RBC unit using the COBE 2991.[8] There was no significant 

difference in the time per diacycle during the washing process (p = 0.999, NS) (Figure 2A). 

The residence time of RBCs in the retentate reservoir varied slightly due to the variance in 

the volume of each RBC unit, but on average, the system volume was ~ 350 ml. Based on 

the system volume and the pump volumetric flow rate, the residence time was calculated to 

be 0.4 min (i.e. time for the system volume to complete one circuit in the TFF system).

4.2 Hematocrit Remains Constant Throughout TFF Processing

RBCs from a single RBC unit (initial) were standardized to 45% HCT (0×) in the system 

from an initial HCT of ~65% (Figure 2B). The effect of each diacycle on the HCT in the 

system was analyzed using a one-way ANOVA from 0× to 10× diacycle. The HCT did not 

change significantly throughout the course of the RBC washing process (p = 0.124, NS).

4.3 RBC Concentration Remains Constant Across Diacycles

The concentration of RBCs in the retentate vessel was measured throughout the RBC 

washing process (Figure 2C). The RBCs were measured at a diameter of 4.4 μm, which 

corresponds to the approximate spherical diameter of RBCs measured via Coulter Counter 

analysis. The initial RBC concentration is significantly higher than the 0× diacycle, due to 

standardization to 45% HCT. The initial RBC concentration measured directly from RBC 

units was ~ 7.510 ± 0.37 billion cells/ml and decreased to 4.625 ± 0.35 billion cells/ml 

at the 0× diacycle after standardizing the HCT to 45%. These RBC concentration values 

are similar to values in the literature.[19] RBC concentration differences between diacycles 

were analyzed using one-way ANOVA comparing the entire RBC wash process from 0× to 

10× diacycle and were found to show a significant decrease in cell concentration over the 
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entire TFF process (p = 0.0107, *). The RBC concentration decreased significantly from 

4.625 ± 0.35 billion cells/ml at 0× to 4.030 ± 0.27 billion cells/ml at the 4 × diacycle (p 

= 0.031, *) corresponding to 87% cell recovery at the end of the wash process, with no 

significant cell loss after the 4× diacycle (p = 0.356, NS). This suggests hemolysis of cells 

with significantly compromised cell membranes occurs early in the TFF washing process, 

and then tapers off as the process continues.

4.4 Hb Concentration in the Retentate and Permeate Decreases Over Multiple Washing 
Diacycles

The retentate cell-free Hb concentration is shown (Figure 3A). There is, on average, 0.105 

mM of cell-free Hb within the RBC unit before processing. Post wash, the cell-free Hb 

concentration decreases to ~ 0.0157 mM (at the end of the 10× diacycle). The TFF RBC 

washing process significantly reduces the cell-free Hb concentration after 4 diacycles (p 

= 2.8E-7, ***) and remains constant from 4× to 10× (p = 0.458, NS) diacycles. A Tukey 

honestly significant difference (HSD) test was performed within the 0× to 4× diacycles and 

found significance between the 0× to 1×, 2×, 3×, and 4× diacycles (p = 0.001, 2.9E-5, 

1.6E-6, 7E-7 respectively). No significance was observed between 1× to 4× diacycles. This 

suggests that the majority of cell-free Hb was removed at the beginning of the TFF wash 

process.

The permeate cell-free Hb concentration is shown (Figure 3B). Significance was found 

within the 1× to 10× diacycle dataset (p = 6.2E-15, ***). The overall dataset was then split 

into two subsets from 1× to 4× diacycle and from 4× to 10× diacycle with significance found 

within the 1× to 4× diacycle dataset (p = 1.6E-5, ***). A Tukey HSD test was performed 

within the dataset from the 1× to 4× diacycle, and found that there was a significant 

difference between the 1× diacycle and the 2×, 3×, and 4× diacycles (p = 0.006, 0.0001, and 

3.2E-5, respectively). No significance was found between the other diacycles. The US FDA 

considers stored RBC units with a hemolysis level less than 1% to be safe for transfusion. 

1% hemolysis is roughly equivalent to a cell-free Hb concentration of 0.01 mM in the unit, 

which is lower than the final cell-free Hb concentration achieved in this study of ~ 0.0157 

mM observed post wash.[20] One must, however, remember that the RBC units in this study 

were outdated (60-70 days old), which likely contributed to the higher final cell-free Hb 

concentration compared to literature values for washing non-expired RBC units.[21] Again, 

expired units were used in this proof-of-concept study, as a worst case scenario for RBC unit 

quality, to demonstrate the feasibility of washing RBCs using this novel TFF RBC washing 

process. Future studies will examine the effectiveness of washing unexpired RBC units via 

TFF.

4.5 Total Cell-Free Hb Mass Balance

The total cell-free Hb for each diacycle was quantified in order to perform an overall 

cell-free Hb mass balance and provides a complete understanding of the fate of the cell-free 

Hb removed via the TFF washing process. The mass of cell-free Hb for retentate and 

permeate samples was averaged for all 10 replicates (Table 1). The initial mass of cell-free 

Hb in individual RBC units is on average, 2.06 g with a Hb concentration of 0.105 mM, 

which corresponds to a hemolysis level of ~ 10 %. After the completion of the first diacycle, 
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the cell-free Hb in the retentate is ~ 1.05 g, indicating that ~50% of the extracellular Hb 

has been removed at this stage. Cell-free Hb continues to be removed from the retentate for 

all subsequent diacycles. The system reached peak performance at ~ 4 diacycles, reaching 

a hemolysis level of 2.2 ± 1%, and decreased slightly with the additional 6 diacycles. The 

percent hemolysis at 4 diacycles for unexpired RBC units was decreased to 1.3 ± 0.6 % from 

an initial value of 4.2 ± 2.1 % hemolysis (Supplemental Information). Therefore, the TFF 

system is effective at removing cell-free Hb but more optimization is necessary to increase 

the washing speed and facilitate greater removal of cell-free Hb to match current accepted 

practices in RBC washing.

Additionally, a cell-free Hb mass balance analysis on the permeate samples show significant 

Hb removal at the start of the diafiltration process (Table 1). The 1× diacycle is the first 

diacycle with permeate flow, and removes the majority of cell-free Hb. The total mass 

of cell-free Hb continually decreases in the permeate as washing proceeds, supporting the 

theory that the TFF system is not inducing additional shear stress on the RBCs to cause lysis 

beyond what is needed to enable separation of cell-free Hb from the remaining RBCs in the 

retentate.

4.6 RBC Mechanical Quantification

The viscosity of RBCs in unprocessed RBC units and final post wash RBCs (10× diacycle) 

were measured to be 9.252 ± 1.477 cP, and 3.928 ± 1.766 cP, respectively. A significant 

change in RBC viscosity was observed due to the initial dilution of the RBC unit to 45% 

HCT, followed by removal of cell debris, proteins, and smaller molecules. The final washed 

RBC concentrate viscosity was higher than fresh RBCs (2.9 cP at 160 s−1 and 37°C) and is 

indicative of the advanced age of the RBC units used in this current study.[18] This viscosity 

is, however, a significant improvement from the aged RBC unit’s initial viscosity of 9.252 

cP.

At low shear rates, blood behaves as a Casson fluid and is shear thinning, whereas at shear 

rates above 100 s−1, it behaves as a Newtonian fluid.[22] The following equation was used 

to calculate the shear stress on the inner wall of the TFF hollow fiber lumen with the 

assumption that the RBC suspension behaves as a Newtonian fluid above a shear rate of 100 

s−1 , and does not require additional analysis based on the Casson fluid model. In equation 

(4), Po is the pressure at the inlet and PL is pressure at the outlet of an individual hollow fiber 

in the TFF cartridge. R is the inner radius of the hollow fiber and L is the effective length of 

each hollow fiber.

τw = Po − PL R
2L (4)

The shear rate value was extrapolated to 3670 s−1 from manufacturer provided values of 

4000 s−1 at a flow rate of 1.09 L/min. The pressure drop within the TFF system from the 

inlet to the outlet of the hollow fiber cartridge was measured at an average value of 2 psig 

over 10 diacycles. From this value, we calculated the shear stress to be 12.9 Pa, which is not 

significantly higher than physiological conditions, and significantly lower than hemolytic 
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shear stress levels of ~400 Pa.[23,24] By exposing the aged RBC unit to significant shear 

stress prior to transfusion, RBCs with weakened cell membranes are lysed and removed 

from the system. From the applied shear stress, we obtained the theoretical viscosity of 

3.5 cP for the washed RBC suspension, which corroborates our experimentally measured 

viscosity using rheometry.

4.7 Oxygen Equilibrium Measurements

To confirm that TFF-facilitated RBC washing does not negatively affect the oxygen delivery 

characteristics of RBCs, the oxygen equilibrium curve (OEC) of RBCs pre and post wash 

were measured. The OEC of RBCs directly from the unprocessed RBC unit (initial) and 

after the 10× diacycle (final) is shown in Figure 4A. The left shift of the curve after washing 

is indicative of the higher oxygen affinity of washed RBCs versus unwashed RBCs.

The OEC provides key details about the ability of the Hb encapsulated in the RBC to bind 

and release oxygen, which is represented by the regressed P50 and n. A direct comparison 

between P50 values of the initial unwashed RBCs and the final washed RBCs shows that 

the P50 decreased from an initial value of 15.6 ± 1.8 mm Hg to 14 ± 1.62 mm Hg post 

wash (p = 0.0493, *) (Figure 4B). The Hill coefficient (n) comparison between the initial 

unwashed RBCs and final washed RBCs shows an increase (p = 0.0497, *) from 2.37 ± 0.19 

to 2.52 ± 0.12 (Figure 4C). 2,3-bisphosphoglycerate, the allosteric effector that decreases 

Hb binding affinity to oxygen by stabilizing the tense quaternary state of Hb is significantly 

depleted during ex vivo RBC storage, which shifts the oxygen equilibrium curve to the left, 

increasing the oxygen affinity of the RBCs.[25] A left shift in the OEC suggests increased 

oxygen affinity and tighter binding of oxygen by Hb.[26]

5. Discussion

In conclusion, a novel RBC washing technique utilizing TFF for removing hemolysis 

byproducts in a single RBC unit was proposed, with the primary goal of this study to 

determine the effectiveness of the system in removing extracellular cell-free Hb without 

inducing further cellular damage. Quantification and characterization of pre and post wash 

RBC units was centered around the presence of cell-free Hb due to equipment availability 

at The Ohio State University and does not include the full extent of analytical methods 

or analytes that could be used to characterize RBC washing effectiveness. While there 

was no direct comparison between TFF and manual or automated RBC washing systems, 

comparisons could be drawn between the results from this study to results in the literature. A 

recent review of RBC washing technology focusing on manual washing and open and closed 

automated washing systems compares the removal of immunogenic components within RBC 

units and the resulting long-term storage impacts.[27] Compared to manual and automatic 

systems, the proposed TFF system uses more wash solution volume, but shows improved 

removal of Hb and comparable RBC recovery. The wash time is longer for the TFF process 

in part due to the increased wash volume. Results show that successful removal of free 

Hb plateaus after 4 diacycles, allowing for the potential for optimization of the number 

of diacycles beyond the standard 10 that was utilized. A major shortcoming of the current 

study is the limited information about long term storage after the TFF wash process. This 
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proof-of-concept study was focused on an immediate comparison between the RBC unit 

pre and post wash and aimed to only verify that the TFF process can remove the majority 

of cell-free Hb from expired RBC units. Preliminary data, presented in the Supplemental 

Information section, shows the effectiveness of the TFF RBC washing system in removing 

cell-free Hb from unexpired units and presents similar results. To provide a more complete 

comparison between RBC washing by the TFF system and traditional washing procedures, 

further work characterizing more analytes post wash is necessary along with optimization 

of the pump flow rate and backpressure regulation for potential process time improvements. 

Despite the need for an expanded investigation into post-wash storage of RBC units, the 

designed system has the potential to revolutionize RBC washing systems in part due to 

its small physical footprint and sterilizable components. This allows the system to easily 

be transported for potential bedside ex vivo RBC washing and with the implementation 

of sterile conditions, could allow for direct transfusion of the post-wash RBCs to mitigate 

increases in potentially immunogenic byproducts derived from ex vivo storage.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
Process flow diagram for the RBC washing process. 10 single RBC units were processed 

using the TFF RBC washing system.(1) Reservoir containing 0.9 wt% saline.(2) Sample port 

used for retentate sampling. (3) Retentate vessel, 0.65 μm TFF filter used to wash RBCs. (4) 

Centrifugal pump. (5) Permeate waste from the process (contains species < 0.65 μm in size). 

(6) Cell waste. Arrows indicate the direction of flow.
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Figure 2: 
Time per diacycle during the RBC washing process did not vary significantly between 

diacycles (p = 0.999, NS) (A). HCT was standardized to 45% at the 0× diacycle and did 

not decrease significantly over the course of washing (p = 0.124, NS) (B). Cell count within 

the TFF system was measured across diacycles (C). An ANOVA analysis for cell count 

change from the 0× diacycle to 10× diacycle were significant (p = 0.0107, *), with additional 

significance found between the 0× diacycle to the 4× diacycle (p = 0.031, *). 10 single RBC 

units were processed using the TFF RBC washing system.
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Figure 3: 
Retentate cell-free Hb concentration (A) over 10 diacycles of RBC washing using TFF. 10 

single RBC units were processed using the TFF RBC washing system. An ANOVA test 

was performed on the data subsets 0× to 10× diacycles, 0× to 4× diacycles, and 4× to 10× 

diacycles (α = 0.05, Ho = Hb concentration is independent of the diacycle). Significance 

was found within the 0× to 10× diacycles (p = 8E-16, ***), and 0× to 4× diacycles (p = 

2.8E-7, ***) subgroups. Significance was found between the 0× diacycle and 1×, 2×, 3×, 

and 4× diacycles using TukeyHSD (p = 0.001, 2.9E-5, 1.6E-6, and 7E-7 respectively). No 

significance was found within the 4× to 10× diacycles subgroup (p = 0.458, NS). The dotted 

line indicates 1% hemolysis. Permeate cell-free Hb concentration (B) over 10 diacycles of 

RBC washing using TFF. An ANOVA test was performed on the data subsets 1× to 10× 

diacycles, 1× to 4× diacycles, and 4× to 10× diacycles (α = 0.05, Ho = Hb concentration is 

independent of the diacycle). There was significance within the data for 1× to 10× diacycles 

(p = 6.2E-15, ***), and for 1× to 4× diacycles (p = 1.6E-5, ***). Within the 1× to 4× 

diacycle subgroup, significant differences were found between the 1× diacycle and 2×, 3×, 

4× diacycles using TukeyHSD (p = 0.006, 0.0001, and 3.2E-5 respectively). No significance 

was found within the 4× to 10× diacycle (p = 0.151, NS).
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Figure 4: 
Oxygen equilibrium curve (OEC) of both the initial RBC unit and 10× dicycle sample (A). 

10 single RBC units were processed using the TFF RBC washing system. The OEC of the 

initial RBC unit is shown in blue with a dark grey 95% CI. The OEC of the final 10× 

sample is shown in red with a dark grey 95% CI. P50 values (B) of the initial sample from 

the RBC unit and the final sample (10× diacycle) post TFF wash process (p = 0.0493, *). 

Hill coefficient (n) (C) of the initial sample from the RBC unit and the final sample (10× 

diacycle) after the TFF wash process (p = 0.0493, *).
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Table 1:

Cell-free Hb Overall Mass Balance.

Retentate Cell-Free Hb Permeate Cell-Free Hb

Diacycle Free Hb (g) Free Hb (g)

Initial 2.060 ± 1.539

0X 2.196 ± 1.191

1X 1.052 ± 0.834 1.648 ± 1.100

2X 0.618 ± 0.347 0.678 ± 0.547

3X 0.363 ± 0.187 0.273 ± 0.227

4X 0.296 ± 0.106 0.173 ± 0.130

5X 0.291 ± 0.106 0.114 ± 0.089

6X 0.245 ± 0.084 0.097 ± 0.081

7X 0.256 ± 0.070 0.100 ± 0.071

8X 0.229 ± 0.066 0.099 ± 0.069

9X 0.218 ± 0.056 0.099 ± 0.068

10X 0.211 ± 0.043 0.094 ± 0.069

Total Cell-Free Hb Removed: 1.849 g
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