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While hemodialysis is a unique therapy for treating chronic kidneyréaithe application
of extracorporeal blood processing presents the opportunity for treating a wider range of
bloodborne diseases. The objective of ti#dod research team is to déme a blood processing
device that utilizes microscalmsed technologyas a platform for incorporating novel
bioconjugation mechanisms to remove/degrade undesired solutes in the blood or administer drugs.
The development of treatment mechanisms for hymsia (high concentratisrof uric acid in
the blood) and iron overdd (high concentrations of iron in the blood) have been the focus for
other individuals on the research team. During preliminary development of the device, one concern
that came up washé potential for mechanically induced hemolysis due to the foreign flo
conditions imposed by the geometry of the device. While red blood(B#ISs)are especially
adept at modifying their shape to endure high pressures in arteries and small ortizgeianes,
the concermemainghatthe flow throughthe foreign marials d the devicecould inflict enough
shear stress to break the cell membrane of RBCs. In order to provide a therapeutic benefit, it is
essential that the team can identify flow conditidghat minimize risks to the patient (i.e.
minimized blood damagand cogulation) while simultaneously maintaining the intended

functionality of the device for a given disease.

The primary objective of this project was to characterize the degree ofddnwage in a
novel microchannebased blood processing devigedquantfying the hemolytic effects of various
flow parameters. A nuanced methodology of measuring the plasfn@e hemoglobin
concentrationgia a hemoglobin detection assay ahdorbance spectroscopy was developed. The

effects offluid velocity and numbe of passes through the device were investigated using a syringe



pump apparatus. Experimental results indicated that velocity hadsigmifitant effect onthe
hemolytic effects of the devider a single pass while increasing the number of pagsesmstant
flow rate @used arnncreasan hemolysis No specific plate geometry recommendations can be
made based on the current results, though recommended next stegendifidd concerns for
future investigation are discussed in dethiltimately, the esearch project was successful at
developing a reliable methodology for quantifying blood danmvaigieh can be usethroughout

the design process
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Introduction

While over 468,000 Americans rely on hemodialysis to treat chronic kidney failure, the
concept of removing bulk amounts of undesirable solutes from tlogl vi@ an extracorporeal
procedure presents oppanmities to treat a wide rangé medical couditions[1]. This perceived
versatility of extracorpoeal blood treatment optiottas led to optimism for future development,
although there are certain challenges that tmait the progression of expansion and ultimate
effectiveness of the procedure fomnapplications. The foraost concern when removing blood
from the body during hemodialysis maintaning the condition of the blood throughout the
process, especially wheaturnedto the body after external treatment. Activation of coagulation
is one clincal problem related t@urrent hemodialysis treatments that may result from fluid
stresses experienced within the dialysis machine. Returning blood into the body after th
coagulaéion cascade has commenced raises the concern of thrombi developing atiehésp
bloodstream[1]. This problem is combatted pharmacologically with the administration of
anticoagulants such as heparin to disrupt the thrampumicess; however, for patients susceptible
to bleeding, these blood thinners pdserisk of excess bleedinipr patientd1]. While citrate has
been recognized as a suitable alternative for reducing the risk of bledditigs have shown it
can also increase the sensitivity of red blood cells to hemdBjs|8]. Additional complications
that patients experience include hypotension, anemia, muscle weaknesspearhkalbagnia as a
function of the procedure itself whi¢arthercomplicatst he body 6s abiliuty to
of blood with an incosistent compositiofd]. Previous research has suggested the enhanced
inflammation andoxidative stresses imposed biood during hemodialysis have an effect on
atherosclerotic plaque formation and ¢éaarease cardiovasculaisk for hemodialysis patients
[5]. Unfortunately, limited research has been conduttedvaluate the dynamic effetitese
various changes to blood composition have on patierite short and lorgem [1] [5].

To improve the longerm quality of life for patients that have to tioely receive dialysis
treatment, recent developments in hemodialysis have been focused on developing home
hemodiaysis (HHD) machine$6]. To ensure the effectiveness of home hemodialysis, updated
dialysis models require deggi features that enahtlee patient and clinician to be confident in the
machineds abil ity tions withounithe needefdrequent professiompl! i ¢ a

medical interventiof6]. Rather than relying on pharmacolagisolutions to addreske myriad



of complications that can potentially develop from extracorporeal blood progedsirelopments

for newtreatment applications should prioritize preemptive measures in device design in order to
limit the risk of coaguladbn and hemolysis. At @gon State University, theBlood research team,

led by Dr. Goran Jovanovic, is striving tievelop a microchannélased platform capable of
employing bioconjugation mechanisms for treating a watee of lematological defects and
imbalances not directlyetated to chronic kidney failure. The advantage of extracorporeal
treatment is the abilityot control conditions titamay cause adverse biochemical complications
internally. Developing extracorporeal treatment mechanismogd offer many patients that are
currently relying on complicated drug mecharssasafer, moreonvenienalternative however,
some of theomplications that chroc renal patients experience as a consequence of dialysis could
translate to these neapplicatiors as well. The two concerns guiding devicevéédopment are the
potential coagulative and hemolytic effects a microchahaséd platformrmay inflict on a

patenbs bl ood.

The focus of this study revolves around the desire to identify appropriatess lbw
conditions to mitiga the potential for undesired hemolysis occurring during treatwiénh the
current platggeometry sen inFigure 4. While red blood cells (RCs) are highly differetmated to
survive consd n t fluctuations in fl ow condhefoieigns wi t
material of the microchannels mayflict increased shear stress causing elevated degrees of
hemolysisand the activation of the coagulation cakrander certain flow condins [7].
Quantifying the degree to which this foreign environment plays a role in increasing hemolysis is
vital for understanding theffects the device has on blood before being reintroduced into the body.
A series of experients using bovine bloodvere performed with the latest versioh the
polycarbonatemicrochannel platéeaturing an array amicroscaleposts.These expements are
intended to helpestablish reasonable flow parameters torimfdhe development of effective
therapeutic mechanisms. A primary outcome of this researcjecp was developing an
validating a methodology for quantifying degrees of hemolysis for the investigation of blood
damage in future versions of the device thabrporate these therapeutmnaponents

To quantify the degreef hemolysis caused bynte devi c e, t hfee bl ood
hemoglobin concentration was analyzed before and after passing through the device using

absorption speabscopy. It was assumed that since bovine and human bbnada comparable



compositionand similar resiliency to sheaihat resultsusing bowne blood wouldmodel tre
expected results in human blood as well. One important difference between bovine and human
blood isthatthe normahkccepted average plastftachemoglobin in a healthjumanis no greater
than 5 mg/dLbut the baselineoncentration is much higher in bovine bld8§l. A hemoglobin
assay kit from Sigmd@ldrich utilizing the Triton/NaOH method was ustdconvert plasméree
hemogobbin intothe colorimetric complex produdtematin, which is measurable at 400 nm using
absorption spectroscog9]. This assay was originally intended for analyzing total hemoglobin
concentration as it features agin pH camble of causing the cell membrane of RBCs to Haist
Therefore, for the purposes of this study, sissay was performed only on plasma, which was
separated using a centrifugeich thathe degree of hemolysis caussoldy by the flow through

the microchannel deviceould be deermined va changes ironly the plasmafree hemoglobin

The effect of flow rate(velocity) and number of passes through the device were explicitly
evaluated during this project with the intesf developing a preliminary assessment of the dévice

tendency to cause nteanicdly induced hemolysis.



Backaground

Target Diseases foilherapeutic Extracorporeal Blood Processing

The following sectiondetails a brief background on theurrent appliation of
extracorporeal blood processinge(nodialysiy and delves intothe potential opportunities of
expansiorfor newdisease treatmentisatare airrently being investigated by thdlood research
team Understanding and being awaretbé potential equirements for developing a trean
specialized for each disease is advantageous for predicting how various therapeutic components
may influence important flor paranetersand the results of this study

A. Traditional Extracorporeal Dialysis Used to Tre&hronic KidneyDisease

The majority of patients receiving dialgsireatment todagio so to counteract the effects
of prolongedchronic kidney disease (CKWhich eventudly leads to thelevelopmenof chronic
renal failure (CRF)10]. Loss of kidney function occurs in stages@xD patients, but once total
kidney failureoccurs they will rely ondialysis for the rest of their livas perfam the functions
of an atificial kidney. Stages of CKD progression have been defingdhle National Kidney
Foundation based on estimated glomerular filtration rates (eGFR) which essentially characterizes
t he organo6s abil[lll Eng-stateaeng diseaseeis defindd laam 6 GFResd
than15 mL/min per1.73 nt of renal tissuavhile a normal eGFR is defined as the ability to process
at least 90 mL/min in that sanagea[11]. The kidreys play a crucial rolen mary metabolic,
hormonal, and regulatory processes the betlgs on to function properly. Theain functionof
kidneysis to process blood by eliminating metabolic waste, minerals, and excess water via
excretion in the form afirine; however, they pfarm aher vital functions including the regulation
of blood pessure, stimulain of red blood cell formation, angiaintenance ofitamin D levels in
the blood[12]. Many diseases can lead to renal impant, but thewo primary risk factors are
diabetesléading todiabetic nephropathygnd high blood pressurkeéding tohypertensive renal
damage)12]. Patients with thbetesmellitus experiencelangerous fluctuations indod sugar
levels causilg damaye to renal vasculatureventually leading tanhibited blood flow [13].
Alternatively, chronidypertension causes arteries to weaken over time leading to the inability to
deliver blood to kidneytissue for processin{fl2]. Regardless of the source oéndlage,the
diagnosis of CKD is often associated waide-effects includingfatigue, anemia, hematuria,

muscle cramps, mineral concentration fluctuations, water rete(iganling to edema), and



hormaal imbalancesf not successfully treated before adviaganto later stagesiearing CRF
[11].

Two dialysis options exist for patients in need difigial blood filtration: peritoneal
dialysis and hemodialysisVhile bothmethods are effective for shdadrm treatment, patiés
enduring dialysis still experience a reduced life expectancy with large variations dependent on
accompanying medical conditionsother complicationassociaté with thetreatmen{11]. Both
options operate using similar prciplesincorporating a senpermeablemembrane to promote
simple diffusion of solutes down their concentration gradi@némove water, ionic solutes, urea,
and other undesirabsolutesrom blood[14]. As seen irFigure 1 below, peritoneal dialysis uses
the peritoneum as a natural sguermeable membrane to remove waste and excess water by filling
the abdomen ith fluid for a definedperiodo f idwel | @ thefluidmew dorgahimgr

increased concentrations of wassadrained[15].

Dialysate fluid

Abdomen

1| Catheter

ey

i
y
i
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Figure 17 Visual representation of peritoneal dialysis adapted from an a
included in the Journal of Gbal Health[45]. The peritoneum acts as a natt
semipermeable membrane for veaskchange from the surrounding
vasculature into the fluid filled abdomen. The waste fluid is then remove:
through the same catheter, after sudfit exchage has oaared, now

containing waste from the patient.



Many patientgreferhemodialysiswvhich utilizeswhat is essentially an artifigi kidney
machine taemove bbod from the body anfilter it through asemipermeable membrane with a
counterflowfluid promoting thetransfer ofwastebefore reentering the bod¥4]. The procedure

of hemodialysis is depictad Figure 2 below.
Blood removed for
p cleansing

| () - - Fresh
III ¥ |I | | t___ :] Dialysate

| P

Waste

Dialysate
Clean blood returned

to the body

Figure 2171 Visual representation dfie process dfiemodialysis dapted from a
reviewof dialysiswaste disposaby Mike Kurz[46]. Fresh dialysat and blood
needing cleansing are sent through the dialyzer device containing a semiper
membrane to transfer solutes from the blood to thlyshte. The wasteaysate is
disposed of and the filtedleblood is returned to the patient.

The fundamentareatmenimodelused inhemodialysif processing blood outside of the
body is the basis for the current developmentuadre specialized blood processing mechanics
Although the iBlood miciochanml device in development is not designed femoving large
volumes of wateand does noincorporatemembrane technologgs in traditional dialysis, the
platform is intended to support specialized enzymatic and biochemical features capable of

targeting specific undesilesolutes that are chataristic to a certain disease.

B. Sepsis
Sepsis is a systemic blood infection that resalesrapid immunological response causing
several shorterm effects including hypotension, hyperpyrexia, tachycardia, and dyspnea, but if

untreated or mismanageduddlead to enéstage organ dysfunction and degt6]. Despite recent



developments in pathophysiological understanding of sepsis, the lack of advancement in
hemodynamic monitoring tools for early detien and rapid resusation measures for latstage
actionhas ledo 28-50% of the 750,000 cases per yehsepsidn the United States resulting in
death[16] [17]. Dysregulated host respongean ordinary infectioican avelop into the medical
emergency of septic shock due to endotoxins released by bacteria experiencing environmental
stress, rapid growth, or cell wall disintegrat{@®]. Endotoxins are lipopolysebaridesound in

the cdl wall of Gramnegative bacterithat induce inflammation, severe hypotension, and blood
vessel damag&hen introduced into the circulatory system of humflig. Current sepsis
treatment approaches faee a protocebased ca pln featuring antinflammatory agents such

as glucocorticoids, antibiotic administration, vasopressors to increase blood pressure, intravenous
fluids, and immune system boostgtg]. Regardless dhe treatment plan, tredéagrosis of sepsis

is an expensive ordealccounting for 5.2% of the hospital cost in 204hkile also requiing
extended hospital stay$6]. In an effort to expedite the recovery processeant OSU Hoors

College thesis diss®d the possibility ofusing cationic amphiphilic peptides (CAPS) to
selectively bind blood pathogens using a hemoperfusion prid@&s&urther development related

to this theory has teto a biocomatible design featuringolyethylene oxide (PEO) polymer chains
terminating with the active CARs a potential option famplemenationinto the microchannel

blood processing devidé9].

C. Hyperuricemia (Gou}

Hyperuricenma is characterized byoaormadly high levels of serum urate (sUa) in the blood
which can ultimately lead to gout, a common form of inflammatory arthritis characterized by the
deposition of urate crystals found primarily in joints and theauyi trac20]. The accumulation
of serum urate develops due to an i mXpThance i1
normal human metabolism produces uric acid via endogenous agdmmus purire catalyzed
by the enzyra xanhine oxidas¢20]. Although most mammals have the enzyme uricase to oxidize
uric acid into a more soluble compound allantoin, humans lack this enzyme and instead rely
entirely on thekidneys foruric acid disposal[21]. This enzyme deficiency leads to a relatively
high normal uric acid concentration in humanfien compared to other mammad$ 0.52.0
mg/dL [20]. Hyperuricemia is commmy found with other comorbid diseasesuch as

hypertension, cardiovascular disease, chronic kidney dissadiype 2 diabetes, though it is not



well understood if hyperuricemia is a factor in the development of these conditions or if it is a

consequencef the disordes themselveR20].

Currently, there are several treatment options for patients including xanthine oxidase
inhibitorst o halt the production of uric acid, ur i
proces uric acid, ad intravenous adminisition of a functional recombinant uricase enzyme for
degrading uric acif22]. Pegloticase i®ne suclrecombinant mammalian uricase modified for
treating refractory gout via the degradation of uricl §38]. While effective, this option has a few
limitations that have motivated further investigation into alternatives. Theapyi concern
associated with the administration of pegloticase is the 20% chance that it wilbilichmune
response ira patient when the common mPEG moiety is ug@®]. Additionally, theinitial
treatment requires biwelkadministration over the course of three months with the potential for
monthly administration theafter [23]. Research efforts have been made to use molecula
engineering t@nhanethe enzymes efficiency, thougim immune @sponse remains a concern. If
the uricase enzyme could be immobilizedaiblood processing devicéhe amount of timéhe
blood contacts the enzymes greatly reduced, thus decreasing the potential for an immune
response. Furthermore, tbencentratiorof the enzyme can be adjusted to ensure maximum access
to the active site, thus increasing efficiencith&ugh there may dtibe thepotential for antibodies
targeting the feeign uricase enzynte develop after extended reliance on this procedure, utilizing
an extracorporeal blood processireyide offers a quicker and potentially safer treatment option.
The iBlood researcheam iscurrently investigating potentlanechanisms for integrating uricase

into the blood processing device for treating hyperuricemia.

D. Iron Overload

Iron is involved inmany physiological functions including oxygen transport, DNA
synthesis/repair, anthe electron tnasport chain; however, ost iron is safely bound to the
glycoprotein transferrin in the bodg24]. Non-TransferrinBound Iron(NTBI) is the fraction of
ferric iron in the body not bound to transferrin or othienitransport mteins[25]. Whenferric
iron starts to exist in itdoosely bound form within blood plama several physiological
complicationsincluding the potential for hydroxyl radical formatidsecome a potential thretat
patients[25]. These radida caise oxidative damage to the heart, liver, and other vital onfjans

left untreated24]. There are several clinical conditions that can result in the develoieoi



overload two of the most niable are alpha/beta thasena and hemochromatosig6].
Thalassemia is a genetic blood disorder that caaisesbnormal form or inadequate supply of
hemoglobin[25]. This lack of hemoglobin supphgsults in a large quéty of red blood cells to

lyse causing anemi@5]. Additionally, since hemoglobinanmally contains four iron atoms for
oxygen transport, the lack of functional hegtabin production causes the accuatidn of iron as
transferin becomes saturated. Hemochromatosis is a disorder characterized by the over absorption
of gastrointestinal i [26]. Intrinsic iron metabolic mechanisms are unalde maintain

homeostasigvhen thee diseases impact a patigesulting n iron overload25].

Many treatments targeting high concentrationdoofsely-bound iron utilize chelation
therapy which neutralizesTBI by forming anontoxic complex with a chelator ligand that can
be more easily excreted26]. The most effective chelation therapies feature a continuous, non
toxic treatment with a long plasma circulatidime and a strong selectivity foronh [26].
Administering these molecules as a drugehbeen an effective raaifor decreasing iron in the
shortterm, though most chelators used today have cytotoxicity concerns that ujtihmaitethe
overall effectiveness dlhe treatmeni26]. By immobilizing a specialized ehator molecule within
a blood processing device, the iron can be bound and removed from the blood in one simple
procedure rather than relying on the excretdoy eventual reoval. Furthermore, the
concentratiorof these chelator moleagwithin the chelating filncan be controlled tmaximize
chelation efficiency (percent of chelators that successfully bind iron).

Analysis of Hemalysis via PlasmaFree Hemoglobin

Blood contans four primary components including plasma, plateletsfe blood cells
(WBCs), and rel blood cells (RBG) [27]. Plasma compromises a large portion of human blood
by weightcontainingwater, enzymes, antibodies, and othestgins, making it vital for proper
circulatory function[27]. Platelets are most eft aseciated with coagulation as they form the
basis of clots when damage to blood vessels o¢2idts While plaelet adsorption onto foreign
surfaces is a functional noern of dialysisand blood proessing in generathis projed does not
develop a methodology fanalyzingthed e vi c e ds t e n d €attingycastade. Whita g g e r
blood cells come in a varietf forms including monocytes, eosinophils, basophils, lymphocytes,
and neutrophils witleach playing a cruciable in either the innate or adaptiw@mune system
[27]. Sekcting compatible materials of constructianreducethe potential for an undesired
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immune response was a driving factor during preliminasygie thus, thénitial designincluded
amicrochannel plate constructé@m polycarbonatgusing thermal embosgy/etching), Tygon

tubing, and a supportivstructurecomposed ofmore polycarbonatand aluminum. All these

materials have previously been used in FpAraved medical devicegromding confidence that

this combination of materials is capable fature approval[28] [29]. Avoiding leukopenia

(shortage of white blood cells) is @herobvious objetive for extracorporeablood processing

since past research has suggested that WBC are potentaéigusceptile to mechanical damage

than RBC930]. Red blood cells are the component of blood responsible for oxygen trtanspo
throughout the bodyia thecirculatory systenand have multiple unique structural characteristics

that enable its flexibility and resiliepto mechanial stresseR7]. Thi s pr oj ect 6s an
damage revolves arnd hemolysis (RBCmembrae dedruction) to simpliy the complex
interactions between the various blood componeBty f ocusing on bl oodds
conmponent, the research team can develop a preliminary understanding of mechanical damage
imposed byt devi c e 6 sreddpleod culs tire gxpemding significant degrees of lysis

under certain flow conditions, it can deduced that white blood cslarealso being damaged.

For the experiments conducted in this projaeparinizedovine blood was utilizedue
to safety regulatios, availability, and sinilarities to human bloadBottles of 500 mL of pre-
heparinizedovine blood were purchased melically from Hemostat Laboratories depending on
the frequency of testing@1]. Previous researchnalyzing shear stressréshots for RBC
membrans compared human to bovine blood in their analysis, finding that bovine blasd
slightly moreresilient to mechanical stressglsen compared to human blofg2] [33]. This is a
important consideration when analyzing experimental results, though this relative mechanical
fraglity will not be used to extrapolate results directly due to the lack of control of shear stress
when compared to the results ofgshgrevious studies. Tiserobgicalsimilarities between the B
antibody system for cattle and Rh antibody system for hansaanother supporting factor for
using bovine blood as a model for this styd4%]. To reduce the ocecrence of clotformation
during stoage and operatiothe bovine blood was infused witie anticoagulant heparin. Despite
this precautionit was imperativehat experimentssel fresh blood to ensure minimal changes in
the bloodds natural characteristic
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To identify signs ofdiseag in a diagnostic applicatigrihe complexities of blood often
require an irdepth analysisot characterize any abnormalities or concentration fluctuation
Clinically, characterizing the relative health of all componentsdouni n a patsi ent 6s
routinely performed viaa complete blood count (CB@nalysisn tandem with other hematology
teds to identify blood disorderand provide a holistic examinatiorj4]. Applying this time-
consumingestto evaluate the effecif adusting multiple parameters relatedato extracorporeal
blood processingdevicewas notconsdered afeasible optiorfor this project The decision to
characterize blood damage vea blood cell lysis (more specificalllge concetration of plasma
freehemogobbin) enableda simpler methodology colorimetric hemoglobin detection assaye
SigmaAldrich assay employs thEriton/NaOHmethod forconvertinghemoglobininto hematin
a complex with Triton X100, whichabsorbs lightait a wavelengtiof 400 nm [9]. By measuring
the degree of absorption at this wavelength vatlspectrophotometer, the concentration of
hemoglobin in a plasma sample can beeined[9]. Theextreme alkalinity oftie asay (pH of
13) would purposefullyresult in additional RBC lysisnder normal conditions testingrftotal
henoglobin measaurementblood samples are separated via a centrifuge to extract plasma
samplestreated using the assay. This extra step is performed to ensurihdlttanges in
hemoglobinconcentration occur onlgue toany mechanical damageflicted by flowing through
the microchannel devicAlthough hemoglobin is not normally preséot long periods of timén
plasmadue to recycle mechanisms performed in the spleatural hemolysisatises the normal
concentationin healthy humans to ks high as 5 mg/d[8]. It shoud be noted that the plasma
free hemoglobin of the bovine blood was found to be considerably higher than thisBsalue.
comparing the concentration of plasfr@e hemoglobin in experimental graup the baseline
concentratiomas a contrglthe relative degree ofeimolysis can beleduced.Thus, significant
changes in plasmiiee hemoglobin will be easily detectablengsithe absorption spectroscopy
procedure discussed iColorimetric Hemglobin Detection AssayOther benefg of this
methodology fo estmating hemolysis include the relatively cheap cost of the assay and limited

requirement for sample translocation.
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A Closer Look at Red Blood Cells andHemoglobin

Human blood is composed of approximately 4b&tnatocrit (REs) by volumewhich
senes mutiple physiological roles beyond its primary function of transporting oxygen and
nutrients including interorgan communication amdintenance ofustainableblood rheology
[35]. Dueto their relatve abundance, RBG3ominates Iood viscosity with changes having a
profound impact on flow biophysics due to their unique, elastic J3&peHealthy mammadn
RBCs are biconcave discocy{es seen ifrigure 3 below) thatlacka nucleugreatingmore space
for carrying hemoglobifpromding a high surfacereato-volume ratig and enhancindlexibility

to avoid deformation despita constantly fluctuatingirculatory systeni36].

Figure 37 Computer generated rendition of the biconcave geom:
of a red blood cell modified from a simulation study from the
Biophysical Journal47].

In vivo, red blood cells experience a range of flow conditions and shear sfresséigh
flow in wide arteries to low flow in small capillariei® some cases permitting only one cell at
time [35]. A flexible membran¢hat ontains more phospholipids and cholesterol than the average
cell increases fluidity and allows red blood cells to alter their shape so long as theketgton
integrity holdg35]. Hemolysis isa naturally occurring jmcessn the body as a means of removing
old red blood cells and releag iron for recycling37]. Elevated levels of RBC destition most
often occur due to hemolytic anemia in which an internal @reat disturbance causasceérated
hemolysisresulting inan imbalance between this destructioagass and thRBC replenishing
capability of bone marroB37]. Despite the flexibility and durability of RBCsxteacorporeal

blood purification systems psent breign flow conditionsreatingenhancedmechanical stress
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that s not encountered in healthy blood vessdlkis increased mechanical stressuld
compromise the flexible cytoskeletontbie red blood cells passing througle tmicrochannels
causingcell lysis. Targeting red blood cell lysis is thus an obvious chaagharacterize blood

damage because if even the most flexible component is sidedp damage caused by flow

through the microfluidic device, other componentdl also be d risk for defamation.
Hemoglobin composes approximately a third of a red bloa | | 6 s t @VOantillionv o1 u me
hemoglobin molecules per RB@jd plays a crual role in its mairoxygen deliveryfunction[38].

Thus, when hemolysis aars, mllions of hemoglobin molecules are released into the plasma from

a single RBC, which is the basis tifyingllobd s pr o

damage.

Hemoglobin isa metalloprotein found in red blood cellsat binds oxygen for tresport
throughout the bod88]. The structure of hemoglobin itself consists of four polypeptide subunits
(a tetramer) inalding two alpha chains and two beta chains used to stabilize a heme group which
serves aghe active sie for oxygen binding to anron cation containing ferrous groyp8].
Hemoglobindenaturatiorvia mechanicabtress(flow through the device and centrifugation) or
thermalconditionswill be treated as negligible for thmirposes of this studyhile temperature
and pH mpact which conformation hemoglobin assunties,assay remains functional regardless
[9]. As previous blood damage research has suggested, operating at room temperatunamather t
heating the blood tphysblogical conditonsvon 6t have a profound i mpac

and will eliminate the time&onsuming process of safelydtimg the blood39].



14

Materials and Methods

Schematic of tre Microc hannelBasedBlood ProcessingDevice
Although new versions of the functional pcérbonatemicrochannel plate are in
development, for all trials conducted this project, the same design utilizing postséibering
flow was usedThe main objectivef these posts is to pup flow allowing for increased surface
area for solute exchange with the active mechanisms ultimately integrated into the device. A

schematic model of the device is provided-igure 4.

Polycarbonate
Structural Plate

Polycarbonate
Microchannel Plate

Aluminum Plate

Figure 47 This model is courtesyf®r. Matt Coblyn, a contributor to theBlood project. Model of the sole plate design
used throughout the blood damage project which consiétaal array of postsjesigned to ikrease the surface area of bl
available for contact with the integratdterapeutic mechanism. The average csasdional area of blood flow is betweer

3.47-4.47 mni. The average path length was approximately 10 aintlzé width of the plate was approximately 5 cm.

Evaluated Flow Parameters

A. Maximum Fluid Velocity

The first parameter this project analyzed was the efflt ratg and therefordluid
velocity, had on hemolysis rates observed in bovine blwadeling through the microchannel
device Themain objectie of the sriesof trials completed in this section of the project was to
determine a reasonabtangeof velocitiesto inform future design and epating conditions.
Ideally, avelocity and residese timeto maximizetheblood processing capabilities of the devic
without caushg damagéoeyord an acceptable threshaldnbe identified by testing various flow

rates with all other process parameteetdhconstantthus, all trials conducted in this section
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featured a single pass through the device before a sampl@akafor absorbancepectoscopy
analysisThree flow rates of 1 mL/min, 10 mL/min, and 30 mL/min were evaluated in thedirst

of experimental trials.

At elevatedrelocities,the flow will become increasingly turbulenthich is expected tcause
increasedmechanical stis onthe system. Another concern turbulent flow introduces is the
potentialformation of dangerouair bubblesduring operatiorthat could ultimately develop into
air embol i i f returned i nt o (ixtrerme opcars if ¢het 6 s
bioconjugdion mechanisnbeing developedequires a velocity so low thabagulationbecomes
an increased threaflthough prospective patients may be administered an anticoagulant, clot
formation is still an occasional complicatiorettishould be consideredhen deeloping a new
blood processing devicédentifying realistic goals for internal averatfieid velocity will thus

greatly influence the development of these complictitethpeutic mechanisms

Past research has analyzeds tharameter of velocity ith similar microfluidic dialysis
devices and have successfully characterized an acceptable range of blood #oferréteir
design, but there are expected to be significant differences when analyzing blood flow through the
georretry of this particulablood processingevice. This assumption is primarily due to the unique
microchannelsused as the active site for segtions. For example, the first iteratioh the
microchannel plateises a pillar configuratio(seeSchematic of #aMicrochannetBasedBlood
ProcessingDevice for blood separation rather than straight chanreds have been studied in
previous work. This design was chosen to optimize surface area available for active coating but

coud cause excess turbutdiow resulting in elevated degrees of hemolysis

To estimate the averadkid velocity through the micftuidic plate the known flow rate
set on the syringe pumip divided by an approximate cresse ct i on al ar path of
through the plateThe awrage crossectional area for the plate featgyipillars was determined
to be between 3.47 nfrand 447 mn? with a total path length of approximatdl@ cm. The smaller
crosssectional area estimate will requireedocity atthe set flow rateTherecommendegelocity
rangewill attempt tominimize the amount of e the blood is within the microfluididevice
while maximizing filtration efficiency and minimizing shear stresshis crosssectional area of

posts The expected range oliftl velocities for thehtree fow rates tested is included Tiablel.

t

b

h



Tableli Summary of the expected velocity ranges for the three operating flow rates utilized in this study. For a

detaled calculation exampleeeAppendixl: Sample Calculations

16

Set Flow Rate Minimum Average Velocity | Maximum Average Velocity
o 4o 4o
‘ \4 v
1 04 05
10 3.7 4.8
30 11.2 14.4

Theestimated crossectional areand total straight path length of the microchannel plate
werealso utilized to calculatené total volume of the systemo establish standards for cleaning
procedures. Obviously, once the plate is being coatedaniydrogéor other materiatiesigned
for solute extraction, the cresgctional area will be reduced causing an increase in #gloci
however, estimatingn acceptableelocity rangdor operation will guide flow rate considerations

in future designs.

B. Number ofPasses Through the Device

The second parameter evaluates the number of passes of the blood through the device
usingthesyringe pump satp and experimental methods. The purpose of evaluating this variable
was to mimic actual blood processing opemratind evaluateany fiwearandteal effects on the
blood For example, hemodialysis takes about four hours on averagewty seduce the
concentration of waste in the blood sime which requires the cardiovascular system of the patient
to pump blood through the dialyzer many times in a single siffify Potentially, successive
passes througtie device could cause wear on the RBCs resulting watele levels of hemolysis
in later passesncreased contact time with foreign surfaces could increase the potential for other
concerns as well such as coagulation or an immune resdouedo the arrent experimental
design using a syringe pump that mausteloaded with blood for each pass,itteimum number
of passes through the devmaslimited five. Although the estimated number of passes required
for the various therapies has not yet beeantjfied, it would be ideal to construct a continuous
loop with a peristaltic pump such that totgderation time for a given volume of blood could be

tracked while other process variablase monitored. Such an integrated breadboard loop is
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currently beiig developed by another member of Hi&aod researcheiam but was not completed
for the experimets in this project. For all mulpass trials, the flow rate was held constant at 10

mL/min (the intermediate value of the three flow rates tested iprévus study).

Equipment Preparation

Before any equipent preparation was performédyas ensted that all lab members wore
the appropriatdio Safety Level 2PPEof safety glasses, a lab coat, and nitrile gloves. Before
assembly, a Kim wipe and isopsdgalcohol (isopropanol or IPARs needed were useddiean
all device components with emphasis surfaces that ultimately contact blood in the sys#em.
rubber ering was placed into a groove in the tpplycarbonatestructural plate to seal the
microchannel plate and prevent leakage during operaton.the alminum structural plate, the
microchannel [ate was slid into place via small aluminum rods thkted theplatein notches
bore into the aluminum platé.total of 14 bolts, equally spaced oneledges of the two structural
plates, were used to secure tlevice together using a torque wrengattifghtening.Plastic adapter
fittings for the inlet and outlet at@readed into the ports on the top of padycarbonateglate for
attachinghe inletand outlefTygontubing. Quicktwist connections were usedtoatth t he 3/ 16
ID tubing to the fittings protruding from thep plate.Figure 16 is an image oftte equipment set
up during testing found iAppendix l:Lab Photos

Collecting Samples

A. Flow Rate (Velocity) Trials

A syringe pumpwvasused toadjust the fluidnfusion flow ratesuch thaconsistenflow
was maintainedo sustain constarshear ratesThe digitalizel interfaceallows for simpleuser
input for alteringthe flow rate andstarting/stoppindlow during trials.The volume infusedvas
monitored on t(andregetaftepdach ru) ensyvel treatythe correct amohatl
beeninfused for each pr@cdure Prior to the introduction of blood, the entire gyaivassanitized
using15 mL (a standard of three times the tot@lume of the system for anytime a new fluid is
introduced)of 95% purityisopropyl alcohol as a strong detergent/disinfectantadditional 15
mL of deionized vater was used to flush olnetisopropanol because the pure alcohol causes rapid
coagulation Preliminary experiments showed that introducing blood immediately after the
isopropanol was problematiitie to excess coagulationthre microchannels-or each individual

run, a total of 40nL wasinfused into asterile60 mL plastic syringeDuring oper#on, the first
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15 mL of bloodwaspumped intdhe systemat a standard flow rate of 10 mL/min with the outlet
fluid beingimmediatéy disposed af This step was performed to avoid potential variations in
resultsfor samples taken during stap, and to push out any remaining water in the system from
thecleaning procedure.

Thesyringe pumpvas readjusted to the desialwv rateof the trial al aminimum of5
mL wasran through the system and collecte@ivaste beaker to avoid collection of blood that
was infused aprep flow rate of 10 mL/minThe next5 mL of blood infused through the system
was collected in a fresh 20 mL beals the actl experimentablood sampleOnce the syringe
pumpindicated 5 mL of blood ha passed through the systemto the fresh beakethe syringe
pump wasnanuallystoppedand the outlet tubing was taped to the tofheivaste beaker without
touching the wastewithin it to avoidcontaminationFrom the5 mL blood sample, three 1 mL
samples were transferred into sniathL centrifuge tubesising a micropipettandstoredin the
centrifuge until all trials had been completdebr a single set of expimental reslts, each flow
rate of 1 mL/min, 10 mL/min, and 3®L/min produced three 1 mL samples for subsequent
centrifugation. For a full schematic breakdown from the collected blood to the sawphtsally

loaded into the mukwell plate, sed-igure 6.

B. Multi-Pass Trials

The same equipment sagp and precleaning procedure was completed for the npdiss
trials as previously described. The sterile plastic syringe was filled to maximatitgdpr these
trials with thefirst 15 mL disposed of to introduce the blood into the system and clear out any
remaining cleaning fluids (isopropanol or water). All of the remaining 45 mL of blood was infused
into the system at a flow rate of 10 mL/mimdecollected in arésh beakefThree individual 1 mL
samples were extracted and directly transferred into small 2 mL centrifuge tubes using a
micropipetteafter each pas$he samples were loaded into the centrifuge and stored until all passes
had been complete@he syinge was detached from the inkmd used to recover the remaining
blood from the beaker before being reattacteethe syringe pumprhe beaker was recleaned
before collecting the blood for the next pass. No additional cleaning of the plate was performed
betveen passes. Thigrocess was repeated until daloof five passes through the device had

occurred.
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Separating Plasma via Centrifugation

For both the velocity and mulgass trials, all samples were loaded evenly into a mini
centrifuge to separate théapma for furtheranalysis. Evenly spad tubeswere essential for
ensuring proper rotation of the device and a consistent separation. The samples were spun for 10
minutes at B00RPM at which point the tubes were removed from the centrifiigeok multiple
trials toperfect the centrifugation progere in terms of RPM and duration, but the final separation

achieved looked lik&igure 5, below.

Figure 571 Picture from the lab of a 1 mL samp

after being entrifuged.

For each 1 mL sample that was spun in the centrifuge, frjieesamples were extracted
from the plasmaavoiding the pellet o€ells at the bottom of the tube. Theseall samples were
injected directly into fresh tubesawaiting dilution. The recommended dilution from Sigma
Aldrich was 106fold with water, thussach sample was diluted with 500 of deionizel water
Future expements could beefit from a deviation from this dilutioauggested by Sigmaldrich
(since it was initially intendedbr bulk hemoglobin concentratiodeterminations) becaugbke
absobane values wereon the low ed of the spectrometés range. At these low absorbance
values, the sensitivity is more variable whicbuld result in unreliable relis. For a full schematic

breakdown of the sample producti@egFigure 6 below.
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Blood From Device
Outlet

1 mL Micropipetted

1 mL Samples of
Blood

Centrifugation

Centrifuged 1 mL
Sample

5 uL Micropipetted

A

5 uL Plasma Sample !

Diluted w/ 500 uL of
DI Water

505 L Diluted
Plasma Sample

50 uL Micropipetted

Multi-Well Plate

Figure 617 Schematic breakdown of the sample productiomfthe device outlet to the sample injected into the

micro-well plate.This diagram epresents the samples produced from a single pass through the device.

Colorimetric Hemoglobin Detection Assays

SigmaAldrich sells a total hemoglobin assay kit that can be bought in bulk with sufficient
supplies for 250 colorimetric tesf8]. Past hemoglobin deteati assays have us@dtassium
cyanide and ferdyanideas an active ingredient tmnvert hemoglobin into cyanmethemoglobin,
though the kit purchased from SigrAddrich utilizes a Triton/NaOH reagent to minimize toxicity
[9]. This reagent converts free hemoglobin into dedént complex of hematin, a phatdive
product that absorbs light at a wavelength of 400[9mThe detectable concentration for this
assay ranges from 0ZD0 mg/dL[9]. The average total condeation of hemoglobin rangdsom
12-18 g/dL in normal human blogthuscareful dilution is required for detecti¢4]. To remain

consistent with the suggested methodology pralidéh the kit, despite testing only plasma
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sanples, the same dilution prabere was conductedby diluting the samples DBfold with

deionized water

After proper dilution, the tubes were watlixed to ensure a homogenous mixture. From
each tube, 50 yL ahe diluted sample was transferred into indixal wells in the 96 muhuvell
plate. Adding 200 pL of the reagent commences the reaction, converting hemoglokg to
photoactive complex dfematinwith Triton X-100. For comparison with the experimentesults,
a calibration ladder (ranging from 1% 100X dilutions)wass prepared followinghe procedure
outlined by Sigma&Aldrich using the calibrator included with the assay[®]t According to the
procedure, the calibratidadder diluted 50/50 with water will yield absarice results indicative
of a blood samle composed of 100 mg/dL of hemogloly8]. After preparation of the various
diluted calibration sample80 uL of each is transferred intodividual wells in a 96 multivell
plate usinga micropipetteThe same 200 uL of reagt was added to each well containing the
calibration ladder. After five minutes of incubation, the microwell plate can be loaded into the
spectrometer for absorbanesting. The plasmaiee hemoglobin concentratiaf the fresh blood
was analyzed for coparison with experimental trials to determine the change in concentration.
The spectrometer produces absorbance values for each well testedvwasadnverted into the
concentration of hemoglobin viagn 1 found in the assay instructionf8]. To calculate the
concentration of hemoglobi® ( 5 ) the equation requires absorbance measurements for the
sample ¢ ), calibrator § | 9 at a known equivalent concentratiam (; ), and
blank © ). Calibrator absorbanceluas for an equivalent concentration of 100 mg/dL (1X
dilution with water) will be usedi all calculations to remain consistent atichinate the concern
for decreased confidence with successive dilutibns.e s amp | e 6 s QW ieflectsthe on f a ¢
ratio between the concentrated sample aedmater added for dilution, which was maintained as
100 for allexperimentalnd control samples.

0 0 . aQ Egn1l

dl\

R zZ0 ¢ —2z'Q0
— = = h 85~ n
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Ultimately, it was deterrmed thatsince this equation relied amly two data points, from

the blank theoretical concentration of 0 mg/dL}o one calibratordata point (equivalent
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concentration of 100 mg/dL,calibration curve would provide a more accurate prediction for the
concentration of the sagte. As previously discussed, a itahtion ladder wasneparedor each

set d trials using the calibrator $ation provided by Sigra-Aldrich with a total ofseven dilutions
such that dinear calibrationcurvecould be applied taleterminethe concentrigon of a sample.
Calibration curves were generafedeach setf trials following the procedure outlined Bygma
Aldrich. The cune was used to determine the concentration ofittuted sample, and then the
dilution factor wasused to determine the concentration of the sample priatuiiod as seen in
Appendixdl: Sample CalculationsAn example of one such calibration curves can be found below

in Figure 7.

60

[Hb] = 169.57(Absorbance)7.3792

Hemoglobin Concentration
[mg/dL]
w
o

20 )
10 .
o
0 o"
0.000 0.100 0.200 0.300 0.400

Absorbance
Figure 77 Exanple calibration curve from one of the velocity set bals. Note that the data

for the equivalent concentration of 100 mg/dlexcludedsince allexperimentatata poits were

beneath an absorbance value of 0.100.

Thermally Induced Hemolysis Control

Since all procedures for determining the plasrea hemoglobin concerstion were novel
approaches, it was imperative that the metlmgjowas capable of indicating vatis degrees of
hemolysis. Initially, a mechanically induced hemolysis control wasided by flowing blood

through the device at an elevated flow rate offB0min, but similar results to the experimental
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trials led theresearch team to switch to a ditfat approach. The primary concern was that the
centrifugation process resulted in pfessamples that were an inaccurate representation of the true
plasmafree hemoglobin due to improper separation or the tendency ofgt@moto remain in

the pellet. Eve if the actual concentration values were skewed, it was essential to establish the

ahlity for a relative comparison of damage.

Upon literature review, mtiple options for inducing hemolysis thermally were found
including exposure of blood to rapid tperature increases or an elevated temperature for an
extended time. Due to simplicitf implementation, the latter option was favor&tthoughRBCs
are regient at low temperatures (enabling refrigerated storage feeareh and transfusion
purposes), Wen exposed to a temperature oP@5the typical unilamellar state of the membrane
is convertedo a multibilayerexposing lipidfree areas aneffectively overcoming the activation
energy of RBC membrardeteriorationresulting in rapid hemolysigl1]. A hot water bath was
prepared using a 1000 mL beaker Haled with water and a hot plate. Approximately 10 mL of
fresh bloodwas poured into an Eppendorf tube and submerged in the watermdcouple was
used to monitor theemperature of the blood directly and once a blood temperature°Gf was
achievedthe temperature was maintained for 15 minutes before removing gendqf tube.
The sample was labeled and treated using the saoedure as all other samples byatting one
mL of blood into a smaller tube for centrifugation. The separated plasmanepared in the
microwell plate using the same dilution and spesttopy procedure as discussed previously in

Colorimetric Hemglobin Detection Assays

Disposal of Waste

Pure bovine blood wasteas collected in a waste beakedcould bedisposedf directly
downthe sinkdrainaccording the Environmental Health and Safety (EH&S) departrh@mnegon
State University[42]. This form of waste disposal was permitted because the blood used was
bovine. A hazardous waste container was stored under tleetfaod in the lab for disposing of
waste containing high concerticms of isopropanol mixed with wat and/or blood. After trials,
EH&S was notified that the container was ready for qipkso that theyxame tocollect and

dispose of the hazardous wafta].



24

Results& Discussion

Absorbancemeasurements of the fresh bloocklged reasonable initial plasAra@e
hemoglobin concentrations with an average throughout all trigdl&®Mmg/dL. Note that this is
significantly higherthan the plasm&ee hemoglobin concentration in human blood ofgdh,
but thefresh blood control results were very consistent with a standard deviatihnad/dL.
This enableda reliable baselinéo be established using the fresh bovine blood asmirol.
Additionally, the thermally induced hemolysientrol was sccessful at confirming the ability to
indicate variations in the concentrations of lgihobin in plasma samples by modifying the-pre
existing methodology outlined by Sigmaldrich for detemining the total hemoglobin
concentration in bloadlhe average ptanafree hemoglobin in the blood that was submerged in
a water bath at 4% for 15 mnutes was-2400mg/dL, more thai5times the concentration found
in fresh bovine blood. While the s&fivity for determining differences in hemoglobin
corcentration wasiot confirmed, this control verified the desired ability to at least be able to
compare relatively the degree of damage various flow conditions ca@see important
consideration when eltating the validity of the blood damage results s kilizationof plastic
syringes and a syringe pump for repeated transfers of Aaibitd controlwas developed for the
final batch of velocity trials that indicated the procedure of using theggypamp flowing through
tubing on its own caused a8%o increase iplasmafree hemoglobin. Asamples were treate¢he
same way such that a relative comgan could be performed whemterpreting results.
Recommended modifications and areas for futereebpment are discussedRecommendations
for Future Work

The first parameter evaluated was the effaddfivelocity had on the amount bfood
damage observed in the device. Based onstiear ate graphin Figure 8 generated viaa
COMSOL Multiphysics modefor a velocity of 4.8 cm/s (based on the velocity througtctirrent
geometry at a flow rate of 10 mL/mirthe primary areas for concern are concentrated at i inl
outlet, and on the edges of the poblste that there are sordéferences between ¢élmodel used
in COMSOL andheactual prototype used for ¢etting experimental data such as the boundary
conditions near the inlet and outlet; however, the arrgyosts mimics the pattern used in the
actual microchannel plate terms of geometric siz&nd spacing
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Surface: Shear rate (1/s)
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Figure 8 - COMSOL Multiphysics model displaying estimated shear ratefdarthrough a
microfluidic device using a thin channel approximationffow at a \elocity of 4.8 cm/s. This
velocity isthe highend estimate for the averafheid velocity of blood at a flow rate of 10
mL/min through the estimated cresactional areaf 4.47 mni. The inlet is the large circle ¢
the bottom left and theutlet is the &rge circle on the upper rigfithe poperties of water we
used as an apgximation for blood in this model.

Exact shear rates couhdt be controllecbr measureéxperimentallyalthoughif elevated
degrees of damage are observed for argset of flow parameters, thilow model could be
utilized for investigation of potential modifications to the devioe future improvementsThe
experimental results of the plasfir@ae hemoglobin carentration as a function of the flow rate
displayed m Figure 9, indicate thatdr a single pass, velocity does not significantly affect the

degree of dmage inficted on the red blood cells
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Figure 9 - Experimentéresults of he plasmé&ree hemoglobin content of bovine blood after passing through th
microchannel device at various flow rate settifigee fresh blood control is based on bloocedily taken from the
bovine blood received from Hemostkbr comparien, the thermidy induced hemolysis control is included. Error

bars are included for theelocity results while the average value alone is displayed for the two controls.

Despite significantly different flow rates, the amount of plasrea hemoglobin had an
indeterminate r el at owrats throygh theidevite. The gelodity toatsd 6 s
indicated that for a single pasbke difference between 1 mL/min and 3Q/min was essentially
non-existent. In fact, the low and mediunowl rates caused a greater increase of pldseea
hemoglobin from tb fresh blood on averagd7 mg/dL and32 mg/dL respectively)when
compared tahe high flow ratewhich caused no damage at all orermge The mat obvious
explanation for this trend isystematic errobecausehe effects of a single pasnay not yikl
consistent resultAnother potential explanatias inertial focusing, a phenomenon where denser
components in a mixture flow closer to the center of a channel. According to this theory, a
increased velocities the flow tiferelatively largered blood ckbs may be concentrated toward the

center of the channels resulting in asgagnvironmentith lower shear ratesnce steady state is
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achieved Convesely, smaller components, such agqlts may be exposed to excess damage
near the pemeter of the flov chamel. Regardless of the correct reasoning, the results were

consistently similaacross all velocities

The largest averagacreasean plasmafree hemoglobirwas approximately24% which
occurred athe intermediateelocity of 4.8 cm/s(high estinate for a flow rate of 10 mL/m)nA
third control was performed during the last batch of velocity trials terahkne that a single
transfer using the syringe pump procedure increasealdbmafree hemoglobin by-8%. When
including theeffects of the winge procedure, the results suggthat the device itself increases
the plasmafree hemoglobin only by6-20% for this maximum chang&lote that he average
change in concentratiofor this percent chang&as only a 32 mg/dL delta between the
experimeial sample and control group dueth® low concentrations of hemogia in plasma.
Upon further analysis, it was found that theerevtwo significantly higher concentration samples
in this dah set that, wherliminated as outliers, caused the percerange in plasméree

hemoglobin to fall to only 10%, with a much tighter standard deviation as sEejune 9.
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Figure 10- Experimental results for the change in plasime@ hemoglobiras a function o
the flow rate/velocity of operation ranging frorl® mL/min (0.514.5 cm/s). Error bars

for each velocity are included based on the standard devddtibe results.
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The wide error barsidicate a lack of confidence in the expected perdgartge in plasen
free hemoglobin; althougkhis may be improved in future expaents by performintgss intense
dilutionssuch that thebsorbance values are in the middlenefriequired rangd he tend suggests
that within the operating limits for the énapeutic mehansms, the velcity will not be a
determining faair, since no mechanisms are expected to operatdaaities higher thad4 cm/s
however, it is recommended to ez the expements with the theapeutic mechanisms

incorporated before confirming thisend.

Despite the inconclusive results of the velocity trials, the research team was optimistic that
multi-pass trials would yield the expected trend of iasesl plasméree hemogbbin with each
pass through the devicBuring this study, only the interediate flow rate of 10 mL/min was
evaluated for multpass trialsThe same microchannel platgth an array of posts used in the
velocity trials was utilized for the anais of multiple passesThe experimental results are
summarized irFigure 11 below. The maximum number of passes performed was limited to five

for this study.
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Figure 117 Experimental results of the plasarieee hemoglobin content of bovine blood as a function of the nui
of passes through the blood processing device at a standard flow atenb/min. The freshblood control is based
on blood taken directly from the bovine btbreceived from Hemostat. For comparison, the thermally induced

hemolysis control is includeérror bars are included for the myltass experimental groups whiletaverage value

alone s displayed for the two controls.
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The results indicata consistent inease in plasmféiee hemoglobin as a function of the
number of passes through thevite, showing a positive slope. Although themoglobin
concentration increases more sharply in the first and second [imsseases of 20 and45%
respectively) the find three passeshow a minimal increase relative to the last pass. This could
indicate that there is internal diversity amondst tred blood cells and that those with less
membrane stability are lysed early during operation while the RBCs with morerstbleranes
are resilient in successive passes. Another explanation may be thamaftgple passes, the
microchanneldor flow are fully developed within the device, allowing for less contact with the
posts resulting in lower overall shedhe primary tkeaway from tkse results is that starp
procedures must be refined to ensurat tthe operation itself is not the cause foe steep
hemoglobin increase in the first two pass&sinear regression was performed to develop a
patentially useful relationship for prajéng the plasméree hemoglobin concentration as a

function of thenumber of passes Figure 12.
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Figure 127 Statistical analysis of the experimental results for the rpalis trials using a linear
regression trendline to determine the magnitude of the positive slope. Experimenisabdstd on

one set of multpass trials with individual data pointsglayed.
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The slope describing the dependence the pldsmbaemoglobinantent has on the number
of passes through thevce was determined to be approximatelyl for the experimentaksults
obtained at a flow rate of 10 mL/min. Due to a dmample size and ¢h degrees of variance
throughout the experimental resuliisee is noconfidence in this trend for extrapdiag outward
to more passe As expected, the average plasiree henoglobinincreasd with the number of
passesDue to the observations discussed earlier about the first two passes inflicting more damage
relative to others, a linear relatgimp may nobe an apropriate representation. This argument is
strengthened blyigure 13, which displays the percent increase in plagneg hemoglobin relative

to the pevious pass
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Figure 131 Experimental results for the change in plasine® hemoglobin between the
number of passes. The concentration for each pass is comparepasshmmediately
preceding it with the first pass beingmpared tohe fresh blood control. Error bars are
included and based on the standard deviation for the percent change between a singl

point of that pass and the average of the previous pass.
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Overall, the biggdstakeaway from the mulpass trials was that the stag procedure
neeals to bemvestigated to ensure quick progression into steady state operation while minimizing
damage. Additional data is required firther analyze the effect multiple passes haghen
hemolysis rates observed such that a reasonable number of gassesietermined for a given
flow rate. Further investigation using human blgadhich has a much lower tral plasmafree
hemoglobin is expected to yidl similar resultsbased on literatte review indicating similar
resilienceto shearAs discussed in theesults of the velocity trials, the current syringe pump
methodology remains Emitation for obtaining genuine data representing the damage caused
solely by flow through the device. Durg themulti-pass investigation, another concestated to
this mehodology arose when excess coagulation was observed when cleaning thaftevale
passes had been completeafortunately, since the muipass trialsequired discontinuous flow
allowing blood tosit stagnant while reloadintpe syringe, the causé this coagulation seen in

Figure 14 could not be verified.

Figure 147 Image taken intte lab during disassembly of the device following mp#ss trials.

The inlet and outlet are labeled.
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If the syringe procedure was the root cause for the coagulation, likelgsdue b the
stagnation of blood sitting between passes; heweif this were the sole contribution to
coagulation, an equal distribution of clotted blood across the engitewbuld be expected. As
seen inFigure 14, the coagulation is concentrated near the outlet of #wce. A potential
explanation for this observatios that the stagnation caused even coagulation initially, and then
the flow conditions exacerbated the problem toward the owmtietre ncreased sheaates are
experienced as seenfigure 8. A suitable explanation for the coagulation not being concentrated
at the inlet ighe hgher pressure near the inlet caagsmore clots to be knocked freedarejoin
flow. Additionally, the coagulation causes increased presswp across the plate such that the

decrease in pressure is enhanced.

If the coagulation occurred due to the rafeel flow of bloodhrough the deviceheplaces
with excess shearoald initialize coagulation and result in clots formibgtween theflow
microchannels behind the postsThe velocity profile inFigure 15 displays his phenomenon
wherev el oci ty A deanalkse aasof signgicardlyklowervelocity than observeth
the microchannels vere bloodflow is streamlinedThe shear around the posts may cause local
hemolysis which triggers the coagulation cascade that more readily sdsadte acas with

decreased flowReplaing the disontinuous procedure using the syringe pump with a coatis

alternative could help futur enes.esearch into

t
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Conclusion

Ultimately, this research project was succesafudonfirming the effecteness of using a
hemoglobin detection assay for determining tlesiplafree hemoglobin concentration of various
bovine plasma samples. The thernyalinduced hemolysis control veefil the retention of
hemoglobin in plasma followg centrifugation and thebility to quantify differences in
hemoglobin concentrations usiagsorbance spectroscopy. The refined procedure for comparing
various plasma sanmgs relative to one another is diable platform for future work investigating
the hemolytic effects of vaous flow conditions within the blood processing device. One major
flaw of the current procedure is the use of a syringe pump for flow, which wad fo cause a-4
8% increase in psmafree hemoglobin. Future studies should inigege potential altertiaves
where the source of blood damage can be isolated with massipreto the flow of the blood

through the device itself.

Hemolysis rates wemrelatively constant as a functiofvelocity such that the relationship
betweenhe average fluid velogitof flow and subsequent hemolysis is inconclusive with current
resuts. Due to the decreased sensitivity atthe-bewva d o f t he assaydsser ange
results remain minimal untilrther control groups are developed for evah@mthe effectieness
of the assay at low concentratiobgeterminng whether inerél focusing plays a role in the shear
experienced by the red bloodlsghnd therefore the blood damageuld support the current data

and explain the trend of decreased damage at Hilgherates.

The multipass trials revealeskveralpotential concens for further investigationwith the
first related to the statip procedure darger degrees of blood damageravebserved in the first
two passes through thewce. Implementing a cdinuous process could eliminate this concern
and speed up the timetakes to reach steady state within the device. With few exceptions, the
generatrend of the multipass trials sggested that with increasing number of pasbespasma
free hemogloln concentration increases as well; however, the inconsistent raterefse is
reason for further investigation. The mygass trials further exjsed the limitations of the syriag
pump procedure as excess coagulation was abdehuring testingthoudh the source could not

be pinpointed
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The project was successfuldeveloping a proven optionrfguantifying various degrees
of hemolysis viaquantification of theplasmafree henoglobin concentration using a Sigma
Aldrich assay and absorbance speciopy. Specific conclusions related tacemmendations for
specific fow conditions are thus far inaclusive, though observations during this study can
effectively inform future effds for more controlled, reliable results. Preliminary findings suggest
that the current microchannbhsed bloodorocessing device is capaldé accomplishing the
desired low pattern without causing significant damage, though the bounds of operatioe requ

further investigation.
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Recommendationdor Future Work

Integration of a Continuous Flow Loop

A primary caus for many of the inconclug results of this project wedele to the use of
a syringe pump for discontinuous flow through the device dut@sging. While useful for
controlling the flow rate though the device, thginge pump itself caused significastdmage
resulting in elevateglasmafree hemoglobin concerattions. Ideally, the apparatus used for flow
would minimize damage such that ineses in plasm&ee hemoglobin could be isolated to the
mechanical damageaused by flow through the microchanmigvice. Current extracorpaie
blood processing applicatig such as dialysjsuse peristaltic pumps which feature low shear
operation while raintaining the sterility of the blodd3]. Incorporating a peristaltic pump into a
loop that integrates the bldgrocessing device would notlg eliminate some of the concerns
related to research purposes but would also rloszly imitate the actual therapeutic procedure.

Recently, another wlergraduate chemical engineering studemtttte iBlood research
team has developed an integrated duaboard system thatue be used in future experiments
evaluating blood damage. Thsystem utilizes a peristaltic pump and has the capability of
monitoringtemperature and pressure with the potiidir integrating other msarement features.
The vision or this breadboard device is the ability to monitor and record various conditicins s
that the safety and effectiveness tbé eventual applicatiocan bemaximized. A primary
advantage othis system would be the ability ®valuate the effect time of emtion has on
hemolysis rates. Although the number of passes through the devitd mot directly be
determined, the difference in plasiinee hemoglobirat different time points during epation
could be evaluated. Additally, with integrated measuremt systems, other parameters could
be evaluated such as pressure drop and teroperépendence. The original goal of this project
was to repeat the expeents conducted using the syringemp with this updated system, but
lack of access to the lab dogithe COVID19 pandemic inhibited such testing. It is recommended
that all futurein vitro blood damage studies incorporate this device for enhancedlgcontr

continuous operation, and mardiable results.
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Quantifying Degrees of Coagulation

Although Hood damage resultsndicate more testingwould benefit the device
development another primary takeawayfrom experimerdl testing was the potential for
coagulation buildup as seen iRigure 14. The source of the coagtitan could not be isolatedue
to the limitations of the current instrumentatlout regardless of the sourcesifinificant degrees
of coagulatiorpersistin future trials the iBlood research team must address this isSBus.issue
could be resolvedybincorporating the integrateldreadboard loogsystemif the bulk of the
observedcoagulation occurred due to tliéscontinuous nature of the syringemp metod
Regardless e device development could benefit fromtady confirming that coagulationiv
not be a limiting factor mowmg forward in the design proces3ne potential option would be to
develop a similar methodology as described in thstudy exept focusig on quantifying
coagulation rates rather than hemolysis ratedifferent flow condions This proposedstudy
could reveal that while the resilient nature of red blood cells allowsperation atlevated
velocities without signi€ant danage, the increased shear rates could result in increased rates of

coagulation cascade activation.

Blood coagulation testing fatiagnostic purposes is commonly conducted in a clinical
setting for identifying sks of hemorrhagand monitoring th effects of anticoagulant therapy
[44]. The motivation for such tests is detening the health of coagulag functions in patients
rather than quantifying the amount of coagulatioectly. Conceiably, these tests, suchaslot
baed assay, could be used to determine the chartghie bl oodds abil ity to
throudh the blood processing devidajt such a test would not aide in determining how much
coagulation the device dirg causes[44]. There are several assays that can determine the
concentration of various clotting factors andumal anticoagulants that coube& used to indicate
the effects flow through the blood processing device hasagulativemechanismd-orexample,
evaluating the prothrombin time could indicate whether there has been an upregulation in clotting
factors sich that clas form at quicker ratesthan usualRegardless of the methods used, the
development of the device widubenefit from a formalnvestigation of the coagulative effects of

the microchannebased blood processing device.
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Integrating Therapeutic Features

Once the previous cemmendations of adjusting the blood damage analysis methodology
and developing acagulation quantificatioprocedureare addressethese tests can be performed
with the therapeutic components integrated into the device. Immobilizimgrapeutic molecule
or enzymen a hydrogel or other bioconjugation mechanism will decrease thesgossnal aga
for flow. This will benefit the diciency of the treatment, but potentially result in flow
complications since the decreased ciamdioral area will result in largendid velocities for a
given flow rate.The flow rate will need to be reduced to ntain reasoable shear rates, though
this may increase the concern for coagulation. Luckily, the raicamnel device is designed such
that the flow channels are maintaineden under low flow condition$hese issuewill inevitably
be considered and addised in futre versions of the platiesign since thisould extend procedure
times for a therapy and inform therapeutic mechanism develdpriNete that some other
thempeutic options in development area microscal@tilizing a thincoating only microns thick
onto the fundbnal plate.This project has successfulieveloped a procedure for evaluating the
hemolytic effects of the blood processgidevice, which will be useful as tta@eutic applications

are more refined.
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Appendices

Appendix I: Lab Photos
1. Equipment SetUp

Figure 161 Syringe pump setip during a cleaning predure before actual

flow of blood using isopropanol andater.

during the preliminary trial run with the assay and absorbance spectrostepyelow wells
(first five rows) have already been tredtwith the Triton/NaOH reagent and thaaton has
gone to completion, the lightnk row (sixth row) is undergoing the reaction after the addit
of the reagent, and the far right row (seventl)rbas been diluted but not yet treated with t
reagentNote that plasma sampled had much lebsavit colors due to the decreased

hemoglolin concentration
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3. Air Bubbles During Operation

Figure 181 Image exemplifying the air bubbles that develop due tdattieof control of the syringe pump s
up prior to the stablishment of steady state openati@/hen switching from cleaning fluids to blqaar
inadvertently enters the system.
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Appendix Il: Sample Calculations
1. Average Fluid Velocity

The known flow rate set by the syringe pump was used to detethenaverage fluid
velocity through the device based on the estimated -sexdfonal area. The high
estimate for therosssectional area as used for the following callztion.
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2. PlasmaFree Hemoglobin Concentration

Option 1: Sigma&Aldrich Equation
The following equation from Sigmaldrich uses oneata point from the calibration

ladder to determine the plasffrae hemoglobinconcentration fronan absorbare

measurement.
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Option 2: Calibration Ladder
To determine the plasirfeee hemglobin concentration for a given sample, its

absorbance value was used in comparison with the calibration ladder.

a Q - - -
6wy P oDl GO GRX 0TQQ Ean. 6
0 a2 &0 XT3t & at
6 §F P OBMXBIUT X& X 0L TP W

46



