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This work, describes the design, fabrication and testing of a  microfluidic platform for the 

continuous extraction of blood plasma from a circulating whole blood sample in a 

clinically relevant environment to assist in continuous monitoring of a patient’s 

inflammatory response during cardiac surgeries involving extracorporeal circulation 

(ECC) procedures such as cardiopulmonary bypass (CPB) and extracorporeal life support 

(ECLS) procedures.  

The microfiltration system consists of a two-compartment mass exchanger with two 

aligned sets of PDMS microchannels, separated by a porous polycarbonate membrane. 

Using this microdevice, blood plasma can be continuously separated from blood cells in a 

real-time manner with no evidence of bio-fouling or cell lysis. The technology is 

designed to continuously extract plasma containing diagnostic proteins such as 

complements and cytokines using a significantly smaller blood volume as compared to 

traditional blood collection techniques. The microfiltration device was evaluated using a 
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simulated CPB circulation loop primed with donor human blood and in-vivo piglet model 

of ECLS in a manner identical to clinical surgical setup. The microfiltration device was 

able to continuously extract small volume of cell-free plasma (2.5 ml) from unmodified 

circulating blood over extended period of time (over 5 hours) in order to study the 

immune activation during CPB and ECLS procedures. The simple and robust design and 

operation of the microdevice will allow surgeons and clinicians autonomous usage in a 

clinical environment to better understand the mechanisms of injury resulting from cardiac 

surgery, and allow early interventions in patients with excessive postoperative 

complications to improve surgical outcomes. 

Ultimately, monolithic integration of this microfiltration device with a continuous 

microimmunoassay would create an integrated microanalysis system for tracking 

inflammation biomarkers concentrations in patients for point-of-care diagnostics, 

reducing blood analysis times, costs and volume of blood samples required for repeated 

assays. 

Additionally, the microfiltration technology was tested to continuously extract pathogens 

E.coli) from blood for treating sepsis. Using this device approximately 22% of the E.coli 

was removed from the blood in the reservoir over a period of 80 minutes. These results 

demonstrate the ability of the microfiltration system to continuously remove bacteria 

from blood.  
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Chapter 1 : Introduction 

1.1 Research Motivation 

Patients who undergo cardiac surgeries often suffer from systemic inflammatory 

responses, particularly when mechanical circulatory support devices such as 

cardiopulmonary bypass (CPB) or extracorporeal life support (ECLS) are used. Despite 

considerable advances in surgical protocols, clinical patient management and pre and 

post-operative care, systemic inflammation still remains a problem which can 

dramatically affect patient recovery, length of hospitalization and long term quality life. 

Extracorporeal circulation (ECC) techniques, including CPB and ECLS, have been 

widely used during open heart surgery and respiratory and circulatory support. The use of 

CPB and ECLS have revolutionized how cardiac surgeries are performed by allowing 

complicated valve replacement and cardiac repairs, congenital defects in pediatric 

patients, coronary artery bypass grafts (CABG) and even heart transplants.  

1.1.1 Cardiopulmonary bypass (CPB) 

A cardiopulmonary bypass (CPB) procedure is commonly used during open-heart repairs 

in pediatric and adult patients. The father of surgical cardiopulmonary bypass (CPB) for 

humans was John H. Gibbon, Jr, MD. The idea of CPB arose when Dr. Gibbon witnessed 

the collapse of a patient with a massive pulmonary embolism after a general surgical 

operation performed in Massachusetts General Hospital in 1930. This dramatic clinical 

experience determined Dr. Gibbon lifetime research in developing a machine that could 
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take over the function of the heart and lungs. 23 years later and after the first successful 

application of CPB, generations of cardiac surgeons have been able to operate on millions 

of human hearts to correct complicated congenital heart defects, cardiac valve disorders 

in the young and old, atherosclerotic coronary artery obstructions, and large aneurysms of 

the thoracic aorta.[1] The idea of CPB procedure is to provide total support of heart and 

lung function for a matter of hours to facilitate cardiac operations, where motionless heart 

is required. The procedure starts by inserting a venous cannula into the right atrium in 

order to withdraw unoxygenated venous blood into the venous reservoir. The blood is 

then pumped into the membrane oxygenator where it gets oxygenated. Arterial filter then 

removes the air bubbles from the oxygenated blood. The oxygenated blood is then 

returned via an aortic cannula to all other organs bypassing the heart and lungs (Figure 

1-1).  

 

Figure 1-1: Schematic of the Cardiopulmonary Bypass Circuit 

During the past several decades, the mortality rates after open-heart surgeries with or 

without CPB declined dramatically, but the morbidity on vital organs are still common in 

particular high-risk patients. [2-5]. 
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1.1.2 Extracorporeal Life Support (ECLS) Procedure 

Extracorporeal life support (ECLS) is a modified form of cardiopulmonary bypass used 

to provide tissue oxygen delivery for a prolonged period of time (days to weeks) in 

patients with respiratory and/or cardiac failure. During ECLS procedure, first blood is 

drained from the venous circulation into the ECLS circuit where oxygen is added and 

carbon dioxide is removed, oxygenated warmed blood then is pumped back to either 

arterial or venous circulation. From a general point of view, there are two methods of 

support for ECLS: veno-arterial circulation for both oxygenation and hemodynamic 

assistance and veno-venous extracorporeal oxygenation, for respiratory function 

substitution. Venoarterial extracorporeal support provides total cardiopulmonary support, 

where blood is withdrawn from venous circulation, exchanging O2 and CO2, and then 

returning to patient’s arterial circulation. Venovenous extracorporeal support provides 

pulmonary support by withdrawing deoxygenated blood from the venous system, 

exchanging gases and returning the blood to the venous system.[6]  

By early 1990s, ECLS became a standard of care for neonates and is becoming more 

widely used for pediatric and adult with cardio-respiratory failure. The indications for 

ECLS have been significantly expanded due to the improved technology and favorable 

outcomes. The significant improvements of ventilation and circulatory strategies, now 

allows more critical patients to be candidates for ECLS. Today ECLS is used in 

congenital heart surgery for several indications including failure to separate from 

cardiopulmonary bypass (CPB), postoperative low cardiac output, pulmonary 

hypertension, bridge to transplantation and for routine support following staged repair of 

hypoplastic left heart syndrome. [7-10] The Extracorporeal Life Support Organization 
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(ELSO) International Summary of the ECLS Registry reports that as of July 2010, the 

number of pediatric and adult patients receiving ECLS support for both respiratory and 

cardiac indications increased steadily throughout the 1990s These series demonstrated 

cumulative respiratory and cardiac runtime of 38,540 hours with average survival rate of 

52.6% in neonatal and pediatrics and a cumulative respiratory cardiac runtime of 3,594 

hours with average survival rate of 45.5% in adults.  

 

1.1.3 Post-Operative Complications Associated with CPB and ECLS Procedure  

Patients receiving ECC procedures remain at high risk for post-operative complications 

such as vital organ dysfunctions that can lead to multi-organ failure and even death. The 

damaging effects of CPB procedure are most attributed to prolonged interaction of blood 

with synthetic surfaces of the extracorporeal circuit along with other factors, such as 

shear stress generated by blood pumps, tissue ischemia/reperfusion injury, types of 

oxygenators, hemodilution, donor blood products, non-pulsatile perfusion, administration 

of heparin and protamine, surgical trauma and hypothermia and an inflammatory 

response which increases with increasing length of CPB and may continue long after the 

discontinuation of CPB.[11-14]. Patients undergoing ECLS also suffer from morbidity 

and mortality as a result of ECLS pathophysiological and mechanical failure (such as 

oxygenator failure, pump or heat exchanger malfunction, air in circuit or cannula 

problem).[15, 16] This can be due to increased duration of ECLS which was found to 

correlate with decreased survival. [9] ECLS complications were found to be significant 
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predictors of poor outcome. Ischemic brain injury, intracranial hemorrhage and renal 

dysfunction were noted to be an important risk factor associated with ECLS. [17]  

Several studies have clearly shown that cardiac surgery induces systemic inflammatory 

responses syndrome (SIRS), particularly when ECC is used. The intensity of the systemic 

inflammatory response appears to be directly correlated with the severity of ECC-related 

complications but its mechanism is poorly understood. [18] Previous studies have clearly 

shown that CPB and ECLS cause alteration in the levels of biomarkers related to 

inflammation, tissue damage and other tissue pathologies. [12, 19-21] Investigators have 

also documented that there are significant correlations between the SIRS and several 

biomarkers including complement and cytokines. [22-27]  

The damaging effects of CPB and ECLS worsen in neonatal and pediatric patients 

because of low blood volume and immature immune systems. [28] The apparent 

increasing use of this technology, especially in newborn populations, is raising concerns 

about long-term clinical outcomes of the procedure. An estimated of 0.8% of neonates 

are born with a congenital heart defect of varying complexity and approximately half of 

them require open heart surgery during the first year of life. The average duration of 

neonatal respiratory ECLS has also increased from 144 hours in 1990 to 209 hours. 

However, the survival rate has steadily decreased from about 80% to 67%. [15, 16, 29] 

Additionally, many of the surviving children encounter complications induced by ECC, 

including neurological problems, ischemic brain injury, intracranial hemorrhage and 

renal dysfunction. [30-32] For example the adverse neurological outcomes of pediatric 

cardiac surgeries have been attributed to systemic inflammatory response but the extent 

to which the systemic inflammatory response is related to postoperative cognitive decline 
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is not clear. Also a prospective study from 2001 reported a high incidence of cognitive 

decline 5 years after coronary artery bypass grafts (CABG) surgery which requires ECC 

techniques.[33]  

Minimizing SIRS would significantly assist in protection of vital organs including the 

brain, kidneys and the heart itself and is also important for improving functional 

outcomes of patients by reducing peri-operative complications. In one study continuous 

ultrafiltration was employed to improve end organ perfusion and function. [34] This 

suggest that methods to limit the inflammatory mediators while on ECC, may be of 

potential benefit for future research in an effort to improve organ perfusion during ECC 

and prevent development of end organ dysfunction that may lead to serious morbidity 

and high mortality.  

Currently, there is no effective method to prevent the systemic inflammatory response 

syndrome in patients undergoing ECC procedures. However, study of the effect of pro-

inflammatory and the anti-inflammatory cytokines levels change in time is a way to an 

earlier diagnosis and therefore prevention of post-operative complications associated with 

ECC. The ability to correct the underlying pathophysiological events which is a 

determinant factor in the survival of patients is not possible without continuous and 

timely measurement of inflammatory biomarkers associated with post operative 

complications. 

The type of biomarkers to be monitored to detect the post-operative injury is very 

important. However, selecting a biomarker also depends on the ability to detect it in 

plasma, availability of standardized commercial assays and prior studies indicating the 
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significance of a particular biomarker to a specific injury. More recent studies have 

shown that monitoring multiple biomarkers can yield more information about the 

pathobiology of the injury. [27] 

1.2 Monitoring Inflammatory Response to Mechanical Cardiopulmonary 

Support Systems 

A variety of hematological tests are commonly used for the rapid and accurate diagnosis 

and prognosis of medical conditions which promote immunological activation such as 

infectious diseases, autoimmune disorders, wound healing and trauma, as white blood 

cells continuously respond to pathological changes within the body.[35] Diagnostic blood 

analysis devices, typically require cell-free plasma, as the presence of cells such as RBCs 

can block the active detection site and interfere with many detection systems for 

biochemical components of the blood.[36] Preliminary diagnostics of disease usually 

relies on measurement of blood components concentration in separated plasma such as 

urea, glucose, electrolytes, proteins and antigens. Blood samples are usually acquired 

using venipuncture utilizing blood volume of 3-5 ml.  

1.2.1 Current Technology 

Current technology uses conventional blood collection techniques such as vacutainer 

tubes and conventional assays that measure protein concentration, such as the enzyme 

linked immunosorbent assay (ELISA) and immunofluorocytometry to provide 

measurements of the effects of cardiopulmonary support systems on activation of 

complements and cytokines hours or days post support with very low sampling intervals 

of 1 hour or more over a total monitoring period of 24 to 48 hours. Figure 1-2 indicates 
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cytokine Il-6 concentration versus time before and after a CPB procedure. During the 

entire CPB procedure until protamine is administered, there is a significant increase in the 

IL-6 concentration but no data points tracking this rise. The next data point is after 

protamine is given to reverse the effects of anticoagulation.[37] Even the most recent 

studies on inflammatory responses during ECC procedures, suffer from lack of temporal 

information between each data. Figure 1-3 shows average values of the results from 

detecting the changes in several biomarkers in pediatric patients (ages ranged from 3 

months to 4 years old) undergoing various cardiac procedures requiring CPB. As it can 

be seen in the Figure 1-3 and Table 1-1 the levels of IL-6 and IL-8 increased significantly 

during CPB and remained higher than their pre-CPB levels even 24 hours post-CPB. The 

levels of TNF-α and IL-1β did not increase significantly and instead the level of TNF-α 

was decreased during CPB. [27] The reported information about the rise of inflammatory 

biomarkers during actual surgical procedure in not only limited, but also is not consistent 

between different studies.  
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Figure 1-2: Changes in interleukin 6 (IL-6) levels in 16 patients undergoing 

modified Fontan procedure. (CPB=Cardiopulmonary bypass, Pre-Op=preoperative, 

PROT=protamine).[37]  

 

Figure 1-3: Schematic display of average values of biomarkers in pediatrics patients 

(ages ranged from 3 months to 4 years old) undergoing various cardiac procedures 

requiring CPB.[27] 
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Table 1-1: Values of biomarkers in pediatrics patients in pg/ml (ages ranged from 3 

months to 4 years old) undergoing various cardiac procedures requiring CPB.[27] 

 IL-10 IL-1β IL-6 IL-8 TNF-α 

Pre-CPB 28.58 1.1 1.34 30.18 8.92 

On-CPB (3-5 min) 35.71 1.05 1.84 23.96 5.15 

End CPB 448 1.38 19.56 59.72 6.36 

1 hour post CPB 1168 1.27 59.84 100.99 8.92 

24 hours post CPB 28.88 0.97 27.09 48.6 5.74 

 

There are significant advantages of continuous blood analysis to measure the systemic 

inflammation during CPB and ECLS as compared to conventional techniques. Real-time 

monitoring of inflammation will help clinicians and researchers identify significant 

changes in systemic inflammation in real-time and therefore enables the surgical team to 

perform clinical adjustment if needed. Additionally, real-time measurement will help 

researchers better understand the effect of clinical pharmacological agents including 

anesthetic drugs, different modes of perfusion and oxygenation, blood transfusion and 

temperature on systemic inflammation. One example of a significant benefit which could 

be provided by real-time monitoring of inflammation biomarkers is that in most 

children’s hospitals in the US and abroad blood ultrafilitration (UF) or modified 

ultrafiltration is used at the end of the surgery to hemoconcentrate the circulating blood 

which has the added benefit of removing proinflammatory cytokines.[38] However, since 

cytokines concentration is not measured during ultrafiltration, the ultrafiltration is ended 

only based on blood hematocrit level. Real time monitoring of inflammatory proteins 
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would enable the surgical team to end ultrafiltration based on cytokine concentrations 

instead of just by blood hematocrit level and assist in managing post operative 

inflammation.  

Continuous blood analysis for real-time monitoring of inflammation requires the 

continuous extraction of blood protein from whole blood. Conventional assays such as 

vacutainer tubes for blood collection requires several ml of blood which is much greater 

than the amount required for assays such as enzyme linked immunosorbent assay 

(ELISA) and immunofluorocytometry which require about 50 to 100 µl of blood plasma 

per sample. These techniques are not compatible with the use of serial samples to study 

the time course of inflammatory processes because the amount of blood than can be 

withdrawn from patient is limited. Additionally, successive blood analysis is impossible 

to implement in neonates or infants due to their small total blood volume (total blood 

volume of a 3 kg neonate is only 240 ml). However, the study of inflammatory responses 

is extremely beneficial in neonates and infants who are more susceptible to the systemic 

inflammatory response syndrome due to higher metabolic demands, immature organ 

systems with altered homeostasis. 

The proposed study is designed to develop an approach to continuously separate plasma 

inflammatory biomarkers such as cytokine and complement using a miniaturized 

technology that requires a very small amount of blood sample in order to evaluate the 

effect of circuit components and surgical protocols on activation of immune response.  
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1.2.2  Miniaturized Technology for Continuous Plasma Separation  

More recently, significant research efforts have been made in microfluidic and 

miniaturized lab-on-a-chip blood analysis devices which can offer rapid analyses with 

minimal sample and reagent requirements. [39] To date, many methods for particle and 

blood cell separations in microfluidic systems have been demonstrated. Some of these 

techniques have been applied to fractionate specific cell types or molecules from blood 

while other technologies are focused on efficient cell free plasma separation from blood 

samples for clinical analysis. [40] Active separation modalities have certain 

disadvantages such as high cost, complex fabrication and restricted portability which 

make them undesirable for clinical applications. Purely hydrodynamic separations are 

more attractive in clinical application because they do not require an external field. 

Hydrodynamic microfluidic approaches to blood fractionation have been based on 

structuring of flow profiles based on microchannel design and geometry and/or operating 

flow conditions. These approaches are based on inertial force particle focusing, 

deterministic lateral displacement devices, hydrophoretic filtration, separation using the 

Zweifach-Fung effect, physical separation using microstructures and membrane filtration. 

[36, 39, 41-51]  

Many different hydrodynamic approaches to blood cell fractionation and plasma 

separation from blood have been demonstrated. For example, separation of blood cell 

components, such as platelets and RBCs from diluted whole blood (2% blood in PBS) 

was accomplished using inertial flow fields in curved microchannels. This device consists 
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of inlets, a filter and 62 asymmetric separation turns, and 5 outlets to collect the filtrate. 

(Figure 1-4)[52] 

 

Figure 1-4: (A) The device design using inertial flow to separate plasma from blood. 

(B) Images of 10-µm beads within the device are shown for increasing flow 

rates.[52] 

Lateral migration of red blood cells which results in cell free plasma layers has also been 

used to separate plasma from whole blood. In one report using lateral migration, the 

channel geometry was modified in order to expand the dimension of the cell free region 

at high flow rates (Figure 1-5). However, the human blood was extremely diluted (1:20) 

in order to achieve extraction efficiency of about 10%.[46] 
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Figure 1-5: Shows the cell-free layer using lateral migration and different channel 

geometry. The sample is a mixture of 1/20 diluted blood and 0.5µm fluorescent 

beads.[46] 

The Zweifach-Fung bifurcation law was also used to continuously separate plasma from 

whole blood, by controlling the flow rate ratio between a main blood channels and 

bifurcating plasma channels. This device has one whole blood inlet, a plasma outlet and a 

concentrated whole blood outlet. The channels were specially designed so that cell 

centroids would always be beyond a bifurcating streamline separating the plasma channel 

and main channel flows so that plasma could be continuously ‘skimmed’ away from the 

device without cell contamination (Figure 1-6). [48] Using this microdevice, which 

required accurate flow control through channel design dimensions, a plasma volume of 
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25% was collected but the volume percent of plasma collected decreased as blood 

hematocrit decreased.  

 

Figure 1-6: Images of the microfluidic blood plasma separation device based on 

Zweifach-Fung bifurcation law. [48] 

 

In one report, a better plasma yield (40%) was reported using Zweifach–Fung bifurcation 

law at very high flow rates (10 ml/hr). However, purification efficiency of the plasma 

was low and the blood was extremely diluted (Hematocrit ~ 3%).[53] Also in another 

device the Zweifach–Fung, Fahraeus and the pinched flow fractionation effect were 

combined to separate human plasma from red blood cells using a range of temperatures 

and flow rates. This device was reported to operate at high flow rates of up to 200 

ml/min. However, the mean percentage of plasma collected in this device was about 

3.5%.[54] 
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Another hydrodynamic separation approach termed hydrophoresis has been used to 

separate blood cells from plasma, by creating structured rotational flows with slanted 

structures and particle filters (Figure 1-7). In this device blood plasma was separated 

from diluted (1:2 in PBS) rat blood using a microfluidic device with 12 µm-height slanted 

obstacles at 0.5 µL min-1. Blood cells were focused to the right-side of the channel and 

approximately 30% of plasma was separated.[41]  

 

Figure 1-7: Schematics and a picture of the microfluidic channel using the 

hydrophoresis principle.[41] 

 

Other specially designed microstructures within microfluidic devices have been used to 

directly filter plasma from blood. For example, in-situ polymerization was used to 

fabricate a microporous membrane within the microfluidic channel in order to separate 
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plasma from diluted (1:20) rabbit whole blood placed in a hypotonic solution using dead-

end filtration (Figure 1-8). In this device a small volume of the pre-polymer is drawn into 

the channel by capillary pressure the channel is then tilted to move the pre-polymer into a 

desired location where it is photo-polymerized. (Figure 1-8 a). Filter channels are 

designed in the system and they are filled with the pre-polymer mixture. (Figure 1-8 b). 

Using this microdevice, separation of two samples of 3 µm and 45 µm fluorescent bead is 

shown in Figure 1-8 c. Additionally blood cells were separated from highly diluted rabbit 

whole blood but only 20 µl of plasma volume could be collected before the device was 

completely clogged due to accumulation of blood cells. (Figure 1-8 d). [45] 

 

Figure 1-8: A membrane-based microfluidic device was fabricated using in-situ 

polymerization to fabricate a microporous membrane within the microfluidic 

channel in order to separate plasma from diluted blood. [45] 

 

Alternatively, cross-flow filtration can be implemented to continuously clear particles 

from the filter surface, especially when dealing with complex fluids such as blood. In one 

report, a transverse-flow planar microfilter was designed to separate plasma from whole 
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bovine blood based on capillary action (Figure 1-9). In this device the filter was 

fabricated as a series of rectangular channels,‘‘pores’’, placed on both sides of the 

filtration channel. However, only a very small amount of plasma (maximum of 45 nl) was 

extracted after filtration and the quality of plasma was not tested since the plasma was not 

extracted from the device but significant hemolysis was observed as red coloration of the 

plasma. [36] 

 

Figure 1-9: (a): Illustration of a Cross flow filtration using a flow parallel to a 

membrane. (b) Schematic of the microfilter (c) Microfilter cross section [36] 

 

Porous polymer membranes have been also used as the semipermeable barrier in cross-

flow filtration devices. These filters are commercially available in different pore size and 
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are very well suited for microfluidic blood applications as their pore size can be precisely 

selected at dimensions commensurate with blood cell exclusion. In one study, a 

microfilter with different types of commercially available porous polymer membranes 

was developed to separate plasma from whole blood. [47] However, while using this 

device, the filtrate showed evidence of hemolysis when the blood hematocrit was 

increased above 20% and fluid leakage around the filter was noted.  

As described above, most of the reported plasma separation microdevices suffer from low 

separation efficiency, low throughputs, and leakage at high pressure, fouling and 

clogging which causes inconsistent output flow rates over time.  

 

1.2.2.1 The Importance of Blood Model in Evaluation of Blood-Handling Microfluidic 

Devices 

An important drawback of existing blood separations microfluidic devices is that they 

tend to involve blood dilution, either prior to entering or within the microfluidic device 

and more importantly almost none of the reported blood analysis microdevices have been 

tested in a clinical setting using undiluted whole blood. 

A key factor to adequately and reliably predict a device’s clinical performance, especially 

blood analysis devices is laboratory evaluation using a proper blood model. Factors such 

as blood species, RBC dimension, blood viscosity, blood hematocrit and blood 

temperature should be considered when evaluating a blood analysis system. Additionally, 

it is important to validate and predict blood damage attributed with engineering flow 
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parameters such as shear forces, cell exposure time and adverse biologic responses such 

as hemolysis and platelet activation.  

Blood is a non-Newtonian fluid and its viscosity changes with shear rate. The non-

Newtonian features of human blood comes from suspended cells in blood because studies 

have shown that plasma is a Newtonian fluid.[55] Red blood cells (RBCs) are the most 

important suspended particles in whole blood and the rheological properties of whole 

blood correlate highly with the concentrations of RBCs or blood hematocrit. Hematocrit 

is the volume percentage of red blood cells in whole blood and is the most important 

determinant of whole blood viscosity. The relation between the apparent viscosity and 

shear rate at different blood hematocrit level in whole blood (•), defibrinated blood (x), 

and washed cells in a Ringer solution (◦) is shown in Figure 1-10. As it can be seen in this 

figure at Hct=0 fluids behave Newtonian and small cell aggregation can affect the 

viscosity. As the hematocrit increases (Hct= 45%) at small shear rate cell aggregation can 

greatly affect the blood viscosity but it has less effects as shear rates increases. At very 

high hematocrit levels (Hct=90%) cell aggregations does not affect the blood viscosity. 

The figure also indicates that the human whole blood at all hematocrit levels has a higher 

viscosity compared to human defibrinated blood which does not have fibrinogen for cell 

aggregation. Also the viscosity of defibrinated human whole blood is higher than washed 

cell in ringer solution. Washed cell in Ringer solution is obtained by removing plasma 

and substituting it with a medium with near physiological conditions and this lowers the 

blood viscosity dramatically. These are important finding when using blood models for 

device evaluation as compared to real blood rheology. [56] 



 

  

Blood viscosity also changes at different temperature which must be taken into account 

when evaluating the device performance. 

blood and shear rate at different temperature.

Performance of microfluidic devices using whole blood, defibrinated blood or washed 

cells in a ringer solution can vary because the viscosity

which affect the blood flow resistance and therefore microdevice performance. The ideal 

blood model to evaluate the device is human whole blood with 

hematocrit level.  

 

Figure 1-10: The relation between the apparent viscosity and blood hematocrit in 

whole blood (•), defibrinated blood (

Blood viscosity also changes at different temperature which must be taken into account 

when evaluating the device performance. Figure 1-11 shows the relation between human 

different temperature.[56] 
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Figure 1-11: Relation between human blood 
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Chapter 2, the detailed description of the microfiltration device fabrication and transport 

mechanism is discussed.  

In Chapter 3, various experimental set-ups were constructed to test the filtration 

efficiency of the microfiltration device using sheep’s blood. 

In Chapter 4, as a first step towards the incorporation of a microfiltration device in 

clinical settings, the microfiltration device was integrated with a simulated CPB circuit 

and was evaluated using freshly drawn human blood.  

In Chapter 5, to further investigate the microfiltration device performance within a 

clinical environment, it was evaluated during in-vivo animal model of ECLS to 

continuously separate plasma protein from unmodified piglet whole blood.  

In Chapter 6, the ability of a microfiltration device to separate bacteria from whole 

blood for sepsis treatment was tested.  

Finally, conclusions and future work are discussed in Chapter 7 
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Chapter 2 : A Membrane-Based Microfiltration Device 

for Plasma separation from Whole Blood 

2.1 Introduction 

Among several available separation techniques, membrane-based filtration has been 

considered as one of the most promising techniques and also has been used in a wide 

range of field applications. [42, 43] Porous polymer membranes have been used as the 

semipermeable barrier in cross-flow filtration devices. These filters are commercially 

available in different pore size and are very well suited for microfluidic blood 

applications as their pore size can be precisely selected at dimensions commensurate with 

blood cell exclusion. These membranes are available in a wide range of materials and 

exhibit very high pore density and excellent filtration efficiency. Membrane-based 

filtration devices are usually easy to fabricate and very simple to handle. One approach 

toward membrane integration with microfluidic channels has been to construct a 

laminated device consisting of different layers of aligned microchannels separated by a 

porous polymer membrane. This approach was used to develop a high throughput 

membrane-based cross-flow microfiltration microdevice to extract 100% cell-free plasma 

from unmodified whole blood. The membrane-based microfiltration device developed in 

this work relies on a novel method of irreversible membrane integration with the 

microfluidic device which can operate at high pressure with no evidence of membrane 

leakage and with no sign of cell lysis or clogging for extended periods of time to improve 

upon existing microdevices.  
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2.2 Microfiltration Design and Basic Principles of Operation  

The microfluidic microdevice which was designed based on cross-flow filtration, 

consisted of two PDMS layers of microchannels, separated by porous polycarbonate 

membrane (PCTE) (Nucleopore Polycarbonate Track-Etch Membrane, Whatman, 

Florham Park, NJ). The schematic of the two compartment microfiltration device is 

shown in Figure 2-1 and the schematics of alignment of the channels are shown in Figure 

2-2. 

 

 

Figure 2-1: Schematic of the two compartment microfiltration device.  
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Figure 2-2: Schematics of alignment of the microfiltration channels (note: image 

was created by former lab member, Alex Fok) 

 

Blood flows through the channels on one side of the device (reservoir channels) and 

filtrate plasma flows through the membrane and into the channels on other side of the 

membrane (filtrate channels). The schematic of cellular and molecular transport is shown 

in Figure 2-3. The membrane acts as a barrier between the large cells such as RBCs and 

small cells such as plasma proteins and is only permeable to cells and molecules smaller 

than its pore size. 
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Figure 2-3: Schematics of the transport mechanism in membrane-based 

microfiltration device 

After a blood sample is introduced into the reservoir channel, the pure plasma is filtered 

across the membrane based on the membrane pore size, the pressure in the reservoir 

channel and the relative flow resistances between the membrane and the reservoir and 

filtrate channel.A schematic illustration of a resistive electrical circuit corresponding to 

the hydraulic circuit of the microfiltration device is shown in Figure 2-4. In this model 

the notation and symbols are adopted similarly to that of electrical circuits.  
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Figure 2-4: A diagram of a resistive circuit corresponding to the microchannel 

network of the microfiltration device 

The voltage source at the input represents the circuit pressure at the blood inlet of the 

microdevice. RRsrv and RFilt are resistances which represent the equivalent fluid flow 

resistance of the reservoir and filtrate microchannels respectively. Rm represents the 

membrane pore fluid flow resistance. The reservoir (blood) and filtrate (plasma) outlet 

are at atmospheric pressure, thus they are considered to be at ground potential.  

The hydraulic resistance for the rectangular cross section channel (RRsrv and RFilt ) can be 

calculated using equation 2.1. [57] 
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In this equation, N is the number of channels, L is the length of each channel, µ is the 

dynamic viscosity of blood for the reservoir and the viscosity of plasma for filtrate 

solution, W is the width of a single channel, and H is the height of the channel 
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The mass transport across the membrane is due to pressure difference across the 

membrane. The flow resistance in a pressure-driven flow in cylindrical tubes (such as 

membrane pores) can be calculated assuming that the filtered plasma is incompressible 

and Newtonian and the pressure difference changes only across the membrane and 

neglecting the pressure drop along the microchannel. Hence, the Navier-Stokes equation 

(2.2) and the Continuity equation (2.3) for viscous incompressible fluid can be used to 

calculate the membrane pore resistance and the inlet tubing. [58] 
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In this equation is ν is the kinematic viscosity, u is the velocity of the fluid parcel, P is the 

pressure, and ρ is the fluid density. 
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The membrane pore resistance can be calculated using equation 2.4  
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In this equation µ is the dynamic viscosity of blood plasma at 35 °C, T is the thickness of 

the membrane, D is the pore diameter and N is the number of pores exposed to blood. 

The number of pores is a function of the pore density and the available diffusion area and 

can be calculated using equation 2.5.  
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( )N A N W LPore Pore Pore Chan Filtrateρ ρ= =    (2.5) 

In this equation ρPore is the pore density which varies depending on the manufacturer’s 

specifications (see Table 2-3) and A is the total filtration channel’s area. 

However, the results obtained from the resistive electrical circuit model may not be 

applicable for an actual microfiltration microdevice because the separation efficiency 

greatly depends on the molecule size and shape, protein biofouling with long-term blood 

infusion and complications due to membrane pores being clogged at high flowrate. 

2.3 Fabrication  

The microfiltration device consists of two layers of microchannels, separated by a porous 

polycarbonate membrane. Blood flows on one side of the membrane (reservoir channels) 

and plasma flows through the membrane and to the other side of the membrane (filtrate 

channels). The microfluidic microdevice was fabricated in polydimethylsiloxane (PDMS) 

(Sylgard 184, Dow Corning, Midland, MI) using soft lithography.[59, 60] .The chrome 

mask was used in contact photolithography with negatively patterned SU-8 photoresist 

(MicroChem, Boston, MA) on a silicon wafer and then PDMS was molded against the 

master. The mask of the fluidic channels is shown in Figure 2-5.  
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Figure 2-5: (Left) Mask for SU8 reservoir microfluidic channels. (Right) Mask for 

filtrate microfluidic channels 

 

In order to fabricate the filtrate channels, SU-8 2025 was used (soft lithography process 

flow is shown in Table 2-1. SU-8 2150 was used to fabricate the reservoir channels (soft 

lithography process flow is shown in . The reservoir channel was designed to be 600 µm 

wide and filtrate channel was designed to be 400 µm wide and both channels were 25 

mm long. Having a wide reservoir channel will reduce the risk of high shear stress which 

can irreversibly damage and lyse the red blood cells. To maximize the filtration area 32 

parallel channels were designed in each layer. The microfluidic channel in the reservoir 

side was determined to be 135 µm thick, and the microfluidic channel in the filtrate side 

was determined to be 40 µm thick after the standard SU-8 soft lithography procedures.  
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Table 2-1: Photolithography procedure for 40 micron thick Filtrate Channel using 

SU-8 2025 

Process Flow Description Time  

Substrate Cleaning 
Procedure 

• Soaking the silicon substrate in acetone solution 
• Soaking the silicon substrate in isopropyl alcohol 

(IPA) 
• Soaking the silicon substrate in deionized (DI) 

water 
• Rinse under DI water 
• Blow dry with filtered nitrogen or filtered air and 

place in the oven at 200 ºC  

10 min 
 
10 min 
 
10 min 
 
2 min 
 
30 min 

Spinning Photoresist • Dispense 1 ml of photoresist for each inch of 
substrate diameter. 

• Spin at 500 rpm with acceleration of 100 
rpm/second 

• Spin at 2875 rpm with acceleration of 300 
rpm/second 

 
 
5-10 sec 
 
 30 sec 

Soft Bake • Place on a hot plate of 65ºC 
• Place on a hot plate of 95ºC 

 

2 min 
5 min 
 

Exposure • Under the UV lamp exposure energy of 300 
mJ/cm2 

 

------ 

Post Exposure Bake • Place on a hot plate of 65ºC 
• Place on a hot plate of 95ºC 

1 min 
3 min 
 

Develop • Soak in SU-8 developer 5 min 
Rinse and Dry • Rinse in IPA and dry ------- 
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Table 2-2: Photolithography procedure for 130 micron thick Reservoir Channel 

using SU-8 2150 

Process Flow Description Time  

Substrate Cleaning 
Procedure 

• Soaking the silicon substrate in acetone 
solution 

• Soaking the silicon substrate in isopropyl 
alcohol (IPA) 

• Soaking the silicon substrate in deionized 
(DI) water 

• Rinse under DI water 
• Blow dry with filtered nitrogen or filtered air 

and place in the oven at 200 ºC  

10 min 
 
10 min 
 
10 min 
 
2 min 
 
30 min 

Spinning 
Photoresist 

• Dispense 1 ml of photoresist for each inch of 
substrate diameter. 

• Spin at 500 rpm with acceleration of 100 
rpm/second 

• Spin at 3000 rpm with acceleration of 300 
rpm/second 

 
 
5-10 sec 
 
 
 30 sec 

Soft Bake • Place on a hot plate of 45ºC 
• Place on a hot plate of 65ºC 
• Place on a hot plate of 85ºC 
• Place on a hot plate of 95ºC 
• Place on a hot plate of 85ºC 
• Place on a hot plate of 75ºC 
• Place on a hot plate of 55ºC 

5 min 
5 min 
10 min 
30 min 
5 min 
5 min 
2 min 
 
 

Exposure • Under the UV lamp exposure energy of 280 
mJ/cm2 

 

------ 

Post Exposure Bake • Place on a hot plate of 55ºC 
• Place on a hot plate of 65ºC 
• Place on a hot plate of 85ºC 
• Place on a hot plate of 95ºC 
• Place on a hot plate of 85ºC 
• Place on a hot plate of 65ºC 

 

2 min 
4 min 
3 min 
10 min 
3 min 
3 min 
 

Develop • Soak in SU-8 developer 15 min 
Rinse and Dry • Rinse in IPA and dry ------- 
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2.4 Membrane Material 

In order to develop an efficient blood separation technology, a polycarbonate material 

was selected. Polycarbonate membranes (PCTE) are made from a thin, microporous 

polycarbonate film material which is well-suited for blood assays. PCTE membranes are 

commercially available with varying pore sizes and density as shown in Table 2-3. Figure 

2-6 and Figure 2-7 show SEM images of 200 nm and 400 nm pore-size PCTE 

membranes.  

Table 2-3: PCTE membrane performance characteristics (www.sterlitech.com) 

 

http://www.sterlitech.com%29/
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Figure 2-6: SEM image of a 200 nm pore size PCTE membrane 

 

Figure 2-7: SEM image of a 400 nm pore size PCTE membrane 
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The biocompatibility of the material is a key factor for the material used for blood 

handling devices. Exposure of blood to non-physiological surface of the membrane can 

leads to immediate protein adsorption of plasma proteins at the membrane surface. The 

initial adsorption of albumin and/or fibrinogen results in adsorption and adhesion of other 

blood proteins and platelets which ultimately result in polymerization of fibrin onto the 

surface and reducing the filtration efficiency and ultimately membrane clogging. [61] 

Polycarbonate membranes are reported by the manufacturer to be low in protein binding 

However, the advantage of using biocompatible material to reduce protein adsorption can 

be extended by coating the surface of the membrane with anticoagulant.[62]. 

Anticoagulation can be used to modulate thrombus formation by chemically arresting the 

coagulation pathway to extend membrane lifetime. 

2.5 Methods of integrating membranes into devices  

A critical design consideration in fabricating a membrane based filtration microdevice is 

how to best achieve reliable bonding between different membrane materials with molded 

PDMS or glass microfluidic layers.[63] Bonding of membrane and device materials is 

further complicated in devices consisting of multiple channel layers or complex channel 

designs. Various approaches to bonding PDMS to polymer membranes have been 

reported, such as direct thermal bonding or bonding following plasma oxidization. In 

thermal bonding the layers are gently pressed together and cured at a temperature higher 

than the membrane material’s glass transition temperature. Thermal bonding can create 

permanently laminated structures, but also tends to cause wrinkling of the membrane due 

to the different thermal expansion coefficients of the individual layers. It can also cause 

distortion of the membrane’s pores or complete pore collapse, changing the membrane 
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transport properties. Oxygen plasma activation of both the membrane and PDMS surfaces 

followed by direct bonding can create laminated structures. However, plasma activation 

only creates a weak bond between the membrane and the PDMS microdevice for a wide 

range of membrane materials including polycarbonate (PCTE), polyethersulfone (PES), 

and polyethylene terephthalate (PETE). Another popular bonding method involves the 

use of epoxy or PDMS prepolymer as an intermediate ‘‘glue’’ layer between the PDMS 

and the membrane to improve the bonding strength.[63-66] This approach presents 

problems such as partially clogging the membrane’s pores and thus reducing the flux 

across the membrane, as well as the trapping of air bubbles along the membrane 

boundaries and PDMS channels.[63, 66] In one of the reported techniques, the use of 

PDMS prepolymer liquid as a bonding glue was implemented by adjusting the thickness 

of the glue layer to avoid gap formation along the edges of the membrane when it is 

sandwiched between two PDMS layers.[64] In this method the thickness of the PDMS 

glue was adjusted by mixing uncured PDMS to various concentrations in toluene. Thin 

film deposition was another bonding approach investigated in which the membrane is 

coated with a thin SiO2 layer by sputtering for direct plasma bonding of the membrane to 

PDMS structures.[67] This method is not only more expensive but also relies upon the 

amount of SiO2 sputtered on the membrane surface, and this may cause inconsistent 

bonding results and changes in membrane transport properties. A final approach for 

incorporating membranes into microfluidic devices is to encapsulate a piece of membrane 

within a cavity in a bonded PDMS–PDMS device.[68] In this type of incorporation, the 

membrane is not physically bonded with the structure, but is instead constrained at the 

edges by the PDMS bond. In this case it is possible for fluid to leak around the edges of 
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the membrane at high pressures, and the membrane may become distorted if the PDMS is 

stretched.  

Recently, a new method has been proposed for bonding between polymethylmethacrylate 

(PMMA) and PDMS plates, as well as between two PMMA plates [69]. This method is 

based on the chemical surface modification of the substrates and does not require 

pressure or high temperatures to initiate the bond. In this method, an organic polymeric 

substrate is coated with a silane solution of 3-aminopropyltriethoxysilane (APTES), 

followed by plasma activation of the surfaces to be bonded, resulting in an irreversible 

bonding of the two substrates. APTES has been used in various applications as a coupling 

agent or adhesion promoter and pretreatment for coatings. In another study, APTES was 

used to modify the surfaces of silicon or glass substrates in order to bond these substrates 

to chemically activated fluorinated ethylene propylene (FEP).[70]  

2.6 Developing a Novel Method for Membrane Integration using APTES 

Modification  

In this study, the use of APTES was extended as a method for integration of nanoporous 

polycarbonate (PCTE), polyethersulfone (PES) and polyester terephthalate (PETE) 

membranes to PDMS and glass microfluidic channels with an irreversible bond. The 

three membrane types tested have been selected because they have been specifically 

developed for low protein binding, and have been widely used in microfluidic systems. 

Therefore, developing a reliable bonding method can be extremely beneficial to facilitate 

integration of these types of membranes to microfluidic devices. 
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2.6.1 Experimental Methods 

2.6.1.1 Bonding of Porous Polymer Membrane to PDMS and Glass Substrates 

The bonding procedure for direct bonding of a membrane to a PDMS or glass substrate is 

shown schematically in Figure 2-8. A commercial solution of APTES (Sigma-Aldrich, St. 

Louis, USA) was diluted in water to 5% by volume and placed on a ceramic-top hotplate 

set to 80°C. PCTE, PES, or PETE (SterlitechInc Kent, USA) membranes were activated 

in an oxygen plasma chamber for 1 min (600 mTorr, 100 W) and then immersed in the 

APTES solution for 20 min. The solution was covered during the heating process to 

prevent water evaporation. After 20 min., the membrane was removed from the APTES 

solution with tweezers and was placed on a cleanroom wipe to dry. Then, the surfaces of 

the membrane and a fully cured PDMS microdevice were activated in an oxygen plasma 

chamber (600 mTorr, 100 W) for 20 seconds (Figure 2-8a). The membrane and the 

treated microdevice were immediately brought into contact (Figure 2-8b). When the 

membrane comes in contact with the PDMS device, an immediate irreversible bond is 

formed. In order to bond the membrane to multiple PDMS layers in a sandwich structure, 

after bonding the membrane to PDMS as described above, the bonded laminate and a 

second PDMS layer were similarly activated in an oxygen plasma, brought into contact 

and subsequently pressed together (Figure 2-8c). 

The membrane/PDMS laminate could also be bonded to the second plasma-treated 

PDMS layer without plasma activation of the bonded laminate. For PCTE and PETE 

membranes, the bonding was instantaneous and no pressure was applied to initiate the 

bond. However, for PES membranes, pressure was applied by means of a weight placed 
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on top of the layered structure for 24 hours in order to achieve a strong and reliable bond 

between the PES membrane and PDMS layer. 

For glass microdevices the same procedure was carried out substituting glass for the 

PDMS layers, and a similar irreversible bond was obtained. A longer bonding time (at 

least 48 hours) was required in order to achieve irreversible bonding between PES 

membranes and glass microdevices. 

Also, the surface of the glass or PDMS could be functionalized using a corona discharge 

instead of an oxygen plasma. However, a corona discharge should not be used to activate 

the membrane surface since the discharge often damages the membranes creating small 

tears where the discharge contacts the membrane. It has also been found that while the 

bonding between oxygen plasma-treated PDMS and a membrane is immediate for PCTE 

and PETE membranes, it takes about a minute for these membranes to bond to corona-

treated PDMS. However, no external pressure is needed to initiate the bonding in either 

case. The APTES functionalized membranes can be peeled off from corona-treated 

PDMS and realigned within the first minute. This may be useful for accurate alignment 

between different layers of multi-layer devices. 
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Figure 2-8: Schematic of the bonding process between a porous membrane and a 

PDMS substrate.  

2.6.1.2 Bond Strength Testing 

To measure the maximum pressure that the integrated microdevice was able to withhold 

without the membrane delaminating from the PDMS layers, water was infused into the 

inlet of the reservoir channels at a flow rate of 120 µl/min via a syringe pump, and the 

outlet of the reservoir was blocked and connected to a pressure sensor with a maximum 

pressure reading of 227.8 kPa (Honeywell Sensing and Control, ASDX030G24R). The 

inlet and outlet of the filtrate channels were blocked to allow pressure to build within the 

device. The pressure within the device was recorded to determine the burst pressure of 
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the device. In this study, two other commonly used bonding methods were evaluated on 

identical test devices to compare each technique. In one method, the PCTE membrane 

was bonded to the PDMS layers by using the previously reported PDMS prepolymer glue 

technique3. In another method a low viscosity two-part epoxy (EPO-TEK 301, Epotek, 

Billerica, MA) was used to bond the PCTE membrane to PDMS. The results obtained 

from these two techniques were compared with that of using APTES surface modification 

for bonding. Each device was tested in three conditions to simulate common device 

storage conditions: 1) evaluating the devices right after infusing water into dry devices; 

2) after filling the device with water for 72 hours; 3) after submerging the devices in 

water for 72 hours. 

2.6.2 Experimental Results 

The use of APTES for microchannel-membrane bonding allowed the fabrication of 

complex channel designs with integrated porous membranes and multilayer PDMS or 

glass multichannel structures. Irreversible bonding between the microchannel and 

membrane layers without deformation of the channel structures or membrane was 

achieved. The bonding was leakage free along the channels and membrane edges. The 

bonding strength was preliminarily evaluated after bonding PDMS or glass to both PCTE 

and PETE membranes by attempting to manually peel the membrane from a glass or 

PDMS microfluidic device. The membrane could not be peeled from the microchannel 

surface without breaking the membrane into small pieces, or ripping a piece of PDMS 

from the structure indicating the strength of the bond was greater than the fracture 

strength of the materials. The results from testing the APTES bonding strength under 

applied pressure via a pressure sensor showed that the membrane bond was able to 
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withhold more than 227.8 kPa, which was the maximum limit of the pressure sensor, 

without any sign of delamination (Figure 2-9).  

 

Figure 2-9: Representative plots showing burst pressure for dry devices using three 

different bonding techniques. The APTES coated membrane was able to withhold 

much higher pressure (more than 227.8 kPa) compared to PDMS or epoxy bonded 

membranes. 

** Maximum limit of the pressure sensor. 

 

The pressure in this test was only relieved by the inlet tubing becoming physically 

dislodged from the device. To compare the bonding strength of this technique over those 

using PDMS pre-polymer or two-part epoxy glue, identical test devices were used under 

applied pressure. The results shown in Table 2-4 demonstrate that for the same 

experimental conditions there is a significant increase in bonding strength using the 
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APTES surface modification technique. To further test the bonding strength in the 

presence of water, two additional tests were carried out. In one test, the channels of the 

microdevices were filled with water and stored at room temperature for 72 hours. In 

another test the microdevices were filled and completely immersed in water for 72 hours. 

Table 2-4: Comparison of bonding methods in different storage conditions 

Test Method Dry Device 
Channels filled 
with water (72 

hours) 

Device submerged in 
water (72 hours) 

APTES surface 
modification > 227.8 kPa > 227.8 kPa 132.2 kPa 

PDMS glue 26.58 kPa 12.5 kPa 0 kPa, membrane 
delaminated 

Epoxy glue 22.31 kPa 13.25 kPa 0 kPa, membrane 
delaminated 

 

The bonding strength for APTES coated membranes remained very strong (over 

227.8 kPa) in devices stored at room temperature for 72 hours with the device channels 

filled with water, but decreased dramatically in glued membranes. Complete immersion 

of the devices in water for an extended period of time weakened the membrane bonding 

strength for all three tested bonding methods. The maximum pressure the APTES bonded 

membrane withheld after complete immersion in water was 132.2 kPa, compared to the 

glued devices which completely delaminated when water infusion began and thus 

supported no pressure. While the APTES bonded membrane started to delaminate from 
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the channel walls at a pressure of 132.2 kPa, it did not separate from the PDMS at the 

edges of the microdevice. After about 10 minutes the PDMS began to bulge which 

eventually caused the membrane to rupture. The APTES bonding strength was further 

evaluated in a device stored at room temperature for 30 days with the device channels 

filled with water, and was able to withstand over 187 kPa, which still indicates a robust 

bond between the APTES coated membrane and PDMS layers. 

2.7 Evaluation of APTES Coated Porous PCTE Membrane after Blood 

Exposure  

The polycarbonate membranes used in this study were reported by the manufacturer to be 

hydrophilic and low in protein adsorption. However, since the membranes surface were 

modified via APTES in order to create the laminated structures, it was critical to identify 

any unfavorable biological interactions or excessive protein adsorption due to APTES 

treatment, which could potentially alter the membrane filtration properties. The influence 

of APTES conjugation on biofilm formation in polycarbonate material was studied using 

Quartz Crystal Microbalance with Dissipation monitoring (QCM-D). Additionally the 

effect of APTES coating on physical properties of the membrane pores and biofilm 

formation on the PCTE membrane surface was evaluated by measuring the filtrate 

flowrate over time and evaluating the membrane morphology using Scanning Electron 

Microscopy (SEM). 

2.7.1 Quartz Crystal Microbalance with Dissipation monitoring (QCM-D). 

In order to study protein adsorption occurring at the membrane surface, a Quartz Crystal 

Microbalance with Dissipation monitoring (QCM-D) (Q-Sense, Goteborg, Sweden) and 
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gold coated quartz crystals with fundamental resonant frequency of 5 MHz and a 

diameter of 14 mm were used. QCM-D is a well suited technology for dynamic 

monitoring of the absorbed protein mass onto material surfaces.[71, 72]  

2.7.1.1 Experimental setup 

The crystals were cleaned prior to experiments by soaking them in tetrahydrofuran (THF) 

for 15 min followed by exposure at 80 °C to a 5:1:1 by volume mixture of distilled water, 

ammonium hydroxide and hydrogen peroxide for 15 min. The quartz crystals were then 

thoroughly rinsed with deionized water and gently blown dry under a flow of nitrogen gas 

and placed in a UV chamber for 10 minutes. The gold side of each crystal was then 

coated with 50 nm of 1% w/v polycarbonate polymer solution in chloroform (Fisher 

Scientific) and left in a vacuum chamber for 24 hours. Two polycarbonate coated crystals 

were mounted in two separate QCM-D flow chambers with the coated surface exposed to 

the solution and a stable baseline response of the quartz crystals in water at 80 °C was 

established. In preparation for adsorption of APTES modified surface, 5% APTES 

solution (prewarmed to 80 °C prior to use) was perfused through one flow chamber, at a 

high flow rate of 0.117 ml/min (in order to maintain the 80 °C temperature for polymer-

APTES interaction) for 20 min while water was still perfused through the other flow 

chamber. This procedure of treating the polycarbonate coated crystals with APTES was 

similar to the procedure carried out to treat the polycarbonate membranes in the 

fabrication of the microdevices. The system was then left to cool down and stabilized at 

35 °C (normothermia). In order to compare the adsorption of protein into both APTES 

treated and non-coated crystals, first phosphate buffered saline (PBS) was perfused 

through both chambers for 20 minutes and then sheep’s blood plasma was perfused 



 

  

through the system at a flow rate of 80

immediately after the adsorption reached steady state by replacing the plasma solution 

with PBS solution and the final frequency change at each time point was measured in the 

presence of PBS after it reached the steady state. This procedure was repeated 4 times to 

study protein adsorption over time. The kinetics of plasma protein adsorption and 

desorption were followed by changes in resonant frequency and dissipation. 

In order to obtain the thickness of the adsorbed protein layer, raw frequency and 

dissipation data obtained from QCM

described by Voinova et al

relationship between the frequency and dissipation shifts

following the equations: 
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olution and the final frequency change at each time point was measured in the 

presence of PBS after it reached the steady state. This procedure was repeated 4 times to 

study protein adsorption over time. The kinetics of plasma protein adsorption and 

tion were followed by changes in resonant frequency and dissipation. 

In order to obtain the thickness of the adsorbed protein layer, raw frequency and 

dissipation data obtained from QCM-D were experimentally fit to a Voigt model 

described by Voinova et al, using the supplied software.[73] According to this model the 

relationship between the frequency and dissipation shifts (∆f and ∆D) 
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In these equations the viscoelastic properties of the protein layers are represented as 

parameters: layer density ( ρ1), viscosity (η1), shear elasticity (µ1

are crystal density and thickness, (ρ3, η3, δ3 ) are liquid density,

is the angular frequency of oscillation. The fixed parameters used in 
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immediately after the adsorption reached steady state by replacing the plasma solution 

olution and the final frequency change at each time point was measured in the 

presence of PBS after it reached the steady state. This procedure was repeated 4 times to 

study protein adsorption over time. The kinetics of plasma protein adsorption and 

tion were followed by changes in resonant frequency and dissipation.  

In order to obtain the thickness of the adsorbed protein layer, raw frequency and 
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According to this model the 

 can be fit to the 

2 2
1 1




 
 



   (2.7) 

  (2.8) 

In these equations the viscoelastic properties of the protein layers are represented as four 

1), and thickness 

re liquid density, viscosity 

parameters used in 



 

  

the experimental fitting were (i) layer density 

lie approximately between that of protein layer (1400 kg/m

kg/m3), (ii) fluid viscosity

fitted parameters were (i) layer viscosity between 

shear modulus between µ

=0–5*10-7 m. The mass of protein adsorbed can then be calculated using the calculated 

layer density and thickness.

. 

2.7.1.2 Results 

The typical adsorption of plasma proteins onto the polycarbonate

was monitored, with and without APTES modification, in real time, b

measuring of f∆ s and ∆

the protein adsorbed to the polycarbonate polymer on a quartz crystal surface. 

the experimental fitting were (i) layer density ρ1=1200 kg/m3  (density of the layer should 

en that of protein layer (1400 kg/m3) and trapped water (1000 

), (ii) fluid viscosity η3= 0.001 Pa-s, and (iii) fluid density ρ3= 1000

fitted parameters were (i) layer viscosity between η1 =0.0005–0.01 Pa

µ1 =104–109 Pa, and (iii) layer thickness between 

The mass of protein adsorbed can then be calculated using the calculated 

layer density and thickness. [74]  

The typical adsorption of plasma proteins onto the polycarbonate-coated 

was monitored, with and without APTES modification, in real time, by simultaneously 

D∆ s using QCM-D. Figure 2-10 shows a schematic diagram of 

the protein adsorbed to the polycarbonate polymer on a quartz crystal surface. 
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(density of the layer should 

and trapped water (1000 

= 1000 kg/m3. The 

0.01 Pa-s, (ii) layer 

Pa, and (iii) layer thickness between δ1

The mass of protein adsorbed can then be calculated using the calculated 

coated crystal surface 

y simultaneously 

shows a schematic diagram of 

the protein adsorbed to the polycarbonate polymer on a quartz crystal surface.  
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Figure 2-10: A schematic diagram of the protein polymer adsorption on a quartz 

crystal surface. 

Figure 2-11 and Figure 2-12 show representative f∆ 5 and D∆ 5 for both APTES 

modified and unmodified polycarbonate as functions of time when QCM-D is alternately 

exposed to plasma and PBS solutions. The arrows indicate the injection time of plasma, 

and the labels time 1 though time 4 indicate several periods of rinsing steps using PBS. 

Protein adsorption causes a rapid initial frequency decrease (mass increase) accompanied 

by a dissipation factor increase at the same rate, until the protein adsorption saturated 

when a slower frequency change was observed. After exchanging the plasma solution 

with PBS to remove the non-adherent proteins, the frequency increased again. The actual 

mass adsorbed to the surface was measured when the system response stabilized during 

PBS exposure. 

 

Quartz crystal 

       Spin-coated PCTE  

APTES modification  

Protein layer 
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Figure 2-11: Frequency shift (∆f) induced by the adsorption of plasma proteins as a 

function of time. 

 

Figure 2-12: Dissipation shift (∆D) induced by the adsorption of plasma proteins as 

a function of time. 
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Figure 2-13 shows the calculated mass adsorbed to the surface of APTES treated and 

untreated polycarbonate polymer on the quartz crystal obtained from the QCM-D data. 

The mass of protein initially adsorbed on untreated polycarbonate material was about 

0.97 ng/m2, whilst the mass adsorbed on APTES treated polycarbonate material was 

approximately 20% higher. However, the small standard deviation for both the APTES 

treated (σ=0.04) and non-treated (σ=0.09) crystal surfaces, indicated small degree of 

variation in the mass of the protein layer adsorbed over time. It is also important to note 

that the mass estimated by Voigt model from QCM-D includes the mass of both protein 

and any water that is trapped within the protein layer so that pure mass of protein is not 

easily quantified. In the actual devices, the extent of protein adsorption and cell adhesion 

also depends on the flow conditions where at higher blood flow rates the fluid shear helps 

prevent protein buildup. 

 

Figure 2-13: Mass adsorbed to the surface of APTES treated and non-treated 

polycarbonate polymer  
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2.7.2 Evaluating the Membrane Morphology using Scanning Electron Microscopy 

(SEM). 

The influence of APTES conjugation on the physical properties of the membrane pores 

and biofilm formation on the membrane surface was explored within the microfiltration 

device and after exposure to blood. 

2.7.2.1 Experimental setup 

The microfiltration device channels were first primed using Lactated Ringers’ solution 

(Baxter Healthcare, Deerfield, IL) not only to purge air bubbles from the main flow, but 

also to remove non conjugated APTES from the membrane surface which can cause 

aggregation of proteins onto the membrane surface. After priming, heparinized sheep’s 

blood plasma (Hemostat Labs, Dixon, CA) was infused through the reservoir channels for 

1 hour at a flowrate of 80 µl/min. After each experiment, nonadherent proteins were 

removed by washing by infusing Ringers’ solution through the channels of the device. 

Finally the device was cut using a razor blade and a small piece of membrane was 

removed and fixed in 2% glutaraldehyde, dehydrated and evaluated using Scanning 

Electron Microscopy (SEM). 

2.7.2.2 Experimental Results 

The SEM images of the APTES coated membrane in a flowing system showed minimal 

protein adsorption to the membrane surface. The results indicated no significant gross 

change in pore morphology of the membranes due to the APTES conjugation or 

formation of biofouling layer. Figure 2-14 shows a SEM photograph of untreated 
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membrane and before exposure to blood and Figure 2-15 shows a SEM photograph of 

APTES treated membrane after exposure to blood plasma in within the microfiltration 

system. 

 

Figure 2-14: SEM image of porous PCTE membrane before exposure to blood 

 

Figure 2-15: SEM image of APTES treated PCTE membrane after exposure to 

blood plasma 

This method, based on surface modification of porous polymer membranes using 

APTES, exhibited a significant increase in bonding strength over other bonding 

techniques such as PDMS glue or biocompatible adhesives for similar test devices. The 

strong integration of porous polymer membranes to microdevices presented in this work 
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did not alter the membrane function and pore morphology which can greatly expand the 

reliable use of these types of membrane in more complex microstructures. 
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Chapter 3 Microfiltration Device Evaluation during 

Bench-Top Experiments 

3.1 Introduction 

In order to improve upon device design, the microfiltration device was evaluated in a 

series of bench top experiment to assess the effect of blood hematocrit on microdevice 

filtration efficiency. A significant problem often encountered with membrane-based 

filtration devices for blood separation is protein biofouling on the membrane surface, 

activation and adherent of platelet to the membrane surface and the high deformability of 

red blood cells which may lyse and/or clog the membrane pores and reduce the filtrate 

flux across the membrane. Additionally, high quality filtration of blood cells can be 

achieved using a membrane with relatively small pores, which requires high pressure for 

driving the plasma though the filter. High pressure can be problematic at high cell 

concentration as large cells are pushed into the membrane pores. In order to optimize 

device performance, the effects of membrane pore-size on plasma separation was also 

studied.  

The level of blood anticoagulation also affects protein and cellular absorption to the 

membrane. Heparin is widely used in clinical environments as an anticoagulation to 

prevent blood clots from forming. The amount of heparin administered can vary 

depending upon clinical guidelines from light administration to patients in an emergency 

department or hospital room, medium levels to patients on extracorporeal life support or 

high doses during cardiac surgeries requiring CPB. The quantity of heparin administered 
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is also adjusted according to coagulation test results to make sure the level of 

anticoagulation is in the required therapeutic range. Additionally, heparin is commonly 

used to coat blood contacting devices to create a non-thrombogenic surface and for 

maintaining blood fluidity during blood handling procedures. As an approach to maintain 

the filtrate flow rate over time, especially at high hematocrit levels, some microdevices 

were pre-infused with heparin as an anticoagulant. 

Finally, sheep’s blood was chosen because of its low cost and its availability from 

reliable suppliers. However, sheep’s blood rheology varies from that of human[75] The 

device efficiency can vary with blood from different species, because the changes in 

blood rheological behavior may result in the change of adhesion of cells and proteins to 

the membrane surface. For example, the size of the sheep RBCs (average diameter of 4.8 

µm) varies from that of human (average diameter of 6-8 µm). This can alter the device 

performance to a degree. 

3.2 Experimental Methods 

To explore the effect of membrane flow resistance and blood hematocrit (Hct) level using 

the microfiltration device, experiments were performed by infusing lightly heparinized 

sheep blood of varying hematocrit through the reservoir of the device. Whole sheep’s 

blood (42% Hct, heparinized to 300 IU/L heparin to prevent blood coagulation during 

shipping) was obtained from a scientific vendor (Hemostat Labs, Dixon, CA), and was 

used for experiments within two weeks of harvest. The blood was hemodiluted to 34%, 

30% and 20% hematocrit by addition of Lactated Ringers solution (Baxter Healthcare 

Corp, Deerfield, Il) with the hematocrit verified using a Coulter cell and particle counter 
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(Beckman Coulter Inc., Hialeah, FL, USA). The filtration capacity of the device was then 

investigated using a microfiltration device with a 200 nm PCTE membrane and infusing 

blood through the reservoir channels at a constant flow rate of 80 µl/min over a 2 hour 

experimental period. The filtration capacity of the device was then investigated using a 

microfiltration device with a 200 nm PCTE membrane and infusing blood through the 

reservoir channels at a constant flow rate of 80 µl/min over a 2 hour experimental period. 

At this flow rate, the average shear stress in the reservoir was estimated assuming a 

constant viscosity and using equation 3.1. In this equation µ is the dynamic viscosity of 

the blood (3.5×10-3 Pa·s), u is the average velocity of the blood along the reservoir 

channel and y is the channel height (135 µm). 

( )
u

y
y

τ µ
∂

=
∂

     (3.1) 

Average velocity in an open flow channel, was calculated to be (1.65×10-2 m/s) using 

equation 3.2 where Q is the blood inlet flowrate (80 µl/min) and A is the channel cross 

sectional area. 

Q
uave A

=      (3.2) 

Therefore, the average shear stress in the reservoir was estimated to be 4.27 dynes/cm2 

which is more than 200 times smaller than the critical shear stress required for shear 

induced RBC hemolysis. [76]  
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Discrete blood samples were collected as fractions from both the reservoir and filtrate 

outlets every 20 min and the collected filtrate volumes were measured at each time point 

to identify any reduction in filtrate flow rate due to membrane clogging. 

To explore the effect of membrane pore-size using the microfiltration device, 

experiments were performed by infusing whole sheep’s blood (Hemostat Labs, Dixon, 

CA), (42% Hct, heparinized to 300 IU/L) into the microdevice. The filtration capacity of 

the device was then investigated using microfiltration devices with either 200 nm or 

100nm PCTE membrane and infusing blood through the reservoir channels at a constant 

flow rate of 80 µl/min over a 2 hour experimental period. Discrete blood samples were 

collected as fractions from both the reservoir and filtrate outlets every 20 min and the 

collected filtrate volumes were measured at each time point to identify any reduction in 

filtrate flow rate due to membrane clogging.  

Additionally, as an approach to maintain the filtrate flow rate over time, especially at 

high hematocrit levels, some microdevices were pre-infused with heparin as an 

anticoagulant before infusing blood. The filtration capacity of the device was investigated 

using microfiltration device with 200 nm PCTE membrane and infusing 1000 IU/ml of 

heparin anticoagulant (2 mg of sodium heparin in 1 ml of Lactated Ringer’s solution) for 

at least 30 min prior to infusing blood to microdevice, in order to reduce the amount of 

platelet adhesion to the surface of the membrane. Then sheep’s blood (Hct= 39% as 

received) was infused through the reservoir channels of the heparin coated and non-

coated microdevice at a constant flow rate of 80 µl/min over a 2 hour experimental 

period. Discrete blood samples were collected as fractions from both the reservoir and 

filtrate outlets every 20 min and the collected filtrate volumes were measured at each 
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time point to identify any reduction in filtrate flow rate due to membrane clogging. The 

filtration flow rates over time between pre-coated and non-coated microdevices were then 

compared. 

Following each blood experiment, the microfiltration devices were cut using a razor 

blade, and a small piece of membrane was removed. The membranes were then fixed in 

2% glutaraldehyde, dehydrated, and inspected using scanning electron microscopy 

(AMRAY-1830I, AMRAY, Bedford, MA) to examine the membrane surface for 

indications of cellular or protein absorption after being exposed to blood. 

3.3 Experimental Results 

Ensuring reliable operation of the device over a wide range of blood hematocrit levels 

and anticoagulation levels is an important factor in extending the performance of the 

device. The filtration efficiency of the device was evaluated using sheep’s whole blood. 

However, the device efficiency can vary with blood from different species, because the 

changes in blood rheological behavior may result in the change of adhesion of cells and 

proteins to the membrane surface. Additionally high concentration of cellular 

components (high hematocrit) increases the pressure across the device, which can result 

in clogging of the membrane pores by blood cells. To assess the effect of blood 

hematocrit on the filtration capacity of the device, the volumetric flow rates at the filtrate 

outlet were measured over time at various hematocrit levels with whole sheep’s blood 

infused into the inlet of the reservoir channels. The absolute reservoir and filtrate flow 

rates varied between experiments due to changes in blood rheology which can vary 

between different blood batches as well as differences in membrane pore density which 
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can vary greatly between membrane batches (indicated as between 1×105 to 6×108 

pores/cm2 by the manufacturer). However, a consistent trend seen over several (n=5) 

experiments is that the permeate flux flow rate directed to the plasma outlet decreased 

over time using whole blood at high hematocrit levels (~42%). However, tests with blood 

at various lower Hct. in the range of 20% to 34% showed that the plasma separation was 

efficient and did not decrease significantly over the duration of the experiments. Also, at 

higher hematocrit levels the filtrate flow rate was initially larger due to higher reservoir 

pressure induced by higher viscosity of the blood. However, the flow across the 

membrane decreased quickly due to the accumulation of red blood cells or adhesion of 

platelets at the membrane surface. Representative experimental results, obtained using 

one batch of blood over a set of experiments is shown in Figure 3-1. The results indicate 

that initial filtration flow rate is higher for high level of hematocrit (42%) but it decreases 

rapidly due to accumulations of RBCs or platelet at the surface of the membrane.  
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Figure 3-1: A comparison of the experimental results of the total plasma separation 

flow rate with respect to blood inlet hematocrit level.  

SEM images of the membranes are useful to assess the degree of protein or cellular 

absorption which can produce biofouling of the membrane causing a decline in the 

filtration flux across the membrane over time. Figure 6 shows SEM images of a 200 nm 

membrane prior to blood exposure (Figure 3-2) and after exposure to lightly heparinized 

(~300 IU/L) sheep’s blood (Hct~30%)(Figure 3-3). The SEM image of the membrane 

following exposure to sheep’s blood revealed that at high hematocrit levels, protein and 

platelet adhesion was significant, most likely due to the lower amounts of anticoagulant 

used in the sheep’s blood. 
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Figure 3-2: Representative SEM images of porous PCTE membrane before being 

exposed to blood. 

 

 
 
Figure 3-3: Representative SEM images of PCTE membrane after being exposed to 

sheep blood (Hct~30%) shows significant amount of platelet adhesion to membrane 

surface. 

Comparison of the performance of microfiltration devices with 200 nm and 100 nm 

membranes (both suitable for plasma separation purposes) indicated that at a high 

hematocrit level, the initial filtrate flow rate is higher using 200 nm because it is less 
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resistive to the flow. However, the filtrate flow rate decreases faster over time as it is 

easier for large cells to enter and clog the pores (Figure 3-4). 

 

Figure 3-4: A comparison of the plasma separation flow rate for 100nm and 200nm 

pore size membrane.  

To improve the device performance at high hematocrit levels using a 200 nm membrane 

pore size, the surface of the microdevice was pre-coated with an anticoagulant (heparin) 

in order to decrease the amount of cell adhesion on the membrane surface. When using 

sheep blood at high Hct levels (39% as received), the filtrate flow rate did not change 

significantly over time for the heparin coated microdevice but decreased rapidly and 

significantly using the non-coated device (Figure 3-5).  
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Figure 3-5: A comparison of the experimental results of the total plasma separation 

for anticoagulant coated and non-coated microdevice for blood Hct= 39%.  

Comparison between the SEM images of a non-coated membrane (Figure 3-6) and a 

heparin pre-coated membrane (Figure 3-7) after exposure to lightly heparinized (~300 

IU/L) sheep’s blood (Hct=39%) indicated a significant decrease in cellular adhesion to 

the membrane surface of the pre-coated membrane. The results from SEM images, along 

with the results from filtration efficiency over time for anticoagulant pre-coated 

microdevice, demonstrate this approach is useful for maintaining the filtration efficiency 

over time without the need to add heparin systemically to the blood sample. The results 

also indicated that pre-coating the microfiltration device with a sufficient amount of 

anticoagulant can expand its applications to all blood Hct concentrations at any level of 

anticoagulation. 
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Figure 3-6: Representative SEM images of porous PCTE membrane after exposure 

to sheep’s blood (Hct=39%)in a non-coated microdevice. 

 

Figure 3-7: Representative SEM images of porous PCTE membrane after exposure 

to sheep’s blood in a non-coated microdevice. 
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Chapter 4 : Plasma separation during simulated 

cardiopulmonary bypass procedure 

4.1 The Importance of Simulated CPB 

A simulated cardiopulmonary bypass (CPB) procedure is commonly used to evaluate 

pressure-flow relationships and emboli production along circuit components (e.g., pumps, 

oxygenators, cannulae, length and diameter of the tubing etc.). [77-80] In particular, 

simulated circuits allow the study of the response of blood and immune activation to 

extracorporeal perfusion through the circuit in the absence of other major stimulating 

factors such as surgical trauma or cardiotomy suction.[81] Additionally, simulated 

circuits allow data to be collected with relative ease compared to the use of animal 

models or drawing blood from surgical patients undergoing CPB procedures for analysis 

[48]. Nevertheless, the results from experiments on blood circulating within simulated 

CPB circuits can be used by physicians/researchers to improve the CPB procedure 

because it allows them to better understand the effect of blood interactions with different 

kinds of artificial surfaces (types of oxygenators, blood pumps, arterial cannulae, and 

different tubing coating materials) of the extracorporeal circuit which are very helpful in 

modifying clinical perfusion protocols to limit this inflammatory response in patients, 

especially in neonates and infants because of the very high circuit flow rates used (150-

200 ml/kg/min vs. 50-80 ml/kg/min) compared to adults.  

When using a simulated circuit it is important to note significant differences between the 

simulated circuit and actual surgeries which limits the ability to make direct comparisons 
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between the two platforms. First, any blood used in the simulated circuit is the only blood 

product used, whereas in a patient donor blood products are mixed with the patient’s own 

blood and changes in electrolyte levels may be compensated for by a patient’s 

homeostatic mechanisms or through clinical intervention. 

4.2 Simulated Cardiopulmonary Bypass Circuit Components 

A simulated extracorporeal circulatory circuit was assembled in order to reproduce 

circulation used for pediatric patients undergoing CPB. The system consisted of a HL-20 

heart-lung machine with a Roller blood pump (Jostra HL-20, Houston, TX), a hollow 

fiber membrane oxygenator with an integrated heat exchanger module (Capiox Raby RX 

05RW, Terumo Corporation, Tokyo, Japan) , a 32µm Capiox pediatric arterial filter 

(CX* AF02; Terumo Corporation, Tokyo, Japan) and a pediatric venous reservoir with an 

integrated cardiotomy filter (Capiox cardiotomy reservoir CX*CR10NX). Additionally, a 

second venous reservoir acted as a pseudo-patient blood reservoir. Circuit pressure was 

maintained via a Hoffman clamp placed on the venous line to simulate patient circulation 

resistance and maintain blood pressure. The blood pressure could be increased or 

decreased by tightening or loosening the clamp while maintaining circulation flow rate. 

The gas flow was maintained at 0.25 L/min with a mixture of oxygen (95%) and carbon 

dioxide (5%). A schematics of a Penn State Hershey simulated CPB circuit including the 

roller pump, oxygenator, arterial filter and venous reservoir is shown in Figure 4-1. The 

circuit is fed to a blood reservoir which represents the pseudo-patient with the systemic 

circulation resistance modeled by the tightening of a Hoffman clamp. 



 

  

Figure 4-1: A schemaA schematic of the extracorpeal circuit. (Note: this schematics was 

provided by Dr. Akif Ündar) 

68 

 

(Note: this schematics was 
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4.3 The Effect of Human Blood Model Used During Simulated (CPB) on 

Activation of Immune Responses 

The goal of this study was to assess whether the use of different aged human blood, used 

during the simulated Penn State Hershey Pediatric cardiopulmonary bypass (CPB) model 

(which will be used to evaluate microfiltration device performance) affects immune 

activation. In order to study and compare the cytokine release involved in the humeral 

immune response during simulated CPB, both freshly drawn whole blood used less than 1 

hour after donation (n=2) and reconstituted whole blood (1 week old) (n=3) were 

circulated in a simulated CPB circuit under identical perfusion conditions. Discrete 

samples were collected in both experiments and analyzed for the proinflammatory 

cytokines concentrations of TNFα, IL-6, and IL-8 using immunofluorocytometry as an 

indicator of immune activation. The results indicated that the cytokine concentrations of 

freshly drawn blood increased significantly compared to the reconstituted blood over the 

CPB circulation time. The fresh blood activation was 2 to 3 orders of magnitude larger 

than the week old blood for all cytokines analyzed. These results suggest that the use of 

freshly drawn blood is required to evaluate immune responses to the extracorporeal 

circulation. The effect of different aged blood, used during the simulated Penn State 

Hershey Pediatric cardiopulmonary bypass (CPB) model on immune activation was 

studied by continuous blood sampling during CPB procedure. 

4.3.1 Experimental Methods 

In each experiment the simulated CPB circulation loop was primed with 500 ml of either 

freshly drawn human blood, drawn from healthy adult volunteers and brought into the lab 
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within 30 min of collection, or reconstituted whole blood samples drawn 1 week prior 

diluted with lactated Ringers solution. Approvals for collection and use of human blood 

were obtained from the Institutional Review Board (IRB) at the Penn State Hershey 

College of Medicine. The collected blood was hemodiluted to a hematocrit level of 

approximately 27 to 30% Hct by addition of lactated Ringers solution (Baxter Healthcare 

Corp, Deerfield, Ill). The Hct of the blood was continuously monitored with LWS-M24 

Micro-Hematocrit centrifuge (LW Scientific, Inc., GA, USA) in order to maintain Hct 

within the range of 27% to 30% Hct throughout the experiments. The diluted blood was 

then circulated in a nonpulsatile perfusion at a rate of 500 ml/min at an arterial circuit 

pressure of 100 mmHg. Circulation parameters such as pressures and flowrates were 

chosen to be identical with those used during pediatric cardiac surgeries. The blood 

temperature was maintained at normothermic circulation (35°C) using a MAQUET 

Heater-Cooler (Jostra Heater-Cooler Unit HCU 30, Houston, TX) for the duration of the 

experiments. After priming the simulated extracorpereal circuit blood gas levels were 

monitored via an i-STAT 1 handheld blood analysis system (Abbott Laboratories, 

Princeton, NJ) to ensure blood chemistry, especially blood gases, were within acceptable 

physiological limits. Table 4-1 summarizes the blood chemistry analysis for old blood 

and fresh blood experiments after priming the circuit. When blood is stored alterations 

can occur in its constituents, in terms of both blood gas equilibrium, pH and electrolyte 

levels. In particular an increase in potassium levels due to hemolysis is common, which 

explains the higher potassium levels seen in the old blood samples compared to fresh 

blood.  
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4-2 summarizes the blood chemistry analysis for old blood 2 hours after priming, which 

indicates that the blood gases reached their physiological levels after the experiments 

were initiated. However, the higher potassium level is maintained due to the absence of a 

patient specific homeostatic compensation. After complete mixing of the blood and prime 

fluid was accomplished, a sample was drawn and was designated as a baseline. 

Table 4-1: Blood gas analysis for each experiment after complete mixing of blood 

and prime solution 

 old blood old blood old blood fresh blood fresh blood 

pH 7.157 7.175 7.218 7.427 7.576 

PCO2 (mmHg) 75 87.4 94.2 62.9 23.9 

PO2 (mmHg) 629 617 522 337 174 

BEecf (mmol/L) -2 4 11 17 0 

HCO3 (mmol/L) 26.6 32.3 38.4 41.1 22.2 

TCO2 (mmol/L) 29 35 41 43 23 

SO2 (%) 100 100 100 100 100 

Na (mmol/L) 118 126 124 163 163 

K (mmol/L) > 9.0 > 9.0 > 9.0 < 2.0 2.5 

Ca (mmol/L) < 0.25 0.73 1.16 < 0.25 > 2.5 

Hct (CPB%PCU) 27.5 30 27 27 28 
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4-2: Blood gas analysis for old blood experiments, 2 hours after priming 

 old blood old blood old blood 

pH 7.335 7.326 7.345 

PCO2 (mmHg) 68.5 66.3 65.6 

PO2 (mmHg) 194 200 188 

BEecf (mmol/L) 11 9 10 

HCO3 (mmol/L) 36.6 34.6 35.8 

TCO2 (mmol/L) 39 37 38 

SO2 (%) 100 100 100 

Na (mmol/L) 122 132 133 

K (mmol/L) > 9.0 > 9.0 > 9.0 

Ca (mmol/L) < 0.25 0.85 1.04 

Hct (CPB%PCU) 27.5 30 27 

 

Over the course of each experiment, discrete 1 ml blood samples were drawn from the 

circuit every 20 minutes for fresh blood and every 15 minutes for reconstituted blood 

directly from the CPB membrane oxygenator arterial port. The blood samples were then 

centrifuged; the plasma was removed and snap frozen at -80°C until analyzed. The 

concentration of inflammatory cytokines (IL-6, IL-8 and TNF-α) were measured using an 
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human inflammatory cytokine cytometric bead assay (CBA) kit (BD Biosciences, San 

Jose, CA, USA) according to the manufacturer's instructions. The CBA immunoassay 

allows the detection and quantification of multiple analytes from small sample volumes 

with a broad detection range. Standard curves for each cytokine were generated by 

creating a series of incubated bead following the manufacturer’s instructions. The plasma 

samples were used as collected without any dilution. Briefly, the cytometric assay beads 

were mixed, washed, and resuspended in a serum enhancement buffer. Following bead 

preparation, 50 µl of the calibration and collected blood samples were mixed with 50 ml 

of bead solution and incubated for .5 hours. Following incubation, the beads were diluted 

in 1 ml of wash solution, centrifuged and then all but 100 µl of wash solution was gently 

removed from each tube. 50 µl of Human inflammatory phycoerythrin (PE) labeling 

agent was then added to each tube and mixed with the beads which were resuspended by 

gentle agitation. The labeling agent was incubated for 1.5 hours followed by another bead 

washing procedure and centrifugation and finally resuspending the beads in 300 µl for 

analysis. The bead fluorescence intensities were evaluated using BD FACS Calibur flow 

cytometer and compared to the calibration intensities for quantifying cytokine 

concentrations. The PE labeling agent allows a multiplexed assay to be performed by 

isolating beads for analysis via their FSC and SSC signal and each cytokine is delineated 

by the bead FL3 intensity where each cytokine produces a different FL3 intensity 

showing individual bead populations for each cytokine of interest. The cytokine 

quantification is done based on the bead FL2 intensity where the bead intensity using this 

channel is proportional to the cytokine concentration.  
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4.3.2 Experimental Results  

The effect of simulated CPB procedure primed with freshly drawn human blood and 

reconstituted 1 week old blood on the proinflammatory cytokines TNFα, IL-6 and IL-8 

are shown in Figure 4-2, Figure 4-3 and Figure 4-4. At the end of the circulation time the 

concentration of TNFα (Figure 4-2), IL-6 (Figure 4-3) and IL-8 (Figure 4-4) 

concentrations in both groups using freshly drawn blood were significantly elevated 

compared to baseline cytokines concentrations. However, when reconstituted week old 

blood was used in the circulatory circuit, the concentrations of these cytokines, did not 

increase as significantly (or at all in some samples) compared to that of freshly drawn 

blood. The cytokine concentration for fresh blood was at least 2 to 3 orders of magnitude 

larger than the week old blood for all cytokines analyzed and showed much larger 

concentration increase over the circulation period compared to the week old blood.  
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Figure 4-2: Comparison of cytokine concentration (TNF-α) when using fresh blood 

and reconstituted blood.  

 

Figure 4-3:  Comparison of cytokine concentration (IL-6) when using fresh blood 

and reconstituted blood.  
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Figure 4-4: Comparison of cytokine concentration (IL-8) when using fresh blood 

and reconstituted blood.  

The use of a simulated CPB circuit allowed comparisons to be made between circuits 

primed with freshly drawn blood and one week old blood. The results indicate that the 

use of fresh blood during simulated CPB increases the production of inflammatory 

mediators and should be used in studies of immune activation during CPB. However, 

these results cannot be used to predict the actual intensity of the inflammatory response 

during surgery. The results collected suggest that the role of blood storage age on 

outcomes in patient populations who require blood transfusion is very important in order 

to minimize the adverse effect induced by immune activation. These studies can also help 

researchers to better understand the advantage and disadvantage of fresh or reconstituted 

blood when evaluating the circuit components using simulated CPB. 
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4.4 Evaluating the Microfiltration Device Performance During Simulated CPB 

and Using Freshly Drawn Human  

The results from section 4.3 indicates the importance of using fresh blood to evaluate the 

circuit components for studies of inflammatory mediators activation using simulated CPB 

circuit. Therefore, the performance of the microdevice was evaluated during an 

experiment using heparinized fresh human blood, with an in-vitro model CPB circulation 

loop which is identical to conditions used during cardiac surgeries (minus the patient).  

4.4.1 Experimental Methods  

The simulated extracorporeal circuit was used as described in section 4.2. The CPB 

circulation loop was primed (section 0 above4.2 above) with 500 ml of heparinized fresh 

human blood, drawn from healthy adult volunteers and brought into the lab within 30 min 

of collection. Fresh blood was chosen because it shows a significantly larger amount of 

immune activation than older blood products (as described in section 4.3 above).[82] The 

blood was hemodiluted to ~27%-30% hematocrit in Lactated Ringer’s solution and 

heparinized up to ~5000 IU/blood bag (each blood bag contains between 300-500 ml of 

blood) consistent with surgical anticoagulation protocols. Hemodilution using crystalloid 

solution during CPB is a common procedure due to the required extracorporeal circuit 

priming volume and the limitation in donor blood availability from blood banks. It also 

reduces blood viscosity and improves microcirculatory flow. The blood was then 

circulated at a rate of 500 ml/min at an arterial circuit pressure of 100 mmHg. 

Nonpulsatile perfusion was performed and the temperature was set at normothermia (35 

°C) for the duration of the experiments. After complete mixing of the blood and prime 
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fluid was accomplished, the inlet of the microfiltration device was connected to a 

manifold at the arterial port of the membrane oxygenator and a small portion of the blood 

was redirected to the microfiltration device without any further modification. Figure 4-5 

shows a schematic of the microdevice integration with CPB circuit and Figure 4-6 shows 

a picture of the device being infused with human blood. The reservoir flow rate of the 

microdevice was approximately 80 µl/min, driven by pressure from the circulation 

circuit.  
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Figure 4-5: Schematics of the microfiltration device, integrated with simulated CPB 

circuit. (Note: this schematics was provided by Dr. Akif Ündar) 
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Figure 4-6: picture of the device while being perfused with blood. 

 

The fluid fractions from both microdevice outlets of the reservoir and filtration channels 

were collected in 20 minute intervals for a total circulation time of 4 hours. Discrete 

blood samples of 1 ml volume were also collected from the arterial port of the membrane 

oxygenator as a control sample. Following collection, the direct draw and reservoir blood 

samples were centrifuged; the plasma was removed and snap frozen at -80 °C on dry ice 

until analyzed. Finally the device was cut and a small piece of membrane was removed, 

fixed in 2% glutaraldehyde, dehydrated, and inspected using scanning electron 

microscopy (AMRAY-1830I, AMRAY, Bedford, MA) to evaluate the membrane surface 

after being exposed to human blood. The concentration of inflammatory cytokines (TNF-

α, IL-1β, IL-6, and IL-8) were measured using a human inflammatory cytokine 

cytometric bead assay (CBA) kit (BD Biosciences, San Jose, CA, USA) as described 
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previously. 

 

4.4.2 Experimental Results  

The ability of the microfiltration device to perform continuous separation of blood 

proteins from whole blood was characterized using the Penn State pediatric CPB 

simulated model. When using a 200 nm pore size, about 15% of the total blood volume 

was collected in the filtrate channels without any contaminating blood cells or indications 

of RBC hemolysis. Although no quantitative hemoglobin concentration quantification of 

the collected filtered plasma was conducted, each sample collected was clear with a 

slightly yellow tinge as is commonly seen in the plasma fractions of blood following 

centrifugation indicating only minimal hemolysis of red blood cells. Blood samples were 

also collected from the device reservoir, as well as a direct draw control sample, 

centrifuged to remove the cellular components, and stored at -80 °C for subsequent 

assaying to investigate the effect of the CPB circuit on immune activation. Figure 4-7, 

Figure 4-8, Figure 4-9 and Figure 4-10 show the temporal change in cytokine 

concentrations over a 4 hour circulation time for samples collected from both the 

reservoir and filtrate outlets using the microfiltration device and were comparable to 

those measured from the direct blood draw. In each graph, the error bars represent the 

standard deviation of the flow cytometry bead fluorescence.  
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Figure 4-7: Comparison of outlet cytokine TNF-α concentrations from 13 discrete 

samples collected every 20 minutes  

 
Figure 4-8: Comparison of outlet cytokine IL-1β concentrations from 13 discrete 

samples collected every 20 minutes. 
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Figure 4-9: Comparison of outlet cytokine IL-6 concentrations from 13 discrete 

samples collected every 20 minutes. 

 

Figure 4-10: Comparison of outlet cytokine IL-8 concentrations from 13 discrete 

samples collected every 20 minutes. 
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Results from conducting a pair wise t-test at each sampling time compared to baseline 

cytokine concentration indicated that the cytokine concentrations for all groups tested 

increased significantly over the circulation time (p < 0.01). Table 4-3 shows the 

Pearson’s correlation coefficient (r) calculated between both the reservoir and direct draw 

sample and the filtrate and direct draw sample, indicating a high level of recovery of 

cytokines (r>0.99 for all samples) using the microfiltration device. 

Table 4-3: Pearson correlation coefficient, r, between microdevice samples and 

direct draw blood sample 

Antigen 
Comparison between concentrations 

of  Reservoir and Direct Draw 
Sample 

Comparison between 
concentrations of Filtrate and 

Direct Draw Sample 

TNF-α 0.992 0.996 

IL-1β 0.996 0.997 

IL- 6 0.999 0.997 

IL- 8 0.997 0.998 

 

Finally, a comparison was done to quantify the cytokine recovery compared to the direct 

blood draw. At each time point, the measured cytokine concentration from the reservoir 

and filtrate outlets were normalized to the direct draw concentration and compared to 

each other. For all samples tested the recovery was greater than 80% (Figure 4-11). 
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Figure 4-11: Average normalized recovery from the reservoir and filtration sample 

collected which was over 80% for all the analyzed samples. 

Figure 4-12 shows SEM images after exposure to heavily heparinized (~5000 IU/blood 

bag) human blood (Hct=27-30%) for over than 4 hours. The SEM image of a 200 nm 

membrane after exposure to human blood during CPB procedure, showed little protein 

absorption and did not indicate any platelet adhesion. Contrarily, the SEM image of the 

membrane following exposure to sheep’s blood (Chapter 3) revealed that at similar 

hematocrit levels (Hct~ 30%), protein and platelet adhesion was significant, most likely 

due to the lower amounts of anticoagulant used in the sheep’s blood. 
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Figure 4-12: Representative SEM images of porous PCTE membrane after being 

exposed to human blood (Hct~30%).  
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Chapter 5 : Plasma Separation during In-Vivo Animal 

Model of ECLS 

5.1 ECLS Circuit for Animal Model 

The piglets (n=3) with size ranging from 9 to 12 kg were anesthetized with ketamine and 

midazolam. The technique of ECLS included veno-arterial vascular access where blood 

was drained through right jugular vein using a 12 french BioMedicus ECLS arterial 

cannula (Medtronic, Inc. Minneapolis, MN, USA) and reinfused into aorta through right 

carotid artery using a 10 french BioMedicus ECLS venous cannula (edtronic, Inc. 

Minneapolis, MN, USA). The ECLS circuit consisted of a Rotaflow Maquet Centrifugal 

Pump (Maquet, Inc. Wayne, NJ, USA) and a Quadrox-iD Pediatric PMP hollow fiber 

membrane oxygenator (Maquet, Inc. Wayne, NJ, USA), connected with heparin-coated 

tubes. Figure 5-1 shows schematics of ECLS circuit using the Quadrox-iD oxygenator 

and the Rotaflow centrifugal pump and the gas blender on a portable cart. Arterial blood 

pressure and blood gases were measured throughout the procedure and animals were 

euthanized after each experiment by administration of potassium chloride. 
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Figure 5-1: Schematics of animal model of ECLS, using the Quadrox-iD oxygenator 

and the Rotaflow centrifugal pump and the gas blender on a portable cart. 
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5.2 Circuit Priming 

The ECLS circuit was primed using freshly drawn donor blood (porcine whole blood 

collected from a similarly-anesthetized pig) and Plasmalyte A solution. The blood was 

then circulated at a rate of 500 ml/min at an arterial circuit pressure of 100 mmHg. Also 

additional volume requirements to maintain circuit flow or desired hematocrit level were 

met by the addition of a porcine whole blood or saline solution throughout the procedure. 

Nonpulsatile perfusion was performed and the temperature was set at normothermia 

(35 °C) for the duration of the experiments. After all manipulations by the perfusionist 

were completed, the ECLS circuit was connected to the piglet. 

5.3 Pre-coating the Microfiltration with Heparin Anticoagulant 

Heparin is widely used in clinical environments as an anticoagulation to prevent blood 

clots from forming. The amount of heparin administered varies depending upon clinical 

guidelines. For example during short-term cardiac surgeries requiring CPB, high doses of 

heparin is used to prevent blood clot formation and maintain blood fluidity within CPB 

circuit components. However, during prolonged circulatory support such as ECLS, small 

amount of systemic anticoagulation is used because of the bleeding complications. The 

quantity of heparin administered is adjusted according to coagulation test results such as 

activated clotting time (ACT) to make sure the level of anticoagulation is in the required 

therapeutic range.  

In an effort to limit or eliminate blood clot formation inside the microfiltration channels 

and maintain the filtration efficiency, it was critical to coat the surface of the microdevice 

with anticoagulant prior to blood infusion.  
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Prior to each experiment (n=3), the devices were perfused with water and de-bubbled 

overnight. Once the devices were completely de-bubbled, the microfiltration device was 

infused with a solution containing anticoagulant (1000 IU/ml of heparin in lactated ringer 

solution) for at least 30 min prior to blood infusion.  

 

5.4 Integrating the Microfiltration Device with ECLS circuit 

Once complete mixing of the blood and prime fluid (piglet, donor blood and plasmayte A 

solution) in ECLS circuit was accomplished, the microfiltration device was attached to a 

purge line connecting the arterial sampling port of the oxygenator and the venous line, 

which was composed of two 24 inch long 1/8 tubings and a five way manifold (SORIN 

GROUP, Inc, Arvada CO, USA). A small portion of blood was redirected from the 

manifold in to the reservoir channels of the microdevice using a peristaltic pump (Instech 

Laboratories, Inc, PA USA) at a flowrate of 80 ul/min. Figure 5-2 shows a picture of the 

device being infused with porcine blood during ECLS procedure.  
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Figure 5-2: A picture of a microfiltration device connected to ECLS circuit during 

an in vivo piglet model of ECLS. 

 

5.5 Blood Analysis during ECLS Animal Model Experiments 

To ensure blood chemistry, especially blood gases, were within acceptable physiological 

limits, they were continuously monitored throughout the experiments. Additionally blood 

anticoagulation was achieved by continuous heparin infusion maintaining an activated 

clotting time of 180-220 s. [83] 
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 Table 5-1, Table 5-2 and Table 5-3 summarize the blood chemistry analysis and the ACT 

coagulation test results during ECLS model of animal experiment and heparin 

administration based on these results.  

 

Table 5-1: (a) Blood gas analysis for ECLS animal model experiment (n1) and (b) 

ACT coagulation tests results and heparin administration  

(a) 
Time 9:50 10:50 11:29 12:41 13:30 14:30 15:30 
Glu(mg/dl) 71 125 118 116 116 112 97 
Na(mmol/L) 136 136 137 137 135 135 133 
K+(mmol/L) 3.3 3.9 3.9 3.5 3.8 3.6 3.8 
TCO2(mmol/L) 33 33 32 29 31 29 30 
iCa(mmol/L) 1.24 1.17 1.32 1.35 1.38 1.26 1.21 
Hct 18 21 24 23 25 22 21 
Hb(g/dl) 6.1 7.1 8.2 7.8 8.5 7.5 7.1 

        
At 37 c        
pH 7.45 7.486 7.504 7.456 7.466 7.469 7.483 
pCO2(mmHg) 45.9 41.7 39.1 39.6 41.1 38.6 38.9 
pO2(mmHg) 389 390 366 311 275 237 315 
HCO3(mmol/L) 31.9 31.5 30.7 27.9 29.6 28.1 29.1 
BE ecf (mmol/L) 8 8 8 4 6 4 6 
SO2% 100 100 100 100 100 100 100 

        
Calculated at patient Temp        
pH 7.461 7.474 7.488 Error 7.455 7.465 7.475 
pCO2(mmHg) 44.5 43.2 40.8 Error 42.4 39.1 39.7 
pO2(mmHg) 385 394 371 Error 278 238 3.7 
Patient Temp 97.3 97.4 100.4 Error 99.9 99.1 99.5 
FiO2(%) 100 100 100 Error 100 100 100 
Spin Hct 23 26 31 30 27   
(b) 

Time ACT(sec) Heparin 
administration   Time ACT(sec) Heparin 

administration   
10:31 524  12:40 457  
11:00 217 300 1:00 359  
11:40 156 1000 1:20 284  
12:00 411  1:40 259  
12:20 252 1000 2:00 236  
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Table 5-2: (a) Blood gas analysis for ECLS animal model experiment (n2) and (b) 

ACT coagulation tests results and heparin administration 

(a) 
 
Time 9:45 10:34 10:56 11:35 12:34 13:30 14:37 
Glu(mg/dl) 83 107 109 94 94 93 87 
Na(mmol/L) 139 139 137 136 136 133 134 
K+(mmol/L) 3.2 3.7 3.7 3.6 3.9 3.9 3.8 
TCO2(mmol/L) 36 35 35 32 33 34 31 
iCa(mmol/L) 1.24 1.06 1.2 1.24 1.33 1.32 1.25 
Hct 20 21 21 19 21 20 17 
Hb(g/dl) 6.8 7.1 7.1 6.5 7.1 6.8 5.8 

        
At 37 c        
pH 7.223 7.291 7.525 7.467 7.4767 7.472 7.449 
pCO2(mmHg) 81.9 68.2 40.4 42.2 43.5 44.3 42.5 
pO2(mmHg) 280 317 380 331 379 351 325 
HCO3(mmol/L) 33.7 32.9 33.4 30.5 31.4 32.4 29.5 
BE ecf (mmol/L) 6 6 11 7 8 9 5 
SO2% 100 100 100 100 100 100 100 

        
Calculated at patient Temp        
pH 7.226 7.287 7.522 7.448 7.446 7.45 7.428 
pCO2(mmHg) 81.1 69.1` 40.8 44.6 46.2 47.1 45.1 
pO2(mmHg) 279 318 381 337 387 358 332 
Patient Temp 98.2 99.1 99 100.9 101.1 101.1 101.1 
FiO2(%) 100 100 100 70 100 70 100 
Spin Hct        
 
(b) 

Time ACT (sec) Heparin administration 
10:00  2000 
10:45 216  
11:10  1000 
12:30 122 2000 
12:35 145  
13:05 200  
13:30 156 2000 
13:50 209  
14:25 218 1500 
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Table 5-3:  Blood gas analysis for ECLS animal model experiment (n3) and (b) ACT 

coagulation tests results and heparin administration 

(a) 
Time 9:22 10:38 12:51 13:44 
Glu(mg/dl) 58 88 102 55 
Na(mmol/L) 132 133 128 129 
K+(mmol/L) 6.9 7.5 8.2 8.4 
TCO2(mmol/L) 13 14 OOR 19 
iCa(mmol/L) 0.89 0.89 0.93 0.94 
Hct 31 30 29 30 
Hb(g/dl) 10.5 10.2 9.9 10.2 

     
At 37 c     
pH 7.06 7.225 OOR 7.26 
pCO2(mmHg) 40.2 32 OOR 39 
pO2(mmHg) 614 500 551 589 
HCO3(mmol/L) 11.4 13.2 OOR 17.5 
BE ecf (mmol/L) -19 -14 OOR -10 
SO2 100% 100% OOR 100% 

     
Calculated at patient Temp     
pH 7.06 7.225 OOR 7.26 
pCO2(mmHg) 39.4 32 OOR 39 
pO2(mmHg) 609 500 551 589 
Patient Temp 97.7 98.6 98.6 98.6 
FiO2(%) 100    
Spin Hct     

(b) 

Time ACT (sec) Heparin 
administration Time ACT (sec) Heparin 

administration 
10:00  2000 12:45 242  
10:25 303  13:15 148 500 
10:45 216  13:30 563  
11:00 351 2000 13:45 298  
11:15 260  14:00 484  
11:30 382  14:15 330  
11:45 157  14:30 226  
12:00 348 2000 14:45 216  
12:15 272  15:00 159  
12:30 277  15:15 150  
13:00 183  15:30 150  
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5.6 Sample Collection and Analysis 

The fluid fractions from both microdevice outlets of the reservoir and filtration channels 

were collected in 20 minute intervals for a total circulation time of 4 hours. Discrete 

blood samples of 1 ml volume were also collected directly from circuit as a control 

sample. Following collection, the direct draw and reservoir blood samples were 

centrifuged; the plasma was removed and snap frozen at -80 °C on dry ice until analyzed. 

Finally the device was cut and a small piece of membrane was removed, fixed in 2% 

glutaraldehyde, dehydrated, and inspected using scanning electron microscopy 

(AMRAY-1830I, AMRAY, Bedford, MA) to evaluate the membrane surface after being 

exposed to porcine blood.  

In this study the concentration of inflammatory cytokines (IL-1β, IL-4, IL-6, IL-8, IL-10, 

IFN-γ, TGF-β and TNF-α) was measured using Procarta® Cytokine Assay Kit 

(Affymetrix™, Santa Clara, US). Briefly, standard curves for each cytokine were 

generated using the kit-supplied reference cytokine samples (20000 pg/ml) diluted with 

Standard Buffer, to achieve final concentrations of 20000, 5000, 1250, 313, 78, 19.5, 4.9 

and 1.22 pg/ml. This assay is designed to measure the concentration of multiple cytokines 

in a single well using very small amount of sample (25µL).   

After pre-wetting the 96-well filter plate with washing buffer, the solution in each well 

was aspirated using a vacuum manifold. Next, the samples were incubated with antibody-

conjugated beads first for 30min at room temperature on a shaker and then overnight at 

4°C without shaking. After the overnight incubation and before proceeding to the 

detection, the assay plate was again incubated for 30 min at room temperature. Following 
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incubation detection antibodies were added and incubated for 30min. Subsequently, 

Streptavidin–PE was added to each well for 30 min. Then, after washing with buffer to 

remove the unbound Streptavidin–PE, the beads bound to each cytokine were analyzed in 

the Luminex instrument. Raw data (fluorescence intensity) were analyzed using the Bio-

plex 5.0 software (Bio-Rad). 

5.6.1 Experimental Results 

The microfiltration device was successfully integrated with ECLS circuit for a total of 3 

in-vivo ECLS procedure with no evidence of device clogging over long period of time 

(over 5 hours). These results showed no significant decrease in reservoir or filtrate output 

flow rates due to biofilm formation or membrane clogging throughout the experiment. 

When using a 200 nm pore size, about 10% to 15% of the total blood volume was 

collected in the filtrate channels without any contaminating blood cells or indications of 

RBC hemolysis. The filtration flowrate varied sometimes (not significantly) due to 

surgical protocol which affected the device performance. For example during the surgery 

in order to keep the Hct in range (30%-35%) lactated ringers solution was given to the 

piglet which ultimately resulted in lower blood viscosity, decreasing the reservoir channel 

hydraulic flow resistance, and higher reservoir and lower filtrate flow rates. However, the 

filtration flowrate volume over the sampling period was still sufficient for analysis (over 

50 µl in 20 min). The SEM photographs of membrane after exposure to piglet blood for 

over 5 hours indicated no gross changes in pore morphology of the membranes. Although 

some protein aggregation was seen on the membrane surface, the underlying pores in the 

membrane were clearly seen and were not clogged (Figure 5-3). Figure 5-4 shows a SEM 

photograph of a non-heparin coated microfiltration device during one unsuccessful in-
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vivo experiment which indicates the importance of the effect of heparin coating during 

procedures where systemic anticoagulation is not desired. 

 

Figure 5-3: Representative SEM images of anticoagulant-coated PCTE membranes 

after exposure to porcine blood for over 5 hours during animal model of ECLS. 

 

Figure 5-4: Representative SEM images of non-heparin coated porous PCTE 

membranes after exposure to porcine blood. 
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In this study serum samples were collected continuously from a total 3 in-vivo piglets 

model of ECLS and the cytokine concentrations were measured using fluorescent bead-

based (Luminex) immunoassay kit to simultaneously measure interleukins IL-1β, IL-4, 

IL-6, IL-8, IL-10, IFN-γ and tumor necrosis factor-α (TNF-α) and transforming growth 

factor beta TGF-β Available Luminex assays theoretically have the capacity to measure 

multiple cytokines simultaneously in volumes of 25 to 50 µL of serum. In contrast, 

conventional individual measurement by ELISA requires 50 to 200 µL of serum per 

analyte. In addition, Luminex assays may have a greater dynamic range (~1-20,000 

pg/mL) than ELISAs. [84, 85] 

Despite successful integration of microfiltration device with the ECLS circuit and 

continuous sampling over 5 hours surgical period, the concentration of the major number 

of samples were below detectable range and final conclusion on the microfiltration 

biomarkers recovery could not be made. Among the analyzed proinflammatory cytokines, 

results: of IFN-γ ,TNF-α, IL-10, IL-4,IL-8 and IL-6 were undetectable in more than half 

of the serum samples and no conclusion could be made regarding the cytokine behavior 

during ECLS. Figure 5-6 show the temporal change in proinflammatory cytokines TGF-β 

and IL-1β during 2 experiments (animal experiment case 1 and 3) over the circulation 

time for samples collected from both the reservoir and filtrate outlets using the 

microfiltration device and those measured from the direct blood draw. Moreover, the 

results from analyzing proinflammatory cytokines TGF-β and IL-1β indicated no 

significant trend in the level of these cytokines.  
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Figure 5-5: The concentration of cytokine (IL-1β) during 2 animal model of ECLS. 
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Figure 5-6: The concentration of cytokine (TGF-β) during 2 animal models of 

ECLS. 
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Finally, a comparison was done to quantify the cytokine recovery compared to the direct 

blood draw. At each time point, the measured cytokine concentration from the filtrate 

outlets were normalized to the direct draw concentration and compared to each other in 2 

different experiments were the concentrations of the all samples were detectable (animal 

experiments 2 and 4).  

Table 5-4: Average percentage recovery of TGF-β and IL-1β in filtrate samples  

Experiment  TGF-β IL-1β 

Piglet model # 1 25.21% 44.64% 

Piglet model # 3 38.07 39.26% 

The results also indicated that the cytokine IL-1β recovery (~ 40%) of in-vivo ECLS 

experiment is much less than the recovery of IL-β (more than 80%) inside the 

microfiltration device during simulated CPB. This could have been a result of multiple 

factors. First, the piglet blood exhibits a different rheology than human blood. For 

example blood cells with smaller diameter than that of the human potentially can increase 

the chance of these cells being pushed into some of the membrane pores and increasing 

the membrane flow resistance. Achieving optimal recovery in this case is possible by 

varying the membrane pore size. Additionally, achieving a constant recovery is very 

challenging as blood hematocrit and viscosity is different between different clinical 

models and constantly changing and being adjusted even during one single experiment 

which can alter filtration efficiency. However, successful developing and integration of 

the microfiltration device within in-vivo animal model of ECLS, which was able to 

continuously extract blood plasma for extended period of time and providing sufficient 



102 
 

  

filtrate volume within short amount of time for analysis without further blood 

modification is very promising for diagnostic applications.. 
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Chapter 6 : Microfiltration Device for Sepsis Treatment 

6.1 Introduction to Sepsis  

Sepsis is one of the primary causes of morbidity and mortality in hospitals, with 

~750,000 cases per year in the United States. [86] Sepsis is caused by a severe infection 

originating from a variety of sources including: pneumonia, urinary track infection, 

wound infection, infection following burn, or as a complication of chemotherapy or 

immune compromised state such as those infected with HIV/AIDS. The infection can 

localize within the kidneys, the lungs, the gall bladder, or the liver. Once pathogenic 

organisms enter the bloodstream a patient may suffer from septicemia or bacteremia; the 

presence of bacteria in the blood. A patient with severe sepsis presents with symptoms of 

systemic inflammatory response syndrome (SIRS) characterized by acute inflammation 

throughout the body, fever and elevated white blood cell (WBC) count (leukocytosis). In 

patients with sepsis, regardless of the initial infecting pathogen, a cascade of 

inflammation with activation of the coagulation system leads to alterations in 

microvascular circulation, multiorgan dysfunction and death. [87] Despite therapeutic 

advances, powerful antibiotics, blood transfusion and improved intensive care support, 

the mortality rate still ranges from 30 to 50% and up to 90% for severe cases with 

multiple organ dysfunction. [88] A key difficulty for antibiotic administration for rapid 

intervention in septic patients is identifying the infectious pathogen which delays the 

treatment. Rapid elimination of microbial pathogens, even before they are identified, can 

be critical to patient survival. Therefore, there is a need for a high throughput blood 

cleansing device to remove pathogens from whole blood. 
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6.2 Microfluidic Devices for Bacteria Sparation 

Recently, microfluidic and miniaturized lab-on-a-chip separation devices have been 

introduced to separate pathogenic bacteria from blood. Active actuation has been used to 

remove bacteria from contaminated blood by generating physical fields based on 

magnetic activated cell sorting, where specific bacterial pathogens were labeled with 

magnetic bead coated with pathogen specific antibodies and 80% of pathogens were 

removed from a contaminated blood sample at a rate of 20 ml/h. [89] This device requires 

identification of the pathogenic invader and a bead/sample incubation time between 30-

60 min to obtain binding of 85 to 90% of the bacteria. Label-free hydrodynamic 

separations are another attractive separation method because they are cost effective and 

do not require external fields and labels. The ability to achieve high-throughput 

separation at high flowrates is important in some clinical applications where large volume 

of blood needs to be processed in a reasonable amount of time. In one method, a soft 

inertial force on varying sized particles was used to separate 99.87% bacteria from 

diluted blood (20x dilutions of RBCs and bacterial cell sample) at a maximum flowrate of 

18µl/min. [90] In another report E-coli bacterium was separated from diluted blood 

(~0.5% (v/v)) at a high flowrate of 200 µl/min within a single channel. [91] The goal of 

this study is to design a microfluidic device for cell separation based on size differences 

between bacteria and other blood components for the continuous separation of bacteria 

and microorganism from undiluted whole blood for effective intervention in clinical 

settings for sepsis treatment. 
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6.2 Continuous Label-Free Bacteria Separation from Whole Blood  

The use of microfiltration device technology was extended to continuously extract 

pathogens fromundiluted blood (Hct>38%) for treating sepsis. When a blood sample 

flows through the channels on one side of the membrane (Reservoir channels), the larger 

blood cells are sterically excluded from passing through the membrane while the smaller 

bacteria are removed by traversing the membrane into the filtration channels. 

6.2.1 Experimental Methods 

The microfiltration channels were fabricated using standard soft lithography as described 

previously in chapter 2. The microfiltration device for bacteria separation consists of two 

PDMS layers of microchannels, separated by a 2 µm pore-size porous polycarbonate 

membrane (PCTE) (Nucleopore Polycarbonate Track-Etch Membrane, Whatman, 

Florham Park, NJ) as  described in (chapter 2) 

After fabrication, the microfiltration device was prepared for use by first degassing under 

water and priming by Lactated Ringer’s solution. Then the microfiltration device was 

pre-infused with 1000 IU/ml of heparin (2 mg of sodium heparin in 1 ml of Lactated 

Ringer’s solution) for at least 30 min prior to infusing blood. Heparin-coating was used 

as an approach to reduce the amount of platelet adhesion to the surface of the 

microdevice and prevent the microfiltration device from clotting as discuused in previous 

chapters.  

Fresh human blood in an anticoagulant-treat collection bag was stored at 4°C and was 

used within one week of collection. For these experiments white blood cells which have 
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nucleus were separated from whole blood because they could interfere with detection 

process as nuclear staining was used as a bacteria quantification method. Whole blood 

was centrifuged at 5000 rpm for 15 min and all the supernatant was removed from the 

top. The volume of supernatant was then measured and the same volume of ringer’s 

solution was added to resuspend the cell pellet and maintain the hematocrit level. The 

blood was hemodiluted to 38%, hematocrit by addition of Lactated Ringers solution 

(Baxter Healthcare Corp, Deerfield, Il) with the hematocrit verified using a Coulter cell 

and particle counter (Beckman Coulter Inc., Hialeah, FL, USA). The blood sample was 

then doped with 10 8CFU/ml of E.coli bacteria in 1 ml total volume of blood and was 

infused into reservoir inlet at a constant flowrate of 50 µl/min via a peristaltic pump and 

the reservoir outlet was recycled back to an external blood reservoir (Figure 6-1). 

 
Figure 6-1: (a): Schematic of the microfiltration device for continuous separation of 

bacteria from whole blood.(b): Schematics of the set up  

The blood inlet and filtrate samples were collected in fractions every 20 minutes and then 

analyzed via a Coulter cell and particle counter (Beckman Coulter Inc., Hialeah, FL, 
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USA) with counts verified via direct cell counts using a hemocytometer. Bacterial cells in 

10 µl of undiluted sample taken from the blood reservoir and filtrate outlet were 

incubated in a staining solution containing Hoechst 33342 fluorescent dye and lactated 

Ringer’s solution for 60 minutes at room temperature. Samples were then placed under 

the cover slip of the hemocytometer and counted via a fluorescence microscope at 10× 

magnification. Additionally, to determine the number of RBCs in the filtrate, samples 

from the blood reservoir and filtrate (at 80 minutes) were diluted (1:500) with lactated 

Ringer’s solution and were placed under the cover slip of the hemocytometer and counted 

underbright-field microscopy at 10× magnification.  

6.2.2 Experimental Results 

Figure 6-2 shows the cell sizing and concentration data obtained via Coulter counting of 

the blood sample doped with E.coli bacteria in the blood reservoir and filtrate samples. 

These data indicate that after 80 minutes of blood circulation through the microfiltration 

channels, the reservoir bacteria peak was significantly smaller than at the beginning of 

the experiment. Additionally, the filtrate bacteria peak after 80 minutes showed the 

accumulation of bacteria with minimal RBC contamination which indicated that the 

hematocrit on the reservoir side was maintained.  
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Figure 6-2: Coulter counts of a whole blood sample doped with E.coli bacteria at the 

device inlet (top), reservoir outlet (middle) and filtrate (bottom). 

Figure 6-3 shows the cumulative amount of bacteria removed in each 20 minute fraction 

normalized to the blood reservoir. Using this device approximately 5-6% of the E.coli 

was removed from the blood in the reservoir sample in each collected fraction resulting in 

a cumulative removal of 22% over a period of 80 minutes. 

 

Figure 6-3: Cumulative E.coli removal from blood over a period of 80 minutes. 



 

  

Figure 6-4 shows representative images taken during 

observed under fluorescence microscopy

observed under bright field microscopy i

filtration capability of the microdevice, showing the accumulation of bacteria in the 

filtrate with minimal RBC contamination in filtrate. A few bacteria cells which can be 

observed under bright field illumination

Figure 6-5: Representative images of r

filtrate samples under bright 

Figure 6-4: Representative images of bacterial cells observed under ultraviolet 

excitation in undiluted blood reservoir and filtrate samples.

shows representative images taken during hemocytometer counting of cells 

observed under fluorescence microscopy in undiluted blood and Figure 

field microscopy in diluted blood. These images indicate the 

filtration capability of the microdevice, showing the accumulation of bacteria in the 

with minimal RBC contamination in filtrate. A few bacteria cells which can be 

field illumination are indicated by white arrows. 

 

 

Representative images of red blood cells in diluted blood reservoir and 

filtrate samples under bright field microscopy. 

: Representative images of bacterial cells observed under ultraviolet 

excitation in undiluted blood reservoir and filtrate samples.
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hemocytometer counting of cells 

Figure 6-5 RBCs 

n diluted blood. These images indicate the 

filtration capability of the microdevice, showing the accumulation of bacteria in the 

with minimal RBC contamination in filtrate. A few bacteria cells which can be 

 

 

ed blood cells in diluted blood reservoir and 

: Representative images of bacterial cells observed under ultraviolet 

excitation in undiluted blood reservoir and filtrate samples. 



110 
 

  

These results demonstrate the ability of the microfiltration system described here to 

continuously remove bacteria from blood. The performance of the microdevice can be 

improved to increase the separation efficiency of bacteria from larger volume of blood in a 

reasonable period of time with the ultimate goal of creating a staged microfiltration device 

with increasing filter stringency which is capable of separating blood components from 

small pathogens as well as filtering blood plasma. 
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Chapter 7 : Summary and Future Work 

The microfiltration device in this work target to achieve efficient plasma separation from 

unmodified whole blood for point-of-care clinical diagnostics. A passive membrane-

based microfiltration device with a porous polymer filter to discriminate blood cells from 

blood sample have been designed, fabricated, and evaluated in this work. The polymer 

filter used in this study was a commercially available polycarbonate membrane which are 

available in a wide range pore size and density for medical/clinical applications. The 

developed technology with improved method of integration of porous polymer 

membranes with microfluidic devices can make these membranes immediately applicable 

for a number of lab-on-a-chip applications with a very robust and simple fabrication 

process.  

The microfiltration device was fabricated by using two PDMS layers of microchannels 

and a polycarbonate (PCTE) porous membrane with low protein adsorption which 

enabled its utilization of complex fluids such as blood. Successful integration of polymer 

membranes with microfluidic devices, which relied on chemical modification of the 

membrane surface, resulted in an irreversible bond between the membrane and the PDMS 

device which was a great accomplishment in fabrication of membrane based devices. 

The effects of various factors such as blood hematocrit, blood anticoagulant level and 

membrane morphology have been investigated using sheep’s whole blood.  

The microfiltration device was designed to continuously extract diagnostic plasma 

proteins such as complements and cytokines using a significantly smaller blood volume 
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as compared to traditional blood collection techniques. The microfiltration device was 

successfully tested using a simulated CPB circulation loop primed with donor human 

blood, in a manner identical to a clinical surgical setup, to collect plasma fractions in 

order to study the effects of CPB system components and circulation on immune 

activation. The microdevice, with 200 nm membrane pore size, was connected to a 

simulated CPB circuit, and was able to continuously extract ~15% pure plasma volume 

(100% cell-free) with high sampling frequencies which could be analyzed directly 

following collection with no need to further centrifuge or modify the fraction. Less than 

2.5 ml total plasma volume was collected over a 4 hour sampling period (less than one 

Vacutainer blood collection tube volume). The results tracked cytokine concentrations 

collected from both the reservoir and filtrate samples which were comparable to those 

from direct blood draws, indicating very high protein recovery of the microdevice.  

The anticoagulant pre-coated microdevice allow operation over a wide range of 

experimental flow conditions, blood hematocrit and blood systemic anticoagulant level 

and have the potential to be used during various clinical application. In this study, the 

heparin-coated microfiltration device was successfully integrated with in-vivo model of 

animal ECLS to evaluate its performance in another clinically relevant environment. The 

microfiltration device was able to extract pure plasma from whole with no sign of 

clogging over the entire surgical period.(over 5 hours).  

The simple and robust design and operation of these devices allow operation over a wide 

range of experimental flow conditions and blood hematocrit levels to allow surgeons and 

clinicians autonomous usage in a clinical environment to better understand the 
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mechanisms of injury resulting from cardiac surgery, and allow early interventions in 

patients with excessive postoperative complications to improve surgical outcomes.  

For all the experiments during in-vitro (simulated CPB) and in-vivo (animal model of 

ECLS) the plasma was 100% cell free. However, a study on the extent of hemolysis and 

plasma purity at different Hct levels and inlet flow rate is not included in this work, and 

further studies need to be undertaken to quantify the hemoglobin concentration in the 

filtrate to better evaluate the extent of hemolysis.  

Ultimately, future work will focus on monolithic integration of the developed 

microfiltration device with a continuous microimmunoassay in order to construct a true 

micro total analysis system (µTAS) for continuous, real time monitoring of clinically 

relevant biomarkers during cardiac surgery and especially when extracorporeal 

circulation (ECC) is used. In order to integrate the two devices, the hydrodynamic fluidic 

resistances at each layer of the microfiltration device and microimmunoassay device have 

to be considered. Successful integration of the microfiltration device with 

microimmunoassay will have a great impact in clinical application for point-of-care 

diagnostics with reduce blood analysis times, costs and volume of blood samples required 

for repeated assays and allows surgeons and clinicians to better understand the 

mechanisms of injury resulting from cardiac surgery, and allow early interventions to 

improve surgical outcomes. (Figure 7-1) 
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Figure 7-1: Schematics of the micro total analysis system (µTAS) for continuous, 

real time monitoring of clinically relevant biomarkers during ECC procedures. 

(Note: part of this image was created by lab member, Lawrence. Sasso) 

 

Finally the microfiltration technology proposed in this study can also be used in 

applications such as continuous blood cleansing device. In this study, the use of 

microfiltration device technology was extended to continuously extract pathogens from 

undiluted blood (Hct>38%) for treating sepsis. A microfiltration device with a 2 µm pore-

size PCTE membrane was fabricated and was used to separate E.coli from blood (packed 

RBCs diluted with lactated Ringer’s solution to 38%Hct). These result demonstrated the 

ability of the microfiltration system to continuously remove bacteria from blood. Future 

work includes designing a microfiltration device using multiple filtration compartments 



 

  

with decreasing filter pore size between them for 

diameter red blood cells and 5

pneumonia, P. aeruginosa and S. aureus 

plasma to remove inflammatory proteins.

 

Figure 7-2: Schematics of the multistage device to separate blood components from 

small pathogens bacteria (note: image was 

g filter pore size between them for separating blood components (6

diameter red blood cells and 5-10 µm white blood cells) from small pathogens such as 

pneumonia, P. aeruginosa and S. aureus of 1-3 mm diameter as well as filtering blood 

plasma to remove inflammatory proteins. (Figure 7-2) 

: Schematics of the multistage device to separate blood components from 

small pathogens bacteria (note: image was created by lab member, Ian Johnson)
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