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ABSTRACT

Heparin administration during extracorporeal procedures ssi¢idaey dialysis and
heart surgeries is a challenging problem, as under hep#ionissads to clotting and
over heparinisation may cause excessive bleeding catiphs. Various reactor
designs including the use of heparinase and poly-L-lysinetidBow fiber have been

proposed, however none of them have been clinicallyoappryet.

This work presents the possibility of designing a packed bactaewith poly-L-
lysine/alginate beads. The poly-L-lysine/alginate beaalge hbeen used widely in
fields of microencapsulation of cells and can be madegugchniques such as the
Initech encapsulation and layer by layer approach. In stases ginipin has been
used for microcapsule preparations to provide stronger endasg. In this study, the
poly-L-lysine beads are made using the encapsulation pracedtented by Chatiy
(1992). Batch experiments, using saline, fetal calf seanchblood were performed
to investigate the efficiency of the beads. The abswrmif heparin was determined to
be a first order absorption process and fits the Freamtdotherm. The beads were
determined to be relatively safe in blood. The absamptioheparin was linked to the
poly-L-lysine content in the membrane. Thus the ratehef amount of heparin
absorbed could be increased by increasing the membrane Hsaknéy increasing
the number of poly-L-lysine/alginate beads. The resuee used to investigate the
feasibility of using a packed bed reactor for the absmmgbrocess by adjusting the

specifications of the reactor and analysing simple fioodels.
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CHAPTER 1: INTRODUCTION

1.1. INTRODUCTION

Exposure of blood to foreign objects in extracorporeal dewtes as the kidney
dialyser usually leads to the formation of clots. Aoéigulants such as heparin are
injected into the patients’ blood during such procedures toepteelotting.
Heparinisation is a major problem as under-coagulation neswit in clotting while
over-heparinisation increases the risk of haemorrhalgs. groblem arises from the
difficulty of monitoring the adequacy of anticoagulatidaring the short period of
hemodialysis. Approximately 20 million extracorporeal muares are performed
each year, of which between 8 to 30% of bleeding comjuita arises due to

systematic heparinisation.

Heparin is not prescribed to patients with low platelembers or with bleeding
disorders. Patients with some source of bleeding suatecent surgery, injury or
ulcer are also in danger of excess bleeding when adsrieds with heparin. Side
effects of heparin include unusual bleeding or bruising, bloodrine or stools,

abdominal or back pain, heavy menses and skin irritatidterrate modaliies,
instead of the standard heparin anticoagulation, are usedver all of them have
disadvantages and complications. It would be usefulawe la system that would
eliminate heparin after the standard anticoagulation proeeis administered.
Various reactor designs including the use of heparinas@aig-L-lysine.HBr hollow

fiber have been proposed, however none of them havedieeally approved yet.
1.2. AIM OF PROJECT

The aim of this project is to perform experiments f& dlevelopment of a reactor that
would permit full heparinisation of blood entering any agtrporeal device, but

enable the elimination of the heparin before the blotdmed to the patient
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This work presents the possibility of designing a packed bactaewith poly-L-
lysine/alginate beads. Batch experiments, using salinal dalf serum and blood
were performed to investigate the efficiency of thedsea

1.3. THESIS CONTENTS

The thesis comprises of three articles. Each ch&atecle) comprises of a literature

review, an introduction, apparatus and methods, resudtgjstiion and a conclusion.

Chapter 3 (Article 1) investigates the possibility of using/fielysine/alginate beads
to extract heparin from saline solution. Chapter 3 ptediwe results and discussions
of mass transfer experiments that were performed tahtedeasibility of using poly-
L-lysine/alginate beads to remove heparin. The expetmhelata was fit to a first
order absorption model. The experiments were repeatedaséimes and the average
standard deviation of the results were less than 2%.

Chapter 4 (Article 2) investigates ways of optimizing thesasption procedure.
Chapter 4 presents the results and discussion of expgsiméere the physical
parameters, like the number of the beads, volume,ceudeea and the size of the
beads were varied. The findings were related to the namalihickness of the beads.
Methods of increasing the membrane thickness and theptayizing the process

were investigated.

Chapter 5 (Article 3) explores the feasibility of theopwsed reactor by utilizing
theoretical models for the flow process and the resuffttained from the previous
chapters. Various feasible reactor options are investigdor optimum heparin

removal.
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CHAPTER 2: APPARATUS AND METHODS

2.1. INTRODUCTION

The apparatus used for the project can be divided into tim@e categories:
calibration, formation of poly-L-lysine/alginate beadsidathe mass transfer
experiments. All the experiments were performed inctiemical pathology lab at the
University of Witwatersrand Medical School. The requiok@micals were supplied
by Sigma. The concentration range of heparin usederefperiments varied from
OU/mL to 3U/mL, which is higher than the expected clihicalues. Heparin was

supplied by the renal unit of Johannesburg General Hospital.
2.2. CALIBRATION

The concentration of unfractionated heparin in saline ftdl calf serum was
determined by using the calibration method of Ameer & # spectrometer
(Figure 2.1) was used to obtain the absorbency of a eshsample of heparin at a
particular wavelength. The absorbance of unfractionagedrim corresponding to the
concentration ranges of 0U/mL to 3U/mL is linear (Ameeaf®., 1999).

Computer

Spectrometer

Figure 2.1 Cintra 5 UV-VIS Double Beam Spectrometer
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1 mL quartz cuvettes were used to obtain a 1cm path lehgih.of these cuvettes
were used for the duration of all the experiment to mire the variables. One of the
cuvette was used as a blank, while the other was usedttin ahe required

absorbance.
2.2.1 Method for calibration

Standard solutions of 3U/mL, 1.5U/mL and 0.75 U/mL of unfoagtied heparin
were prepared in 100mM MOPS and 5mM-calcium acetate (pH.4f saline
solution. A solution of 0.01mg/mL of Azure Il dye wascafgepared using distilled
water (Figure 2.2). 90QL of Azure Il dye was mixed with 100L of the heparin
sample solution in a 1 mL quartz cuvette (path length of)1dhe mixture was
incubated at room temperature for 1 minute. The absorbartbe ofixture was then
measured using the spectrometer at the selected wavelembt. known
concentrations of heparin were plotted against the datamlues of the absorbance

(Figure 2.3) to obtain the expected linear plot.

Figure 2.2 A beaker containing 0.01 mg/mL of Azure Il dye salutio
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W Standard 2
== Linear (Standard 2)

05

0

0 0.01 0.02 003 0.04 0.05 0.06 0.07 0.08 0.09 0.1

Absorbance

Figure 2.3 Calibration Curve of unfractionated heparin imsal

Refer to Appendix Al for the tabulated values of the almalibration curve.
2.2.2. Determination of the required wavelength

A sample of known concentration of heparin was mixethvazure Il dye as
described previously in section 2.2.1. The wavescan of thelssamap obtained using
the spectrometer. The wavescans obtained for OU/mL, 1Inf lnd 3U/mL are
illustrated in Figure 2.4.
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Figure 2.4 Wavescans of OU/mL, 1.5 U/mL and 3 U/mL of unfraetied heparin

in Saline

From Figure 2.4, a wavelength of 520 nm was selected to reetiminbsorbance of

the heparin samples.

Plastic cuvettes could be used for analysis, becaussetbeted wavelength is in the
visible range; however these cuvettes were easigtdwd and damaged causing
drastic changes to the absorbance values. Quartz cuwettesused to avoid these

problems and for consistency.
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2.2.3. Timescan of unfractionated heparin in saline

A timescan for a known concentration of heparin wasoperéd to observe whether
the absorbance was time dependent. The timescan wasadan@eriod of 0 to 300

seconds

Absorbance
o
i
o

0 50 100 150 200 250 300 350 400
Time in seconds

Figure 2.5 Timescan of a sample of unfractionated hepasaline

The absorbance of the mixture of heparin and Azure & \wgs determined to be

independent of time from the above time scan.
2.3 FORMATION OF POLY-L-LYSINE/ ALGINATE BEADS

The standard encapsulation procedure patented by €hand992 was used to
produce poly-L-lysine/alginate beads. The apparatus usdasisated in Figure 2.6.
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Pressure gauge

Air cylinder

Knok

Droplet Generator

Rotamete
: Tube A
?&Ir Tube E
Beaker

Syringe Infusiol
Pump

Stirrer

Figure 2.6 The apparatus used to produce the poly-I-lysinedédgbeads

Flow of air from the air cylinder was controlled by a nfialdi dial, and was measured
in L/min using a rotameter. Air flowed into the droplet gater through tube A.
Sodium alginate was pumped by the syringe infusion pump throughB to the
droplet generator. The droplet generator allowed confaair avith sodium alginate

solution and produced beads in spherical form.
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Solution inle
(connects to Tube B)

R <

Air inlet
— (connects to Tube A)

Figure 2.7 Droplet generator

i

/ Tube B
\ / Syringe
<_~ Flowrate

Figure 2.8 Front view of the syringe infusion pump

2.3.1 Method to form poly-L-lysine/alginate beads (Chang®., 1992)

Equal amounts of saline and 4% sodium alginate (Appendis@®jion were mixed
in a 10mL syringe. The solution was extruded with the synnfysion pump through
the droplet generator. The flowrate of the alginate moylutvas in a range of
0.1mL/min to 0.4mL/min, while the air from the cylinder wastween 0.5L/min and

4L/min, depending on the bead size that was required. Th@etsof beads were
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allowed to fall into 300 mL of 100mM calcium chloride solutiQAppendix A2),
where calcium alginate, a spherical gel-like substawes, formed. The beads were
then left in the calcium chloride solution for 15 mintlwicontinuous stirring. The
beads were strained and washed with saline, and plac&® imL poly-L-lysine
solution (Appendix A2) for 20 min. This was the stage wheeentiembrane of the
beads was formed. The beads were then strained anddrasth@laced in 200 mL of
0.2% sodium alginate solution (Appendix A2) for 5 min toxfaross-links with the
poly-L-lysine membrane. The beads were strained andealashd placed in 200mL
of 50mM sodium citrate solution (Appendix A2) for 6 minremove the gel like
substance (Calcium alginate) from the beads, thereby pgropddempty” poly-L-
lysine/alginate beads.

The beads were then stored in saline solution until thene used in experiments. If
the beads were required to encapsulate an enzyme, tia¢ staige of mixing was
altered by the addition of 4% sodium alginate solutioranoequal amount of the
enzyme solution (instead of the saline solution). The ad number of beads can be
altered by changing the air and solution flow rates. Tahmber of beads was
estimated by counting the droplets that fell out of thelétagenerator, while the size
of the bead was measured using a light microscope, Witacd ruler.

Figure 2.9 Poly-L-lysine/alginate beads in a drop of salihgisa.

The beads formed were spherical with a uniform sizeiloligton.
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2.4. BATCH MASS TRANSFER EXPERIMENTS

Mass transfer experiments were performed on a batdeads using the following

apparatus.

Solution with heparin

Beaker

Beads in suspension

Stirrer

Figure 2.10 Schematic Diagram of the apparatus used for nrassfer

experiments

Receiving tube

0.45um

microspin filter
Supernatant solution

with no bead fragments

Figure 2.11 Schematic diagram of the microspin filter ai@ receiving

(centrifuge) tube
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2.4.1. Method for the mass transfer experiments

A known volume of saline or blood solution containing hepasas added to a known
volume of uniformly sized beads. The contents in thekée were then stirred to
ensure that the beads were in suspension and to mainieanm exposure of heparin
to the beads. Samples of 300 of the supernatant solution were taken out at time
intervals from 0 seconds to 1.5 hours, using a pipette.sBEmples were placed in
centrifuge tubes containing O ®m microspin filters. These samples were centrifuged
at 4000 rpm at Z& for 5 min to filter out the fragments of beads frohe t
supernatant solution. The samples were then analyzed ube spectrometer.
Absorbencies obtained from the spectrometer were usaatao the concentration of

heparin in the samples from the calibration curve (FiguBg

The calibration curve was analyzed and plotted priodlttha experiments to check

for variances.
2.4.2. Efficiency of pipettes

An experiment to check the accuracy of the pipettespga®rmed. Ten samples of
900 pL of water were taken out using the 90D pipette. These samples were then
weighed. The expected mass was 900g since the density @f iwat000kg/m A
curve of the expected mass versus the mass obtainedplatsd as shown in
Figure 2.12.
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Figure 2.12 A curve of the expected mass of water versusveighed mass of

water for a 90QL pipette
Refer to Appendix A3 for the tabulated values of the abmrve.

From the above curve, it is evident that the fQ0pipette is accurate. The standard

deviation for the above values is approximately 0.13%.
Similarly a curve for the 10QL pipette was obtained using the same procedure
described above. (Appendix A4). The standard deviations éot@B mL pipette were

0.025%.

The pipettes were therefore reliable and accurate.
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2.5. CONCLUSION

The above analytical technigues and the technique used mo tloe poly-L-
lysine/alginate beads were followed throughout the duratibnthes project.
Repeatability and reliability of the techniques was good.

It is recommended that the apparatus used to form thes east be improved as a
slight change in the position of the droplet generaiothe flowrates of the solution
and air changed the shape and size of the beads. T#h& bz& was obtained using a
microscope after the beads were formed. If the beads et of the required size, the
entire procedure had to be repeated. It would be bendfic@esign an apparatus to

produce a constant amount of beads with the requiredsinenatically.
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CHAPTER 3: EFFICIENCY OF POLYMER BEADS IN THE
REMOVAL OF HEPARIN

The following article has been submitted to the Journaitificial Cells, Blood

Substitutes and Biotechnology” and is currently being resiewvrhis paper focuses
on the possibility of using poly-L-lysine/alginate beadsrémove heparin. The
experiments were performed to measure the remova$ rateheparin, test the
efficiency of the beads, determine the repeatability #nidentify the factors that

could influence the removal rate of heparin.
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3.1. ABSTRACT

Administration of heparin during extracorporeal procedureseases the risk of

haemorrhage. Various reactor designs, including the usepdrinase and poly-L-

lysine.HBr hollow fiber have been investigated for the neahof heparin prior to the

blood being returned to the patient; however none of thera bhaen implemented

clinically. In this paper it is proposed that beads nfeal® poly-L-lysine/alginate can

be used to remove the heparin. The aim of this work ipetdorm the necessary
experiments in order to get the information required tsigtlea heparin removal

reactor which uses these beads. The experimentsnaed at measuring the removal
rates of heparin by the beads, testing the efficieriaye beads to remove heparin,
determining repeatability and identifying factors that conftlence the removal rate.
Batch rate experiments using poly-L-lysine/alginate beadsaline solutions were

performed to investigate the removal rate of heparin.ré&helts, which indicate that
heparin is efficiently removed, may lead to improveddaator designs.

3.2.  INTRODUCTION

Heparin is introduced into the blood during the use of eatporeal devices such as
renal dialysis, to prevent clotting resulting from tleod contacting foreign surfaces
such as the dialyser membrane. However, hheparinisalising extracorporeal
procedures is a challenging problem since under-coagulatynresult in clotting
within the extracorporeal circuit, while over-heparitisa exposes the patient to risks
of prolonged bleeding (Swartz 1990).

Heparin is a heterogeneous group of straight-chain anioniopolysaccharides

called glycosaminoglycans having anticoagulant properties.
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The main sugars occurring in heparin are (Elkins $j2004):
* Q-L-iduronic acid 2-sulphate,

* 2-deoxy-2-sulphamino-D-glucose 6-sulphate,

* [-D-glucuronic acid,

e 2-acetamido-2-deoxg-D-glucose, and

e 0O-L-iduronic acid.

Heparin is strongly acidic because of its content@falently linked sulphate and
carboxylic acid groups.

coo _
H H H ©SOCH H
_|
OH OH H _
©) @)
H 0S% H HNSD

Figure 3.1:  Chemical structure of a single unit of unfractesh&eparin
(adapted from Quader ef.a2002)

Heparin is heterogeneous with respect to molecula; siamticoagulant activity and
pharmacokinetic properties. The molecular weight of hepanges from 3000 to
30000. The anticoagulant activity of heparin is heterogeneecsuse only one third
of the heparin molecules administered to the patieat® lan anticoagulant profile
(Hirsh et af., 2001).

Heparin administration is the standard therapy forttéatment of deep vein thrombi
(Hemostasis & Thrombosis Certer2002).
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The main clinical uses of heparin (Rxnfed2004) are:

Acute phase myocardial infarction;

Prevention and treatment of venous and arterial thosmp

Treatment of pulmonary embolism;

Prevention of pulmonary embolism and deep vein thrombogregnancy;
Management of complications of arterial diseases agdtherosclerosis;
Extra-corporeal therapies, such as heart-lung oxygematid renal dialysis;
Open heart surgery;

Deep phlebitis (inflammation of the walls of the vein);

Vitreoretinal surgery;

Topical application in pruritus (itching); and

Topical application for leg ulcers.

The basic analytical method to measure heparin in saisedemonstrated by Jaques

et al. A 2mL aliquot of saline, 2mL of phosphate buffer (pH)7and 1 mL of Azure

A solution (100mg% Azure A diluted to 1:8.5) was added to angiw@ume of

heparin solution. The solution was mixed and transferredgiass cell. The colour of

the cell solution was matched immediately in a lovibtntbmeter using the red and

blue glassesA lovibond tintometer is a colorimeter, which uses colour measmnem

for analysis of substance$he heparin content of the sample was determined from

the red reading to provide a standard curve of the follosiage.
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Lovibond red

v

Heparin (mg of free acid)
Figure 3.2:  Schematic diagram of the standard curve obt&iom Jaqués

A modification of the above method was developed by Aneteaf in 1999 to
measure the concentrations of unfractionated hepasaline. A 4.5 mL volume of
Azure 1l dye solution (0.01mg/mL) was added to 0.5 mL ofttéyearin solution to be
tested. The azure Il dye measures the negative sitepafin. The sample was mixed
and incubated at room temperature for 1 min before measumnglt$orbance at
500nm. A standard curve for this assay was prepared by usimgpsslof known
heparin concentrations ranging from 0 to 3 U/mL. Thedsteth curve was linear in
the above range.

Attempted solutions to anticoagulation during hemodialysislude systemic
heparinisation, regional heparinisation, low-dose hejsation, heparin-free
hemodialysis in patients with high risks of bleeding, (82a 1990), administering
protamine to neutralize heparin and administering antitbio drugs other than

heparin (Langer et &) 1982). However the safety and efficiency of thes¢hous
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remain debatable. One of the major barriers to fhtenal dosing of heparin arises
from the difficulty of monitoring the adequacy of anaagulation during the short
(usually three-to-four hour session) period of hemodialy(Low et dF., 1996) The
use of heparin and its antagonist protamine has been asdoeisth potentially fatal
complications in high-risk patients such as those safifrom acute renal failure or
those who have undergone recent surgery. (Broyet'et986)

The development of a safe and efficient bioreactorgdefr heparin removal has
remained a challenge. Such a reactor would permit fytafisation of blood
entering any extracorporeal device but would enable thanalion of the heparin
before the blood returned to the patient (Langer’et#982). Immobilized heparinase
| specifically degrades heparin resulting in non-toxicdpiais (Larsen et &I, 1986).
Another alternative is to bound protein to the wallsaohollow fiber dialyser to
enhance the whole blood compatibilty of the system, thé surface area
requirements remain impractical (Vallar et®al 1996). Porous particles such as
agarose or cellulose beads have been proposed as a watinwze the protein or
absorbent loading per volume of device (Gejyo &t,a1993; Langer et &] 1982).
Heparin can also be neutralised by addition of polyaniengymes or resins to
clinical samples (Wenz et'al, 1991). Immobilised protamine (Yang et’and poly-
L-lysine ligand coupled to agarose substrate (Rodget ‘et 994) are other methods
employed to remove heparin from blood. However accordmgthe authors,
additional research is required to use these methoddirfaral purposes.

In order to expand on the above possibilities, it is psed to use poly-L-lysine beads
to remove heparin from saline solutions. The poly-L-lysieaads are made using the
encapsulation procedure patented by CHa092), and utilized by Vally et ‘3l
(2005) in South Africa to encapsulate liver cells. Batate rexperiments using the
poly-L-lysine/alginate beads will be performed to obtdie hecessary parameters
required for the design of the reactor. The experimiantkis article are designed to
test issues like the efficiency of the beads to rent@garin, repeatability and some
of the factors that could influence the rate.

Chapter 3 Article 1 20



3.3. APPARATUS AND METHODS

3.3.1 Calibration

Concentration of unfractionated heparin was determined asinzure Il dye assay
as described by Ameer ef.all999a. A cintra 5 UV-VIS double beam spectrometer
was used to measure the absorbency of heparin. A migf®OQL of Azure Il dye
(0.01lmg/mL) and 1Q6L of the heparin solution under test was placed in a 1mL-
qguartz cuvette. The absorbency was then measured atedength of 520 nm. A
standard curve for this assay was prepared by using solutfokeown heparin
concentrations ranging from 0 to 3U/mL. The standard curae kmear for this

concentration range.
3.3.2 Formation of poly-L-lysine/alginate beads

The standard encapsulation procedure patented by &hang992 was used to

produce poly-L-lysine/alginate beads.

Sodium alginate solution (26-gauge

!

[
-
l

Figure 3.3:  Droplet Generator

Air (16 gauge

The droplet generator (Figure 3.3) allowed contact of aih wodium alginate
solution and produced beads in spherical form.
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Equal amounts of saline and 4% sodium alginate solutiere wnixed in a 10mL
syringe. The solution was extruded from the syringe by aaggrinfusion pump
(Harvard apparatus; Millis, Mass) and pumped through the 26-gaegde of the
droplet generator. Air was allowed to flow through liteguage needle of the droplet
generator. The flowrate of the alginate solution was inange of 0.1mL/min to
0.4mL/min, while the air from the cylinder was between 0.5h/mnd 4L/min,
depending on the required bead size. The droplets weveedllto fall into 300 mL of
100mM calcium chloride solution and cured in the calciunorahé solution for 15
min. The beads were strained using a uabmesh filter, washed and placed in 80-
mL poly-L-lysine solution for 20 min. The beads were tegained and washed and
placed in 200 mL of 0.2% sodium alginate solution for 5 niihe beads were
strained and washed for a final time and placed in 200MEOMM sodium citrate
solution for 6 min. The beads were then stored in salgtion until they were used

in experiments.
3.3.3 Batch rate experiments

The aim of the rate experiments is to illustrate ¢fffeciency of the poly-L-lysine
beads and to fit a model to obtain the intrinsi@ralthough the rate limiting step
cannot be identified, it could be expected that the madedt of rates measured in the
batch experiments would be achieved in a well designedoredtte rate will depend
on parameters such as concentration of heparin irotbgos, time and the number of
beads or the ratio of the volume of beads to themelof solution. The experimental
apparatus will be designed to reduce, and if possible eliejinhe mass transfer
limitations between the beads and the solution byrggithe solutions. In this way the

intrinsic removal rate that will be achieved in a teacan be measured.

Saline solution containing a known concentration gfanm was added to a known
volume of uniformly sized beads. The contents in thekée were then stirred to
ensure that the beads were in suspension and to mainieanm exposure of heparin
to the beads. Samples of 3Q0of the supernatant solution were taken out at time

intervals from 0 seconds to 1.5 hours. The samples wentrifuged to separate the
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fragments of beads from the supernatant solution. ipereatant samples were then
analyzed using the spectrometer.

As the experiments are aimed at measuring data that woulddoled for the reactor
design, the experimental programme is set up so thah¢lasurements, analysis and
interpretation are iterative. This approach is called gsscsynthesis and the
advantage of it is that one can gain relevant data fd#dsign more quickly and

efficiently.

3.4. RESULTS

3.4.1 Initial Measurement of Rate of Removal of Heparin

A fixed number of beads were used in a fixed volume of salim¢aining heparin.
The aim of this experiment was to get an estimath®fmagnitude of the removal
rate of heparin by the beads and thereby establish whathdeads can be used for
the purpose of removing heparin from a reactor. Approxim&@0d0_+1000 poly-L-
lysine/alginate beads of size 908 + 10Qum were placed in 40-mL saline solution
with a heparin concentration of 3 U/mL, which was stireontinuously at room
temperature. Aliquots of 300L of the heparin solution were pipetted out at intervals
from zero seconds to one and half hours. The absorlodnbg samples was analyzed
at a wavelength of 520 nm using the spectrometer. The gasbtiiined from this

experiment are shown in Figure 3.4 and tabulated in Appé&idix
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Figure 3.4:  Graph of heparin concentrations during theengteriment using 8000

beads and 40 ml of 3U/mL heparin solution.

The results indicate that the beads can efficiemtigave the heparin from the saline
solution. The concentration of heparin in solution weguced by half in about 100
seconds which implies that the removal rate is fastugh for a practical design.
Equilibrium was attained after approximately 1000 seconds. dierage standard
deviation for the results obtained was less than 2%.

The next set of experiments were performed to testomsistency of the results The
rate experiments were repeated using constant varigblgs,as the number of beads
(850 +100 beads), volume of the heparin solution (23-mL), eotnation of the
heparin in the solution (3U/mL) and the size of the bg&@§um + 10Qum). The
number of beads used in this set of experiments wasadectérom 8000 (used in the
previous experiment) to 850 in order to try and saturate éadsh The experiments
were repeated at room temperature. The results (Appeng)x aBe shown in
Figure 3.5.
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Figure 3.5: Repeat experiments for 850 beads ofwfGliameter and 23 mL of
3U/mL of heparin solution.

Figure 3.5 indicated that the results were consistentrepeatable. The standard
deviation for the results was less than 2%, which waslas to the previous
experiment.

A control experiment to prove that heparin was nebated onto the glass surface of
the cuvettes and the beakers was performed. A salinBosobf 40 mL with 3U/mL
of heparin, containing no beads, was stirred for 30 minuteapl®s of 30QL of the
solution were pipetted out from the stirring solutionddferent time intervals. The
samples were then centrifuged as before and analyze82@tnm using the
spectrometer (Figure 3.6 and Appendix B3).
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Figure 3.6 Concentration of heparin in saline solutionainimtg no beads

The results obtained from this experiment indicated thanegligible amount of
heparin was absorbed onto the glass surface. Thesrébatiefore indicate that the
heparin is removed by the beads only and the rates measerd¢ldearates of the
absorption rate of heparin on the beads.

The next experiment was performed to check if any ohtparin was released back
into the solution after some time. Poly-L-lysine/algfie beads that had been loaded
with heparin were incubated in saline for one week amnrtemperature to determine
if the absorbed heparin was released back into the @oluBamples of the saline
solution were taken out every day and analyzed to medbkareoncentration of

heparin.

After analysis, no heparin was found in any of the sasnpldnich implies that the
absorbance of heparin on to the beads is an irrevepsidess.
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3.4.2 Estimation of the order of the absorption process

In order to fit a model to the rate process, as & dipproximation, assume that the

rate can be described by a simple first order absorptmatel.

For a first order absorption process:

% S KX X,) Equation 3.1

where:
X is the concentration of heparin in solution (ligpithse) in U/mL;
t is the time in seconds;
K is the rate coefficient in secontls
Xe IS the concentration of heparin in U/ml in solutiomyid phase) at infinite

time (equilibrium concentration)

Equation 3.1 can be integrated and rearranged to give adigeation.

IN(X=X,) = KEHIN(X, = X.) e e Equation 3.2

where

Xo IS the initial concentration of heparin in the saatin U/mL

Since the concentration of heparin towards the endeoétiperiment decreased very
slowly, the final concentration was assumed to bectiecentration of heparin at
infinite time or the equilibrium concentration, whiclvas obtained from the

experiment. The initial concentration of heparin wasn3iu/

The curve ofn { x — % } versus timd, was plotted using the data given in Figure 3.4
and is shown in Figure 3.7. (Appendix B4) The resultantgéttdine curve implies

that the rate model is a simple first order absorppoocess and the rate constant
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K = 0.0039 &. The data measured for the 800 beads (Figure 3.5) is aksedpio
Figure 3.7. It can be seen that this data too followsaggkt line, but the rate constant
K has a value of -0.002*swhich is different to that for the large number of d®a
This is not that surprising and the next step is the need/éstigate the relationship

between the number of beads and the rate constant.

3.000

8000 beads: y =-0.0039x + 1.0638
1000 B R®=0.9881

1200 1500 1800

-1.000

In (X-Xe)

850 beads: y =-0.002x - 0.434
R®=0.9951

-3.000

-5.000
Time (sec)

Figure 3.7:  Experimental data fitted to a first order ghigmm process
3.4.3 Relation of absorption rate to the number of beads

In order to design a reactor, it is essential to krnwavitnpact that the quantity of the
beads would have on the absorption process. It woulgsétil if a correlation could

be obtained between the number of beads and the ambumparin that can be
absorbed by the beads.

Rate experiments in saline solution were performed byingathe number of beads.
The previous results together with the new data are pgessen Figure 3.8
(Appendix B5).
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Figure 3.8:  Comparison of rate experiments for differemalver of beads at 26.

The final concentration obtained was assumed to bedheentration at the infinite
time or the equilibrium concentration since very littltange was observed between
the last two points. It can be seen that the irsiabpe depends on the number of beads
and hence the rate constant K depends, as observed phgvamushe number of
beads. The data shown in Figure 3.8 was fitted to equatiband all the data sets
fitted the first order rate model. The rate constfortexperiments at 28C and 37°C

are plotted versus the number of beads in Figure 3.9 (AppB&ji
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Figure 3.9:  Correlation of K-values to the number ofdsea

It can be seen that the rate of absorption of hegarithe beads is linearly dependent

on the number of beads.

3.4.4 Fitting an isotherm to the equilibrium concentration data points

A classical isotherm for a heterogeneous flat suriacéhe Freundlich Isotherm,

which is defined as follows:

q =kx™ PO PPPPPNN o U 140y B R

where:
m; is a constant which is positive and generally not tager;
kiis a constant;
Xe IS the fluid phase concentration at equilibrium (@rtration of heparin in
saline solution at infinite time) in U/ml;

g is the absorbed phase concentration in U/mL;
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g = Amount of heparin absorbed by the beads....... Equation 3.4

Total volume of the beads

The amount of heparin absorbed by the beads is equa toitial amount of heparin

in saline solution minus the final amount of heparirhm$aline solution

The assumptions for these equations are:

* The volume of saline solution removed during the rate @xeets is less than
10% of the initial volume of saline solution and is there assumed to be
negligible. The final volume of the saline solutiorthsis approximately equal to
the initial volume, which is equal to 40 mL

* The membrane thickness of the beads is negligible whepared to the radius of
the beads (450 nm) and can therefore be ignored.

Equation 3.3 therefore becomes:

3i40mL—(xe40mL)
mL

q = veveene......EQuation 3.5

4
Nb(gﬂs)

where:
Np is the number of beads

r is the radius of the beads in m

Equation 3.5 can be rearranged as follows:

In(q,) = In(k;) + m In(x,) ettt e e EQUALION 3.6

The data points were used to obtain the values aridjthe results were plotted on the
graph in Figure 3.10 (Appendix B7).
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Figure 3.10: Data points obtained from the rate expersnétied to Freundlich
Isotherm

The results indicate that the equilibrium data pointgaiobd from the rate
experiments can be modeled using the Freundlich Isoth&hm gradient (i is
positive and not an integer; however the values ditfethe different temperatures.
This difference could be attributed to experimental effbe Freundlich Isotherm can
therefore be used to predict the equilibrium pararseteat are essential for the
reactor design.

3.5. DISCUSSION

The results indicate that heparin can be efficientynaved using poly-L-
lysine/alginate beads with no heparinase. Figure 3.5tréliesl that the results
obtained from the experiments were consistent and tapea The experiment
performed in the absence of beads demonstrated thatfitvleryf the heparin was
absorbed onto the glass surface (Figure 3.6). Resultstirenmcubation experiment
indicated that heparin absorbed by the beads was eatsesl back into the solution.
If heparin removal were a diffusion process only, hepawuld have been released

into the saline solution to attain a new equilibriunma@entration. Therefore, it was
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concluded that the removal was an absorption processdtiaeobtained from the
rate experiments showed an excellent fit to the fostler absorption model
(Figure 3.7). Increasing the number of beads, as illustratBigure 3.8 increased the
amount of heparin removed from the saline solution,levline rate constants
decreased (Figure 3.9). The results obtained from Figure AdiGaied that the
Freundlich Isotherm could be used to correlate the datathe equilibrium

concentrations.
3.6. CONCLUSION

The present study demonstrates that heparin can beseffljcremoved from a saline
solution using poly-L-lysine/alginate beads. The removalheparin from these
solutions is a first order absorption process and depantl'eonumber of beads. The
rate is fast enough, as the half life is approximately 466onds for the initial
experiments, thus this method appears to be a feasiblodnétat can be used to
remove heparin. The absorption process at a partitedaperature can be predicted
using the Freundlich Isotherm. These results wilimdtely provide some of the
required parameters for the bioreactor design using pdygibe/alginate beads.
Further research is required to study the effect of thesels on the constituents of
blood, the correlation between the volume and sizéhefbeads and the absorption
rate.
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CHAPTER 4: INVESTIGATING ABSORPTION IN SALINE,
FETAL CALF SERUM AND BLOOD

The following article will be submitted to the Journéhrtificial Cells, Blood

Substitutes and Biotechnology” and is currently being restewThis paper
investigates the absorption in saline, fetal calf seanch blood. Ways of optimizing
the absorption process are explored by performing raterimgds to vary the
physical parameters of the beads. All the experimergsdasigned to obtain the

required parameters for the reactor design.
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4.1. ABSTRACT

During extracorporeal procedures like hemodialysis, hepairadministered to
patients to prevent clotting. Unfractionated heparis $ide effects such as excessive
bleeding. It would be advantageous if the blood could be a@eineged before it
returns to the patient. Previous work has indicated gbbtL-lysine/alginate beads
can efficiently remove heparin from saline solutionsr(\ese et al, 2006). Heparin
is irreversibly absorbed onto the beads. This arégl@ores ways of optimizing the
absorption process by performing rate experiments vargmghysical parameters of
the beads. Fetal calf serum and blood are also used inregpes to investigate the
possibility of designing a safe and efficient reactor bsoab heparin. All the
experiments are designed to obtain the required paranfetehe reactor design. The
results indicate that the absorption could be optichizg controlling the membrane
thickness of the beads. The beads also showed effreigaival of heparin in blood.

4.2. INTRODUCTION

Heparin has been the basis of initial anticoagulatiwmapy for more than 80 years
(Nielserf., 2003) Heparin reduces clotting during extracorporeal procegudsas
hemodialysis. Heparin does not block the platelets faitaching to the foreign
objects, but it blocks the cascade of proteins that wottk the platelets to form the
clot. It does not dissolve the clots but limits orwsoclotting by binding and
enhancing the activity of a protein called antithrombin (Ritientd., 2002). The
complex formed with antithrombin Il inhibits severaltigated blood coagulation
factors: Xlla, Xla, IXa, Xa and thrombin (Heparin ihildrerf., 2002).

Anticoagulation in routine hemodialysis consists at@ndard dose of heparin given
as a bolus at the start of dialysis treatment wittmid-treatment dose to maintain
suitable anticoagulation. Alternatively, heparin modeling ba performed using an
initial bolus followed by a constant fixed infusion of hapaas mentioned above, to
maintain an activated clotting time of 200 to 250 seconds (irmal activated
clotting time is in the range of 90 to 140 secondsjtivated clotting time is a
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measure of the anticoagulation effects of heparin in blddds therapy ensures
systematic anticoagulation throughout the dialysidimeat. It is reliable and requires
minimal staff intervention after a patient’s hepadiose is determined. (Kovalik
2000)

However, side effects of heparin include excessive bleedingruising, blood in
urine or stools, abdominal or back pain, heavy menses &ml igitation.
(Patientd.,2002). Heparin is not prescribed to patients with loatgiét counts or with
bleeding disorders. Patients with some source of bleediog as recent surgery,
injury or ulcer are also in danger of excess bleedingnwieparin is administered.
Osteoporosis is another serious but uncommon side efsociated with high dose
heparin administration over a prolonged period. (Heparihildreri., 2002). Various
alternative anticoagulation substitutes have beend usecluding extreme
hemodilution, low molecular weight heparins, danaparaascrod, r-hirudin,
abciximab, tirofiban, argatoban and others. In the piEseof heparin-induced
thrombocytopenia (HIT) and thrombosis, the use of uéhir appears to be an
acceptable solution which has been well studied. The mesure iwith r-hirudin is the
difficulty in monitoring its activity (Von Seges$er2001).

Some of the alternatives for patients with a higlk 0$ bleeding are (Heparin in
childrerf., 2002):

* Minimum dose heparin

Minimum dose heparin involves boluses of 500 units of hepagnyeB0 minutes to
keep the activated clotting time greater than 150 secondedsuthan 200 seconds.
An alternate way is to have a continuous infusion of hepaith frequent activated
clotting time monitoring. No additional equipment is reqdiin the dialysis circuit,

however a minimal degree of anticoagulation stilluwsc
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* Regional anticoagulation with protamine reversal

Regional anticoagulation with protamine reversal involvesstamt infusion of

heparin into the dialyser inlet line and simultaneousstaom infusion of protamine
prior to blood returning to the patient (protamine binds to e@ad eliminates its

anticoagulant activity). The infusion pump rates areistdd to keep the activated
clotting time in the dialyser at 250 seconds. The protardiosage required to
neutralise the heparin can be determined by a protamingotitreest. Protamine

reversal has been largely abandoned due to technidauliéfs and due to problems
with rebound bleeding two to four hours after the endialysis as free heparin is
released from the protamine-heparin complex back i@émeral circulation.

* Heparin free hemodialysis

Heparin free hemodialysis is administered to patients a high risk of bleeding.
Both the dialyser and the blood lines are pre-treated 200 to 5000 units of
heparin contained in a litre of normal saline priorhe start of the dialysis treatment
so that heparin is not administered to the patient.bited flowrates are in the range
of 250 to 500 mL/min and 25 to 30 mL saline flushes are admiedsevery 15 to 30
min into the arterial (pre-dialyser) limb to minimieemoconcentration and to wash
fibrin strands from the kidney. This volume of salmast be removed during dialysis
to prevent hypervolemia. Careful monitoring of the r@ateand venous pressure
alarms is required to detect early clotting. The abue¢hod is used in approximately
90% of Intensive Care Unit patients with temporary versecess, with only a 2%
clotting rate in the extracorporeal circuit. Howevelpse nursing observation is
required, as it may be necessary to convert to minimwsa Hdeparin or stop treatment

in 5% of the cases.

* Low molecular weight heparin

The two main types of heparin are unfractionated andidraated low molecular
weight heparin. The molecular weight range of loweualar weight heparin is from
1000 to 10000, while unfractionated heparin is from 3000 to 30000. Lowcutee
weight heparin is given in a fixed dosage and does not redose adjustment.
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Coagulation assays to monitor its activity are unnecgssaw molecular weight
heparin requires less frequent dosing because of its Idmgefife. The risk of
osteoporosis is less with prolonged administrationoaf imolecular weight heparin
than with unfractionated heparin. However low molecwaright heparin is very

expensive.

All of the above alternate modalities have disadages and complications. It would
therefore be useful to have a system that wouldirditea unfractionated heparin after

the standard anticoagulation procedure is administered.

It was demonstrated in the earlier article that polydirle/alginate beads can
efficiently remove heparin from saline solutions (Mage et al, 2006). The
absorption process was a first order process and thedfieh isotherm best fitted the
experimental data. This article explores methods ofmogihg the conditions to

design an efficient reactor.

4.3. APPARATUS AND METHODS

4.3.1 Calibration

Concentration of unfractionated heparin was determined asinzure Il dye assay
as described by Ameer et .al1999a. A cintra 5 UV-VIS double beam spectrometer
was used to measure the absorbency of heparin. A stlalimtzar curve for this assay
was prepared by using solutions of known heparin concemtsatanging from 0 to
3U/mL.
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4.3.2 Formation of poly-L-lysine/alginate beads

The standard encapsulation procedure patented by &Eimah992 was used to
produce poly-L-lysine/alginate beads (Varghese'et 2006)

Standard poly-L-lysine/alginate beads were formed using a @fegaeedle of the
droplet generator. The beads were then stored in sallagos until they were used

in experiments.
4.3.3 Batch rate experiments

Previous work ((Varghese et'al2006) has indicated that the extraction of heparin
from the saline solution by the poly-L-lysine/alginatadi®is a irreversible first order
absorption process and the equilibrium data can be nwbdgleising a Freundlich
isotherm. For the reactor design, it is essentidketermine the absorption capacity of
the beads and whether the saline results are repmgendf the blood results. The
aim of this article is to determine whether the absongprocess is rate controlling, to
determine the rate controlling step, the absorption cgpaéithe beads and the

absorption process in fetal calf serum and in blood.

The batch rate experiments were performed using aesablution containing a
known concentration of heparin was added to a known voloimaiformly sized
beads. The contents in the beaker were then stirredsare that the beads were in
suspension and to maintain uniform exposure of heparin toehesb Samples of
300uL of the supernatant solution were taken out at tinerwals from O seconds to
1.5 hours. The samples were centrifuged to separateatiimdnts of beads from the
supernatant solution. The supernatant samples were thdgzezhausing the
spectrometer.
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4.4. RESULTS

The first step in the process of determining the absorgi@gpacity of the beads is to
determine what characteristics of the beads the absorptiocess depends on.
Experiments were planned to identify whether the absorgirocess was influenced
by the ratio of the volume of the beads to the solutio® surface area of the beads or

the membrane volume.

4.4.1 Absorption Dependence on Total Volume Ratio of beads to

solution

This experiment was performed to check whether the wotaime ratio of beads to
solution had an effect on the absorption process. Tatohbrate experiments were
performed by ensuring that the total volume ratio of trelbeo the solution was kept
constant. If the absorption process is affected byats volume ratio of the beads to
the solution then the results of both the experimentsid be similar to each other.

Poly-L-lysine/alginate beads were placed in a fixed wm@&wf saline solution with a
heparin concentration of 3 U/mL, which was stirred continlyoust room
temperature. The beads of approximate diameters of sizgar®9@0Qum and 2mm +
10Qum were used. The number of beads and the volume obthgos used were
adjusted such that the total surface volume ratio ofidbda solution was kept
constant. Aliquots of 30QlL of the heparin solution were pipetted out at diffiere
time intervals from zero seconds to one and half-holire absorbance of the
samples was analyzed at a wavelength of 520 nm usinguhé ® spectrometer.

Since the membrane thickness was so small when cothparihe diameter of the
bead, it was neglected:

Volume of one bead = —-m . Equation 4.1
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Total volume of beads = N(=m>) ... Equation 4.2

where:
N is the total number of beads used for the experiment;
r is the radius of the beads;
For the total surface volume ratio of beads to solutdpet constant:

4 3

Nl(gl'[l WV, = Nz(gﬂ;’)vl .............. Equation 4.3

where:
N; is the number of beads used in the f@Dbeads experiment = 8000;
r1 is the radius of beads in the 90 beads experiment = 450n;
V1 is the total volume of 3 U/mL heparin solution in mL ug@dthe 900um
beads experiment;
N2 is the number of beads used in the 2 mm beads experm@i&;
r, is the radius of beads in the 2 mm beads experiménnm;
V, is the total volume of 3 U/mL heparin solution in mked for the 2 mm

beads experiment.

8000 + 1000 beads (diameter 9Q0m) were made. A batch rate experiment was
performed to obtain the absorption results using 40 mlalries Equation 4.3 was
then used to obtain the number of 2mm beads and the valfirealine that was
required such that the total surface volume ratio rerdagonstant. The obtained

values are tabulated in Table 4.1.
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Table 4.1 Parameters of beads and solutions used in éhedttme ratio
experiments.

V1 N1 r V2 N2 rz

40 mL 8000 450*10 m 46 mL 848 1*18 m

A rate experiment was performed to obtain the absarpgsults using the 2 mm
beads and the obtained results were plotted on the sae® for purposes of
comparison in Figure 4.1 (Appendix C1).
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Figure 4.1.  Comparison of rate with constant total suri@beme ratio of beads to
solution

The results clearly indicate that the ratio of tb&l volume of beads to the solution
does not influence the absorption rate.

4.4.2 Absorption Dependence on Total Surface Area of beads

This experiment was performed to check whether the ohthe total surface area of
beads to the volume of solution had an effect onatisorption process. Two batch
rate experiments were performed by ensuring that theohtlte total surface area of

beads to the volume of solution was kept constanthdf absorption process is
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affected by the ratio of the total surface area ob#weds to the volume of the solution
then the results of both the experiments would belairta each other.

The rate experiments were performed for f@®beads and 2mm beads. The number
of beads and the volume of the solution used were adjssich that the surface area
ratio of the beads to volume the solution was kepstzom.

Neglecting the membrane dimension:

2

Surface area of one bead = 4 ... Equation 4.4
Total surface area of beads =N (4r?) ...Equation 4.5
For the surface area ratio to be constant:
N,(Am2V, =N, (A7), Equation 4.6

3650 beads of diameter 9p@n were made. A batch rate experiment was performed
using 40 mL of saline. Equation 4.6 was then usedbtain the number of 2mm
beads and the volume of saline that was required that the total surface area ratio
of beads to the volume of solution remained constdhe obtained values are
tabulated in Table 4.2.

Table 4.2 Parameters of beads and solutions ugee surface area ratio

experiments.

V1 N1 r V2 N2 rz

40 mL 3650 450*10 m 46 mL 848 1*16 m

The results obtained from the rate experiments éwted on the same axes for
purposes of comparison (Appendix C2).
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Figure 4.2.  Comparison of rate with constant total surdaea ratio of beads

The results clearly indicate that the surface arethe@fbeads does not influence the
absorption rate.

4.4.3 Effects of the bead membrane on the absorption of heparin

The above experiments have indicated that the absonptocess does not depend on
the volume or surface area of the beads. Previoesnds has proved thably-L-
lysine can absorb heparin (Rodger ét.al994). During the formation of beads, the
poly-L-lysine is contained in the membrane of the beddw following set of
experiments were planned to check if the membrane dighds had an influence on
the absorption process.

It is essential to determine whether if any of the otmnstituents of the membrane
apart from poly-L-lysine affects the absorption procddse following experiment

was planned to confirm that the sodium alginate imtkenbrane had no effect on the
absorption process. The sodium alginate used initialfgrio the beads was expected
to have no part in the absorption, as it diffuses authe final stage of the bead
formation (Changy, 1992). A rate experiment involving a variation of the swdiu
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alginate concentration was performed to investigate ffieeteof sodium alginate on
the absorption process.

Two sets of poly-L-lysine/alginate beads (8000 beads)izef 300 um were made
using the procedure described above. One set of beaslsprmauced using a
concentration of sodium alginate of 5%, while the otber was made using 2.5%
sodium alginate. Rate experiments were performed for seithof beads. The results
obtained from the experiments are presented in FiguB¢Appendix C3).
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Figure 4.3.  Comparison of the absorption of heparin by ngrihe concentration
of sodium alginate

The results clearly indicate that sodium alginate haseffect on the absorption
process, as varying the concentration of the sodiummatlgidoes not alter the
absorption process.
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The following experiment was planned to confirm whether tiembrane (poly-L-
lysine) was the only factor to consider when determinimgabbsorption capacity of
the beads. Beads with no membrane were used in a @damant to determine the
effect on the absorption process.

Approximately 8000 beads of size 9tnh were produced. Equal amounts of saline
and 5% sodium alginate were mixed in a syringe. The dwoplere allowed to fall
into the calcium chloride solution, thereby forming bewaitf calcium alginate (gel
structure with no membrane). All the other stages wemtuded from the formation

of the beads. A rate experiment was performed using thesds with no membrane.

The results obtained from the experiment are shoviAigare 4.4 (Appendix C4).
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Figure 4.4.  Absorption of heparin by beads with no membrane

The results indicate that some of the heparin carakentby the calcium alginate;
however, some of it is released back into the soluwonbtain a new equilibrium
concentration of 2.66 U/mL, which is much higher than 0.028LUobtained using

beads with a membrane. This leads to the conclusatnaithough calcium alginate
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absorbs heparin, the majority of the absorption is dubdgoly-L-lysine content in
the beads.

As part of the experiments, it was vital to check & thembrane of the smaller beads
was different from that of the larger beads and vdffgcts, if any, the difference in
membrane thickness would have on the absorption procesdtendgtely lead to the
parameters essential for the reactor design.

Upon microscopic observation, the smaller beads weuvndf to have a thicker
membrane than the larger beads (Figure 4.5). The ratibeoflimensions of the
membrane thickness was estimated using the programmeI8&ge. The thickness
of the 2 mm beads was estimated to be 0.006 mm, while thaesE of the 90Qm

beads was 0.014 mm.

2 mm

Figure 4.5.  Microscopic photo of the 90t and 2 mm beads illustrating the

different membrane thickness

After observing the noticeable difference in the membrtnekness, batch rate
experiments were planned to check if the volume of tleenbnane of the beads
influenced the absorption process.
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The ratio of the membrane thickness of the beadsfdlagss:

% =043 Equation 4.7
2
where:
O, Is the membrane thickness of the 2 mm beads in mm;
01 Is the membrane thickness of the 900 beads in mm.
Volume of membrane of one bead = 4% ... Equation 4.8

Total membrane volume of beads N(47r%0) Equation 4.9
For the ratio of the total volume of the bead meanb to be constant:

N,(4120,) =N, (4m173,) s Equation 4.10
The above equation was used to obtain the follovpagmeters that were used for

the rate experiments at 42 (normal human body temperature), such that the

membrane volume ratio of the beads remained the.sam

Table 4.3 Parameters used in the bead membranmeahtio experiments.
N1 ra N2 r e
1800 450*10 m 850 1*10° m 0.43

The results obtained from the rate experiment diestriated in Figure 4.6
(Appendix C5).
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Figure 4.6. Comparison of the rate experiments with cohstembrane volume
ratio of beads

The above results clearly indicate that the absorptimcess is dependent on the
volume of the membrane of the beads. The absorptiorcicapd the beads thus
depends on the volume of the membrane, which implegsthie reactor design must
be based on the volume of the membrane of the bmadisiot on the volume or the
surface area of the beads. Previously, the experihgaiia was fitted to a first order
absorption model and the Freundlich Isotherm, howekieryolume of the membrane
of the beads were neglected. From the above procesg\ident that the membrane
of the beads influences the absorption process, thaipanameter cannot be ignored.
The effect of the volume of the membrane of thedba@eds to be incorporated into
both the constants for the First order model and tharfellich Isotherm. It is essential
to check if the models fit the above results in ordeslitain a method of determining
the constants irrespective of the conditions under whieh experiments were
performed. This would be beneficial for the reactor designthe value of the
constants for a particular number of beads can beyessimated.
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From the previous article (Varghese et al., 2006), thergmpntal data fitted the
following first order absorption model:

dc(:j—st"'” e N (T T LSS Equation 4.11

where:
Csoin IS the concentration of heparin in solution in U/mL;
t is the time in seconds;
K is the rate coefficient in seconts
Cint is the concentration of heparin U/ml at infinite ¢irfequilibrium

concentration)

The curve ofn {Csoin — Gy } Versus time, was plotted using the data points obtained
from the rate control experiment in saline solutiod anstraight line was obtained.
The gradient of the graph yielded the value of K. Thea datints from above
experiment for both the 90@m and 2mm beads were used to obtain the values of K.
These values were then plotted together with the prewialues obtained from the
previous article (Varghese et al., 2006) against the voliiibe membrane of the
beads as shown in Figure 4.7 (Appendix C6):
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Figure 4.7.  K-values for varying volume of membrane ofsads

From Figure 4.7, the K value obtained from the 2mm an®®am beads is directly
proportional to the volume of the membrane of the beHdstefore if the volume of
the membrane of the beads is known, the value of Kbeaobtained, irrespective of

the size of the beads.

The Freundlich Isotherm in the previous article wasiolkd using the volume of the
beads. The Freundlich isotherm is as follows:

q =kCnM et et e eee e e e EQUALION 4,12

egm

where:
m; is a constant which is positive and generally not tager;
Kiis a constant;
Cegm is the fluid phase concentration at equilibrium (con@ion of heparin
in saline solution at infinite time) in U/ml;

g is the absorbed phase concentration in U/mL;
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The above equation can be rearranged to:

In(qp;) = In(k;) +m In(C

eqm)

cieeen......EQuation 4.13

The absorbed phase concentrations were calculated prekious article using the

volume of the beads. These values are corrected faothme of the membrane of

the beads, and the following graph (Appendix C7) is obtained:
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Figure 4.8. Data points fitted to Freundlich Isotherm using tlolume of

membrane of the beads

The above graph indicates that the data obtained s$tilw® the Freundlich isotherm,

and the gradient remains the same as that obtainediaheAL.
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4.4.4 Relation of absorption rate to the membrane thickness of the
beads

Since poly-L-Lysine is known to absorb heparin (Rodgex'&t. 1994) and since the
absorption of heparin is directly related to the menbranlume of the beads
(Figure 4.6), it would be beneficial if the membrane thedaehof the beads could be
controlled in order to obtain the optimum absorptiondstons. Three sets of 2mm
beads were produced, and the membrane thickness wasl diechanging the time
that the beads were kept in the poly-L-lysine solutibime first set of beads was
produced by placing them for the usual 20 minutes in the poygibd solution. 40
minutes was used for the second set, while 60 minutes wddarsthe third set. The
membrane thickness of the beads was then compared uglemicroscopy and
photographed.

40 min 20 min

Figure 4.9.  Microscopic photo of 2 mm beads placed in-pdlsine solution for
20 minutes and 40 minutes

20 min 60 min

Figure 4.10. Microscopic photo of 2 mm beads placed in-pdysine solution for
20 minutes and 60 minutes
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The ratio of the membrane thickness of the beads dedsrmined, using the
programme Scion Image, to be approximately

O - O -+ 0, =1 :3:5 Equation 4.14

where the subscript adrepresents the time in minutes that the beads wetedpia

the poly-L-lysine solution.

4.4.5 Rate Experiment for beads with more Poly-L-Lysine content than
the standard beads

Since poly-L-lysine is the main constituent that afetite absorption process, it
would be beneficial to know if the content of poly-Litys were to be increased with
the aim of producing solid poly-L-lysine beads, what thea# would be on the
absorption process.

850 beads of size 900m were produced using Chang’s procedure, however the last
two steps were omitted in order to produce beads with alpblgine coating. Three
sets of beads were produced. One set was incubated in ®adimeght, one set was
incubated in poly-L-lysine solution overnight, while theneening set of beads were
used immediately for a rate experiment. Another sestafdard beads (containing
poly-L-lysine membrane) were made by using the full procedgrelescribed by
Chang. The incubated beads were used for rate experingnts 23 mL of saline
solution with 3U/mL of heparin. The results (Appendix C8g as shown in
Figure 4.11.
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Figure 4.11.  Comparison of the rate of heparin using beadsveitfing poly-L-

lysine content

The rate coefficients for the first order model foe above data points are tabulated in

Table 4.4.

Table 4.4 Rate coefficients for the beads with varying-pelysine (PLL)

content
Beads Rate coefficients (K) in sec’
Standard beads -0.001
PLL beads incubated in PLL -0.0057
PLL beads incubated in saline -0.0012
PLL beads with no incubation -0.0009
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The results clearly indicate that increasing the pelydine content of the beads
increases the amount of heparin absorbed. This findirges¢he possibility of using

solid poly-L-lysine beads to improve the efficiency of teactor.
4.4.6 Heparin absorption in fetal calf serum (FCS) using beads

The above experiments have indicated that the beadeffieiently absorb heparin
from saline solutions. However the use of the beads tra@¢poreal procedures,
where human blood is used, the feasibility of the bémde to tested. As an initial
test, fetal calf serum was used. The properties offdathserum are similar to that of
blood, thus a rate experiment using the beads in heparirasgdcélf serum would
give a clear indication as to whether the bead$emsble or not.

Rate experiments were performed in fetal calf serumetdy the efficiency of the
beads at absorbing heparin. Two sets of approximately 17@3 lodéessize 90Qum
were produced. One set was used in a rate experiment esalgcdlf serum. The
other set was incubated in fetal calf serum for a @dag a rate experiment was
performed in the same volume of saline solution. Anogix@eriment was performed
with no beads to determine whether any of the hepars absorbed by FCS. The
results (Appendix C9) are presented in Figure 4.12:
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Figure 4.12. Comparison of the rate of heparin in fetllserum (FCS)

The rate coefficient for the first order model foe theads in FCS is -0.0011 3ec

The results indicate that the beads are more @fffigh fetal calf serum.
4.4.7 Heparin absorption in human blood using beads

Since the beads have been tested to be efficiergtat ¢alf serum, the next step
would be to test the feasibility of using the beads in hublaod. The efficiency of
the beads in blood was tested by performing a rate expdrimklood. Fresh samples
of blood (kindly donated by co-authors/supervisors) in @ttabes were mixed and
utilised. The samples, taken at time intervals rangioghfO to 5400 seconds, were
centrifuged for 20 minutes to separate the blood. The plasaeahen centrifuged as
before to remove the fragments from the samples. résults (Appendix C10) are
shown in Figure 4.13:
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Figure 4.13. Comparison of the rate of heparin absorption irdpkeetal calf serum

and saline

The rate coefficients for the first order model foe albove data points are tabulated in
Table 4.5.

Table 4.5 Rate coefficients for blood, FCS and saline
Beads Rate coefficients (K) in sec™
Beads in saline -0.001
Beads in FCS -0.0014
Beads in Blood -0.0027

The results seem to indicate that the beads are @fiicient in blood and follow the
same trend as the absorption process in saline.
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4.4.8 Effect of pH on the absorption process

The above results indicate that the absorption prandsi®od is more efficient. One

of the reasons could be pH. This experiment was pertbtmebtain the trends, if

any, when the pH value is changed.

The effects of pH were observed by performing rate exygeris using solutions with

varying pH. The volume of the beads and solution were kepdtaot. The results

obtained from the experiments are illustrated in Figuté dAppendix C11).

3.5

3.0

25 )
2.0
15 | & "

1.0 N

Concentration of heparin (U/mL)

0.5

0.0 \

YN
Aap
Aaa
AMAAAAAAAAAAAAAAADAAAAAAAAAAAAAAADAAAAAAA

A

= = pH=792

Saline (pH 7) expt
Blood (7.71) expt
FCS expt

pH=75

0 1000

Figure 4.14.

2000 3000 4000 5000 6000
Time (sec)

7000

Comparison of the rate of heparin using drffgyel solutions

Chapter 4 Article 2

61



The rate coefficients for the first order model foe albove data points are tabulated in
Table 4.6.

Table 4.6 Rate Coefficients for the first order absorpmodel

Beads Rate coefficients (K) in sec™’
Saline -0.001
Blood -0.0027
FCS -0.0014
pPH=75 -0.0012
pH = 7.92 20.0023

The results indicate that the pH has an effect omliserption process and cannot be
ignored. In the final design of the reactor, one wo@ddto determine the optimum
pH for the blood in order to ensure efficient absorptibneparin.

4.4.9 Effect of beads on the normal constituents of blood

To help assess the safety of the beads, the beadsnwebated in whole blood for 5
hours. The blood was added to a tube containing a littlerinefmaprevent clotting.

Measurements of various constituents in blood were takéoreband after the

incubation, to see if any of the important constituertthe blood were affected by
the beads. The results obtained from the measurerr@tabulated in Table 4.7.
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Table 4.7 Effects of beads on the blood constituents
CONSTITUENTS | READINGS | READINGS %
BEFORE AFTER REDUCED
EXPT EXPT
Serum proteins 63 61 3.17%
Serum Albumin 40 38 5.00%
Serum Calcium 2.04 1.89 7.35%
Serum Cholestero| 3.32 3.26 1.80%
Serum Creatine 90 85 5.56%
Serum Urea 5.47 5.26 3.84%
Serum direct 2 2 0.00%
bilirubin
Serum iron 16.1 15.7 2.48%
Serum total 8 8 0.00%
bilirubin
Serum HDL 1.07 1.06 0.93%
cholesterol
Serum magnesium 1.31 1.1 16.00%
Serum 0.46 0.44 4.35%
triglycerides
Serum transferin 1.9 1.82 4.21%
Serum uric acid 0.17 0.16 5.88%
CRP 0 0.1 10.0 %
increase
Serum phosphate 0.7 0.64 8.57%
Serum ferritin 58 56 3.45%
Serum sodium 163 155 4.91%
Serum potassium 3.71 3.4 8.36%
Serum chloride 82 82 0.00%
Serum glucose 3.1 2.8 9.68%

*
The amount of sodium in the sample is higher thembrmal range due to the sodium heparin presehei sample.

The units of the constituents were not listed antttble since only the relative percentage charagosnsidered to determine
the effect of the beads on the blood.

The results indicated that there was no significantedser on any of the important
constituents of blood. Although, this experiment provest tine beads have no
influence on the constituents of blood, it is esséthiat all the necessary safety test

are performed for the final design of the reactor to erthatethe blood is safe.
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4.5. DISCUSSION

The absorption of heparin is not dependent on the tohaine (Figure 4.1) or on the
total surface area (Figure 4.2) of the beads. Figure 4.latedi¢hat fewer larger sized
beads absorbed less heparin than the smaller sizéd. Gd@e concentration of sodium
aliginate did not have an effect on the absorptior et illustrated in Figure 4.3.
Beads with no membrane or poly-L-lysine absorbed heparialinitHowever the
heparin was released back into the solution until an bguitn concentration of
heparin was attained. The equilibrium concentration heparin, 2.66 U/mL
(Figure 4.4), is much higher than 0.028 U/mL obtained using be&ldswinembrane.

Large beads have thinner membranes, while the small baadghicker membranes
(Figure 4.5). The results obtained from the rate experis implied that the
absorption of heparin was affected by the membrane #mskiFigure 4.6). The
absorption of heparin is solely dependent on the polysidgycontent in the beads.

If the volume of the membrane of the beads is kndlenyalue of the rate coefficient
for a first order absorption model can be estimated usiggre 4.7. The Freundlich
Isotherm model (Figure 4.8) can also be used to estimatantiount of heparin that
can be absorbed from the solution.

The membrane thickness definitely increased as thedfre@posure of the beads in
poly-L-lysine solution was increased (Figures 4.9 and 4.10). rékelts obtained
from this experiment implied that the thickness & thembrane is directly related to
the poly-L-lysine and can therefore be controlled byiwar the time in which the
beads are kept in the poly-L-lysine solution.

The results from Figure 4.11 indicated that the beadsmatte poly-L-lysine coating
absorbed more heparin than the standard beads. The Rgbjirie coated beads that
were incubated in saline and the beads with no incubabsarbed almost the same
amount of heparin. The beads that were incubated inlpblgine removed much
more heparin, in comparison to the other sets of beadstrolling the amount of
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poly-L-lysine in the beads can optimize the absorptbrheparin from the saline
solution. Therefore the membrane thickness of the dogad be altered to absorb

more heparin.

The beads are efficient at removing heparin from botls F@&d human blood

(Figures 4.12 and 4.13). More heparin is absorbed in blood wdmapaced to saline

using the same number and volume of beads. The absorat®sraffected by pH

(Figure 4.14), and there seems to be an optimum pH, howesevalue has not been
identified. Table 4.7 indicates that there is no sigmificdecrease in the important
constituents of blood, which would be an important safetgicleration.

4.6. CONCLUSION

Poly-L-lysine/alginate beads can efficiently absodpdrin from saline, fetal calf
serum and blood. The beads also have minimal effedil®ad, as the amount of the
constituents in the blood is not significantly affectéde thickness of the membrane
of the beads can be adjusted to optimise the absopimess. Heparin absorbs onto
the poly-L-lysine in the membrane of the beads, tleeehcreasing the poly-L-lysine
content in the beads will improve the amount of absgmmpSmaller sized beads have
thicker membranes and therefore absorb more heparinthealarger sized beads.
Poly-L-lysine/alginate beads can therefore be used fimaator to absorb heparin
during extracorporeal procedures. The findings of this artidll be highly beneficial
for the design of the reactor.
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CHAPTER 5: INVESTIGATION OF THE USE OF POLY-I-
LYSINE/ALGINATE BEADS IN A PACKED BED
CONFIGURATION FOR REMOVING HEPARIN.

The following article will be submitted to the Journéhrtificial Cells, Blood
Substitutes and Biotechnology” and is currently being restewThis paper
investigates the feasibility of using poly-I-lysine/algmdbeads in a packed bed
reactor configuration using results obtained from previ@ishbexperiments.
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5.1. ABSTRACT

Bioreactor designs that can eliminate heparin during extpareal procedures have
remained a challenge. Reactors developed thus far, ingludn immobilized
heparinase | reactor and poly-L-lysine.HBr hollow fibesaters are not appropriate
for clinical purposes. Previous work has proved that pbjgihe/alginate beads could
efficiently remove heparin from saline and blood. Neagsbatch rate experiments
were performed in both saline and blood to obtain thenmétion required to design a
heparin removal reactor using poly-L-lysine/alginate bedtte results are used to
investigate the feasibility of using a packed bed reactothfmabsorption process by
adjusting the specifications of the reactor and anagysimple flow models.

5.2 INTRODUCTION

Approximately 20 million extracorporeal blood procedurespadormed each year,
of which between 8 to 30% of bleeding complications ardes to systematic
heparinisation (University of Michigdn 2001). Various methods to remove the
heparin have been explored including the investigation eigugarious reactors to
treat the blood prior to returning to the patient. The bici@ designs can be divided
into two categoriesmembrane-based devigesuch as hollow fiber cartridges, and
porous particle devices the form of packed columns or fluidized beds (Ameter
af., 1999a). Several investigators have bound the protein oéstt® the walls of a
hollow fiber dialyser to enhance the whole blood contyildti of the system, but in
many cases the surface area requirements remain inspta@tallar et al., 1996).
Others have suggested the use of porous particles suchraseagacellulose beads,
in either the packed bed or fluidised bed mode as a waytimize the protein or
absorbent loading per volume of device (Gejyo &t 2093; Langer et & 1982)

The reactors proposed thus far include the following:
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5.2.1 Immobilized heparinase system

A novel approach to enable enzymatic elimination of hephefore the blood
returned to the patient was introduced by Langer ®f &b82. This approach
consisted of placing a blood filter containing immobilizeghdrenase at the stream

exiting from the extracorporeal device.

Peristaltic pump

300 mL/mir

(/\)

Sample Port A —» x ‘
i Heparinised
blood Ir

Heparinised

blood reservoi

100 mL (50% Bead
<—  suspension)
Particulate Filter
Sample PortB  —»¥
l Deheparinised
blood Ou

~ ]

Peristaltic pump
50 mL/mir

Figure 5.1:  Diagram of the immobilized heparinase system
(adapted from Langer et al., 1982

Fresh blood from dogs was heparinised and passed throudiiteheat a rate of
50 mL/min. The filter was placed between two 1-liter bldmansfer packs. After the
entire blood volume from one pack had passed through tae ifito the other pack
(one pass), the packs were disconnected and their posiitinsespect to the filter
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were switched. Six passes of the blood were performedhaparin concentrations
were analysed. There was an 80% loss of heparinthédirst pass. After two passes
90% loss of heparin occurred. According to the author, gpardn products were
observed to be non-toxic; however there was a 30%edserin the white blood cells
count and a 70% decrease in the platelet count. This systemrefore required

modifications to be utilized in clinical processes beeanfsthe damage to the blood
cells.

5.2.2 Vortex flow fluidised bed reactor (VFFBR)

Ameer et al., 199%ainvestigated the use of a whole blood fluidised bed Taylor
Couette flow device for enzymatic heparin neutralizationngisimmobilised
heparinaseTaylor —Couette flow is the resulting fluid flow found in the gap between
two infinitely long concentric cylinders, one or both of which aratmg) along their
common axisHeparinase was immobilised using agarose gel beadgr(R@0erage

diameter). Immobilization increased the stability eparinase.

(

Heparinised
blood Out

l

/

Heparinised blood |

Figure 5.2:  Diagram of the vortex flow fluidised bed rea¢V/FFBR)
(adapted from Ameer et al.,198pa
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Whole blood entered and exited the device while the agasase continuously
recirculated. Taylor-Couette flow together with a #Wlanduced” recirculation was
used as a reactor system to fluidise the agarose impsablieparinase at high flow
rates. The selected tangential location of the refation ports allowed continuous
flow and fluidisation of the beads without the aidaafexternal pump. Ninety percent
of the heparin was removed within 3 min of operation abwa fate of 100 mL/min.
However extensive damage to the red cells, white cellsplatdlets was caused by
the Taylor vortices. The red cells were ruptured andolgdwbin was released into the
plasma. Two steps were taken to reduce the damage. Theidfapwas increased
(design 2) and the rotation rate was reduced to 200 rpm.ygightent of the heparin
was removed in 3 min and the red cell hemolysis rate edsced. However for
clinical blood flowrates, the rotation rates required smain good fluidization was
higher than 200 rpm, which lead to extensive damage to thd bkls. The authors
felt that the VFFBR required further investigation dueh® hemolysis, even though
the percentage of heparin degradation was high. Theirestwtiggested that when
Taylor-Couette flow is combined with macroscopic solidtipees such as agarose
beads, lysis of the red cells becomes an importamé.idsurther investigations were

therefore required to eliminate the hemolysis problem.
5.2.3 Vortex flow plasmapheretic reactor (VFPR)

A device that simultaneously effected plasma separatimhenzymatic reaction to
minimize blood damage was designed by Ameer et al.,’1999
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Figure 5.3:  Diagram of the vortex-flow Plasmapheretiad®er (VFPR)
(adapted from Ameer et al., 1999

The reactor consisted of two concentric cylinders amdicoporous membrane to
separate the blood cells from the agarose immobilizgoarivease. The outer
stationary cylinder was counter-bored to accommodate arppoged microporous
membrane along the circumference of its inner surfBlois. set-up created a separate
annular compartment (reactive chamber) for the agamosaobilized enzyme. A
second, smaller compartment (plasma-collection chemises counter-bored into the
outer cylinder to accommodate the agarose cylindricairh&polyester mesh to
prevent the agarose beads from escaping the device amditoize the pressure drop
across the beads in the reactive chamber. A plasma pumspused to force
convective flow of heparin through the membrane to iwmprthe heparin mass
transfer from the main annulus into the reactivendbex. The reacted solution was
recombined into the main annulus of the VFPR.

A 500mL volume of the feed solution, heated t&@2was recirculated through the
circuit at 120 mL/min with the plasma pump adjusted to 6@mr. The rotation rate
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of the inner cylinder was set to 1200 rpm. Approximately 20 mthe@fimmobilized
heparinase was injected into the reactive chamberedfHPR and was fluidized. The
infusion of the heparin pre-reactor was adjusted to aelabwically relevant heparin-
plasma concentrations (541¢ heparin/mL plasma). Heparin concentrations were
measured at the inlet and outlet of the reactor. A rhegarin conversion of 34% in
blood was observed. According to the authors, a minioi® to 50% conversion of
heparin is required for a reactor to be efficientrafere the conversion did not fall
within the target range; however the data demonstratedettsibility of using the

novel design to achieve regional heparinisation with géxé damage to the blood.
5.2.4 Immobilized Protamine Reactor

A reactor containing immobilized protamine was developed mg¥a af (1991) that
provided simultaneous extracorporeal heparin removal anémpia treatment. In
vivo studies indicated that the reactor removed about 50%meo heparin in 10
minutes. Hemolysis complements were reduced by approximbfeto 20% while
there was a significant decrease in platelet and \elotal cell counts.

5.2.5 Hollow Fiber Reactor

Based on the negative charge density characteristiospairin, an affinity absorption
technique was developed for the removal of heparin usilygLplysine.HBr that was

immobilized onto a hollow fiber (Xinghang et®al1992). The activity of heparin
decreased by 85% in 25 minutes and no adverse effects orotiteviths observed.
Clotting was observed to occur within the hollow fiberfo®a heparin concentrations.
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The design criteria required for a reactor to removerinepge as follows: (Ameer et

al., 1999)

1. Efficacy: The average steady state single pass conversiopafimenust be 40
to 50%.

2. Safety: There must be no significant effect on whole bloodscglich as
hemolysis, rapid cell and platelet-count reductionxaessive white
cell or platelet activation.

3. Stability:  There must be stable operations at flow rates of up taor&@in.

4. Simplicity: A simple and low cost reactor would be preferred.

The reactors described above do not meet all of thecfaaria mentioned above. The
immobilised heparinase system and the VFFBR had high ihegegradation rates
but caused damage to the blood cells at high flowrates.VAPR met the safety
criteria as very little damage to the blood cells waseoked. However the VFPR had
a low conversion of 34% of heparin. The immobilized protamieactor had
significant damage to the white blood cell counts and taielpts. The hollow fiber
reactor had clotting complications. In order to expahthal above studies and based
on the batch experiments, it is proposed that thebiégsof using a reactor packed
with poly-L-lysine beads is investigated.

Previous work has indicated that poly-L-lysine /algina¢ads can efficiently remove
heparin from blood (Varghese ef.aR006). Furthermore the spherical beads not only
provide a larger surface area to volume ratio for remokejarin, but also provides
three-dimensional stability with respect to mechaniaasses (Vally et &., 2005).
The beads are also relatively simple to produce atativelly low cost. A fluidised
bed or a packed bed reactor would be ideal for the absonptaxess, as the beads
would have direct contact with the blood. The use oluaifed bed reactor was
investigated for the design of a hybrid liver using the polydine/alginate beads
(Vally et al'., 2005). The fluidized bed reactor was determined noettedsible as
the density of the beads was similar to the density obdlthereby providing
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problems to the fluid flow and resulting in inhomogeneaugcentrations through the

reactor.

This article provides the design of a simple packed bedaraBrevious work
indicated that the absorption was a first order process fited the Freundlich
Isotherm (Varghese et’gl2006). The absorption process depended on the membrane
thickness and the poly-L-lysine content of the beadsgMse et &},2006). The
results are used to investigate the feasibility of usimaeked bed reactor for the
absorption process by using simple flow models and fundaiexe based models

that can be used on both batch and flow systems.

5.3. REACTOR DESIGN MODELS

Various models were used previously (Varghese &t.2006 and Varghese et'’a|
2006) to fit the batch experimental data. As will be dised below, these models are
not suitable for use in design of processes in flow oesaciThus more fundamental
models are used to analyze the batch data. These modetisaussed in Section
5.3.2.

5.3.1 Models used for the Batch Processes

Varghese et. al 2006 fitted the Freundlich Isotherm to the equilibriunadhat was
obtained from the batch experiments. The Freundfiothkerm is of form:

O =KX e e EQUALTION 511

i Xe
where:
m; is a constant which is positive and generally not tagar;
kiis a constant;
Xe IS the fluid phase concentration at equilibrium (@@riration of heparin in
saline solution at infinite time) in U/ml;

g is the absorbed phase concentration in U/mL;
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The Freundlich Isotherm is a commonly used model fadyaing batch data and in
particular for relating the equilibrium concentrations to system parameters.
However its use for modeling more complex processed) agcoccurs in flow
systems, is very limited as in these situations thelibrium concentration xis not
well defined. In a typical system the solid may be itchanode while the fluid flows
continuously over the solid. In this case the parameteould depend on the history
of the solid that the fluid is in contact with and woalthnge with time and position
in the reactor.

Varghese et. &l 2006 also analysed the time dependent behaviour by fitteng th

experimental data to a simple first order process namel

% SK(X=X) Equation 5.2
where:

t is the time in seconds;
K is the rate coefficient in seconts

x is the concentration of heparin in the liquid phase/mL;

This model was shown to fit the batch data (Varghesafet.2006). Although this
appears at first glance to be a fairly fundamental matles, found that different
experiments were fitted with different values of theercoefficient K. It was further
shown that K is proportional to the number of beads arnti@dotal volume of the
membrane of the beads (Varghese ét.,&1006). This means that this model is again
not useful in more complex flow situations as the valti¢he rate coefficient K as

well as the equilibrium concentrationig again not well defined in these situations.
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5.3.2 Fundamental Models for both Batch and Continuous Absorption

Processes

Fundamental rate based absorption models were develogiearé applicable in both
batch and continuous flow systems. The model used @afoantal and is a simple
rate based model which assumes that the absorption prieaeversible. The rate of
absorption onto the solid is assumed to be proportidgoalthe fluid phase

concentration and the number of available sites irstiid. The desorption from the
solid to the fluid phase is assumed to be proportitingte concentration of the solid

phase. Using this model, one can propose the followiregeguation:

Vy (S] Vy H
r :klxv—(y —y)—kzv—y.....................................................Equatlon 5.3

X X

where:
r is the rate of reaction or absorption per volwhkquid in U/(mL sec);
ki is the rate constant for the process in mL/U sec;
k is the rate constant for the desorption processseci/
x is the concentration of heparin in the liquid phase/mL;
y is the concentration of heparin in the solid phasd/mL;
y® is the capacity of the bead per volume of bead memtimauenL;
Vy is the volume of liquid in mL;
Vy is the volume of solid (total volume of membran¢hef beads) in mL.

In this model the parametef ys assumed to be fixed for a given solid and hence is
the same in both batch and continuous flow systeme. aldlove rate equation has
been fitted to a wide range of experimental resultsheroabsorption processes and
has given a good fit for both batch and continuous dat#ligvs, D. F. et. af.,
1985). This model is a two-parameter modelgkd k) and as before the parameters

are fitted by using the batch experimental data.
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5.3.3 Model simplifications for Batch systems at Equilibrium (Infinite
Time)

The Freundlich Isotherm was previously shown (Vargtetsaf., 2006) to fit the
batch equilibrium data. It is therefore necessary tha proposed rate based model
simplifies at equilibrium to a form that fits the batperimental data.

It was experimentally found that when beads loaded parin were placed in
saline solution; the heparin concentration in the salinatisn was negligible,
implying that the heparin absorption was fairly irreveisibrhis implies that the
proposed fundamental rate model can be simplified byr@aguhat k~O.

The fundamental rate equation (equation 5.3), with theldicapion of k,=0, has two

terms that could tend to zero at equilibrium, namely x @f-y). These two

scenarios will be examined separately.

i) The concentration of heparin in the liquid phase, x, becomesIpeifuis case
the equilibrium concentration of heparin in the solidgghs not equal to the

capacity of the beads per volume of bead membrgpe ¢°), that is the

beads have not been fully loaded yet.
i) The term (§ -y) becomes zeroln this case the concentration of heparin in the

liquid phase, X, is not zero and has attained an equitibvalue x = x,). The

beads are fully loaded in this situation and therefgre y©.

If the results obtained from the batch experimefigre 3.8 (Varghese et al9., 2006)
are observed, it is clear that for the two experimeits the smaller number of beads
(that is 848 and 1696 beads), the liquid concentration @&rhep, at equilibrium is
non zero. Thus the liquid concentration is approachinggaiit@ium value, x&0,
and therefore ye can be assumed to ®e s the number of beads increases (the

experiments with 3650 and 8000 beads), the liquid concentrafiomeparin, X,
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approaches zero. At equilibrium the beads are not folded and therefore
Ye 2 Y°.
For the smaller number of beads where the beadfiléydoaded at equilibrium and

X, # 0 the fundamental rate equation at equilibrium is:

<|<

k,—Lx.(y®-y.)=0 teriiiiiiiiiiiiiieesann..... Equation 5.4

X

which simplifies to:

(€]

Yo=Y, ettt tie e EQUAtION 5.5
The mass balance is:
V(% =%X) =y Equation 5.6

which simplifies at equilibrium to:

y, =y°® =é(xo =X e Equation 5.7

y

Using the results of the 848 beads and 1696 beads in Equatitreaverage value
of y°is estimated to be 1004 U/mL, (see Table 5.1)
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Table 5.1: Estimated values of ffom equilibrium data.

No of beads Equilibrium Estimated §
concentration x
U/mL U/mL
Experiment 1 848 2.23 929
Experiment 2 1696 1.33 1079
Average 1004

5.3.4 Model predictions of Concentration versus Time for Batch
Systems

A more stringent test of the proposed rate based medel see how well it fits the
batch data at times other than equilibrium. In ordeid this the rate based model will
be fitted to the results obtained previously by Varghesalfet 2006 for batch
absorption systems.

Assuming that kis negligible, the fundamental rate equation, r, bexsom

Vy (C] .
r= klxv—(y =) Equation 5.8

Substituting the mass balance (Equation 5.6) in Equation 8.8iaplifying:

r =k x(a+x) Y =0 S I 1101 W]

\
Wherea = V—y ¥ =X,

X
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For the batch absorption process:

% =r=kx(@+x) Equation 5.10

Integrating Equation 5.10 and simplifying, the following equaisoobtained:

ktz—iln(wj et treeie i EQUAtion 5.11.
a ((a+xy)x

(a+ X)X,

1
A graph of-=In
arap a ((a+x0)x

j versus time, t, should yield a straight line passing

through the origin with a slope of the rate constant, k

The experimental results obtained previously for thietbabsorption experiments
(Varghese et &l 2006) are fitted and shown in Figure 5.4. Since the In fsrm
sensitive at small values of the term in the parentbgsgnall experimental errors in
the value of the liquid concentration at low rates wilise a large deviation to the

value of the In term. Liquid concentrations of above #¥versions were thus not
used in to fit the value ofik
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Figure 5.4 Graph to obtain parameter of the fundamental rate based equation

From Figure 5.4, it can be seen that all four sets of fitattae model all the data falls

on a straight line and importantly all the data fits §ame slope. One can therefore
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have confidence in the model and from the slope one stanate the rate constant,
k1, to be —0.0006 mL/U sec.

5.3.5 The Effect of Blood and Fetal Calf serum (FCS) on the parameters
of the rate equation

The data for the absorption of heparin in FCS and bloodlsanbe analyzed to try to
understand how these substances affect the performétioe lbeads. Assuming that
the capacity of the beads’,\is the same value as that obtained for salifle=($004
mL/U sec) and using the results obtained from Figure 4.13('¢aegét. at., 2006),
the data is fitted for blood and FCS and the resulttadmdated in Table xx.

Table 5.2 Comparison of values affar saline, FCS and blood
k (mL/Usec)
Saline -0.0006
FCS -0.0024
Blood -0.0039

It should be noted that the data for blood and FCS artetinais only one experiment
was performed, however the general effect can be naiedthe above results and it
is clear that the rate constant value is the gred&edtlood. The absorption rate is
therefore sensitive to the type of fluid used and thegldtated previously (Varghese
et. al’., 2006).

5.3.6 Model Testing

One can compare the experimental data to the modelsimg the values of the
parameters estimated previously in the fundamental ratlelmOne can compare the
measured equilibrium concentration of heparin in theidigphase with those
predicted by the model.
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Figure 5.5 Comparison of predicted and measured equilibriuseotnation

The results indicate that the fundamental rate maquleldicts the measured

equilibrium concentration data well.

The concentrations of heparin in the liquid phase att&pkar time can be predicted

by simplifying Equation 5.11 and obtaining the following equation:

X = aT)% ...................... Equation 5.12
where

(C]

\/
b = (a+x,)exp(kta) - x, anda = V—y y° =X,

The predicted results are compared with the measuredsreshthined previously
from the batch experiments of saline and is showngarE 5.6.
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Figure 5.6: Comparison of predicted and measured concensati heparin

The results indicate that the fundamental rate maaiebe used to predict the results
for a batch process in saline relatively well, witle #xception of the 3650 beads,
which may be attributed to experimental error and mayire further investigation in

future.

5.3.7 Using the Fundamental Rate Based Model to predict the

Performance of a Continuous Reactor

In a batch process, all the reactants are added iretherting, the reaction is allowed
to proceed and samples are withdrawn to obtain the caitiges that change with
time until the reaction is completed or stopped whendhaired conversion has been
reached. In a flow process, the reactants are fedtie reactor continuously and
products are withdrawn continuously. A packed bed reactor avitbasonably low
pressure drop would be the ideal choice for a continuog$oreas minimum damage
is expected to the blood cells since the shear stressdd be small if pressure drop
was low. An added advantage is that there are noan&ai moving parts within the
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reactor which also eliminates possible damage to the blelisl 8lood containing
heparin can be allowed to flow through a packed bed rediemt with poly-L-
lysine/alginate beads. It is proposed that such a reeatobe designed to achieve the

required absorption of heparin within the reactor.

The next step is therefore to predict the performan@ecointinuous reactor using the
information from the batch experiments. Since time @i this prediction is to check if
the option of a reactor packed with beads is feasibletaove heparin in a flow
process, one can test this theoretically by using a senplified reactor model. A
model is required for both the liquid and solid phasesim ¢ase. One can assume
that the change in concentration of heparin in the solideplsaslow in comparison to
that in the liquid. As a result of the different timenstants of the two phases one can
use a pseudo-steady state model in that one can adssatried liquid phase at any
time is approximately at steady state, but that theeamnation in the liquid phase

will change slowly with time.

The simplest model that characterises the majourfesof a flow reactor is:

* Liquid phase: as the liquid concentration changes slamtlg time, it is
proposed that a simple CSTR model be used for ingraesing. Under this
assumption, the liquid concentration in the device is umifdfurther more
under this assumption the concentration of heparin itighel flowing out of
the reactor is the same as that in the reactor. Xiheancentration (and hence
the concentration in the reactor) will change witingias the beads in the
reactor become loaded.

 Solid phase: the solid is in batch mode and it is assuthat the
concentration of the solid is uniform in the reactdihus the solid
concentration is characterised by a single value shahe dependent.
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)

where:
Q is the volumetric flow rate of liquid in mL/min amlconstant;
x is the concentration of heparin in liquid in the reae® well as in the exit
stream from the reactor in U/mL. This value will cgarwith time.
Xo IS the concentration of heparin in liquid in the feed tordeetor in U/mL
and is constant.
Vis the holdup or volume of liquid within the reactor
y is the concentration of heparin in the solid prese will change with time.

Vyis the volume of solid (membrane) within the reactor.
The mass balance for heparin in the liquid phasefisllags:

Qx—-Qx, =1V, e e EQUALTION 5,13

One can use the fundamental rate model in the continasgsand very importantly,
the values of the parametersand Yy’ that was obtained by fitting batch data can be
used in the continuous reactor model. As was stated preyidhsl process is nearly
irreversible and thus it can be assumed tha& kuch larger than,KThe fundamental

rate model, Equation 5.2, simplifies in this case to:

r :kl—yx(ye —y)Equatlon 5.14

Substituting the rate model (Equation 5.14) into the liquidsphmass balance
(Equation 5.13) gives:
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X=X, = K XT (Y mY) neee et Equation 5.15

where:
Ts is a residence time like constant for the beads mvitie reactor and is equal
to (V,/Q) in sec.

The mass balance of heparin in the solid phase idlaw$o

Vy%/ =Qx, —-Qx Equation 5.16

which simplifies to

dy = i(x0 =X)L Equation 5.17
dt 7,

The initial condition from Equation 5.17 is thatta0, y =0.

Equations 5.15 and 5.17 can be solved simultangdasbbtain the trends of the
concentration change of heparin within the reacfbe values of kand Yy’ used are
those determined for saline from the batch exparimeThere is only one parameter

that the designer is free to chose, namely

The subsequent sections look at the sensitivityhef model to the value of the
parametens and in particular investigates if there is a vabfiehe parameter where

the reactor can satisfy the specifications.

5.3.8 Reactor Specifications

In section 5.2.5, the following criteria were giviem a reactor to remove heparin:
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Efficiency: A per pass conversion of 40 to 50 % wasiBpdcThis is thus a
criterion that can be used in sizing the reactor. P@v al., 1996 states that a
40 to 70 % conversion is required; therefore a range o #0% conversion
will be used to size the reactor.

Safety: No significant effect on whole blood cells sldo be observed,
therefore a simple packed bed reactor will be consideyedhibimize the
damage that could be incurred on the cells by additionalresgants such as
stirring.

Stability: Stable operation at flowrates up to 300 ml/nsrspecified. This
flowrate can be used as a design criterion. For kidhalysis the range of
flowrate of blood is between 250mL/min and 500mL/min (Rebiit,
Johannesburg Hospital. Therefore a flowrate of 300mitmiil be considered

as a design criterion.

. Simplicity: The reactor proposed is fairly simpleg timost expensive part of it

is are the beads. The proposed design is thereforevéelto meet this

criterion.

From these the following specifications could be made:

It was assumed that the inlet concentration of hapartihe liquid flowing into
the reactor was constant at 1U/mL.

The reactor must therefore be sized that the ouletentration of heparin lies
between 0.60 U/mL (40% conversion) and 0.40 U/mL (60% conversib
necessary this criteria could be relaxed as at al., 1996 specify that the
exit concentration of heparin in blood/saline must be enréimge of 0.3U/mL
(corresponding to 70 % conversion) to 0.6 U/mL (correspgndo 40%
conversion) to avoid clotting within the reactor.
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» The volume of blood in the reactor cannot exceed 15@snthis is a clinical
specification to minimize hemodilution of the patiefftmeef et al., 1999a).
Thus the value of ¥Ymust be equal to or less than 150 mL.

* An operating time of more than four hours is preferredttie reactor as the
usual dialysis treatment lasts for approximately four fiotinis will allow for
simplicity of operation in that unit would not need todbhenged during the

treatment.

5.3.9 Reactor Absorption Behaviour

Equations 5.15 and 5.17 were solved using polymath and a grapé exitHiquid
concentration x versus time for various values ofghemetensis given in Figure
5.7. The values of k= -0.0006 mL/U seand y’ = 1004 U/mLused are those
determined for saline from the batch experiments. Theatipgrrange for the reactor
to meet specifications is also shown in Figure 5.7. Thuértes corresponding to 40
and 70 % conversion of heparin are shown. The reactoifdsbperate between these
limits. The time constraint of 4 hours is also shoWnmus the curves which lie within
this region satisfy the reactor specification. It barseen that there is no curve which
lies within the operating region for a full 4 hours.
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Figure 5.7:  Reactor Absorption Behaviour for Saline

It can be seen that Equation 5.15 can be used to estimatalue ofts such that the

liquid leaving the reactor initially has a 70 % removaheparin:

T, = M = 388sec
0.3x,k; y

It can be seen that the curve correspondingse3.88 sec meets the upper limit of
conversion at 70% and at 4963 sec, corresponding to 1.4 haashes a conversion
of 40 % and therefore would no longer meet the desitgrier

One can therefore conclude that a packed bed would neeeletign specifications
for 1.4 hours and thus if longer operating times whegeiired, the packed bed would
need to be replaced every one and a half hours. To d#és ifs feasible, the

following should be considered: sizing the reactor andnasimg the number of beads
required and more importantly the volume of blood inrdaetor.
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The volume of membraneyYequired can be estimated using the volumetric flowrate
of 300 ml/min ands =3.88 sec from:

Vo=r,Q s Equation 5.18

The total volume of membrane that is required is 19.4 mL

The number of beads N required can therefore be estinfratm:

— 4 3 3 .
Vv, = N§77(rOut —6Y) Equation 5.19

in
where

Iout IS the outer radius of the bead and
rin iS the inner radius of the bead.

If the outer and inner radius of the beads is used asofhie batch experiments,
l'out = 0.00045m andy= 0.000436m it can be seen that 561849 beads are required.

The reactor volume Man be estimated for a packed reactor of voidag@4 from:

(N27?)
V, = — 3 e, Equation 5.20

1-¢)

The volume of the reactor is thus estimated to be 357 Trhe. priming volume of

blood iseV, and is in the range of 143 mL.

According to Ameefret al., 1999a the volume of the reactor cannot exceed 136 m
minimize hemodilution of the patient. Previous work @aded that as the thickness of
the membrane of the beads is increased the amouneparih absorbed would
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increase. The effect of membrane thickness on themelaf the reactor can be

investigated and this is shown in Figure 5.8.
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Figure 5.8:  Effect of membrane thickness on the reactiame

In order to satisfy the criterion of minimising hemauibn, from the graph the

membrane thickness should be increased from 1%#1Go 3.5*10°m. The

specifications for the proposed reactor would thereforasha Table 5.3.

Table 5.3: Proposed Reactor Specifications for Saline

Time like variablgty)
Volume of membrane
Number of beads (N)
Volume of Reactor (VY
Priming blood volume (V)

Operating Time

Reactor Specifications

3.88 sec
19.4 mL
235676
150 mL
60 mL
1.4 hours
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Thus the reactor meets the specifications given previolishould be noted that the
values of k could change if the membrane of the beads is alteredeftire further

experiments are required to determine the exact values.

Using the results obtained from the blood experimetigre the values ofik= -
0.0039 mL/Useand ¥’ = 1004 U/mL, and solving Equations 5.15 and 5.17, the graph
of the exit liquid concentration x versus time foriwas values of the parametryis
given in Figure 5.9. The results indicate thamust be 0.6 sec and must be replaced
every 12 minutes in order to meet the required specifitsatidherefore for the
duration of the dialysis treatment of 4 hours, at I@@spacked bed reactors/cartridges
would be required. The blood results were based on limitgd, dhus further
experiments will be required to confirm the results, &esv from the experiments the
absorption in blood appears to be a lot faster, theéaeabould therefore be designed
to meet the saline specifications. This can be easiiyeved in blood by introducing
mass transfer effects to slow down the absorptiongscThe beads can be coated
with an inert substance or the membrane can be maderthising sodium alginate to
reduce the absorption by poly-L-Lysine. In this way tHeatfof the rate constant will
be decreased and the number of cartridge changes corhitiee.|
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Figure 5.9:  Reactor Absorption Behaviour for Blood
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The final check that one can do at this stage is to dstitha pressure drop across the

reactor.
5.3.10 Pressure drop within the Reactor

Another important consideration of the reactor dessgtiie pressure drop across the
reactor. The pressure drop must be as low as possibdien wite reactor to avoid
frictional losses and hence possible damage to the blood.

The pressure drop can be estimated using the Blake —Kegeayion as follows:

Y
AP:F&SO""”"(1 £) } ervevo..... Equation 5.21

2.3
D¢

where:
AP is the pressure drop in Pa.
M is the viscosity of blood in kg/m3he viscosity of blood from literature is
2.72 centipoise.
L is the length of the reactor in m.
Uo Is the velocity of the blood through the reactor (Hase reactor cross
sectional area) in m/s.
€ is the voidage (0.4 for spherical particles).

Dy is the diameter of the beads in m (Range betweepr8@hd 200Qm).

The velocity of the blood through the reactor is caledlas follows:

0, =2
A

[o]

.......................................... Equation 5.22

where:
Q is the flowrate of blood through the reactor ifisec.
A is the area of the reactor irfm
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It is known from our previous calculations that the waduof the reactor \= 150 ml.
Furthermore Y=AL and hence the cross sectional area and lengtheofeactor are

related. Equation 5.21 can thus be rewritten as follows:

............................. Equation 5.23

AP |:150,u\/rQ(1— 5)2}
A’D’e’

One can look at the upper and lower limits on the cressomal area of the device
and compute the pressure drop across the reactor faaathmable (i.e. between the

upper and lower limits) dimensions.

The minimum cross sectional aregiAwould typically correspond to a device with a
diameter equal to 10 particle diametegs iCe.

A, = ;T(5Dp)2 ................................ Equation 5.24

The maximum cross sectional areg.fwould roughly correspond to a unit where the

diameter D and length were equal. Thus

2
V, :(ﬂj D Equation 5.25
And

7D2
Anax = ( 2 ) Equation 5.26

The Ergun equation can be solved between theséslamd the possible range of
pressure drops in the device can be estimated.rdhdts for saline and blood are
indicated in Table 5.4.
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Table 5.4: Pressure Drop Results for Saline and Blood
Volume of | Minimum Maximum | Maximum Minimum
Reactor Area of Pressure Area of Pressure
(mL) Reactor (kPa) Reactor (Pa)
(m?) (m?)
Saline 150 6.36*1® | 525 0.31 0.022
Blood 150 6.36*10 | 193 0.041 0.44

For the estimated Vr = 150 mL, the minimum area of 6.38410 yields a pressure

drop of 525 kPa, while the maximum area of 1.69ields a pressure drop of 0.022
Pa. The typical pressure drop across a haemoperfusiooedewich as a dialysis
machine is about 13.33 kPa (100mmHg). Therefore the reactdrecdesigned for a

pressure drop of 10 kPa with an area of 4.6T+10

From Equation 5.23, as the diameter of the beads incredmegressure drop
decreases. However increasing diameters may introduosidifal limitations in the
absorption process. From the batch experiments (Vargiesd'., 2006) it was
shown that beads with the smaller diameter absonh@e@ heparin than the larger
beads. It was also shown that the smaller beads kaidker poly-L-lysine membrane
therefore increasing the quantity of heparin absorbedveMer as the bead sizes
decrease a wider size distribution is obtained during greduction. A wider
distribution of sizes will result in an increased pressinop across the reactor. This
trend needs to be taken into consideration when desighéngeactor and a balance
between pressure drop and capacity will need to be madeithrdgon the optimal

bead size.

The flow rate of the blood will also affect the pregsdrop within the reactor. As the
flow rate decreases the pressure drop will decreades idévice is used in series with

existing devices such as the dialysis machine, then theaftie through the device
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will be set by these and thus is not a design variable. ddsigner however can
choose the diameter of the device, and hence the tyetoicihe liquid phases in the
device. A larger diameter of the device will lead to thedr liquid phase velocities
and hence lower the pressure drops across the device. Agalegigner will need to
balance reduced pressure drop against efficient solid- l@pnthct when choosing a

suitable diameter.
5.4. CONCLUSION

The experiments and estimations have indicated thaaetor with poly-L-lysine
beads is a feasible option to absorb heparin frotmaesrporeal procedures. The
reactor should be designed to meet the saline speuwfisat)sing an exit stream for a
flowrate of 300 ml/min, a voidage of 0.4 and a reactor melwf 150 mL for saline,
235676 beads are required. The area of the reactor should be?drBarder to limit

the pressure drop and should be replaced every one arfchaural

A packed bed reactor would also be simple, relativelygland easy to operate. All
the required specifications that are 40 to 70% convergibeparin, safety (minimum
damage to blood cells) stable flowrate of 300mL/min and Igitypare achieved by
the proposed reactor configuration. The reactor shoulddied experimentally in a

flow process to determine the optimum parameter values.
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Chapter 6: CONCLUSION

The study indicates that heparin can be efficiently resdofrom saline, fetal calf
serum and blood using poly-L-lysine/alginate beads.

Article 1 indicates that the absorption process fissa order irreversible process and
the data fits the Freundlich Isotherm. The amountheparin absorbed can be
increased by increasing the number of beads in a samptesol

Article 2 illustrates that the beads have minimal affen the constituents of human
blood. The thickness of the membrane can be adjustedtitoizg the absorption
process. The thicker the membrane, the more heparibhs@rt@ed. The amount of
heparin absorbed can also be increased by increasing the-pysiyne content of the

beads. The smaller beads are more efficient beczukeir thicker membranes.

Article 3 indicates that a reactor with poly-L-lysine theas a feasible option to
absorb heparin from extracorporeal procedures. The numiiieradk or reactive sites
should be selected to ensure the adequate absorptiomparirhéo prevent clotting

within the reactor but allow clotting once the blood nesuback to the patient. The
ideal configuration would be to replace a packed bed reaatimidga every one and a
half hours during the dialysis process.

This study indicates that poly-L-lysine/alginate beads cbaldsed to design a novel
reactor. The reactor and bead parameters could bedtieroptimize the absorption
process. The reactor design provides an efficient, sianpdeuser friendly option of

extracting heparin from extracorporeal systems. Furiiegstigation using a flow

process for the proposed reactor configuration, more exeets using blood and
clinical trials are recommended to optimize the desagd to limit all possible

problems that may arise during extracorporeal procedures.
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APPENDICES

Appendix A Data for Chapter 2: Apparatus and methods

Appendix Al Calibration

Concentration in U/mL Absorbance 1 Absorbance 2
0.00 0.0000 0.0000
0.75 0.0253 0.0254
1.50 0.0490 0.0481
3.00 0.0927 0.0947
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Appendix A2 Solutions used in the formation of poly-I-Lysine/algiadieads

4% Sodium alginate solution (500 mL)
Sodium alginate 20g
Sodium chloride 2.25¢

100 mM Calcium chloride solution (500 mL)

100 mM Calcium chloride  7.35¢g
10mM HEPES 1.199
20mM Fructose 1.8g

50mg% Poly-L-Lysine solution (500mL)

Poly-L-Lysine 0.25g
Sodium chloride 4.25¢g
10 mM HEPES 1.19¢
20mM Fructose 1.8g

0.2% Sodium alginate solution (500 mL)

Sodium alginate 19
Sodium chloride 4.25¢g
10 mM HEPES 1.19¢
20mM Fructose 1.8g

50 mM Sodium citrate solution (500mL)

Sodium citrate 7.359
Sodium chloride 4.25¢g
20mM Fructose 1.8g
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Appendix A3 Efficiency of the 90@4 pipettes

Measured massin g

Expected massin g

0.8935
0.8937
0.8947
0.8945
0.8957
0.8956
0.897
0.8968
0.8973
0.8957

0.9
0.9
0.9
0.9
0.9
0.9
0.9
0.9
0.9
0.9

Appendix A4 Efficiency of the 10@4 pipettes

Measured massin g

Expected massin g

0.0976
0.0974
0.0976
0.0973
0.0981
0.0979
0.0979
0.0979
0.0979
0.0979

0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
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0.12

0.1 A * L 4 * * L 4

0.08 A

Expected mass of water in g

0.02 A

0 T T T T T T T T T
0.0972 0.0973 0.0974 0.0975 0.0976 0.0977 0.0978 0.0979 0.098 0.0981 0.0982

Mass of water from pipette in g

Figure A4.1 Curve of the expected mass of water versusdighed mass of water

for a 100uL pipette
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Appendix B Data for Chapter 3: Efficiency of Polymer Beads ireth

Removal of Heparin

Appendix Bl Figure 3.4 Results

8000 900 pm
beads
Ave
Time | Concl| Conc2| Conc | Std Deviation
Sec UmL | U/mL | U/mL
0 2.572 2.572 2.572 0.0000
30 2.320 2.326 2.323 0.0042
70 2.137 2.139 2.138 0.0014
120 1.859 1.851 1.855 0.0057
330 0.991| 0.989| 0.99¢ 0.0014
600 0.436| 0.437| 0.437 0.0007
930 0.124 0.128 0.126 0.0028
1200 0.058| 0.058] 0.054 0.0000
5160 0.035| 0.038] 0.0371 0.0021
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Appendix B2 Figure 3.5 Results

Experiment 1
Ave
Time | Concl | Conc2| Conc | Std Deviation
Sec U/mL | U/mL U/mL
0 2.914 | 2.908 2.911 0.0042
30 2.652 | 2.638 2.645 0.0099
60 2.634 | 2.629 2.632 0.0035
120 2.568 | 2.560 2.564 0.0057
300 2.418 | 2.450 2.434 0.0226
608 2.164 2.163 2.164 0.0007
1210 1.694 1.711 1.703 0.0120
1800 1.339| 1.345 1.342 0.0042
5400 1.343| 1.326 1.335 0.0120
Experiment 2
Ave
Time | Concl | Conc2| Conc | Std Deviation
Sec U/mL | U/mL U/mL
0 2.915 [ 2.907 2.911 0.0057
30 2.653 | 2.649 2.651 0.0028
60 2.613 | 2.635 2.624 0.0156
120 2.555 | 2.558 2.557 0.0021
300 2.468 | 2.473 2.471 0.0035
608 2.168 | 2.109 2.139 0.0417
1210 1.748 1.751 1.750 0.0021
1800 1.442 1.426 1.434 0.0113
5400 1.345( 1.321 1.333 0.0170
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Experiment 3
Ave
Time | Concl|Conc2| Conc | Std Deviation
Sec U/mL | U/mL U/mL
0 2.824 | 2.818 2.821 0.0042
30 2.826 | 2.814 2.820 0.0085
60 2.741 | 2.726 2.734 0.0106
120 2.634 | 2.630 2.632 0.0028
300 2.438 | 2.449 2.444 0.0078
608 2.025( 2.022 2.024 0.0021
1210 1.778 1.769 1.774 0.0064
1800 1.406| 1.401 1.404 0.0035
5400 1.345| 1.339 1.342 0.0042
Experiment 4
Ave
Time | Concl|Conc2| Conc | Std Deviation
Sec U/mL | U/mL U/mL
0 2.823 | 2.824 2.824 0.0007
30 2.829 | 2.810 2.820 0.0134
60 2.735 | 2.731 2.733 0.0028
120 2.637 | 2.634 2.636 0.0021
300 2441 2.443 2.442 0.0014
608 2.022 2.026 2.024 0.0028
1210 1.769 1.775 1.772 0.0042
1800 1.406 | 1.402 1.404 0.0028
5400 1.349( 1.343 1.346 0.0042
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Appendix B3 Figure 3.6 Results

No Beads
Ave Std

Time | Concl | Conc2| Conc Deviation

Sec U/mL | U/mL U/mL
0 3.000 | 3.000 3.000 0.000
30 2.893 | 2.886 2.889 0.005
70 2.925 2.925 2.925 0.000
120 2.950| 2.950 2.950 0.000
330 2.943 | 2.943 2.943 0.000
600 2.950| 2.950 2.950 0.000
930 2.943 | 2.943 2.943 0.000
1200 2.950( 2.950 2.950 0.000
5160 2.950( 2.950 2.950 0.000
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Appendix B4 Figure 3.7 Results

8000 beads
Time Con
Sec U/mL In (C-Cinf)
0 2.57 0.93
30 2.32 0.83
70 2.14 0.74
120 1.86 0.60
330 0.99 -0.05
600 0.44 -0.92
930 0.13 -2.42
1200 0.06 -3.84
5160 0.04
850 beads
Time Conc
Sec U/mL In (C-Cinf)
0 2.91 -0.39
30 2.81 -0.54
60 2.75 -0.65
120 2.75 -0.66
300 2.58 -1.07
608 2.45 -1.53
1210 2.30 -2.71
1800 2.25 -4.14
5400 2.23
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Appendix B5 Figure 3.8 Results

Number of beads K-value
848
1696 -0.0014
3650 -0.0023
8000 -0.0039

Appendix B6 Figure 3.9 Results

Number of beads K-values
0 0
848 -0.002
1696 -0.0014
3650 -0.0023
8000 -0.0039
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Appendix B7 Figure 3.10 Results

Data for 25°C

850 beads
Time Concl Conc 2 Ave Conc Std Deviation
Sec U/mL U/mL U/mL
0 2.911 2.907 2.909 0.0028
30 2.809 2.813 2.811 0.0028
60 2.753 2.753 2.753 0.0000
120 2.746 2.748 2.747 0.0014
300 2.574 2.576 2.575 0.0014
608 2.447 2.447 2.447 0.0000
1210 2.295 2.300 2.298 0.0035
1800 2.245 2.249 2.247 0.0028
5400 2.237 2.225 2.231 0.0085
1700 beads
Time Concl Conc 2 Ave Conc Std Deviation
Sec U/mL U/mL U/mL
0 2.911 2.909 2.910 0.0014
30 2.665 2.635 2.650 0.0212
60 2.625 2.614 2.620 0.0078
120 2.561 2.559 2.560 0.0014
300 2.470 2.470 2.470 0.0000
600 2.138 2.141 2.140 0.0021
1200 1.748 1.751 1.750 0.0021
1800 1.432 1.428 1.430 0.0028
5400 1.331 1.333 1.332 0.0014
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3650 beads
Time Concl Conc 2 Ave Conc Std Deviation
Sec U/mL U/mL U/mL
0 2.961 2.959 2.960 0.0014
30 2.459 2.462 2.461 0.0021
60 2.401 2.399 2.400 0.0014
120 2.090 2.090 2.090 0.0000
300 1.730 1.730 1.730 0.0000
600 1.042 1.038 1.040 0.0028
1200 0.450 0.450 0.450 0.0000
1800 0.270 0.270 0.270 0.0000
3645 0.302 0.304 0.303 0.0014
8000 beads
Time Concl Conc 2 Ave Conc Std Deviation
Sec U/mL U/mL U/mL
0 2.572 2.572 2.572 0.0000
30 2.320 2.326 2.323 0.0042
70 2.137 2.139 2.138 0.0014
120 1.859 1.851 1.855 0.0057
330 0.991 0.989 0.990 0.0014
600 0.436 0.437 0.437 0.0007
930 0.124 0.128 0.126 0.0028
1200 0.058 0.058 0.058 0.0000
5160 0.035 0.038 0.037 0.0021
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Data for 37°C

700 beads
Time Concl Conc 2 Ave Conc Std Deviation
Sec U/mL U/mL U/mL
0 2.750 2.758 2.754 0.0052
30 2.743 2.739 2.741 0.0026
60 2.294 2.291 2.293 0.0026
150 2.181 2.181 2.181 0.0000
300 2.032 2.035 2.034 0.0026
600 1.729 1.696 1.713 0.0232
1200 1.711 1.696 1.704 0.0103
1800 1.445 1.441 1.443 0.0026
3615 1.419 1.423 1.421 0.0026
1000 beads
Time Concl Conc 2 Ave Conc Std Deviation
Sec U/mL U/mL U/mL
0 2.750 2.743 2.747 0.0052
30 2.473 2.477 2.475 0.0026
60 2.287 2.276 2.282 0.0077
150 2.119 2.116 2.118 0.0026
300 1.973 1.966 1.970 0.0052
600 1.849 1.853 1.851 0.0026
1200 1.466 1.470 1.468 0.0026
1800 0.992 0.985 0.989 0.0052
3615 0.956 0.999 0.978 0.0310
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1820 beads
Time Concl Conc 2 Ave Conc Std Deviation
Sec U/mL U/mL U/mL
0 2.941 2.911 2.926 0.0208
30 2.820 2.859 2.839 0.0278
60 2.816 2.817 2.817 0.0000
150 2.718 2.784 2.751 0.0462
300 2.388 2.404 2.396 0.0116
600 1.852 1.835 1.843 0.0116
1200 1.155 1.174 1.165 0.0139
1800 0.765 0.779 0.772 0.0093
3615 0.507 0.501 0.504 0.0046
2240 beads
Time Concl Conc 2 Ave Conc Std Deviation
Sec U/mL U/mL U/mL
0 2.883 2.879 2.881 0.0029
30 2.875 2.883 2.879 0.0057
60 2.791 2.787 2.789 0.0029
150 2.762 2.762 2.762 0.0000
300 2.303 2.299 2.301 0.0029
600 1.061 1.053 1.057 0.0057
1200 0.746 0.754 0.750 0.0057
1800 0.262 0.250 0.256 0.0086
5400 0.262 0.250 0.256 0.0086
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Appendix C Data for Chapter 4: Investigating Absorption in Salinestgl
Calf Serum and Blood

Appendix C1 Figure 4.1 Results

848 2mm beads

Time Concl Conc2 | AveConc | Std Deviation

Sec U/mL U/mL U/mL
0 2.872 2.912 2.892 0.02818
35 2.842 2.905 2.874 0.04461
60 2.866 2.862 2.864 0.00235
120 2.826 2.816 2.821 0.00704
305 2.653 2.690 2.671 0.02583
600 2.434 2.437 2.436 0.00235
1247 1.986 1.989 1.987 0.00235
1800 1.707 1.703 1.705 0.00235
6120 1.478 1.471 1.474 0.00470

8000 900 pm beads

Time Concl Conc2 | AveConc | Std Deviation
Sec U/mL U/mL U/mL
0 2.572 2.572 2.572 0.00000
30 2.32 2.326 2.323 0.00420
70 2.137 2.139 2.138 0.00140
120 1.859 1.851 1.855 0.00570
330 0.991 0.989 0.99 0.00140
600 0.436 0.437 0.437 0.00070
930 0.124 0.128 0.126 0.00280
1200 0.058 0.058 0.058 0.00000
5160 0.035 0.038 0.037 0.00210
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Appendix C2 Figure 4.2 Results

3650 900 um
beads
Time Concl Conc2 | AveConc | Std Deviation
Sec U/mL U/mL U/mL
0 2.919 2.957 2.938 0.0271
30 2.488 2.459 2.474 0.0203
60 2.389 2.396 2.393 0.0045
120 2.131 2.086 2.109 0.0316
300 1.723 1.732 1.727 0.0068
600 0.995 1.043 1.019 0.0338
1200 0.424 0.450 0.437 0.0180
1800 0.223 0.271 0.247 0.0338
3645 0.303 0.297 0.300 0.0045
848 2mm beads
Time Concl Conc2 | AveConc | $Std Deviation
Sec U/mL U/mL U/mL
0 2.886 2.902 2.894 0.0117
35 2.876 2.869 2.872 0.0047
60 2.849 2.842 2.846 0.0047
120 2.826 2.806 2.816 0.0141
305 2.700 2.643 2.671 0.0399
600 2.434 2.437 2.436 0.0023
1247 1.979 1.996 1.987 0.0117
1800 1.730 1.677 1.703 0.0376
6120 1.454 1.484 1.469 0.0211
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Appendix C3 Figure 4.3 Results

5% Sodium alginate
Ave Std
Time Concl Conc 2 Conc Deviation
Sec U/mL U/mL U/mL
0 3.001 3.011 3.006 0.007
45 2.771 2.776 2.773 0.003
60 2.519 2.439 2.479 0.057
120 1.807 1.799 1.803 0.006
330 0.996 0.954 0.975 0.029
600 0.343 0.332 0.337 0.008
1200 0.059 0.035 0.047 0.017
1860 0.012 0.012 0.012 0.000
2.5% Sodium alginate
Ave Std
Time Concl Conc 2 Conc Deviation
Sec U/mL U/mL U/mL
0 2.566 2.572 2.569 0.004
30 2.295 2.348 2.322 0.037
70 2.132 2.145 2.138 0.009
120 1.846 1.865 1.855 0.013
330 0.985 0.997 0.991 0.009
600 0.437 0.437 0.437 0.000
930 0.145 0.132 0.138 0.009
1200 0.049 0.068 0.058 0.013
5160 0.040 0.043 0.042 0.002
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Appendix C4 Figure 4.4 Results

Beads with no membrane
Std
Time Conc1l Conc2 | AveConc | Deviation
Sec U/mL U/mL U/mL
0 2.784 2.793 2.789 0.0066
30 2.650 2.640 2.645 0.0066
60 2.565 2.587 2.576 0.0155
120 2.659 2.675 2.667 0.0110
300 2.631 2.650 2.640 0.0133
600 2.665 2.656 2.661 0.0066
1200 2.653 2.659 2.656 0.0044
1800 2.668 2.684 2.676 0.0110
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Appendix C5 Figure 4.6 Results

1820 900 pm
beads
Ave Std
Time Concl | Conc?2 Conc Deviation
Sec U/mL U/mL U/mL
0 2.941 2.911 2.926 0.0208
30 2.820 2.859 2.839 0.0278
60 2.817 2.817 2.817 0.0000
150 2.718 2.784 2.751 0.0463
300 2.388 2.404 2.396 0.0116
600 1.852 1.835 1.843 0.0116
1200 1.155 1.174 1.165 0.0139
1800 0.765 0.779 0.772 0.0093
3615 0.507 0.501 0.504 0.0046
850 2mm beads
Ave Std
Time Concl | Conc?2 Conc Deviation
Sec U/mL U/mL U/mL
0 2.884 2.887 2.885 0.0021
30 2.741 2.798 2.770 0.0399
60 2.718 2.756 2.737 0.0273
150 2.545 2.551 2.548 0.0042
300 2.361 2.337 2.349 0.0168
600 1.823 1.879 1.851 0.0399
1200 0.922 0.892 0.907 0.0210
1800 0.532 0.556 0.544 0.0168
3615 0.485 0.538 0.511 0.0378
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Appendix C6 Figure 4.7 Results

Bead Number of Membrane
Diameter beads Thickness K Vmem

pm mm m°

900 1800 0.014 -0.0012  6.413E-08
2000 850 0.006 -0.0015  6.409E-08
900 848 0.014 -0.0009  3.021E-08
900 1696 0.014 -0.0014  6.042E-08
900 3650 0.014 -0.0028 1.3E-07
900 8000 0.014 -0.0039 2.85E-07
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Appendix C7 Figure 4.8 Results

37°C
Fluid Absorbed
phasecon | phasecon | Volumeof | Volumeof | Corrected
(ci) (ni) beads membrane ni In Ci In ni
1.42 272.01 0.27 0.02 2914.43 0.3% 7.98
0.98 243.44 0.38 0.04 2608.23 -0.02 7.87
0.54 162.89 0.69 0.06 1745.25 -0.62 7.449
0.26 147.41 0.86 0.08 1579.472 -1.3» 7.369
25°C
Fluid Absorbed
phasecon | phasecon |Volumeof | Volumeof | Corrected
(ci) (ni) beads membrane ni Inci In ni
2.23 125.96 0.32 0.03 1349.54 0.8( 7.2]]
1.33 123.60 0.65 0.06 1324.24 0.29 7.19
0.3 78.04 1.39 0.13 836.09 -1.2( 6.73
0.037 38.84 3.05 0.29 416.16 -3.30 6.03
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Appendix C8 Figure 4.11 Results

Beadsin saline
Ave Std
Time Concl Conc2 Conc Deviation
Sec U/mL U/mL  U/mL
0 2.915 2.907 2.911 0.0057
30 2.653 2.649 2.651 0.0028
60 2.613 2.635 2.624 0.0156
120 2.555 2.558| 2.557 0.0021
300 2.468 2.473| 2.471 0.0035
608 2.168 2.109| 2.13¢ 0.0417
1210 1.748 1.751 1.75( 0.0021
1800 1.442 1.426 1.434 0.0113
5400 1.345 1.321 1.333 0.0170
Poly-L -lysine Beads incubated in poly-L -
lysine
Average
Time | Conl | Con2 | Con3 Con 4 conc Std dev
Sec U/mL U/mL | U/mL U/mL U/mL
0 2.664 2.668| 2.673 2.668 2.668 0.0088
30 2.589 2.593 2.593 2.598 2.593 0.0088
60 2.274 2.279 2.274 2.279 2.277 0.00p7
120 1.604 1.609 1.613 1.609 1.609 0.00B8
300 1.881 1.885 1.885 1.885 1.884 0.00p3
600 0.183 0.183| 0.178 0.178 0.181 0.00p7
1200 0.234 0.230| 0.23( 0.225 0.230 0.00B8
1800 0.286 0.281| 0.277 0.272 0.278 0.00[70
5400 0.455 0.455| 0.454 0.455 0.455 0.00p0
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Poly-L-lysine Beadsincubated in saline

Average
Time | Conl | Con2 | Con3 Con 4 conc Std dev
Sec U/mL U/mL | U/mL U/mL U/mL
0 2.91 2.91 291 291 2.91 0.00
30 2.78 2.78 2.78 2.79 2.78 0.00
60 2.77 2.77 2.77 2.78 2.77 0.00
120 2.68 2.68 2.68 2.68 2.68 0.04
300 2.37 2.37 2.37 2.37 2.37 0.00
600 1.94 1.94 1.94 1.93 1.94 0.00
1200 1.40 1.40 1.40 1.40 1.40 0.0¢
1800 0.95 0.95 0.95 0.95 0.95 0.0d
5400 0.92 0.92 0.92 0.92 0.92 0.0d
Poly-L-lysine Beads with no incubation
Average
Time | Conl | Con2 | Con3 Con 4 conc Std dev
Sec U/mL U/mL | U/mL U/mL U/mL
0 2.879 2.879 2.879 2.879 2.879 0.0000
30 2.836 2.836( 2.836 2.840 2.837 0.00p4
60 2.719 2.719 2.724 2.724 2.721 0.008
120 2.651 2.646 2.644 2.651 2.648 0.00p8
300 2471 2.466 2.4664 2.466 2.467 0.00p
600 2.150 2.145 2.15( 2.150 2.149 0.00p
1200 1.537 1.537 1.537% 1.537 1.537 0.00p0
1800 0.968 0.963| 0.964 0.963 0.964 0.00p4
5400 0.905 0.910f 0.91( 0.910 0.908 0.00p4
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Appendix C9 Figure 4.12 Results

Beadsin saline
Std
Time | Concl Conc 2 Ave Conc Deviation
Sec U/mL U/mL U/mL
0 2.915 2.907 2911 0.0057
30 2.653 2.649 2.651 0.0028
60 2.613 2.635 2.624 0.0156
120 2.555 2.558 2.557 0.0021
300 2.468 2.473 2.471 0.0035
608 2.168 2.109 2.139 0.0417
1210 1.748 1.751 1.750 0.0021
1800 1.442 1.426 1.434 0.0113
5400 1.345 1.321 1.333 0.0170
Beadsin FCS
Std
Time | Concl Conc 2 Ave Conc Deviation
Sec U/mL U/mL U/mL
0 2.903 2.928 2.916 0.0174
30 2.627 2.627 2.627 0.0000
60 2.362 2.350 2.356 0.0087
120 2.171 2.171 2.171 0.0000
300 2.030 2.024 2.027 0.0043
608 1.396 1.378 1.387 0.0130
1210 0.935 0.923 0.929 0.0087
1800 0.480 0.474 0.477 0.0043
5400 0.301 0.301 0.301 0.0000
Appendices

125



No
beads
Std
Time | Concl Conc 2 Ave Conc Deviation
Sec U/mL U/mL U/mL
0 2.985 2.985 2.985 0.0000
300 2.977 2.985 2.981 0.0054
600 2.985 2.992 2.989 0.0054
1800 2.977 2.962 2.970 0.0108
Appendix C10 Figure 4.13 Results
Beadsin saline
Ave Std
Time [ Concl | Conc2 Conc Deviation
Sec U/mL U/mL U/mL
0 2.915 2.907 2.911 0.0057
30 2.653 2.649 2.651 0.0028
60 2.613 2.635 2.624 0.0156
120 2.555 2.558 2.557 0.0021
300 2.468 2.473 2471 0.0035
608 2.168 2.109 2.139 0.0417
1210 1.748 1.751 1.750 0.0021
1800 1.442 1.426 1.434 0.0113
5400 1.345 1.321 1.333 0.0170
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Beadsin blood
Ave Std
Time | Concl | Conc?2 Conc Deviation
Sec U/mL U/mL U/mL
0 2.909 2.949 2.929 0.0277
120 1.998 1.940 1.969 0.0416
300 0.999 0.960 0.980 0.0277
600 0.500 0.490 0.495 0.0069
1200 0.225 0.176 0.201 0.0346
1800 0.118 0.078 0.098 0.0277
Beadsin FCS
Ave Std
Time | Concl | Conc?2 Conc Deviation
Sec U/mL U/mL U/mL
0 2.903 2.928 2.916 0.0174
30 2.627 2.627 2.627 0.0000
60 2.362 2.350 2.356 0.0087
120 2.171 2.171 2.171 0.0000
300 2.030 2.024 2.027 0.0043
608 1.396 1.378 1.387 0.0130
1210 0.935 0.923 0.929 0.0087
1800 0.480 0.474 0.477 0.0043
5400 0.301 0.301 0.301 0.0000
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Appendix C11

Figure 4.14 Results

Beadsin saline

Std
Time | Concl | Conc2 | AveConc Deviation
Sec U/mL U/mL U/mL
0 2.915 2.907 2.911 0.0057
30 2.653 2.649 2.651 0.0028
60 2.613 2.635 2.624 0.0156
120 2.555 2.558 2.557 0.0021
300 2.468 2.473 2471 0.0035
608 2.168 2.109 2.139 0.0417
1210 1.748 1.751 1.750 0.0021
1800 1.442 1.426 1.434 0.0113
5400 1.345 1.321 1.333 0.0170
Beadsin blood
Std
Time | Concl | Conc2 | AveConc Deviation
Sec U/mL U/mL U/mL
0 2.909 2.949 2.929 0.0277
120 1.998 1.940 1.969 0.0416
300 0.999 0.960 0.980 0.0277
600 0.500 0.490 0.495 0.0069
1200 0.225 0.176 0.201 0.0346
1800 0.118 0.078 0.098 0.0277
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Beadsin FCS

Std
Time | Concl | Conc2 | AveConc Deviation
Sec U/mL U/mL U/mL
0 2.903 2.928 2.916 0.0174
30 2.627 2.627 2.627 0.0000
60 2.362 2.350 2.356 0.0087
120 2.171 2.171 2.171 0.0000
300 2.030 2.024 2.027 0.0043
608 1.396 1.378 1.387 0.0130
1210 0.935 0.923 0.929 0.0087
1800 0.480 0.474 0.477 0.0043
5400 0.301 0.301 0.301 0.0000
Beadsin pH = 7.92 solution
Std
Time | Concl | Conc2 | AveConc Deviation
Sec U/mL U/mL U/mL
0 2.753 2.763 2.758 0.0073
300 2.077 2.056 2.066 0.0148
600 1.411 1.347 1.379 0.0456
1200 1.387 1.381 1.384 0.0042
1800 1.390 1.378 1.384 0.0090
2400 1.387 1.378 1.382 0.0066
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Beadsin pH = 7.5 solution
Std
Time | Concl | Conc2 | AveConc Deviation
Sec U/mL U/mL U/mL
0 2.780 2.775 2.778 0.0035
120 2.390 2.388 2.389 0.0014
300 2.010 2.009 2.010 0.0007
600 1.820 1.816 1.818 0.0028
1200 1.340 1.349 1.345 0.0064
1800 0.960 0.958 0.959 0.0014
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AppendixD Data for Chapter 5: Feasible Reactor Configuration

Appendix D1 Figure 5.4 Results

Time (sec) Ln term

848 beads 0 -0.000297
30 -0.050950

60 -0.085041

120 -0.089082

300 -0.224361

608 -0.378268

1210 -0.719302

1800 -0.960314

1696 beads 0 0.000000
30 -0.070334

60 -0.079887

120 -0.100092

300 -0.133507

3650 beads 0 0.000000
30 -0.063975

60 -0.073376

8000 beads 0 0.000130
30 -0.014870

70 -0.027457

Appendix D2 Figure 5.5 Results

Number of
beads Predicted Eqm Con (U/mL) Measured Eqm Con (U/mL)
848 2.18 2.23
1696 1.44 1.33
3650 0.00 0.30
8000 0.00 0.04
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Appendix D3 Figure 5.6 Results

848 beads
y* 1004.000 U/mL
VX 40.000 mL
N 848
Vy 0.02928042 mL
Constant: -
a 2.17506138
Predicted
Time b Conc
Sec (U/mL)
0 -2.1751 2.9100
100 -2.2650 2.7945
200 -2.3439 2.7004
300 -2.4132 2.6229
400 -2.4739 2.5584
500 -2.5273 2.5044
600 -2.5741 2.4589
700 -2.6152 2.4202
800 -2.6513 2.3873
900 -2.6829 2.3591
1000 -2.7107 2.3350
1100 -2.7351 2.3142
1200 -2.7565 2.2962
1300 -2.7753 2.2806
1400 -2.7918 2.2672
1500 -2.8062 2.2555
1600 -2.8189 2.2453
1700 -2.8301 2.2365
1800 -2.8398 2.2288
1900 -2.8484 2.2221
2000 -2.8560 2.2162
2100 -2.8626 2.2111
2200 -2.8684 2.2066
2300 -2.8735 2.2027
2400 -2.8779 2.1993
2500 -2.8819 2.1963
2600 -2.8853 2.1937
2700 -2.8883 2.1914
2800 -2.8910 2.1894
2900 -2.8933 2.1876
3000 -2.8953 2.1861
3100 -2.8971 2.1847
3200 -2.8987 2.1835
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mem thickness 0.000014 m
r 0.00045 m
V of mem of one
bead 3.45E-05 mL
Inside R 0.000436
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3300 -2.9001 2.1825
3400 -2.9013 2.1816
3500 -2.9024 2.1808
3600 -2.9033 2.1801
3700 -2.9041 2.1795
3800 -2.9048 2.1789
3900 -2.9055 2.1785
4000 -2.9060 2.1780
4100 -2.9065 2.1777
4200 -2.9069 2.1774
4300 -2.9073 2.1771
4400 -2.9076 2.1768
4500 -2.9079 2.1766
4600 -2.9082 2.1764
4700 -2.9084 2.1763
4800 -2.9086 2.1761
4900 -2.9088 2.1760
5000 -2.9089 2.1759
5100 -2.9091 2.1758
5200 -2.9092 2.1757
5300 -2.9093 2.1756
5400 -2.9094 2.1755
5500 -2.9094 2.1755
5600 -2.9095 2.1754
5700 -2.9096 2.1754
5800 -2.9096 2.1753
5900 -2.9097 2.1753
6000 -2.9097 2.1753
6100 -2.9097 2.1753
6200 -2.9098 2.1752
6300 -2.9098 2.1752
6400 -2.9098 2.1752
6500 -2.9098 2.1752
6600 -2.9099 2.1752

Appendices

133



1696 beads

y* 1004.000 U/mL
VX 40.000 mL
N 1696
Vy 0.05856085 mL
Constant: -
a 1.44012276
Predicted
Time b Conc
Sec (U/mL)
0 -1.4401 2.9100
100 -1.5618 2.6833
200 -1.6734 2.5043
300 -1.7758 2.3600
400 -1.8697 2.2415
500 -1.9558 2.1428
600 -2.0348 2.0596
700 -2.1072 1.9888
800 -2.1737 1.9280
900 -2.2346 1.8754
1000 -2.2905 1.8296
1100 -2.3418 1.7895
1200 -2.3888 1.7543
1300 -2.4320 1.7232
1400 -2.4716 1.6956
1500 -2.5079 1.6711
1600 -2.5411 1.6492
1700 -2.5717 1.6296
1800 -2.5997 1.6120
1900 -2.6254 1.5963
2000 -2.6489 1.5821
2100 -2.6705 1.5693
2200 -2.6904 1.5577
2300 -2.7085 1.5472
2400 -2.7252 1.5378
2500 -2.7405 1.5292
2600 -2.7545 1.5214
2700 -2.7674 1.5143
2800 -2.7792 1.5079
2900 -2.7900 1.5020
3000 -2.8000 1.4967
3100 -2.8091 1.4919
3200 -2.8174 1.4874
3300 -2.8251 1.4834
3400 -2.8321 1.4797
3500 -2.8386 1.4764
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mem thickness 0.000014 m
r 0.00045 m
V of mem of one
bead 3.45E-05 mL
Inside R 0.000436
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3600 -2.8445 1.4733
3700 -2.8499 1.4705
3800 -2.8549 1.4679
3900 -2.8594 1.4656
4000 -2.8636 1.4634
4100 -2.8675 1.4615
4200 -2.8710 1.4597
4300 -2.8742 1.4581
4400 -2.8772 1.4565
4500 -2.8799 1.4552
4600 -2.8824 1.4539
4700 -2.8847 1.4528
4800 -2.8868 1.4517
4900 -2.8887 1.4507
5000 -2.8905 1.4499
5100 -2.8921 1.4490
5200 -2.8936 1.4483
5300 -2.8949 1.4476
5400 -2.8962 1.4470
5500 -2.8973 1.4464
5600 -2.8984 1.4459
5700 -2.8993 1.4454
5800 -2.9002 1.4450
5900 -2.9010 1.4446
6000 -2.9018 1.4442
6100 -2.9024 1.4439
6200 -2.9031 1.4436
6300 -2.9036 1.4433
6400 -2.9042 1.4430
6500 -2.9047 1.4428
6600 -2.9051 1.4426
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3650 beads

y* 1004.000 U/mL mem thickness 0.000014 m
VX 40.000 mL r 0.00045 m
V of mem of one
N 3650 bead 3.45E-05 mL
Vy 0.12603012 mL Inside R 0.000436
Constant:
a 0.20335609
Predicted
Time b Conc
Sec (U/mL)
0 0.2034 2.9600
100 0.2422 2.4854
200 0.2815 2.1383
300 0.3213 1.8735
400 0.3616 1.6648
500 0.4024 1.4960
600 0.4436 1.3568
700 0.4854 1.2401
800 0.5277 1.1407
900 0.5705 1.0551
1000 0.6139 0.9806
1100 0.6577 0.9152
1200 0.7021 0.8573
1300 0.7471 0.8057
1400 0.7926 0.7594
1500 0.8387 0.7177
1600 0.8853 0.6799
1700 0.9325 0.6455
1800 0.9803 0.6140
1900 1.0287 0.5852
2000 1.0776 0.5586
2100 1.1272 0.5340
2200 1.1774 0.5112
2300 1.2282 0.4901
2400 1.2796 0.4704
2500 1.3316 0.4520
2600 1.3843 0.4348
2700 1.4377 0.4187
2800 1.4916 0.4035
2900 1.5463 0.3893
3000 1.6016 0.3758
3100 1.6576 0.3631
3200 1.7143 0.3511
3300 1.7717 0.3398
3400 1.8298 0.3290
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3500 1.8886 0.3187
3600 1.9481 0.3090
3700 2.0083 0.2997
3800 2.0693 0.2909
3900 2.1311 0.2825
4000 2.1936 0.2744
4100 2.2568 0.2667
4200 2.3209 0.2594
4300 2.3857 0.2523
4400 2.4513 0.2456
4500 2.5178 0.2391
4600 2.5850 0.2329
4700 2.6531 0.2269
4800 2.7220 0.2211
4900 2.7917 0.2156
5000 2.8623 0.2103
5100 2.9338 0.2052
5200 3.0062 0.2002
5300 3.0794 0.1955
5400 3.1535 0.1909
5500 3.2286 0.1864
5600 3.3046 0.1822
5700 3.3815 0.1780
5800 3.4593 0.1740
5900 3.5381 0.1701
6000 3.6179 0.1664
6100 3.6987 0.1627
6200 3.7804 0.1592
6300 3.8631 0.1558
6400 3.9469 0.1525
6500 4.0317 0.1493
6600 41175 0.1462
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8000 beads

y* 1004.000 U/mL
VX 40.000 mL
N 8000
Vy 0.276230407 mL
Constant:
a 4.363383209
Predicted
Time b Conc
Sec (U/mL)
0.0000 4.3634 2.5700
100.0000 6.4383 1.7417
200.0000 9.1343 1.2277
300.0000 12.6370 0.8874
400.0000 17.1880 0.6524
500.0000 23.1010 0.4854
600.0000 30.7836 0.3643
700.0000 40.7654 0.2751
800.0000 53.7344 0.2087
900.0000 70.5846 0.1589
1000.0000 92.4776 0.1213
1100.0000 120.9225 0.0927
1200.0000 157.8802 0.0710
1300.0000 205.8983 0.0545
1400.0000 268.2867 0.0418
1500.0000 349.3461 0.0321
1600.0000 454.6642 0.0247
1700.0000 591.5010 0.0190
1800.0000 769.2889 0.0146
1900.0000 1000.2835 0.0112
2000.0000 1300.4081 0.0086
2100.0000 1690.3510 0.0066
2200.0000 2196.9924 0.0051
2300.0000 2855.2567 0.0039
2400.0000 3710.5201 0.0030
2500.0000 4821.7386 0.0023
2600.0000 6265.5121 0.0018
2700.0000 8141.3645 0.0014
2800.0000 10578.6042 0.0011
2900.0000 13745.2381 0.0008
3000.0000 17859.5521 0.0006
3100.0000 23205.1593 0.0005
3200.0000 30150.5492 0.0004
3300.0000 39174.4898 0.0003
3400.0000 50899.0301 0.0002
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mem thickness 0.000014 | m
r 0.00045 | m
V of mem of one
bead 3.45E-05 | mL
Inside R 0.000436
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3500.0000 66132.3801 0.0002
3600.0000 85924.6230 0.0001
3700.0000 111640.1015 0.0001
3800.0000 145051.4653 0.0001
3900.0000 188461.8664 0.0001
4000.0000 244863.7222 0.0000
4100.0000 318144.9924 0.0000
4200.0000 413357.1888 0.0000
4300.0000 537063.5917 0.0000
4400.0000 697791.6780 0.0000
4500.0000 906620.9472 0.0000
4600.0000 1177946.6670 0.0000
4700.0000 1530472.1845 0.0000
4800.0000 1988498.2080 0.0000
4900.0000 2583597.9320 0.0000
5000.0000 3356793.4785 0.0000
5100.0000 4361383.6824 0.0000
5200.0000 5666618.1504 0.0000
5300.0000 7362470.8571 0.0000
5400.0000 9565842.3383 0.0000
5500.0000 | 12428618.0172 0.0000
5600.0000 | 16148138.1517 0.0000
5700.0000 | 20980801.1273 0.0000
5800.0000 | 27259737.8156 0.0000
5900.0000 | 35417775.3479 0.0000
6000.0000 | 46017273.2697 0.0000
6100.0000 | 59788888.7776 0.0000
6200.0000 | 77681943.2503 0.0000
6300.0000 | 100929861.9988 0.0000
6400.0000 | 131135198.2066 0.0000
6500.0000 | 170380102.0323 0.0000
6600.0000 | 221369849.8599 0.0000
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Appendix D4 Figure 5.7 Results

1s=1 1s = 3.88 1S=5

Time y X Time y X Time y X
(sec) (U/mL) | (U/mL) (sec) (U/mL) | (U/mL) (sec) (U/mL) [ (U/mL)
0.00 0.00 0.62 0.00 0.00 0.30 0.00 0.00 0.25
49.68 18.55 0.63 146.90 26.39 0.31 184.34 27.57 0.25
107.93 40.01 0.63 336.71 60.18 0.31 417.90 62.21 0.26
171.80 63.21 0.64 533.66 94.83 0.32 661.99 98.07 0.27
247.15 90.11 0.65 735.67 | 129.94 0.33 913.45 | 134.60 0.28
323.69 | 116.91 0.65 941.14 | 165.18 0.34 | 1170.94| 171.58 0.29
401.25 | 143.55 0.66 | 1149.13 | 200.35 0.35| 1350.00 | 197.02 0.29
479.72 | 169.95 0.67 | 1350.00 | 233.80 0.36 | 1609.16 | 233.43 0.30
558.98 | 196.06 0.67 | 1556.47 | 267.66 0.37 | 1867.84 | 269.25 0.31
638.94 | 221.84 0.68 | 1761.79 | 300.76 0.38 | 2125.30 | 304.37 0.32
719.53 | 247.25 0.69 | 1965.57 | 333.04 0.39 | 2380.90 | 338.68 0.33
800.67 | 272.25 0.70 | 2167.48 | 364.43 0.40 | 2632.39 | 371.87 0.35
882.31 | 296.82 0.70 | 2367.26 | 394.89 0.41 | 2700.00 | 380.69 0.35
964.41 | 320.93 0.71 | 2563.07 | 424.15 0.43 | 2941.34| 411.82 0.36
1046.92 | 344.57 0.72 | 2700.00 | 444.24 0.44 | 3179.13| 441.93 0.37
1129.81 | 367.71 0.72 | 2885.85| 471.01 0.45| 3413.17 | 470.98 0.39
1213.04 | 390.36 0.73 | 3068.99 | 496.81 0.46 | 3643.28 | 498.96 0.40
1296.51 | 412.47 0.74 | 3249.38 | 521.65 0.47 | 3866.51 | 525.52 0.41
1350.00 | 426.32 0.74 | 3427.02 | 545.53 0.48 | 4050.00 | 546.91 0.42
1432.32 | 447.17 0.75| 3601.93 | 568.46 0.50 | 4258.97 | 570.76 0.44
1514.83 | 467.49 0.76 | 3774.14 | 590.47 0.51| 4463.96 | 593.61 0.45
1597.55 | 487.29 0.76 | 3942.11 | 611.37 0.52 | 4665.03 | 615.48 0.46
1680.47 | 506.58 0.77 | 4050.00 | 624.50 0.53 | 4862.23 | 636.39 0.48
1763.60 | 525.34 0.78 | 4207.58 | 643.24 0.54 | 5055.64 | 656.35 0.49
1846.94 | 543.60 0.78 | 4362.88 | 661.20 0.56 | 5242.98 | 675.16 0.50
1930.50 | 561.35 0.79 | 451598 | 67841 0.57 | 5400.00 | 690.52 0.52
2014.29 | 578.59 0.80 | 4666.98 | 694.88 0.58 | 5574.11| 707.11 0.53
2098.32 | 595.34 0.80 | 4815.97 | 710.64 0.60 | 5745.19 | 722.94 0.54
2182.59 | 611.60 0.81 | 4963.04 | 725.72 0.61 | 5913.36 | 738.03 0.56
2267.12 | 627.38 0.82 | 5108.28 | 740.14 0.62 | 6078.75| 752.42 0.57
2351.93 | 642.68 0.82 | 5254.14 | 754.13 0.63 | 624150 | 766.14 0.59
2437.02 | 657.52 0.83 | 5400.00 | 767.65 0.65 | 6401.74 | 779.20 0.60
2522.42 | 671.89 0.83 | 5533.28 | 779.57 0.66 | 6575.87 | 792.88 0.61
2611.21 | 686.30 0.84 | 5665.33 | 790.98 0.67 | 6730.25| 804.58 0.63
2700.00 | 700.17 0.85| 5796.23 | 801.90 0.68 | 6750.00 | 806.04 0.63
2783.53 | 712.75 0.85 | 5926.07 | 812.34 0.69 | 6895.15| 816.61 0.64
2867.43 | 724.93 0.86 | 6054.93 | 822.32 0.71| 7038.64 | 826.68 0.66
2951.73 | 736.73 0.86 | 6182.90 | 831.86 0.72 | 7180.57 | 836.29 0.67
3036.44 | 748.14 0.87 | 6310.06 | 840.98 0.73 | 7321.06 | 845.44 0.68
3121.58 | 759.18 0.87 | 6436.48 | 849.69 0.74 | 7460.23 | 854.16 0.69
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3207.16 | 769.85 0.88 | 6562.26 | 858.00 0.75| 7598.18 | 862.47 0.70
3293.22 | 780.17 0.88 | 6686.63 | 865.88 0.76 | 7735.02 | 870.38 0.72
3379.76 | 790.13 0.89 | 6750.00 | 869.77 0.76 | 7870.86 | 877.91 0.73
3466.82 | 799.75 0.89 | 6868.58 | 876.81 0.77 | 8004.66 | 885.02 0.74
3554.41 | 809.03 0.90 | 6986.92 | 883.55 0.78 | 8100.00 | 889.89 0.75
3642.56 | 817.99 0.90 | 7105.09 | 889.99 0.79 | 8227.06 | 896.15 0.76
3731.28 | 826.62 0.90 | 7223.15 | 896.14 0.80 | 8353.68 | 902.12 0.77
3820.62 | 834.94 0.91 [ 7341.16 | 902.02 0.81 | 8479.92 | 907.82 0.78
3910.59 | 842.96 0.91 | 7459.20 | 907.63 0.82 | 8605.87 | 913.24 0.79
4000.91 | 850.65 0.92 | 7577.32 | 912.99 0.83 | 8731.62 | 918.40 0.80
4050.00 | 854.69 0.92 | 7695.59 | 918.09 0.84 | 8857.24 | 923.32 0.81
4138.66 | 861.73 0.92 | 7814.08 | 922.96 0.84 | 8982.82 | 928.00 0.82
4228.03 | 868.51 0.93 | 7932.85| 927.60 0.85| 9108.43 | 932.45 0.83
4318.14 | 875.04 0.93 | 8051.34 | 931.99 0.86 | 9234.15| 936.68 0.84
4409.01 | 881.32 0.93 | 8100.00 | 933.73 0.86 | 9359.18 | 940.67 0.84
4500.67 | 887.36 0.94 | 8214.71 | 937.68 0.87 | 9450.00 | 943.44 0.85
4593.16 | 893.17 0.94 | 8329.99 | 941.45 0.88 | 9570.97 | 946.96 0.86
4686.49 | 898.75 0.94 | 8445.89 | 945.04 0.88 | 9692.43 | 950.31 0.87
4780.70 | 904.11 0.94 | 8562.47 | 948.47 0.89 | 9814.46 | 953.50 0.87
4875.82 | 909.26 0.95 | 8679.79 | 951.73 0.90 | 9937.11 | 956.53 0.88
4971.88 | 914.19 0.95 | 8797.92 | 954.83 0.90 | 10060.47 | 959.41 0.89
5068.92 | 918.92 0.95 | 8916.90 | 957.77 0.91 | 10184.59 | 962.14 0.89
5166.97 | 923.46 0.95 | 9036.82 | 960.58 0.91 | 10309.57 | 964.73 0.90
5266.07 | 927.80 0.96 | 9157.73 | 963.23 0.92 | 10435.46 | 967.19 0.91
5365.95 | 931.94 0.96 | 9279.71 | 965.76 0.92 | 10562.35 | 969.51 0.91
5400.00 | 933.30 0.96 | 9402.25 | 968.14 0.93 | 10689.46 | 971.70 0.92
5498.55 | 937.10 0.96 | 9450.00 | 969.03 0.93 | 10800.00 | 973.49 0.92
5598.22 | 940.73 0.96 | 9570.30 | 971.17 0.93 | 10925.35 | 975.40 0.93
5699.06 | 944.21 0.97 | 9691.88 | 973.20 0.94 | 11052.01 | 977.22 0.93
5801.09 | 947.53 0.97 | 9814.81 | 975.13 0.94 | 11180.05 | 978.93 0.94
5904.37 | 950.71 0.97 | 9939.17 | 976.96 0.94 | 11309.54 | 980.55 0.94
6008.93 | 953.74 0.97 | 10065.02 | 978.68 0.95 | 11440.57 | 982.08 0.94
6114.81 | 956.63 0.97 | 10192.44 | 980.32 0.95 | 11573.22 | 983.53 0.95
6222.07 | 959.39 0.98 | 10321.51 | 981.86 0.96 | 11707.59 | 984.89 0.95
6330.75 | 962.01 0.98 | 10452.31 | 983.32 0.96 | 11843.76 | 986.17 0.95
6440.90 | 964.52 0.98 | 10584.92 | 984.69 0.96 | 11996.88 | 987.50 0.96
6552.58 | 966.90 0.98 | 10718.74 | 985.98 0.96 | 12150.00 | 988.72 0.96
6665.33 | 969.15 0.98 | 10800.00 | 986.72 0.97 | 12287.98 | 989.74 0.96
6750.00 | 970.74 0.98 | 10933.35 | 987.85 0.97 | 12428.10 | 990.70 0.97
6862.73 | 972.75 0.98 | 11068.76 | 988.92 0.97 | 12570.47 | 991.60 0.97
6977.10 | 974.66 0.98 | 11206.33 | 989.93 0.97 | 12715.20 | 992.44 0.97
7093.16 | 976.47 0.98 | 11346.14 | 990.88 0.97 | 12862.41 | 993.22 0.97
7210.99 | 978.19 0.99 | 11488.32 | 991.77 0.98 | 13012.22 | 993.96 0.98
7330.64 | 979.82 0.99 | 11632.96 | 992.60 0.98 | 13164.75 | 994.65 0.98
7452.18 | 981.36 0.99 | 11780.20 | 993.38 0.98 | 13332.38 | 995.34 0.98
7575.69 | 982.82 0.99 [ 11930.15 | 994.11 0.98 | 13500.00 | 995.96 0.98
7701.23 | 984.19 0.99 | 12082.18 | 994.78 0.98 | 13657.17 | 996.50 0.98
7828.89 | 985.49 0.99 | 12150.00 | 995.07 0.98 | 13817.49 | 997.00 0.99
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7964.45 | 986.77 0.99 | 12302.45 | 995.66 0.99 | 13981.15 | 997.46 0.99
8100.00 | 987.95 0.99 | 12457.91 | 996.22 0.99 | 14148.29 | 997.89 0.99
8230.86 | 989.00 0.99 | 12616.52 | 996.74 0.99 | 14319.12 | 998.28 0.99
8364.05 | 990.00 0.99 | 12778.45 | 997.22 0.99 | 14493.82 | 998.65 0.99
8499.65 | 990.93 0.99 | 12943.86 | 997.67 0.99 | 14671.91 | 998.99 0.99
8637.76 | 991.80 0.99 | 13112.92 | 998.08 0.99 | 14850.00 | 999.29 0.99
8778.50 | 992.62 0.99 | 13285.85 | 998.47 0.99 | 15032.11 | 999.57 0.99
8921.96 | 993.39 0.99 | 13461.99 | 998.82 0.99 | 15218.72 | 999.82 0.99
9068.28 | 994.11 1.00 | 13500.00 | 998.89 0.99 | 15410.08 | 1000.06 0.99
9217.58 | 994.79 1.00 | 13676.95 | 999.20 0.99 | 15606.47 | 1000.27 0.99
9369.22 | 995.41 1.00 | 13858.17 | 999.49 0.99 | 15808.18 | 1000.47 1.00
9450.00 | 995.72 1.00 | 14043.88 | 999.75 0.99 | 16013.82 | 1000.65 1.00
9602.98 | 996.27 1.00 | 14234.34 | 999.99 1.00 | 16200.00 | 1000.79 1.00
9759.21 | 996.78 1.00 | 14429.84 | 1000.21 1.00 | 16412.72 | 1000.93 1.00
9918.84 | 997.26 1.00 | 14639.92 | 1000.42 1.00 | 16631.75 | 1001.06 1.00
10082.03 | 997.70 1.00 | 14850.00 | 1000.61 1.00 | 16857.48 | 1001.18 1.00
10248.96 | 998.11 1.00 | 15056.86 | 1000.77 1.00 | 17090.38 | 1001.29 1.00
10419.81 | 998.49 1.00 | 15269.68 | 1000.92 1.00 | 17328.64 | 1001.38 1.00
10609.91 | 998.86 1.00 | 15488.85 | 1001.05 1.00 | 17550.00 | 1001.46 1.00
10800.00 | 999.20 1.00 | 15714.78 | 1001.17 1.00 | 17799.39 | 1001.53 1.00
10979.41 | 999.49 1.00 | 15957.39 | 1001.28 1.00 | 18057.56 | 1001.60 1.00
11163.35 | 999.75 1.00 | 16200.00 | 1001.38 1.00 | 18325.17 | 1001.66 1.00
11352.05 | 999.99 1.00 | 16442.60 | 1001.46 1.00 | 18612.59 | 1001.71 1.00
11545.79 | 1000.21 1.00 | 16693.50 | 1001.54 1.00 | 18900.00 | 1001.76 1.00
11744.85 | 1000.41 1.00 | 16953.33 | 1001.61 1.00 | 19192.86 | 1001.80 1.00
11947.43 | 1000.59 1.00 | 17251.67 | 1001.67 1.00 | 19497.92 | 1001.83 1.00
12150.00 | 1000.75 1.00 | 17550.00 | 1001.72 1.00 | 19816.28 | 1001.86 1.00
12360.72 | 1000.90 1.00 | 17834.93 | 1001.77 1.00 | 20146.21 | 1001.89 1.00
12577.72 | 1001.04 1.00 | 18131.40 | 1001.81 1.00 | 20250.00 | 1001.89 1.00
12801.39 | 1001.16 1.00 | 18440.43 | 1001.84 1.00 | 20594.16 | 1001.91 1.00
13032.20 | 1001.27 1.00 | 18760.11 | 1001.87 1.00 | 20955.26 | 1001.93 1.00
13266.10 | 1001.36 1.00 | 18900.00 | 1001.88 1.00 | 21330.20 | 1001.94 1.00
13500.00 | 1001.45 1.00 | 19234.86 | 1001.90 1.00 | 21600.00 | 1001.95 1.00
13747.65 | 1001.52 1.00 | 19585.76 | 1001.92 1.00 | 22004.58 | 1001.96 1.00
14004.01 | 1001.59 1.00 | 19949.44 | 1001.93 1.00 | 22477.29 | 1001.97 1.00
14269.74 | 1001.65 1.00 | 20250.00 | 1001.95 1.00 | 22950.00 | 1001.98 1.00
14559.87 | 1001.71 1.00 | 20643.66 | 1001.96 1.00 | 23425.67 | 1001.98 1.00
14850.00 | 1001.75 1.00 | 21059.60 | 1001.97 1.00 | 23925.44 | 1001.99 1.00
15141.13 | 1001.79 1.00 | 21495.71 | 1001.97 1.00 | 24300.00 | 1001.99 1.00
15444.35 | 1001.83 1.00 | 21600.00 | 1001.98 1.00 | 24859.29 | 1001.99 1.00
15760.75 | 1001.86 1.00 | 22062.84 | 1001.98 1.00 | 25454.74 | 1002.00 1.00
16088.56 | 1001.88 1.00 | 22548.15 | 1001.99 1.00 | 25650.00 | 1002.00 1.00
16200.00 | 1001.89 1.00 | 22950.00 | 1001.99 1.00 | 26325.00 | 1002.00 1.00
16542.30 | 1001.91 1.00 | 23494.21 | 1001.99 1.00 | 27000.00 | 1002.00 1.00
16901.37 | 1001.93 1.00 | 24072.22 | 1001.99 1.00 | 27675.00 | 1002.00 1.00
17274.10 | 1001.94 1.00 | 24300.00 | 1002.00 1.00 | 28350.00 | 1002.00 1.00
17550.00 | 1001.95 1.00 | 24975.00 | 1002.00 1.00 | 29025.00 | 1002.00 1.00
17952.47 | 1001.96 1.00 | 25650.00 | 1002.00 1.00 | 29700.00 | 1002.00 1.00
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18378.26 | 1001.97 1.00 | 26325.00 | 1002.00 1.00 | 30375.00 | 1002.00 1.00
18825.49 | 1001.98 1.00 | 27000.00 | 1002.00 1.00 | 31050.00 | 1002.00 1.00
18900.00 | 1001.98 1.00 | 27675.00 | 1002.00 1.00 | 31725.00 | 1002.00 1.00
19373.24 | 1001.98 1.00 | 28350.00 | 1002.00 1.00 | 32400.00 | 1002.00 1.00
19870.28 | 1001.99 1.00 | 29025.00 | 1002.00 1.00 | 33075.00 | 1002.00 1.00
20250.00 | 1001.99 1.00 | 29700.00 | 1002.00 1.00 | 33750.00 | 1002.00 1.00
20806.46 | 1001.99 1.00 | 30375.00 | 1002.00 1.00 | 34425.00 | 1002.00 1.00
21398.63 | 1002.00 1.00 | 31050.00 | 1002.00 1.00 | 35100.00 | 1002.00 1.00
21600.00 | 1002.00 1.00 | 31725.00 | 1002.00 1.00 | 35775.00 | 1002.00 1.00
22275.00 | 1002.00 1.00 | 32400.00 | 1002.00 1.00 | 36450.00 | 1002.00 1.00
22950.00 | 1002.00 1.00 | 33075.00 | 1002.00 1.00 | 37125.00 | 1002.00 1.00
23625.00 | 1002.00 1.00 | 33750.00 | 1002.00 1.00 | 37800.00 | 1002.00 1.00
24300.00 | 1002.00 1.00 | 34425.00 | 1002.00 1.00 | 38475.00 | 1002.00 1.00
24975.00 | 1002.00 1.00 | 35100.00 | 1002.00 1.00 | 39150.00 | 1002.00 1.00
25650.00 | 1002.00 1.00 | 35775.00 | 1002.00 1.00 | 39825.00 | 1002.00 1.00
26325.00 | 1002.00 1.00 | 36450.00 | 1002.00 1.00 | 40500.00 | 1002.00 1.00
27000.00 | 1002.00 1.00 | 37125.00 | 1002.00 1.00 | 41175.00 | 1002.00 1.00
27675.00 | 1002.00 1.00 | 37800.00 | 1002.00 1.00 | 41850.00 | 1002.00 1.00
28350.00 | 1002.00 1.00 | 38475.00 | 1002.00 1.00 | 42525.00 | 1002.00 1.00
29025.00 | 1002.00 1.00 | 39150.00 | 1002.00 1.00 | 43200.00 | 1002.00 1.00
29700.00 | 1002.00 1.00 | 39825.00 | 1002.00 1.00 | 43875.00 | 1002.00 1.00
30375.00 | 1002.00 1.00 | 40500.00 | 1002.00 1.00 | 44550.00 | 1002.00 1.00
31050.00 | 1002.00 1.00 | 41175.00 | 1002.00 1.00 | 45225.00 | 1002.00 1.00
31725.00 | 1002.00 1.00 | 41850.00 | 1002.00 1.00 | 45900.00 | 1002.00 1.00
32400.00 | 1002.00 1.00 | 42525.00 | 1002.00 1.00 | 46575.00 | 1002.00 1.00
33075.00 | 1002.00 1.00 | 43200.00 | 1002.00 1.00 | 47250.00 | 1002.00 1.00
33750.00 | 1002.00 1.00 | 43875.00 | 1002.00 1.00 | 47925.00 | 1002.00 1.00
34425.00 | 1002.00 1.00 | 44550.00 | 1002.00 1.00 | 48600.00 | 1002.00 1.00
35100.00 | 1002.00 1.00 | 45225.00 | 1002.00 1.00 | 49275.00 | 1002.00 1.00
35775.00 | 1002.00 1.00 | 45900.00 | 1002.00 1.00 | 49950.00 | 1002.00 1.00
36450.00 | 1002.00 1.00 | 46575.00 | 1002.00 1.00 | 50625.00 | 1002.00 1.00
37125.00 | 1002.00 1.00 | 47250.00 | 1002.00 1.00 | 51300.00 | 1002.00 1.00
37800.00 | 1002.00 1.00 | 47925.00 | 1002.00 1.00 | 51975.00 | 1002.00 1.00
38475.00 | 1002.00 1.00 | 48600.00 | 1002.00 1.00 | 52650.00 | 1002.00 1.00
39150.00 | 1002.00 1.00 | 49275.00 | 1002.00 1.00 | 53325.00 | 1002.00 1.00
39825.00 | 1002.00 1.00 | 49950.00 | 1002.00 1.00 | 54000.00 | 1002.00 1.00
40500.00 | 1002.00 1.00 | 50625.00 | 1002.00 1.00

41175.00 | 1002.00 1.00 | 51300.00 | 1002.00 1.00

41850.00 | 1002.00 1.00 | 51975.00 | 1002.00 1.00

42525.00 | 1002.00 1.00 | 52650.00 | 1002.00 1.00

43200.00 | 1002.00 1.00 | 53325.00 | 1002.00 1.00

43875.00 | 1002.00 1.00 | 54000.00 | 1002.00 1.00

44550.00 | 1002.00 1.00

45225.00 | 1002.00 1.00

45900.00 | 1002.00 1.00

46575.00 | 1002.00 1.00

47250.00 | 1002.00 1.00

47925.00 | 1002.00 1.00
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48600.00 | 1002.00 1.00
49275.00 | 1002.00 1.00
49950.00 | 1002.00 1.00
50625.00 | 1002.00 1.00
51300.00 | 1002.00 1.00
51975.00 | 1002.00 1.00
52650.00 | 1002.00 1.00
53325.00 | 1002.00 1.00
54000.00 | 1002.00 1.00

Appendix D5 Figure 5.8 Results

Membrane thickness

(m)

Reactor Volume (mL)

0.0000050 981
0.0000120 415
0.0000140 357
0.0000200 254
0.0000400 133
0.0000600 93
0.0001000 61
0.0005000 32
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Appendix D6 Figure 5.9 Results

1s=0.1 1s =0.6 1s=1
Time y X Time y X Time y X
(sec) (U/mL) [ (U/mL) (sec) (U/mL) | (U/mL) (sec) (U/mL) | (U/mL)
0.00 0.00 0.72 0.00 0.00 0.30 0.00 0.00 0.20

6.03 16.84 0.72 22.45 26.12 0.30 38.95 30.91 0.21

13.13 36.41 0.73 50.96 59.00 0.31 83.07 65.69 0.21

20.95 57.64 0.73 81.11 93.38 0.32 130.23 102.55 0.22

29.31 79.94 0.74 112.30 128.51 0.33 179.22 140.49 0.23

38.83 104.87 0.74 144,11 163.87 0.34 229.26 178.84 0.24

48.56 129.82 0.75 176.24 199.08 0.35 285.29 221.30 0.25

58.46 154.69 0.75 208.47 233.87 0.36 338.53 261.12 0.26

68.52 179.40 0.76 240.62 268.02 0.37 389.10 298.44 0.27

78.72 203.89 0.76 272.56 301.37 0.38 437.15 333.41 0.28

89.05 228.11 0.77 304.18 333.82 0.39 482.79 366.17 0.29

99.49 252.02 0.77 335.41 365.26 0.40 526.15 396.85 0.30

110.03 | 275.58 0.78 366.17 395.64 0.41 567.34 425.57 0.31

120.66 | 298.76 0.78 396.44 424.92 0.43 607.65 453.26 0.32

131.38 | 321.54 0.79 426.16 453.08 0.44 647.22 480.01 0.33

142.18 | 343.89 0.80 455.33 480.11 0.45 686.03 505.82 0.34

153.06 | 365.81 0.80 483.92 506.02 0.46 724.09 530.69 0.35

164.00 | 387.27 0.81 511.94 530.81 0.48 761.37 554.62 0.36

175.01 | 408.27 0.81 539.39 554.50 0.49 797.88 577.60 0.38

186.09 | 428.80 0.82 566.26 577.13 0.50 833.61 599.65 0.39

197.22 | 448.85 0.82 592.59 598.71 0.51 868.57 620.78 0.40

208.42 | 468.42 0.83 618.36 619.29 0.53 902.77 641.01 0.42

219.67 | 487.51 0.83 643.62 638.90 0.54 936.23 660.34 0.43

230.97 | 506.11 0.84 668.36 657.58 0.55 968.94 678.81 0.44

242.33 | 524.24 0.84 692.62 675.35 0.57 1000.94 | 696.43 0.46

253.75 | 541.88 0.85 716.40 692.27 0.58 1032.24 | 713.23 0.47

265.21 | 559.05 0.85 739.75 708.37 0.59 1062.87 | 729.24 0.48

276.74 | 575.75 0.86 762.66 723.68 0.61 1092.85 | 744.48 0.50

288.31 | 591.98 0.86 785.18 738.24 0.62 1122.21 | 758.98 0.51

299.94 | 607.74 0.87 807.31 752.09 0.63 1150.97 | 772.76 0.53

311.63 | 623.05 0.87 829.09 765.25 0.64 1179.16 | 785.87 0.54

323.37 | 637.91 0.88 850.53 77777 0.66 1206.81 | 798.31 0.56

335.16 | 652.32 0.88 871.65 789.67 0.67 1233.95 | 810.13 0.57

347.02 | 666.29 0.88 892.47 800.98 0.68 1260.61 | 821.34 0.59

358.93 | 679.84 0.89 913.02 811.73 0.69 1286.81 | 831.98 0.60

370.91 | 692.96 0.89 934.87 822.72 0.70 1312.58 | 842.07 0.62

382.94 | 705.67 0.90 955.63 832.74 0.72 1337.70 | 851.54 0.63

395.05 | 717.97 0.90 975.35 841.88 0.73 1350.00 | 856.04 0.64

407.21 | 729.87 0.90 994.08 850.23 0.74 1373.97 | 864.57 0.65

419.45 | 741.38 0.91 1012.00 | 857.91 0.75 1397.50 | 872.62 0.66

431.75 | 752.51 0.91 1029.88 | 865.27 0.76 1420.63 | 880.23 0.68

444.12 | 763.27 0.91 1047.71 | 872.33 0.77 1443.39 | 887.40 0.69

456.57 | 773.66 0.92 1065.51 | 879.10 0.78 1465.80 | 894.18 0.70

469.10 | 783.69 0.92 1083.28 | 885.58 0.79 1487.90 | 900.59 0.72
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481.70 | 793.38 0.92 1101.04 | 891.78 0.79 1509.72 | 906.63 0.73

494.38 | 802.72 0.93 1118.79 | 897.72 0.80 1531.28 | 912.35 0.74

507.15 | 811.73 0.93 1136.55 | 903.39 0.81 1552.60 | 917.75 0.75

520.00 | 820.42 0.93 1154.32 | 908.82 0.82 1573.72 | 922.85 0.76

532.94 | 828.79 0.94 1172.11 | 914.01 0.83 1594.65 | 927.67 0.78

545.98 | 836.86 0.94 1189.94 | 918.96 0.84 1615.41 | 932.22 0.79

559.10 | 844.62 0.94 1207.81 | 923.69 0.85 1636.03 | 936.52 0.80

572.33 | 852.10 0.94 1225.72 | 928.20 0.85 1656.53 | 940.59 0.81

585.65 | 859.29 0.95 1243.70 | 932.50 0.86 1676.93 | 944.43 0.82

599.08 | 866.20 0.95 1261.74 | 936.60 0.87 1697.24 | 948.06 0.83

612.61 | 872.85 0.95 1279.87 | 940.50 0.87 1717.48 | 951.48 0.84

626.25 | 879.23 0.95 1298.08 | 944.22 0.88 1737.68 | 954.72 0.84

640.00 | 885.37 0.96 1316.39 | 947.75 0.89 1757.84 | 957.77 0.85

653.88 | 891.26 0.96 1334.69 | 951.09 0.89 1778.00 | 960.65 0.86

667.87 | 896.90 0.96 1350.00 | 953.74 0.90 1798.15 | 963.37 0.87

681.98 | 902.32 0.96 1368.17 | 956.73 0.90 1818.32 | 965.93 0.88

696.22 | 907.52 0.96 1386.43 | 959.56 0.91 1838.52 | 968.35 0.88

710.59 | 912.49 0.97 1404.78 | 962.24 0.91 1858.78 | 970.63 0.89

725.09 | 917.26 0.97 1423.23 | 964.78 0.92 1879.10 | 972.77 0.90

739.74 | 921.82 0.97 1441.79 | 967.19 0.92 1899.49 | 974.79 0.90

754.53 | 926.18 0.97 1460.48 | 969.46 0.93 1919.99 | 976.70 0.91

769.46 | 930.36 0.97 1479.30 | 971.61 0.93 1940.59 | 978.49 0.92

784.54 | 934.34 0.97 1498.27 | 973.64 0.94 1961.31 | 980.17 0.92

799.78 | 938.15 0.98 1517.39 | 975.56 0.94 1982.17 | 981.75 0.93

815.18 | 941.79 0.98 1536.68 | 977.37 0.95 2003.19 | 983.24 0.93

830.75 | 945.26 0.98 1556.14 | 979.08 0.95 2024.38 | 984.63 0.94

846.48 | 948.57 0.98 1575.79 | 980.69 0.95 2045.74 | 985.94 0.94

862.40 | 951.72 0.98 1595.64 | 982.21 0.96 2067.31 | 987.16 0.95

878.49 | 954.72 0.98 1615.70 | 983.64 0.96 2089.09 | 988.31 0.95

894.76 | 957.58 0.98 1635.98 | 984.98 0.96 2111.10 | 989.38 0.95

911.23 | 960.30 0.98 1656.49 | 986.24 0.96 2133.35 | 990.39 0.96

927.89 | 962.89 0.98 1677.25 | 987.43 0.97 2155.86 | 991.32 0.96

944.76 | 965.34 0.99 1698.26 | 988.54 0.97 2178.65 | 992.20 0.96

961.84 | 967.67 0.99 1719.55 | 989.58 0.97 2201.74 | 993.01 0.97

979.13 | 969.88 0.99 1741.12 | 990.56 0.97 2226.65 | 993.82 0.97

997.67 | 972.10 0.99 1762.98 | 991.47 0.98 2250.32 | 994.52 0.97

1015.29 | 974.06 0.99 1785.16 | 992.32 0.98 2272.97 | 995.14 0.97

1032.56 | 975.86 0.99 1807.67 | 993.12 0.98 2296.03 | 995.71 0.98

1050.10 | 977.57 0.99 1830.51 | 993.86 0.98 2319.53 | 996.25 0.98

1067.90 | 979.20 0.99 1853.71 | 994.56 0.98 2343.48 | 996.75 0.98

1085.98 | 980.74 0.99 1877.29 | 995.20 0.98 2367.90 | 997.22 0.98

1104.35 | 982.20 0.99 1901.25 | 995.80 0.99 2392.82 | 997.66 0.98

1123.02 | 983.58 0.99 1925.62 | 996.35 0.99 2418.25 | 998.06 0.98

1141.99 | 984.88 0.99 1950.42 | 996.87 0.99 2444.23 | 998.44 0.99

1161.29 | 986.12 0.99 1975.67 | 997.34 0.99 2470.78 | 998.78 0.99

1180.92 | 987.28 0.99 2001.38 | 997.78 0.99 2497.93 | 999.10 0.99

1200.89 | 988.38 0.99 2027.58 | 998.19 0.99 2525.71 | 999.40 0.99

1221.23 | 989.41 1.00 2054.30 | 998.56 0.99 2554.17 | 999.67 0.99
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1241.93 | 990.38 1.00 2081.55 | 998.91 0.99 2583.32 | 999.92 0.99

1263.02 | 991.30 1.00 2109.36 | 999.22 0.99 2613.23 | 1000.14 | 0.99

1284.51 | 992.15 1.00 2138.89 | 999.52 0.99 2643.93 | 1000.35 | 0.99

1306.43 | 992.96 1.00 2166.95 | 999.78 0.99 2675.22 | 1000.54 | 0.99

1328.65 | 993.71 1.00 2194.86 | 1000.01 | 1.00 2700.00 | 1000.67 | 0.99

1350.00 | 994.37 1.00 2223.46 | 1000.22 | 1.00 2732.52 | 1000.83 | 1.00

1372.82 | 995.01 1.00 2252.78 |1000.41 | 1.00 2765.86 | 1000.97 | 1.00

1396.05 | 995.62 1.00 2282.87 | 1000.58 | 1.00 2800.07 | 1001.10 | 1.00

1419.71 | 996.18 1.00 2313.77 | 1000.74 | 1.00 2835.19 | 1001.22 | 1.00

1443.81 | 996.70 1.00 2345.53 | 1000.89 | 1.00 2871.28 | 1001.32 | 1.00

1468.37 | 997.18 1.00 2378.19 | 1001.02 | 1.00 2908.39 | 1001.41 | 1.00

1493.41 | 997.63 1.00 2411.81 | 1001.14 | 1.00 2946.59 | 1001.49 | 1.00

1518.94 | 998.04 1.00 2446.45 | 1001.25 | 1.00 2985.95 | 1001.56 | 1.00

1545.00 | 998.43 1.00 2482.19 |1001.35| 1.00 3026.53 | 1001.63 | 1.00

1571.59 | 998.78 1.00 2519.08 | 1001.44 | 1.00 3068.43 | 1001.68 | 1.00

1598.75 | 999.10 1.00 2557.23 | 100151 | 1.00 3111.74 | 1001.73 | 1.00

1626.49 | 999.40 1.00 2596.71 | 1001.58 | 1.00 3158.65 | 1001.78 | 1.00

1654.85 | 999.67 1.00 2637.64 | 1001.64 | 1.00 3203.22 | 1001.81 | 1.00

1683.84 | 999.92 1.00 2679.76 | 1001.70 | 1.00 3247.42 | 1001.84 | 1.00

1713.51 | 1000.15 | 1.00 2700.00 | 1001.72 | 1.00 3293.37 | 1001.87 | 1.00

1743.89 | 1000.35 | 1.00 2744.15 | 1001.77 | 1.00 3341.21 | 1001.89 | 1.00

1775.00 | 1000.54 | 1.00 2789.86 | 1001.80 | 1.00 3391.08 | 1001.91 | 1.00

1806.89 | 1000.71 | 1.00 2837.26 | 1001.84 | 1.00 3443.20 | 1001.93 | 1.00

1839.59 | 1000.87 | 1.00 2886.46 | 1001.87 | 1.00 3497.75 | 1001.94 | 1.00

1873.15 | 1001.01 | 1.00 2937.62 | 1001.89 | 1.00 3555.00 | 1001.95 | 1.00

1907.62 | 1001.13 | 1.00 2993.24 | 100191 | 1.00 3615.22 | 1001.96 | 1.00

1943.03 | 1001.24 | 1.00 3046.08 | 1001.93 | 1.00 3678.76 | 1001.97 | 1.00

1980.88 | 1001.35 | 1.00 3098.81 | 1001.94 | 1.00 3746.00 | 1001.98 | 1.00

2016.84 | 1001.43 | 1.00 3153.99 | 1001.95| 1.00 3817.42 | 1001.98 | 1.00

2052.80 | 1001.51 | 1.00 3211.89 | 1001.96 | 1.00 3893.59 | 1001.99 | 1.00

2089.91 | 1001.57 | 1.00 3272.78 | 1001.97 | 1.00 3971.80 | 1001.99 | 1.00

2128.25 | 1001.63 | 1.00 3336.99 | 1001.98 | 1.00 4050.00 | 1001.99 | 1.00

2167.91 | 1001.68 | 1.00 3404.91 | 1001.98 | 1.00 4132.13 | 1002.00 | 1.00

2208.99 | 1001.73 | 1.00 3477.00 | 1001.99 | 1.00 4220.24 | 1002.00 | 1.00

2251.59 | 1001.77 | 1.00 3553.82 | 1001.99 | 1.00 4315.26 | 1002.00 | 1.00

2295.84 | 1001.81 | 1.00 3636.05 | 1001.99 | 1.00 4418.37 | 1002.00 | 1.00

2341.86 | 1001.84 | 1.00 3724.51 | 1001.99 | 1.00 4531.09 | 1002.00 | 1.00

2389.82 | 1001.87 | 1.00 3820.27 | 1002.00 | 1.00 4655.38 | 1002.00 | 1.00

2439.89 | 1001.89 | 1.00 3935.14 | 1002.00 | 1.00 4793.90 | 1002.00 | 1.00

2492.27 { 100191 | 1.00 4050.00 | 1002.00 | 1.00 4950.33 | 1002.00 | 1.00

2547.19 | 1001.93 | 1.00 4162.28 | 1002.00 | 1.00 5130.01 | 1002.00 | 1.00

2604.92 | 1001.94 | 1.00 4285.88 | 1002.00 | 1.00 5334.74 | 1002.00 | 1.00

2665.02 | 1001.95 | 1.00 4423.32 | 1002.00 | 1.00 5400.00 | 1002.00 | 1.00

2700.00 | 1001.96 | 1.00 4578.07 | 1002.00 | 1.00 5635.46 | 1002.00 | 1.00

2767.50 | 1001.97 | 1.00 4755.07 | 1002.00 | 1.00 5923.64 | 1002.00 | 1.00

2831.63 | 1001.98 | 1.00 4961.74 | 1002.00 | 1.00 6293.79 | 1002.00 | 1.00

2896.43 | 1001.98 | 1.00 5180.87 | 1002.00 | 1.00 6750.00 | 1002.00 | 1.00

2964.94 | 1001.99 | 1.00 5400.00 | 1002.00 | 1.00 7425.00 | 1002.00 | 1.00
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3037.62 | 1001.99 | 1.00 5721.97 | 1002.00 | 1.00 8100.00 | 1002.00 | 1.00
3114.99 | 1001.99 | 1.00 6147.25 | 1002.00 | 1.00 8775.00 | 1002.00 | 1.00
3197.73 | 1001.99 | 1.00 6750.00 | 1002.00 | 1.00 9450.00 | 1002.00 | 1.00
3286.62 | 1002.00 | 1.00 7425.00 | 1002.00 | 1.00 | 10125.00 | 1002.00 | 1.00
3382.69 | 1002.00 | 1.00 8100.00 | 1002.00 | 1.00 | 10800.00 | 1002.00 | 1.00
3487.19 | 1002.00 | 1.00 8775.00 | 1002.00 | 1.00 | 11475.00 | 1002.00 | 1.00
3601.76 | 1002.00 | 1.00 9450.00 | 1002.00 | 1.00 | 12150.00 | 1002.00 | 1.00
3728.59 | 1002.00 | 1.00 | 10800.00 | 1002.00 | 1.00 | 13500.00 | 1002.00 | 1.00
3870.65 | 1002.00 | 1.00 | 12150.00 | 1002.00 | 1.00 | 14850.00 | 1002.00 | 1.00
4028.66 | 1002.00 | 1.00 | 13500.00 | 1002.00 | 1.00 | 16200.00 | 1002.00 | 1.00
4050.00 | 1002.00 | 1.00 | 14850.00 | 1002.00 | 1.00 | 17550.00 | 1002.00 | 1.00
4215.98 | 1002.00 | 1.00 | 16200.00 | 1002.00 | 1.00 | 18900.00 | 1002.00 | 1.00
4407.29 | 1002.00 | 1.00 | 17550.00 | 1002.00 | 1.00 | 20250.00 | 1002.00 | 1.00
4632.90 | 1002.00 | 1.00 | 18900.00 | 1002.00 | 1.00 | 21600.00 | 1002.00 | 1.00
4907.42 | 1002.00 | 1.00 | 20250.00 | 1002.00 | 1.00 | 22950.00 | 1002.00 | 1.00
5241.16 | 1002.00 | 1.00 | 21600.00 | 1002.00 | 1.00 | 24300.00 | 1002.00 | 1.00
5400.00 | 1002.00 | 1.00 | 22950.00 | 1002.00 | 1.00 | 25650.00 | 1002.00 | 1.00
5877.33 | 1002.00 | 1.00 | 24300.00 | 1002.00 | 1.00 | 27000.00 | 1002.00 | 1.00
6575.88 | 1002.00 | 1.00 | 25650.00 | 1002.00 | 1.00 | 28350.00 | 1002.00 | 1.00
6750.00 | 1002.00 | 1.00 | 27000.00 | 1002.00 | 1.00 | 29700.00 | 1002.00 | 1.00
7425.00 | 1002.00 | 1.00 | 28350.00 | 1002.00 | 1.00 | 31050.00 | 1002.00 | 1.00
8100.00 | 1002.00 | 1.00 | 29700.00 | 1002.00 | 1.00 | 32400.00 | 1002.00 | 1.00
1s=5 s=8 s =10
Time y X Time y X Time y X
(sec) (U/mL) | (U/mL) (sec) (U/mL) | (U/mL) (sec) (U/mL) | (U/mL)
0.00 0.00 0.05 0.00 0.00 0.03 0.00 0.00 0.02
189.87 36.09 0.05 356.81 43.19 0.03 445.63 43.43 0.03
424.01 80.51 0.05 745.03 90.11 0.03 897.82 87.44 0.03
665.41 126.18 0.06 1153.76 | 139.42 0.04 1350.00 | 131.40 0.03
910.49 172.41 0.06 1350.00 | 163.06 0.04 1882.59 | 183.09 0.03
1154.70 | 218.34 0.06 1761.71 | 212.57 0.04 2410.15 | 234.19 0.03
1350.00 | 254.94 0.06 2170.12 | 261.57 0.04 2700.00 | 262.22 0.03
1581.33 | 298.15 0.07 2567.32 | 309.09 0.04 3209.89 | 311.44 0.04
1808.14 | 340.34 0.07 2700.00 | 324.94 0.05 3696.85 | 358.34 0.04
2029.90 | 381.41 0.08 3074.99 | 369.62 0.05 4050.00 | 392.26 0.04
2246.24 | 421.27 0.08 3439.50 | 412.91 0.05 4503.68 | 435.74 0.04
2473.12 | 462.84 0.09 3783.35 | 453.60 0.06 4926.24 | 476.09 0.05
2674.03 | 499.42 0.09 4050.00 | 485.04 0.06 5340.44 | 515.52 0.05
2700.00 | 504.13 0.09 4360.00 | 521.45 0.06 5400.00 | 521.17 0.05
2875.58 | 535.87 0.10 4658.43 | 556.34 0.07 5779.28 | 557.11 0.05
3045.39 | 566.36 0.11 4945.38 | 589.71 0.07 6142.87 | 591.41 0.06
3209.50 | 595.62 0.11 5212.31 | 620.58 0.08 6478.79 | 622.95 0.06
3368.01 | 623.66 0.12 5400.00 | 642.18 0.08 6750.00 | 648.30 0.07
3521.05 | 650.49 0.13 5630.13 | 668.51 0.09 7043.37 | 675.58 0.07
3668.73 | 676.14 0.14 5850.59 | 693.56 0.09 7323.47 | 701.47 0.08
3811.19 | 700.63 0.15 6061.72 | 717.38 0.10 7590.78 | 726.02 0.09
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3944.09 | 723.21 0.16 6263.86 | 739.99 0.11 7834.40 | 748.23 0.09
4050.00 | 741.01 0.16 6457.34 | 761.44 0.12 8072.24 | 769.74 0.10

4152.33 | 758.02 0.17 6636.22 | 781.07 0.13 8100.00 | 772.24 0.10

4251.00 | 774.23 0.18 6750.00 | 793.44 0.13 8300.42 | 790.19 0.11

4346.14 | 789.66 0.19 6892.51 | 808.81 0.14 8491.52 | 807.16 0.12

4437.86 | 804.33 0.21 7028.96 | 823.35 0.15 8673.77 | 823.19 0.13

4526.28 | 818.27 0.22 7159.62 | 837.12 0.16 8847.58 | 838.30 0.14

4611.51 | 831.48 0.23 7284.75 | 850.12 0.17 9013.37 | 852.55 0.15

4693.63 | 844.00 0.25 7404.58 | 862.40 0.19 9171.53 | 865.95 0.16

4772.72 | 855.83 0.26 7519.36 | 873.97 0.20 9315.85 | 878.01 0.17

4848.87 | 866.99 0.28 7629.26 | 884.86 0.21 9450.00 | 889.03 0.18

4922.14 | 877.49 0.29 7734.48 | 895.09 0.23 9555.96 | 897.61 0.20

4992.58 | 887.35 0.31 7835.16 | 904.66 0.25 9657.36 | 905.68 0.21

5060.27 | 896.58 0.33 7931.44 | 913.61 0.27 9754.43 | 913.28 0.22

5125.26 | 905.20 0.35 8019.93 | 921.62 0.29 9847.33 | 920.42 0.24

5187.63 | 913.23 0.37 8100.00 | 928.69 0.30 9936.26 | 927.12 0.26

5247.47 | 920.70 0.39 8167.50 | 934.48 0.32 | 10021.34 | 933.38 0.27

5304.86 | 927.61 0.41 8231.63 | 939.85 0.34 | 10102.71 | 939.24 0.29

5358.50 | 933.85 0.43 8292.54 | 944.80 0.36 | 10180.50 | 944.69 0.31

5400.00 | 938.52 0.45 8350.42 | 949.37 0.38 | 10254.80 | 949.75 0.33

5449.36 | 943.87 0.47 8405.40 | 953.57 0.40 | 10325.75 | 954.43 0.35

5496.28 | 948.75 0.49 8457.63 | 957.43 0.42 ] 10393.45 | 958.76 0.37

5540.97 | 953.21 0.51 8507.24 | 960.98 0.44 | 10458.05 | 962.74 0.40

5583.64 | 957.28 0.53 8554.38 | 964.23 0.46 | 10519.68 | 966.40 0.42

5624.48 | 961.00 0.56 8599.16 | 967.20 0.48 | 10578.52 | 969.75 0.44

5663.68 | 964.40 0.58 8641.71 | 969.91 0.50 ] 10634.75 | 972.81 0.47

5701.40 | 967.51 0.60 8682.12 | 972.39 0.52 ]10688.54 | 975.61 0.49

5737.79 | 970.36 0.62 8720.51 | 974.65 0.54 | 10744.27 | 978.36 0.52

5772.99 | 972.98 0.64 8757.26 | 976.72 0.56 | 10792.84 | 980.63 0.55

5807.13 | 975.38 0.66 8793.04 | 978.65 0.58 | 10800.00 | 980.95 0.55

5840.32 | 977.58 0.68 8827.95 | 980.44 0.60 | 10845.49 | 982.95 0.57

5872.68 | 979.61 0.70 8862.07 | 982.12 0.62 | 10888.96 | 984.75 0.60

5904.29 | 981.47 0.71 8895.50 | 983.68 0.64 | 10930.65 | 986.38 0.62

5935.25 | 983.19 0.73 8928.30 | 985.13 0.66 | 10970.78 | 987.85 0.64

5965.65 | 984.77 0.75 8960.56 | 986.48 0.67 | 11009.54 | 989.18 0.67

5995.56 | 986.22 0.76 8992.35 | 987.74 0.69 |11047.11 | 990.39 0.69

6025.05 | 987.57 0.78 9023.74 | 988.92 0.71 | 11083.63 | 991.49 0.71

6054.18 | 988.80 0.80 9054.78 | 990.01 0.73 ]11119.26 | 992.49 0.73

6083.02 | 989.94 0.81 9085.54 | 991.02 0.74 ] 11154.12 | 993.40 0.75

6111.64 | 990.99 0.82 9116.08 | 991.96 0.76 | 11188.33 | 994.23 0.77

6140.07 | 991.96 0.84 9146.44 | 992.84 0.78 | 11222.00 | 994.98 0.79

6170.57 | 992.92 0.85 9176.69 | 993.65 0.79 | 11255.23 | 995.67 0.80

6199.54 | 993.75 0.86 9206.87 | 994.40 0.81 ] 11288.10 | 996.29 0.82

6227.06 | 994.49 0.87 9237.03 | 995.09 0.82 | 11320.71 | 996.86 0.83

6253.21 | 995.13 0.88 9267.22 | 995.74 0.84 | 11353.14 | 997.38 0.85

6278.77 | 995.71 0.89 9297.49 | 996.33 0.85 | 11385.45 | 997.85 0.86

6304.64 | 996.25 0.90 9327.87 | 996.88 0.86 | 11417.72 | 998.28 0.87

6330.83 | 996.76 0.91 9358.43 | 997.38 0.87 | 11450.03 | 998.67 0.89

6357.38 | 997.23 0.91 9389.21 | 997.84 0.89 | 11485.03 | 999.05 0.90
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6384.30 | 997.67 0.92 9419.86 | 998.26 0.90 | 11518.28 | 999.38 0.91

6411.63 | 998.08 0.93 9450.00 | 998.64 0.91 ] 11549.86 | 999.66 0.92

6439.40 | 998.45 0.94 9480.89 | 998.99 0.91 | 11579.87 | 999.90 0.92

6467.63 | 998.80 0.94 9512.03 | 999.31 0.92 ]11609.98 | 1000.11 | 0.93

6496.35 | 999.12 0.95 9543.49 | 999.60 0.93 ]11640.71 | 1000.31 | 0.94

6525.61 | 999.42 0.95 9575.29 | 999.86 0.94 ] 11672.09 | 1000.50 | 0.94

6555.45 | 999.69 0.96 9607.51 | 1000.10 | 0.94 | 11704.17 | 1000.66 | 0.95

6585.89 | 999.94 0.96 9640.18 | 1000.31 | 0.95 | 11736.99 | 1000.82 | 0.96

6616.99 | 1000.17 | 0.97 9673.37 | 1000.51 | 0.96 | 11770.59 | 1000.96 | 0.96

6648.79 | 1000.37 | 0.97 9707.12 | 1000.69 | 0.96 | 11805.03 | 1001.08 | 0.97

6681.34 | 1000.56 | 0.97 9741.50 | 1000.84 | 0.97 ]11840.37 | 1001.20 | 0.97

6715.67 | 1000.74 | 0.98 9776.55 | 1000.99 | 0.97 | 11876.67 | 1001.30 | 0.97

6750.00 | 1000.89 | 0.98 9812.33 | 1001.12 | 0.97 | 11914.00 | 1001.39 | 0.98

6784.49 | 1001.03 | 0.98 9848.92 | 1001.23 | 0.98 | 11952.44 | 1001.48 | 0.98

6819.80 | 1001.15| 0.98 9886.38 | 1001.33 | 0.98 | 11992.09 | 1001.55| 0.98

6855.97 | 1001.26 | 0.99 9924.77 | 1001.42 | 0.98 | 12033.03 | 1001.62 | 0.99

6893.07 | 1001.36 | 0.99 9968.53 | 1001.51 | 0.99 | 12075.38 | 1001.67 | 0.99

6931.16 | 1001.45 | 0.99 | 10010.10 | 1001.59 | 0.99 | 12118.80 | 1001.72 | 0.99

6970.32 | 1001.53 | 0.99 |]10049.60 | 1001.64 | 0.99 | 12150.00 | 1001.76 | 0.99

7010.61 | 100159 | 0.99 ]10088.94 | 1001.69 | 0.99 | 12195.88 | 1001.79 | 0.99

7052.13 | 1001.65| 0.99 ]10129.68 | 1001.74 | 0.99 | 12243.35|1001.83 | 0.99

7094.96 | 1001.71 | 0.99 |10171.91 | 1001.78 | 0.99 | 12292.53 | 1001.86 | 0.99

7139.20 | 1001.75 | 1.00 | 10215.73 | 1001.81 | 0.99 | 12343.58 | 1001.88 | 1.00

7187.24 | 1001.80 | 1.00 | 10261.26 | 1001.84 | 1.00 | 12401.40 | 100191 | 1.00

7232.88 | 1001.83 | 1.00 | 10308.64 | 1001.87 | 1.00 | 12456.33 | 1001.93 | 1.00

7277.76 | 1001.86 | 1.00 | 10358.04 | 1001.89 | 1.00 | 12508.51 | 1001.94 | 1.00

7324.45 | 1001.88 | 1.00 | 10409.62 | 1001.91 | 1.00 | 12563.05 | 1001.95 | 1.00

7373.09 | 1001.90 | 1.00 | 10463.60 | 1001.93 | 1.00 | 12620.26 | 1001.96 | 1.00

7423.86 | 1001.92 | 1.00 | 10520.23 | 1001.94 | 1.00 | 12680.43 | 1001.97 | 1.00

7476.94 | 1001.93 | 1.00 | 10579.79 | 1001.95| 1.00 |12743.84 | 1001.98 | 1.00

7532.56 | 1001.95| 1.00 |10642.62 | 1001.96 | 1.00 | 12810.88 | 1001.98 | 1.00

7590.97 | 1001.96 | 1.00 | 10709.11 | 1001.97 | 1.00 | 12881.98 | 1001.99 | 1.00

7652.47 | 1001.97 | 1.00 |10778.88 | 1001.98 | 1.00 | 12957.66 | 1001.99 | 1.00

7717.42 | 1001.97 | 1.00 | 10800.00 | 1001.98 | 1.00 | 13038.57 | 1001.99 | 1.00

7786.24 | 1001.98 | 1.00 | 10867.50 | 1001.99 | 1.00 | 13125.49 | 1001.99 | 1.00

7859.42 | 1001.99 | 1.00 ]10938.23 | 1001.99 | 1.00 | 13219.41 | 1002.00 | 1.00

7937.59 | 1001.99 | 1.00 | 11013.42 | 1001.99 | 1.00 | 13321.59 | 1002.00 | 1.00

8018.80 | 1001.99 | 1.00 ] 11093.65 | 1001.99 | 1.00 | 13431.24 | 1002.00 | 1.00

8100.00 | 1001.99 | 1.00 | 11179.64 | 1002.00 | 1.00 | 13500.00 | 1002.00 | 1.00

8184.84 | 1002.00 | 1.00 | 11272.27 | 1002.00 | 1.00 | 13615.03 | 1002.00 | 1.00

8276.08 | 1002.00 | 1.00 | 11372.65 | 1002.00 | 1.00 | 13741.96 | 1002.00 | 1.00

8374.75 | 1002.00 | 1.00 | 11482.22 | 1002.00 | 1.00 | 13883.53 | 1002.00 | 1.00

8482.17 | 1002.00 | 1.00 | 11602.81 | 1002.00 | 1.00 | 14043.49 | 1002.00 | 1.00

8600.04 | 1002.00 | 1.00 ] 11736.93 | 1002.00 | 1.00 | 14227.31 | 1002.00 | 1.00

8730.60 | 1002.00 | 1.00 | 11888.02 | 1002.00 | 1.00 | 14443.26 | 1002.00 | 1.00

8876.93 | 1002.00 | 1.00 | 12055.97 | 1002.00 | 1.00 | 14694.22 | 1002.00 | 1.00

9043.35 | 1002.00 | 1.00 | 12150.00 | 1002.00 | 1.00 | 14850.00 | 1002.00 | 1.00

9246.68 | 1002.00 | 1.00 | 12341.62 | 1002.00 | 1.00 | 15179.95 | 1002.00 | 1.00
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9450.00 | 1002.00 | 1.00 | 12567.43 | 1002.00 | 1.00 | 15618.92 | 1002.00 | 1.00
9693.32 | 1002.00 | 1.00 | 12841.86 | 1002.00 | 1.00 | 16200.00 | 1002.00 | 1.00
9993.14 | 1002.00 | 1.00 | 13170.93 | 1002.00 | 1.00 | 16875.00 | 1002.00 | 1.00
10396.57 | 1002.00 | 1.00 | 13500.00 | 1002.00 | 1.00 | 17550.00 | 1002.00 | 1.00
10800.00 | 1002.00 | 1.00 | 14052.17 | 1002.00 | 1.00 | 18225.00 | 1002.00 | 1.00
11475.00 | 1002.00 | 1.00 | 14850.00 | 1002.00 | 1.00 | 18900.00 | 1002.00 | 1.00
12150.00 | 1002.00 | 1.00 [ 15525.00 | 1002.00 | 1.00 | 19575.00 | 1002.00 | 1.00
12825.00 | 1002.00 | 1.00 | 16200.00 | 1002.00 | 1.00 | 20250.00 | 1002.00 | 1.00
13500.00 | 1002.00 | 1.00 | 16875.00 | 1002.00 | 1.00 | 21600.00 | 1002.00 | 1.00
14175.00 | 1002.00 | 1.00 | 17550.00 | 1002.00 | 1.00 | 22950.00 | 1002.00 | 1.00
14850.00 | 1002.00 | 1.00 | 18225.00 | 1002.00 | 1.00 | 24300.00 | 1002.00 | 1.00
15525.00 | 1002.00 | 1.00 | 18900.00 | 1002.00 | 1.00 | 25650.00 | 1002.00 | 1.00
16200.00 | 1002.00 | 1.00 | 20250.00 | 1002.00 | 1.00 | 27000.00 | 1002.00 | 1.00
16875.00 | 1002.00 | 1.00 | 21600.00 | 1002.00 | 1.00 | 28350.00 | 1002.00 | 1.00
17550.00 | 1002.00 | 1.00 [ 22950.00 | 1002.00 | 1.00 | 29700.00 | 1002.00 | 1.00
18225.00 | 1002.00 | 1.00 | 24300.00 | 1002.00 | 1.00 | 31050.00 | 1002.00 | 1.00
18900.00 | 1002.00 | 1.00 [ 25650.00 | 1002.00 | 1.00 | 32400.00 | 1002.00 | 1.00
19575.00 | 1002.00 | 1.00 | 27000.00 | 1002.00 | 1.00 | 33750.00 | 1002.00 | 1.00
20250.00 | 1002.00 | 1.00 | 28350.00 | 1002.00 | 1.00 | 35100.00 | 1002.00 | 1.00
20925.00 | 1002.00 | 1.00 | 29700.00 | 1002.00 | 1.00 | 36450.00 | 1002.00 | 1.00
21600.00 | 1002.00 | 1.00 | 31050.00 | 1002.00 | 1.00 | 37800.00 | 1002.00 | 1.00
22275.00 | 1002.00 | 1.00 | 32400.00 | 1002.00 | 1.00 | 39150.00 | 1002.00 | 1.00
22950.00 | 1002.00 | 1.00 | 33750.00 | 1002.00 | 1.00 | 40500.00 | 1002.00 | 1.00
23625.00 | 1002.00 | 1.00 | 35100.00 | 1002.00 | 1.00 | 41850.00 | 1002.00 | 1.00
24300.00 | 1002.00 | 1.00 | 36450.00 | 1002.00 | 1.00 | 43200.00 | 1002.00 | 1.00
24975.00 | 1002.00 | 1.00 | 37800.00 | 1002.00 | 1.00 | 44550.00 | 1002.00 | 1.00
25650.00 | 1002.00 | 1.00 | 39150.00 | 1002.00 | 1.00 | 45900.00 | 1002.00 | 1.00
26325.00 | 1002.00 | 1.00 | 40500.00 | 1002.00 | 1.00 | 47250.00 | 1002.00 | 1.00
27000.00 | 1002.00 | 1.00 | 41850.00 | 1002.00 | 1.00 | 48600.00 | 1002.00 | 1.00
27675.00 | 1002.00 | 1.00 | 43200.00 | 1002.00 | 1.00 | 49950.00 | 1002.00 | 1.00
28350.00 | 1002.00 | 1.00 | 44550.00 | 1002.00 | 1.00 | 51300.00 | 1002.00 | 1.00
29025.00 | 1002.00 | 1.00 | 45900.00 | 1002.00 | 1.00 | 52650.00 | 1002.00 | 1.00
29700.00 | 1002.00 | 1.00 | 47250.00 | 1002.00 | 1.00 | 54000.00 | 1002.00 | 1.00
30375.00 | 1002.00 | 1.00 | 48600.00 | 1002.00 | 1.00

31050.00 | 1002.00 | 1.00 | 49950.00 | 1002.00 | 1.00

31725.00 | 1002.00 | 1.00 | 51300.00 | 1002.00 | 1.00

32400.00 | 1002.00 | 1.00 | 52650.00 | 1002.00 | 1.00

33075.00 | 1002.00 | 1.00 | 54000.00 | 1002.00 | 1.00

33750.00 | 1002.00 | 1.00

34425.00 | 1002.00 | 1.00

35100.00 | 1002.00 | 1.00

35775.00 | 1002.00 | 1.00

36450.00 | 1002.00 | 1.00

37125.00 | 1002.00 | 1.00
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s =20

Time y X
(sec) (U/mL) | (U/mL)
0.00 0.00 0.01
675.00 33.32 0.01
1350.00 66.62 0.01
2025.00 99.90 0.01
2700.00 | 133.17 0.01
3375.00 | 166.42 0.02
4050.00 | 199.65 0.02
4725.00 | 232.86 0.02
5400.00 | 266.04 0.02
6075.00 | 299.20 0.02
6750.00 | 332.33 0.02
7425.00 | 365.43 0.02
8100.00 | 398.50 0.02
8775.00 | 431.53 0.02
9450.00 | 464.51 0.02
10125.00 | 497.45 0.02
10800.00 | 530.34 0.03
11475.00 | 563.17 0.03
12150.00 | 595.92 0.03
12825.00 | 628.60 0.03
13500.00 | 661.17 0.04
14175.00 | 693.64 0.04
14758.92 | 721.62 0.04
14850.00 | 725.97 0.04
15378.65 | 751.18 0.05
15855.70 | 773.82 0.05
16200.00 | 790.08 0.06
16615.46 | 809.62 0.06
17006.72 | 827.90 0.07
17360.51 | 844.32 0.08
17550.00 | 853.06 0.08
17849.91 | 866.81 0.09
18132.48 | 879.66 0.09
18398.77 | 891.65 0.10
18635.76 | 902.21 0.11
18865.97 | 912.35 0.13
18900.00 | 913.84 0.13
19084.43 | 921.84 0.14
19258.75 | 929.30 0.15
19423.60 | 936.26 0.16
19579.57 | 942.73 0.18
19727.18 | 948.74 0.19
19866.90 | 954.31 0.21
19999.12 | 959.45 0.23
20117.50 | 963.94 0.25
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20232.60 | 968.18 0.27
20250.00 | 968.81 0.28
20328.00 | 971.59 0.30
20402.48 | 974.18 0.32
20473.57 | 976.58 0.34
20541.38 | 978.79 0.36
20606.05 | 980.84 0.38
20667.72 | 982.73 0.40
20726.54 | 984.46 0.42
20782.69 | 986.05 0.45
20836.37 | 987.51 0.47
20887.77 | 988.84 0.49
20937.09 | 990.06 0.52
20984.54 | 991.18 0.54
21030.31 | 992.20 0.57
21074.59 | 993.13 0.59
21117.55 | 993.98 0.62
21159.36 | 994.76 0.64
21200.17 | 995.47 0.66
21240.12 | 996.12 0.69
21279.35 | 996.72 0.71
21317.99 | 997.26 0.73
21356.14 | 997.76 0.75
21393.91 | 998.21 0.77
21431.41 | 998.62 0.79
21468.73 | 998.99 0.81
21505.97 | 999.33 0.83
21543.22 | 999.63 0.84
21580.11 | 999.90 0.86
21600.00 | 1000.04 0.87
21636.62 | 1000.27 0.88
21673.35 | 1000.48 0.89
21710.27 | 1000.66 0.91
21747.47 | 1000.83 0.92
21785.06 | 1000.98 0.93
21823.11 | 1001.11 0.93
21861.71 | 1001.23 0.94
21900.95 | 1001.33 0.95
21940.93 | 1001.42 0.96
21981.73 | 1001.50 0.96
22023.46 | 1001.58 0.97
22069.79 | 1001.64 0.97
22113.80 | 1001.70 0.98
22155.61 | 1001.74 0.98
22197.47 | 1001.78 0.98
22240.94 | 1001.82 0.99
22286.12 | 1001.84 0.99
22333.12 | 1001.87 0.99
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22382.09 | 1001.89 0.99
22433.20 | 1001.91 0.99
22486.63 | 1001.93 0.99
22542.61 | 1001.94 1.00
22601.40 | 1001.95 1.00
22663.30 | 1001.96 1.00
22728.70 | 1001.97 1.00
22798.03 | 1001.98 1.00
22874.01 | 1001.98 1.00
22950.00 | 1001.99 1.00
23023.52 | 1001.99 1.00
23101.92 | 1001.99 1.00
23185.82 | 1002.00 1.00
23276.05 | 1002.00 1.00
23373.61 | 1002.00 1.00
23479.78 | 1002.00 1.00
23596.22 | 1002.00 1.00
23725.13 | 1002.00 1.00
23869.53 | 1002.00 1.00
24033.66 | 1002.00 1.00
24218.16 | 1002.00 1.00
24300.00 | 1002.00 1.00
24511.42 | 1002.00 1.00
24764.84 | 1002.00 1.00
25080.42 | 1002.00 1.00
25476.20 | 1002.00 1.00
25650.00 | 1002.00 1.00
26325.00 | 1002.00 1.00
27000.00 | 1002.00 1.00
27675.00 | 1002.00 1.00
28350.00 | 1002.00 1.00
29025.00 | 1002.00 1.00
29700.00 | 1002.00 1.00
30375.00 | 1002.00 1.00
31050.00 | 1002.00 1.00
31725.00 | 1002.00 1.00
32400.00 | 1002.00 1.00
33075.00 | 1002.00 1.00
33750.00 | 1002.00 1.00
34425.00 | 1002.00 1.00
35100.00 | 1002.00 1.00
35775.00 | 1002.00 1.00
36450.00 | 1002.00 1.00
37125.00 | 1002.00 1.00
37800.00 | 1002.00 1.00
38475.00 | 1002.00 1.00
39150.00 | 1002.00 1.00
39825.00 | 1002.00 1.00
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40500.00 | 1002.00 1.00
41175.00 | 1002.00 1.00
41850.00 | 1002.00 1.00
42525.00 | 1002.00 1.00
43200.00 | 1002.00 1.00
43875.00 | 1002.00 1.00
44550.00 | 1002.00 1.00
45225.00 | 1002.00 1.00
45900.00 | 1002.00 1.00
46575.00 | 1002.00 1.00
47250.00 | 1002.00 1.00
47925.00 | 1002.00 1.00
48600.00 | 1002.00 1.00
49275.00 | 1002.00 1.00
49950.00 | 1002.00 1.00
50625.00 | 1002.00 1.00
51300.00 | 1002.00 1.00
51975.00 | 1002.00 1.00
52650.00 | 1002.00 1.00
53325.00 | 1002.00 1.00
54000.00 | 1002.00 1.00
22950.00 | 1002.00 1.00
24300.00 | 1002.00 1.00
25650.00 | 1002.00 1.00
27000.00 | 1002.00 1.00
28350.00 | 1002.00 1.00
29700.00 | 1002.00 1.00
31050.00 | 1002.00 1.00
32400.00 | 1002.00 1.00
33750.00 | 1002.00 1.00
35100.00 | 1002.00 1.00
36450.00 | 1002.00 1.00
37800.00 | 1002.00 1.00
39150.00 | 1002.00 1.00
40500.00 | 1002.00 1.00
41850.00 | 1002.00 1.00
43200.00 | 1002.00 1.00
44550.00 | 1002.00 1.00
45900.00 | 1002.00 1.00
47250.00 | 1002.00 1.00
48600.00 | 1002.00 1.00
49950.00 | 1002.00 1.00
51300.00 | 1002.00 1.00
52650.00 | 1002.00 1.00
54000.00 | 1002.00 1.00
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1s=8 s =10 s =20

Time y X Time y X Time y X
(sec) (U/mL) | (U/mL) (sec) (U/mL) | (U/mL) (sec) (U/mL) [ (U/mL)
0.00 0.00 0.17 0.00 0.00 0.14 0.00 0.00 0.08
282.06 29.11 0.18 382.45 32.71 0.15 675.00 31.12 0.08
628.28 64.64 0.18 806.21 68.77 0.15] 1350.00 62.16 0.08
989.14 | 101.41 0.19 | 1263.08 | 107.41 0.16 | 2025.00 93.12 0.08
1350.00 | 137.90 0.19 | 1350.00 | 114.73 0.16 | 2700.00 | 123.99 0.09
1742.01 | 177.21 0.20 | 1826.95 | 154.74 0.16 | 3375.00 | 154.77 0.09
2137.40 | 216.47 0.21 | 2309.78 | 194.92 0.17 | 4050.00 | 185.45 0.09
2532.09 | 255.26 0.22 | 2700.00 | 227.15 0.18 | 4725.00 | 216.02 0.10
2700.00 | 271.63 0.22 | 3182.76 | 266.70 0.18 | 5400.00 | 246.47 0.10
3088.43 | 309.18 0.23 | 3657.80 | 305.23 0.19 | 6075.00 | 276.81 0.10
3473.76 | 345.98 0.24 | 4050.00 | 336.74 0.20 | 6750.00 | 307.01 0.11
3850.65 | 381.49 0.25| 4512.71 | 373.53 0.21 | 7425.00 | 337.08 0.11
4050.00 | 400.08 0.26 | 4961.02 | 408.75 0.22 | 8100.00 | 366.99 0.12
4412.29 | 433.47 0.27 | 5400.00 | 442.79 0.23 | 8775.00 | 396.74 0.12
4768.62 | 465.81 0.28 | 5828.88 | 475.60 0.24 | 9450.00 | 426.32 0.13
5112.55 | 496.52 0.29 | 6289.44 | 510.30 0.25 | 10125.00 | 455.70 0.13
5400.00 | 521.77 0.30 | 6695.74 | 540.40 0.27 | 10800.00 | 484.88 0.14
5724.08 | 549.77 0.32 | 6750.00 | 544.38 0.27 | 11475.00 | 513.83 0.15
6041.04 | 576.63 0.33 | 7136.09 | 572.44 0.28 | 12150.00 | 542.53 0.15
6350.72 | 602.35 0.34 | 7513.16 | 599.36 0.29 | 12825.00 | 570.95 0.16
6649.00 | 626.59 0.36 | 7874.21 | 624.66 0.31 | 13500.00 | 599.08 0.17
6750.00 | 634.68 0.36 | 8100.00 | 640.22 0.32 | 14175.00 | 626.88 0.18
7028.89 | 656.68 0.38 | 8437.10 | 663.06 0.33 | 14850.00 | 654.30 0.19
7300.78 | 677.63 0.39 | 8765.17 | 684.81 0.34 | 15525.00 | 681.31 0.21
7565.72 | 697.54 0.41| 9107.59 | 706.98 0.36 | 16113.83 | 704.50 0.22
7832.86 | 717.10 0.42 | 9413.13 | 726.26 0.38 | 16200.00 | 707.86 0.22
8100.00 | 736.11 0.44 | 9450.00 | 728.56 0.38 | 16756.99 | 729.38 0.23
8331.73 | 752.13 0.45| 9734.72 | 746.03 0.39 | 17283.45 | 749.36 0.25
8557.71 | 767.32 0.47 | 10011.39 | 762.56 0.41 | 17550.00 | 759.33 0.26
8778.16 | 781.70 0.49 | 10280.21 | 778.19 0.43 ] 18041.58 | 777.44 0.27
8993.29 | 795.31 0.50 | 10536.07 | 792.65 0.44 | 18503.00 | 794.09 0.29
9221.65 | 809.27 0.52 | 10800.00 | 807.11 0.46 | 18900.00 | 808.12 0.30
9424.58 | 821.26 0.54 | 11033.45 | 819.51 0.48 | 19324.21 | 822.78 0.32
9450.00 | 822.73 0.54 | 11260.80 | 831.20 0.49 | 19733.39 | 836.57 0.33
9638.94 | 833.48 0.55 | 11482.34 | 842.23 0.51 | 20120.15 | 849.26 0.35
9824.10 | 843.65 0.57 | 11698.38 | 852.62 0.53 | 20250.00 | 853.44 0.36
10005.69 | 853.28 0.58 | 11924.19 | 863.09 0.55 | 20606.09 | 864.68 0.38
10183.93 | 862.39 0.60 | 12150.00 | 873.15 0.56 | 20949.36 | 875.20 0.40
10359.03 | 871.01 0.61 | 12339.51 | 881.26 0.58 | 21271.53 | 884.77 0.42
10531.22 | 879.15 0.63 | 12525.31 | 888.92 0.60 | 21600.00 | 894.21 0.44
10698.86 | 886.77 0.64 | 12707.63 | 896.15 0.61 | 21890.65 | 902.26 0.46
10800.00 | 891.22 0.65 | 12886.73 | 902.96 0.63 | 22171.57 | 909.78 0.47
10956.67 | 897.88 0.67 | 13062.86 | 909.39 0.64 | 22443.32 | 916.78 0.49
11111.49 | 904.19 0.68 | 13236.24 | 915.45 0.66 | 22700.77 | 923.17 0.51
11264.61 | 910.18 0.69 | 13405.27 | 921.10 0.67 | 22950.00 | 929.11 0.53
11416.19 | 915.85 0.71 ] 13500.00 | 924.16 0.68 | 23183.82 | 934.45 0.55
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11566.38 | 921.22 0.72 | 13658.41 | 929.09 0.70 | 23411.50 | 939.44 0.57
11715.34 | 926.30 0.73 | 13815.19 | 933.75 0.71 | 23633.51 | 944.10 0.59
11863.19 | 931.11 0.75 | 13970.52 | 938.16 0.72 | 23850.28 | 948.44 0.61
12008.50 | 935.61 0.76 | 14124.55 | 942.32 0.74 | 24075.14 | 952.73 0.63
12150.00 | 939.78 0.77 | 14277.45 | 946.25 0.75 | 24300.00 | 956.79 0.65
12288.24 | 943.66 0.78 | 14429.38 | 949.97 0.76 | 24491.80 | 960.08 0.67
12426.13 | 947.33 0.79 | 14580.48 | 953.47 0.77 | 24680.62 | 963.16 0.68
12563.78 | 950.82 0.80 | 14729.43 | 956.74 0.79 | 24866.78 | 966.05 0.70
12701.28 | 954.12 0.81 | 14850.00 | 959.25 0.80 | 25050.57 | 968.74 0.71
12838.76 | 957.24 0.82 | 14992.39 | 962.08 0.81 | 25232.27 | 971.26 0.73
12976.31 | 960.20 0.83 | 15134.71 | 964.76 0.82 | 25412.16 | 973.62 0.75
13114.04 | 962.99 0.84 | 15277.07 | 967.28 0.83 | 25588.86 | 975.79 0.76
13252.06 | 965.64 0.85 | 15419.58 | 969.67 0.84 | 25650.00 | 976.52 0.77
13389.36 | 968.11 0.86 | 15562.38 | 971.92 0.85 | 25817.72 | 978.42 0.78
13500.00 | 970.00 0.87 | 15705.57 | 974.04 0.86 | 25984.79 | 980.21 0.79
13633.45 | 972.15 0.87 | 15849.27 | 976.04 0.87 | 26151.42 | 981.88 0.81
13767.68 | 974.19 0.88 | 15993.59 | 977.93 0.87 | 26317.80 | 983.45 0.82
13902.77 | 976.12 0.89 | 16137.74 | 979.69 0.88 | 26484.12 | 984.91 0.83
14038.82 | 977.94 0.90 | 16200.00 | 980.41 0.89 | 26650.59 | 986.28 0.84
14175.93 | 979.66 0.90 | 16340.34 | 981.97 0.89 | 26825.29 | 987.62 0.85
14314.19 | 981.27 0.91 | 16481.79 | 983.43 0.90 | 27000.00 | 988.86 0.86
14453.70 | 982.80 0.92 | 16624.45 | 984.82 0.91 | 27160.79 | 989.91 0.87
14594.57 | 984.23 0.92 | 16768.42 | 986.11 0.91 | 27322.62 | 990.90 0.88
14735.90 | 985.57 0.93 | 16913.83 | 987.34 0.92 | 27485.66 | 991.82 0.89
14850.00 | 986.58 0.93 | 17060.80 | 988.48 0.92 | 27650.08 | 992.68 0.90
14989.97 | 987.75 0.94 | 17209.43 | 989.55 0.93 | 27816.03 | 993.48 0.91
15131.70 | 988.84 0.94 | 17359.86 | 990.56 0.94 | 27983.71 | 994.23 0.91
15275.29 | 989.87 0.94 | 17511.45 | 991.49 0.94 | 28166.85 | 994.98 0.92
15420.85 | 990.83 0.95 | 17550.00 | 991.72 0.94 | 28350.00 | 995.66 0.93
15568.50 | 991.73 0.95 | 17699.51 | 992.56 0.95 | 28517.89 | 996.22 0.94
15718.36 | 992.58 0.96 | 17851.20 | 993.34 0.95 | 28688.26 | 996.75 0.94
15870.56 | 993.37 0.96 | 18005.20 | 994.07 0.95 | 28861.29 | 997.24 0.95
16035.28 | 994.15 0.96 | 18161.65 | 994.75 0.96 | 29037.18 | 997.69 0.95
16200.00 | 994.86 0.97 | 18320.69 | 995.38 0.96 | 29216.13 | 998.11 0.96
16355.24 | 995.48 0.97 | 18482.47 | 995.97 0.97 | 29398.36 | 998.50 0.96
16513.28 | 996.05 0.97 | 18647.17 | 996.52 0.97 | 29582.71 | 998.85 0.96
16674.28 | 996.59 0.97 | 18813.93 | 997.03 0.97 | 29700.00 | 999.06 0.97
16838.39 | 997.08 0.98 | 18900.00 | 997.27 0.97 | 29885.74 | 999.36 0.97
17005.78 | 997.54 0.98 | 19067.32 | 997.71 0.97 | 30075.47 | 999.64 0.97
17176.65 | 997.97 0.98 | 19238.03 | 998.12 0.98 | 30269.45 | 999.89 0.98
17363.33 | 998.39 0.98 | 19412.29 | 998.50 0.98 | 30467.97 | 1000.12 0.98
17550.00 | 998.77 0.98 | 19590.33 | 998.85 0.98 | 30671.31 | 1000.33 0.98
17727.52 | 999.09 0.99 | 19772.36 | 999.17 0.98 | 30878.00 | 1000.52 0.98
17909.15 | 999.38 0.99 | 19958.61 | 999.46 0.99 | 31050.00 | 1000.67 0.98
18095.10 | 999.66 0.99 | 20148.09 | 999.73 0.99 | 31262.15 | 1000.82 0.99
18285.63 | 999.91 0.99 | 20250.00 | 999.86 0.99 | 31480.14 | 1000.97 0.99
18481.02 | 1000.14 0.99 | 20442.23 | 1000.09 0.99 | 31704.38 | 1001.09 0.99
18690.51 | 1000.36 0.99 | 20639.34 | 1000.30 0.99 | 31935.31 | 1001.21 0.99
Appendices 157



18900.00 | 1000.55 0.99 | 20841.63 | 1000.50 0.99 | 32167.65 | 1001.31 0.99
19106.09 | 1000.72 0.99 | 21049.42 | 1000.67 0.99 | 32400.00 | 1001.40 0.99
19317.99 | 1000.87 0.99 | 21263.07 | 1000.83 0.99 | 32646.15 | 1001.48 0.99
19536.06 | 1001.01 1.00 | 21481.35 | 1000.97 0.99 | 32900.58 | 1001.56 0.99
19760.72 | 1001.13 1.00 | 21600.00 | 1001.04 0.99 | 33163.95 | 1001.62 1.00
20005.36 | 1001.25 1.00 | 21823.65 | 1001.16 1.00 | 33456.98 | 1001.68 1.00
20250.00 | 1001.35 1.00 | 22054.18 | 1001.27 1.00 | 33750.00 | 1001.73 1.00
20490.94 | 1001.44 1.00 | 22292.08 | 1001.37 1.00 | 34037.69 | 1001.78 1.00
20740.01 | 1001.52 1.00 | 22537.87 | 1001.45 1.00 | 34337.00 | 1001.81 1.00
20997.80 | 1001.59 1.00 | 22789.93 | 1001.53 1.00 | 34648.96 | 1001.84 1.00
21264.99 | 1001.65 1.00 | 22950.00 | 1001.57 1.00 | 34971.68 | 1001.87 1.00
21540.36 | 1001.70 1.00 | 23211.72 | 1001.63 1.00 | 35100.00 | 1001.88 1.00
21600.00 | 1001.71 1.00 | 23483.07 | 1001.69 1.00 | 35437.38 | 1001.90 1.00
21882.59 | 1001.76 1.00 | 23764.82 | 1001.74 1.00 | 35790.93 | 1001.92 1.00
22176.48 | 1001.80 1.00 | 24054.61 | 1001.78 1.00 | 36157.44 | 1001.94 1.00
22482.67 | 1001.83 1.00 | 24300.00 | 1001.81 1.00 | 36450.00 | 1001.95 1.00
22799.19 | 1001.86 1.00 | 24607.09 | 1001.84 1.00 | 36846.23 | 1001.96 1.00
22950.00 | 1001.87 1.00 | 24927.58 | 1001.87 1.00 | 37264.98 | 1001.97 1.00
23281.90 | 1001.89 1.00 | 25288.79 | 1001.89 1.00 | 37704.19 | 1001.98 1.00
23629.52 | 1001.91 1.00 | 25650.00 | 1001.92 1.00 | 37800.00 | 1001.98 1.00
23989.57 | 1001.93 1.00 | 26010.75 | 1001.93 1.00 | 38265.66 | 1001.98 1.00
24300.00 | 1001.94 1.00 | 26390.13 | 1001.95 1.00 | 38754.10 | 1001.99 1.00
24690.07 | 1001.95 1.00 | 26785.30 | 1001.96 1.00 | 39150.00 | 1001.99 1.00
25101.99 | 1001.96 1.00 | 27000.00 | 1001.96 1.00 | 39697.42 | 1001.99 1.00
25533.56 | 1001.97 1.00 | 27424.02 | 1001.97 1.00 | 40279.11 | 1001.99 1.00
25650.00 | 1001.97 1.00 | 27887.01 | 1001.98 1.00 | 40500.00 | 1002.00 1.00
26108.56 | 1001.98 1.00 | 28350.00 | 1001.98 1.00 | 41175.00 | 1002.00 1.00
26589.04 | 1001.99 1.00 | 28848.49 | 1001.99 1.00 | 41850.00 | 1002.00 1.00
27000.00 | 1001.99 1.00 | 29374.11 | 1001.99 1.00 | 42525.00 | 1002.00 1.00
27539.15 | 1001.99 1.00 | 29700.00 | 1001.99 1.00 | 43200.00 | 1002.00 1.00
28111.32 | 1001.99 1.00 | 30286.11 | 1001.99 1.00 | 43875.00 | 1002.00 1.00
28350.00 | 1002.00 1.00 | 30912.74 | 1002.00 1.00 | 44550.00 | 1002.00 1.00
29025.00 | 1002.00 1.00 | 31050.00 | 1002.00 1.00 | 45225.00 | 1002.00 1.00
29700.00 | 1002.00 1.00 | 31725.00 | 1002.00 1.00 | 45900.00 | 1002.00 1.00
30375.00 | 1002.00 1.00 | 32400.00 | 1002.00 1.00 | 46575.00 | 1002.00 1.00
31050.00 | 1002.00 1.00 | 33075.00 | 1002.00 1.00 | 47250.00 | 1002.00 1.00
31725.00 | 1002.00 1.00 | 33750.00 | 1002.00 1.00 | 47925.00 | 1002.00 1.00
32400.00 | 1002.00 1.00 | 34425.00 | 1002.00 1.00 | 48600.00 | 1002.00 1.00
33075.00 | 1002.00 1.00 | 35100.00 | 1002.00 1.00 | 49275.00 | 1002.00 1.00
33750.00 | 1002.00 1.00 | 35775.00 | 1002.00 1.00 | 49950.00 | 1002.00 1.00
34425.00 | 1002.00 1.00 | 36450.00 | 1002.00 1.00 | 50625.00 | 1002.00 1.00
35100.00 | 1002.00 1.00 | 37125.00 | 1002.00 1.00 | 51300.00 | 1002.00 1.00
35775.00 | 1002.00 1.00 | 37800.00 | 1002.00 1.00 | 51975.00 | 1002.00 1.00
36450.00 | 1002.00 1.00 | 38475.00 | 1002.00 1.00 | 52650.00 | 1002.00 1.00
37125.00 | 1002.00 1.00 | 39150.00 | 1002.00 1.00 | 53325.00 | 1002.00 1.00
37800.00 | 1002.00 1.00 | 39825.00 | 1002.00 1.00 | 54000.00 | 1002.00 1.00
38475.00 | 1002.00 1.00 | 40500.00 | 1002.00 1.00

39150.00 | 1002.00 1.00 | 41175.00 | 1002.00 1.00
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39825.00 | 1002.00 1.00 | 41850.00 | 1002.00 1.00
40500.00 | 1002.00 1.00 | 42525.00 | 1002.00 1.00
41175.00 | 1002.00 1.00 | 43200.00 | 1002.00 1.00
41850.00 | 1002.00 1.00 | 43875.00 | 1002.00 1.00
42525.00 | 1002.00 1.00 | 44550.00 | 1002.00 1.00
43200.00 | 1002.00 1.00 | 45225.00 | 1002.00 1.00
43875.00 | 1002.00 1.00 | 45900.00 | 1002.00 1.00
44550.00 | 1002.00 1.00 | 46575.00 | 1002.00 1.00
45225.00 | 1002.00 1.00 | 47250.00 | 1002.00 1.00
45900.00 | 1002.00 1.00 | 47925.00 | 1002.00 1.00
46575.00 | 1002.00 1.00 | 48600.00 | 1002.00 1.00
47250.00 | 1002.00 1.00 | 49275.00 | 1002.00 1.00
47925.00 | 1002.00 1.00 | 49950.00 | 1002.00 1.00
48600.00 | 1002.00 1.00 | 50625.00 | 1002.00 1.00
49275.00 | 1002.00 1.00 | 51300.00 | 1002.00 1.00
49950.00 | 1002.00 1.00 | 51975.00 | 1002.00 1.00
50625.00 | 1002.00 1.00 | 52650.00 | 1002.00 1.00
51300.00 | 1002.00 1.00 | 53325.00 | 1002.00 1.00
51975.00 | 1002.00 1.00 | 54000.00 | 1002.00 1.00
52650.00 | 1002.00 1.00

53325.00 | 1002.00 1.00

54000.00 | 1002.00 1.00
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