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ENHANCING THE LONGEVITY OF ION-SELECTIVE ELECTRODE ARRAYSIN
BIOREACTORS

Abstract

by Hajime Fuchida, MS.
Washington State University
December 2007

Chair: Bernard Van Wie,

It has been observed that 1on-Selective Electrodes (1SES) suffer
performance loss after long time use in bioreactors. It is speculated that protein
adsorption inactivates | SEs by inhibiting ion permeation. The amphiphilic polymer,
poly(2-methacryloyloxyethylphosphorylcholine-co-butyl methacrylate) or poly(MPC-co-
BMA), was coated on | SEsto improve their longevity when exposed to bioreactor
effluent for long time periods. It was hypothesized that the polymer coating would
prevent protein adsorption by forming a hydrogel on the ISE surface, rendering the
protein adsorption process reversible.

In this project, K* | SEs made with valinomycin as the ionophore were used to
determinate the effects of the polymer coating on response slopes, limits of detection
(LODs), interference with NH,", and longevity in batch bioreactor effluent, by coating
the | SEs with five different polymer solutions: 0%, 0.01%, 0.10%, 1.0%, and 10% by
weight.

The results showed that the polymer coated | SEs maintained a Nernstian
response through long time exposure to bioreactor effluent as expected. However, the

polymer coating tended to simultaneously reduce the | SE LOD, with a negative



correlation between the weight percent of polymer and the LOD. The polymer coating
tended to increase | SE interference from NH,". Thisimplies that the reduction of the | SE
LOD is not severe enough to negatively affect | SE performance in most bioreactor
applications because of the relatively high K* content in the growth media. Therefore,
the results validate the use of poly(MPC-co-BMA ) to coat | SEs and render them suitable

for applications involving biological fluids.
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Chapter 1
Introduction

Mammalian cell culture is widely used for manufaictg a variety of excreted
products such as monoclonal antibolié®rmone§ and antibiotics However, these
cultures are highly susceptible to changes of #@iironmental conditions caused by the
accumulation of toxic metabolites such as carboride, ammonium and lactate ions. A
narrow pH range of 6.8 — 7.2 is required to keepdlitures alive However, carbon
dioxide decreases the pH which provides negatifexisfon cell growth. Also, ammonium
inhibits cell growth at 5 mMlevel while lactate inhibits at 40 nf\evel.  Currently, there
is an emphasis on improvement of the yield in senddloreactors by using dense cell
population cultures to improve yields in smalleprieiactors®. A Continuous Centrifugal
Bioreactors (CCBR) was recently developed for méomad antibody production from
hybridoma cell lines and can maintain populationsities of 16 or more cells/mf:'°.  Yet
the smaller reactor volume and dense suspensiow #le environment surrounding the cells
to change rapidly. Therefore, it is critical tina¢ans for on-line monitoring be devised to
detect and allow correction for shifts in pH orlhdup of lactate and ammonium ions.

There are numerous techniques to monitor specie®raactors including ion
chromatograpHy, wet chemistry assals and ion-selective electrodes (ISEs)on

chromatography and wet chemistries, however, ael@matic when continuous on-line



monitoring is important as there is a need to resr&amples and process them off line.
This is time consuming and may not allow for speadjystments to the process to maintain
operation within an optimal range. Cost is alsasane with the requirement of expensive
analytical equipment and process reagents. Theitdedf the ISEs have been discussed in
terms of their drift® and protein adsorption on the membrdhés Drifting can be solved
with frequent calibratioli, and it is thought that protein adsorption carinbébited by
introducing 2-methacryloyloxyethyl phosphoryichali(MPC) polymer® which can
dramatically reduce adsorption or make it at leagérsible.

There are various types of MPC polymers dependmthe companion monomer
used to build the polymer with MPC. Poly(2-mettymyloxyethyl
phosphorycholine-co-n-butyl methacrylate) or pMIAC-co-BMA) is one of such MPC
polymers consisting of MPC and n-butyl methacryBlMA) units. In terms of applications
for use of the poly(MPC-co-BMA), success has besmahstrated in decreasing protein
adsorption on glucose sens8rand artificial catheteté™®  Though poly(MPC-co-BMA)
has been used to coat ISEs and no significanttefiecesponse slopes or limit of detection
(LOD) were observeld, no long-term studies there have been conductetthdir use in
continuous monitoring of cell culture bioreactors.

In this paper we will demonstrate the use of polp@Aco-BMA) in long-term

continuous monitoring of effluent from a batch leiactor. We coated poly(MPC-co-BMA)



onto ISEs specific for measuring the activity f K LODs are compared for coated and
non-coated ISEs and slopes are compared to theadregilues on the basis of the
Nikolskii-Eisenman equatidA We discuss calibration and interference issnesiiture

medium and show studies to illustrate the optinalcentration of coating copolymer.



Chapter 2
Theory
2.1 1on Selective Electrodes
copper wire
@ 'onophores

B A QO selected ions
() unselected ions

O O O‘. O ﬁ ‘
O o Potential o ﬂ O

o@o Oooo O O
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Figure 2.1: Mechanism of ISE ion transport.

ISEs are specific for certain ions and measuredativity in a solution. The selectivity for
and transport of ion species is accomplished bg-gpluble molecules called ionophores.
lonophores are thermodynamically stable in the miogiquid phase that makes up 50 — 70%
of the composition of typical ISE membranes. Titilsecause ionophore molecular
structures are such that the molecules have a plgdlnc exterior. lonophores are also able
to diffuse in the membrane which aids in molectdansport. The mechanism of ISE

transport and means for electrical measuremerdgsribed in Figure 2.1. ISE arrays
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consist of an ISE electrodes (A) and a refereneetrelde (B). When ionophores encounter
ions at membrane boundaries, they bind to theagsnsrding to ion fit within coordination
sites. The bound ions are carried by ionophoressadhe membrane, and released on the
opposite side of the membrane. This ion transpemerates a potential difference between
the reference and ISE electrodes. The potenfigrence is detected as an electromotive
force (emf) with a multimeter or specially desigredelctronic board. The detected potential

difference for a homogeneous solution is exprebsettie Nernst equatioh

2303[RIT
+

E=E° [Log[a, ] 1)

A

where a is the activity of the primary ion “A” , R, T, F andepresent the ideal gas

constant, temperature in Kelvin, Faraday's constm,the charge on the ion of

interest, respectively.
The coefficient in front of the logarithm of the adtwior the primary ion “A” is the
response slope, and it has a value of approximately 58tmom temperature for a
monovalent ion “A”. It is an essential parameter for semsimce higher response slopes
provide better precision for data analysis. The LO&nisther important parameter used to
evaluate ISE performance. The LOD is defined as theestration at which the ISE

response just reaches the lower concentration limit of Nenrisehaviol”.  Figure 2.2

shows graphically the LOD on a calibration curve.



heterogeneous solutions.
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Figure 2.2: The graphical determination of LOD.
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Figure 2.3: K* ISE responses with changes ofahd NH,*
concentration.

Since ionophore moleetifiaity is based on of physical and

chemical properties such as their
size and electrical charge
interference occurs when ions
with similar properties coexist in
the same solution. For instance,
K" electrodes respond quite well

to concentration changes of biH

though the NI concentration

typically must be at least an order
of magnitude higher than that of
K" for the same relative change in
ISE voltage. Figure 2.3 shows
actual data indicating interference
of K" with NH," ions. These
effects can be modeled with the

Nikolskii-Eisenman equation (2)

which the ISE emf in such



heterogeneous solutidns

E—E°+ 2303[RIT
[F

Logla, + K (ag)* + K (ac )/ +.] 2)

A

where @, &, & are the activities of primary ion “A”, and secondary ioB% “C”, etc.

Also, R, T, F and z represent the ideal gas constanpet@ature in Kelvin, Faraday’s

constant, and the charge on the primary ion, respectivédyiS is the selectivity coefficient

indicating the ratio of ISE response of the secondary ien e primary ion, and the/x;

represents the ratio of the valance state of the primary itvat of secondary ion i.
Selectivity coefficients may be determined by the sepaw@lution method by

comparing the responses of species “A” and “B” each contamadeparate solution to

which the ISE is exposed. The interference coefficiargsalculated with equation 3)

Pot (EB B EA)ZAF

logK 22 = +(1-2%)loga, 3)

2.30RT Zg
where E, Ea are the respective experimental emf values of ion “A” and'B”
taken at the same activity level for each ion (see Fig@je 2

Once the activities of interfering ions and their intefee coefficients are known, the

Nikolskii-Eisenman equation can be used to obtain ¢cheshactivity of the primary ion.



2.2 Prevention of Protein Adsorption

For ISEs placed in protein solutions water molesslerround both the proteins and
the polymer surfaces due to van der Waals forcégproach of protein towards the polymer
surface eliminates water molecules bound to pra@eahthe polymer. This drives protein
conformation changes that allow the hydrophobi¢spat the protein to face the polymer
surface directly. Since this dehydration incredgbesentropy, the protein adsorption process
is irreversible.  This process is illustrated ig.F2.4 and is known as dehydration. This
protein adsorption must be inhibited and Ishitetra report that high surface water fraction
levels cause any protein adhesion to take placrsiah/>'®  The group has shown that an
effective solution results when MPC polymer is &pto the polymer surface which serves

to retain water molecules at the surface.



(O protein

e water molecule
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PolymerSurface

Figure2.4: The mechanism of protein adsorption on polynefage.

Protein surrounding water molecules approach tihepr surface (a). The water
molecules located between the protein and the seidee removed as the proteins
reach the polymer surface (b). Once protein attsieb the polymer surface, it
changes its conformation and binds to the surfaiegérsibly with hydrophobic
interactions (c).

The protein adsorption phenomenon is believed toioon ISE membranes because of
membrane hydrophobicity and this phenomenon iebedi to be the cause of significant
reduction in ISE performance in the presence afraeand/or cell culture proteins.

In this work we postulate that MPC polymer coatiag reduce or eliminate the
decline in ISE performance by preventing membratsogption of protein. The chemical
structure of poly(MPC-co-BMA) is indicated in FiguB.5 and shows two distinct units
involved in the structure, a hydrophilic unit tqpt@re water molecules and a hydrophobic
unit for binding to a polymer surfack. The polymer carries no net charge and forms a

hydrogel which functions to keep a high water fiaton the polymer surface. The MPC



polymers are produced by polymerizing MPC unithwirious alkyl methacrylates or
styrene and the polymer characteristics are depemethe composition.  PMB30
consists of 30 mole percent MPC and 70 mole peB¥m, and is a commonly used MPC
polymer because of its extraordinary biocompatipdompared with other polymérsand it

has been tested for use on ISE membranes for ieduetadhesion of blood plateléets.

Poly(MPC-co-BMA)

I -

—(CH—C) (CH,—C)
C=0 o C=0
| | + |

OCH,CH,OPOCHN(CHs)s O(CHy)4CHs
11

(@) MPC (b) BMA

Figure 2.5 Chemical Structure of Poly(MPC-co-BMA). In thi®uk
PMB30 is used, which consists of a 3 to 7 ratibygfrophilic MPC units
(a) to hydrophobic BMA units (b).
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2.3 lonsin Bioreactors

It is important to monitor ion concentrations iwi@actors to optimize the cell

Figure 2.1: Intracellular and
extracellar inorganic io

growth. Some ions inhibit cell growth such as

extracellular| intracellulaf  NH4* and excess He.qg. below pH 6.8, others are
Na’ 155 mM 10 mM
K+ 5.4 mM 141 mM essential for cell growth such as the electrolytes,
ca* 1.8 mM <0.5 mM
Mg** 0.8 mM 29 mM K*, Na', Ca", Mg and Cl, while others may be
cr 118 mM 4 mM
HCO, 44 mM 10 mM used to indicate cell health and cell lysis.
SO” 0.8 mM 1 mM

Regarding detection of cell lysis with ISEs we can
consider there is there is a significant differemmcextracellular and intracellular inorganic
ion concentration as summarized in Tablé®.1 Intracellular K, Mg2+ concentrations are
remarkably higher than extracellular values andlaity, extracellular Naand Cl
concentrations are much higher than intracell@aels. When cells are lysed, cytoplasm
mixes with the medium and will result in major cbas in the ion concentrations in the
medium causing concentrations o*f,HS/Ig2+ to increase, and Nand Cl concentrations to
drop simultaneously. In contrast, cell growth giopposite effects and will cause bring K
Mg®* concentrations to go down and take ldad Clto go up. A simple mass balance on
each ionic species, based on reactor cell numineréead and effluent flow rates, will allow

one to establish the maximum and minimum conceatrsithat can be expected and assist in

estimating the percent viability and rate of cethwgth or cell death.

11



Cell metabolism will also release NHCO, and lactate into the culture medium. NH
inhibits cell growth at 5mM and leads to cell deati2 mM while lactate prevents cell
growth at 40 mN.  In addition the lactic acid, G@nd NH" affect medium pH. An
optimal pH range of 6.8-7.2 is required to keepsaaive’. Therefore, it is necessary to
monitor the metabolite concentrations for optimiawf cell production. Of course it is
straightforward to measure acidity with a pH pralnd can be measured with an ISE
containing a ionophore. What will complicate mittis that K electrodes have some
selectivity for NH*, NH,;" ISEs have some selectivity fof kind the N to NHs
equilibrium is affected by pH. Hence, it is import to measure K NH,", and pH in
concert to improve accuracy. Yet, this paper csif@d on determining performance of only
one of the ISE types, that for kind how poly(MPC-co-BMA) will enhance ISE longepyit
Once progress is made here advances can be madedsuring different kinds of ions, by

developing a suite of ISEs each with a differenbjohore in the ISE membrane.

12



Chapter 3

Experimental Methods

3.1 Reagentsand Materials

Our ISE arrays consist of seven ISE electrode®snding a reference electrode.

We use 18 AWG gauge copper wires (Radio Shackedoaith a polymer membrane

consisting of Valinomycin, polyvinyl chloride (PV@pwder, and 97 % pure

Bis(2-ethylhexyl) sebacate (all from Fluka). Tleéerence electrode is a liquid filled type

with a 99.99 % pure silver wire inserted (Princéz&nt Company) into sodium nitrate

(Aldrich) electrolyte as the reference solutiond @nvered with a reference membrane made

from PVC (Fluka), and polyethylene glycol (PEG)gi8a-Aldrich). The membrane

components for both electrodes are dissolved i@#b getrahydrofran (THF)

(Sigma-Aldrich). The array body is built from a €Vod (McMaster-Carr), and PD190

Epoxy Adhesive (McMaster-Carr) is used to bond sviethe body and to seal the reference

solution. Poly(MPC-co-BMA), which is coated on®8 membranes, was donated by Dr.

Ishihara.

Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibc used as the cell growth

medium and the basic solvent for calibration sohgicomprised of different concentrations

of potassium chloride (Sigma-Aldrich). The mougbridoma MM1A cell line is used in

the long term ISE longevity experiments. Cellsevebtained from Professor. W.C. Davis

13



of the Department of Veterinary Microbiology andtidogy at Washington State

University.

3.2 ElectrodeFabrication

A PVCrodis cutto a1l inch length, and the cut fates are made flat with 120 grit
sandpaper. Seven holes are drilled in the facalpbwith the central axis with a #58
(0.0420") drill bit with holes in a circular pattenear the circumference at°4gles from
each other, and a lager hole made into the cemtiswith a #38 (0.1015”) drill bit for the
reference electrode. Seven bare 18 AWG gauge coygpes are cut to 1.5 inch lengths.
These wires are coated with DP 190 Epoxy® adhesideinserted into the circumferential
holes till wire just comes out from the front oéttod surface. After the epoxy is
completely dry, the array is sanded with 120 gritdpaper (J type cloth backing; 3-M).
The procedure is repeated with 220, 320, 400, 800, and 1200 grit silicon carbide
sandpapers (3M, Buehler) to polish the copper wirddrops of water are used on
sandpapers starting at 400 grit on up to carry aseagings. In a final step, the array is
polished with a 0.3 micron Type-N alumina powderst (Wendt Dunnington) on a cotton
polishing cloth.  After the polishing step, B0 of reference membrane solution, made by

mixing100 mg PVC powder and 200 mg polyethyleneglyn 2 mL THF and heating in a

14



water bath to aid dissoluti6h is pipetted into the center hole from the poliskigle. Then
the array is hung facing down. When the membramky, it is examined with a dissecting
microscope to assure there are no holes or lardgmibbles. A saturated sodium nitrate
solution filling is pipetted into the opposing eofithe center reference hole. An Ag/AgCl
reference electrode, made by etching a silver inifeeCh/HC| PC-Board etching solution, is
inserted into the hole and the back side of thayas fully covered with epoxy to seal in the
sodium nitrate solution.  For the next step, 3 fiK bISE membrane, comprised of 1%
Valinomycin, 65.8% sebacate and 33.2 % PVC dissbhtea net 100 mg/mL concentration
in THF [2], is pipetted onto the surface of eachgbh®d copper wire.

So that membrane forms on the surface of the paliside of array with being
pulled by gravity. The membrane should be driethttve onto the next step. Reference
membrane solution is made by mixing100 mg PVC powaled 200 mg ethylene glycol in 2
mL THF. The mixture may need to be heated by wad¢h to make PVC and ethylene

glycol dissolved completely. Membrane forms bypating THF from the solution.

Once membranes are completely dry, uR®f poly(MPC-co-BMA) solution is

pipetted onto the membrane and allowed to dry agktmin a vacuum chamber.

Poly(MPC-co-BMA) solution is made by dissolving p@dlPC-co-BMA) into ethanol to

15



obtain cocktails of 0.01%, 0.10%, 1.00%, 10.0% pwy concentration by weight. Then

each electrode is coated with a different polynodutson including a 100% ethanol control.

3.3 Experiments

There were two types of experiments performedfitseto understand the effects of
the poly(MPC-co-BMA) on ISE performance and theoselcto assess ISE longevity when
continuously exposed to bioreactor effluent.

Calibration curves for both'Kand the interfering NI responses are obtained for
both non-coated and polymer coated ISE arrays glaca 50 mL of distilled water in a
crucible and monitored with an Environmental Monitg System (EMS) board, developed
at the Naval Research Laboratéfgls shown in Figure 3.1. The arrays are assessid wi
the standard addition method by adding to the bted<CI (or NH,Cl) solutions of 16, 10%,
103 and 10* M as indicated in Table 3.1. Then the resporseesl and the LODs are
determined for each electrode along with the ieterice coefficients of NFlon K™ ISEs as

determined with Equation (3).

16



Figure 3.1: The standard addition method

The standard addition method is used by placing
electrode arrays in a 50 mL crucible and deternginin
calilbration curves between concentrations 6f 46d
10~ M.

Table 3.1: Standard addition methods scheme

order standard addition volume total concentration
concentration (M) (uM) log[(M)]
1 10* 50 -7.0
2 10* 109 -6.5
3 10° 34 -6.0
4 10° 110 -5.5
5 102 34 -5.0
6 10° 110 -4.5
7 10" 34 -4.0
8 10" 110 -35
9 1 35 -3.0
10 1 110 -2.5
11 3.5 100 -2.0
12 35 320 -1.5
13 35 1000 -1.0

17
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Figure3.2: Experimental setup for measuring ISE longevity.

The electrical potential is measured with the NRIatol and data sent to a computer via
an IR link. Medium containing cells is circulatddough the ISE array and
calibrations performed twice daily using mediumtedming 30 mM and 130 mM K

Long term experiments are run with the ISE array$the batch setup shown in Figure 3.2
Approximately 6 x 18 hybridoma cells and 400 mL of DMEM are place itite bioreactor.

The bioreactor contents are circulated past theal®&y at a rate of two mL per minute.

The calibration solutions consist of 30 mM &nhd 130 mM K are made with DMEM and

KCl and calibrations are made twice daily.

18



Chapter 4
Results

4.1 Uniformity of Uncoated | SEs

At first, K" ISE electrodes were calibrated with the standdditian method by
adding ever increasing amounts ofd¢ NH," prior to polymer coating; this is important
since each ISE electrode has its own individudhtian in performance. This initial
calibration is required so each electrode can hé/aed individually after polymer addition.

Figure 4.1 summarizes the results from the iniidibration of K ISEs showing

averaged mV readings and standard deviation eensr for electrode responses (N=6) to
standard additions of 'Kand the interferent NH, respectively.  From these data one can
calculate the average response slopes and LODs. K Famlditions shown in Figure 4.1 the
average slope and LOD were determined to be 50.8 ynV/log [C] and -4.79 £ 0.02 which
corresponds to very small relative standard dexnat(RSDs) of 0.6 % and 0.2 %,
respectively. Itis noted that the 0.2 % RSD e ItOD is on a logarithm scale which
translates to an actual variance of 2.3 % in adt@d) concentration between electrodes.
One can then assess the uncertainty that might wsen using an average LOD and slope
from a collective set of electrodes to translatkage data into concentrations. We can take
an extreme case that begins with the lowéstdhcentration of 5.4 mM in the base culture

medium and assess the impact of uncertainties Vaitage values in a dense 2 X H@ll/mL

18



culture that undergoes complete cell lysis thatltesn a 53 mM K medium concentration.
Taking the voltage and its corresponding standaxiation at the base 5.4 mM concentration
we can use standard deviations around an average & see what concentrations could
yield similar mV readings at the 53 mM Koncentration.  We begin with a voltage one
standard deviation above the average mV readibgtanM K" and a slope one standard
deviation above the average slope. We then prtjectine up to the lower standard
deviation limit of the average voltage one woulgent at 53 mM. The concentration
corresponding to this voltage is 43 mM.K Doing just the opposite by taking the lower
standard deviation at 5.4 mM and the slope onelatadeviation below the average we look
for the intersection with the higher standard diésavoltage at 53 mM K this results in a
concentration that corresponds to 65 mM. Thoughisha wide range a rise in voltage of
this magnitude would certainly be an indicatiorcell lysis. A much better way to operate
is to calibrate an individual electrode immediatiebfore each monitoring event. Then we
are concerned about standard deviations aroungbihés corresponding to 5.4 mM and 53
mM K* due to random noise around a given voltage; tisdittle or no uncertainty in the
slope just determined from the calibration. Irstbase we find a concentration range of 50
mM (-5.4%) to 56 mM (+4.8%). In reality we can ahmch better than this because any
reported voltage is the average of at least 100tpoandomly and tightly clustered about a

mean value with standard deviations on the ordétbMmV. Therefore, we have very high
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certainty that the averages are trustworthy reptasiens of the voltage assigned to a certain
concentration.

When considering the NHinterferenthowever, Figure 4.1 reveals a more
significant variation in the response among théover electrodes. The figure shows an
average response slope of 50.2 + 0.5 mV / log [@itlwis 2.7% below that for the'K
calibration and LOD of -3.85 £ 0.06 which is anerdf magnitude higher in concentration
than that for the Kcalibration. The respective relative standardat@ns are 1.0% and
1.6%. Again, the response slopes are virtuallytidal although the LODs show slightly
greater variation with uncertainties in the actalcentration values to be as high as 17%.
These uncertainties are most important when deténmihe selectivity coefficients for

NH," interference on the 'KISE and will be discussed later.
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Figure 4.1: The initial calibration of K ISEs with Kand
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4.2 Polymer effectson dopesand LODs

The calibration curves for Kand the interferent NA for K™ ISEs coated with
poly(MPC-co-BMA) solutions of 0%, 0.01%, 0.1%, 1.G#d 10% are presented in Figure
4.2 (a) and (b) with slopes and LODs summarizetaible 4.1. Compared with the results
of the initial calibrations for Kcalibrations in Figure 4.1, there is an averageeiase in
slope of 6.14 + 0.61 mV for the'Kcurves. LODs show an improvement from the -40£p |
of concentration to a value of -5.07 for the noated electrodes and to -4.99 for those
coated with 0.01% polymer. Increasing polymer petages show increasing values, i.e.
decreasing sensitivity, down to values of -4.35 a&n86 for the 1% and 10% polymer
solutions as indicated by the shifting of curvegh®right.

It is noted that the increase in slope for all etees and improved LODs for the
uncoated and low polymer percentage are attribiotélge fact that all electrodes, including
uncoated controls, are kept in a vacuum to drytiigmer solution completely. These
improvements are best explained by more compleipaation of leftover THF solvent from
the membranes that takes place in the drying st§mce water is soluble in THF it is
possible that besides'Kother ions can be transported through the menebrdereby
lowering the selectivity and sensitivity to therpairy K ion. Despite the changes observed
in the basic character of the ISE responses théveleffects of polymer coating can be

calculated by taking the baseline shifts in slope BOD observed for the control ISEs and
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adding them to the polymer coated ISEs — any devialf the actual measured values and
this correction can then be attributed to the pelycoating itself. The lower parts of Table
4.1 summarize the results of these calculationwsigpan average reduction in slope on the
order of 1 mV / log [C] with no specific trend thadrrelates to percent polymer in the
coating solution. On the other hand, there iarcrend that the more concentrated
polymer coatings lead to higher LODs (lower sewigyij that level off for the 1.0% and 10%
coating solutions. However, the LOD for the 10%ypeer coating solution is still -4.36
which can allow one to detect to as low a concéiotras 43.7uM K™ which is well below

the 5.4 mM level of the standard DMEM culture madiu
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Figure 4.2a: The calibration of coated’HSEs with
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Table4.1: The response slopes and LODs determined frorK traalibration and
corrected response slope and LOD shifts with potyroating.

% polymer control 0% 0.01% 0.10% 1.0% 10%
K" slope 58.5 554 57.8 58.2 58.6 58.0
K* LODs -5.07 -5.12 -4.99 -4.77 -4.35 -4.36
K" slope shift 0 -1.50 -1.21 -0.83 -0.14 -1.12
K™ LOD shift 0 -0.01 0.09 0.31 0.71 0.73
Table 4.2: The response slopes and LODs determined frokhé calibration and
corrected response slope and LOD shifts with potycoating.
% polymer control 0% 0.01% 0.10% 1.0% 10%
NH," slope 55.2 53.9 51.2 49.7 47.7 45.2
NH," LODs -3.47 -3.45 -3.57 -3.54 -3.32 -3.48
NH;ﬁtOpe 0 -0.46 411 -5.88 -7.86 -10.42
NFe LDDs 0 0.11 021 10.20 0.04 0.15
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Figure 4.2 (b) and Table 4.2 show the slope and k€dits for NH' calibrations
with the K’ ISEs.  Again, after polymer addition and furtheying, an improvement in
response slope is observed for all electrodesavitincrease to 55.2 mV/log [C] for the non
coated electrode — as in the original calibratidvesNH," slope is below that for the'Kbut
this time is 6% below the improved value registeiadhe K curve. The individual
variance for each polymer coated electrode camdgacompared one to another by adding
the improvement for the non-coated ISE to eachrelde and observing the difference
between the observed and calculated values. Fqf diHves the response slopes tend to
decrease with increasing polymer solution concéotrdao a maximum of -19 % for the 10%
polymer coating solution. Meanwhile LODs show &arage decrease of 0.12 which
corresponds to a decrease in selectivity of 32 @& fgiven concentration, however, since
there is no specific trend over the range of polynmcentrations, this may be due to
random variation in performance between electrodes.

Also of interest is the change in selectivity af #" electrode for Nif. Because
the response slopes for ltre dependent on the polymer concentration andakeline
slope is less than that for Kthe interference coefficients are changing withaentration
changes of K Interference coefficients calculated with Eqoat{3) are shown in Table

4.3 and are plotted in Figure 4.3 as a functiok ofoncentration with polymer
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concentration as a parameter. One concludes iffahpolymer coating concentration
leads to more interference and that this increas¢ & maximum value at M K* (1 mM)
with a 270% increase in the selectivity coefficienta non-logarithmic basis. There’s a
diminishing impact on the coefficient with log ieases of percent polymer from 0.01% to
10% polymer coating solution with average increadels’0% in the coefficient between
0.01 and 0.1%, of 35% between 0.1 and 1% and oft&&seen 1 and 10% at 101 K* a
mM).

Table 4.3: Estimated interference coefficient of KSE with NH;" in logarithmic
scale. The interference coefficient is getting éargt higher K concentrations.

[K™] | control 0% 0.01% 0.10% 1.0% 10%
-3.00 -1.51 -1.48 -1.37 -1.24 -1.00 -0.94
-2.50 -1.62 -1.58 -1.49 -1.35 -1.16 -1.07
-2.00 -1.67 -1.63 -1.57 -1.43 -1.26 -1.18
-1.50 -1.70 -1.64 -1.64 -1.51 -1.37 -1.30
-1.01 -1.71 -1.62 -1.66 -1.57 -1.44 -1.40
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Figure 4.3: Interference of valinomycin with Nf

At this point we can discuss the consequence afjubie various coating
procedures. First, all of the electrodes presentay be used for determining kevels
starting at the 5.4 mM (1% M) base medium value to a 53 mM {10M) value that would
be seen if all the cells in a dense 2 % a€lls/mL culture were lysed and released their
contents simultaneously into the medium with amaggion of a 15um diameter cell. The
maximum concentration of Nffion will be at a level where cell death occurs eainere
between 10 (16 M) to 25 mM (10“° M) according to unpublished data from our lab. As
long as a corresponding NHelectrode is available one can use two equatikeshat

shown in Equation (2) to estimate activities foratd NH* from which corresponding
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selectivity values could be determined from Tab&ahd one like it for Kinterference on

an NH;" electrode. An iterative procedure could then eduo determine the actual
activities. This approach has greater limitatiasaghe log of the selectivity coefficients
approach 0.0 in which case the ISE would not bectigk for one species over the other.
Nevertheless, faster convergence of our propossrkgdure will occur for the lower more
negative selectivity coefficients and for the ISEgresented in Figure 4.3 and Table 4.3
these ISEs will have the advantage of requiring fedymer. Also, of importance are the
uncertainties in the selectivity coefficients ifeowere to use an average slope and LOD for
the NH;" response. The impact of these uncertainties @setectivity coefficient can be
found from Equation 3 when using standard deviatiorgs and E to calculate the
maximum and minimum value ofAK. Then one can do a sensitivity analysis using
Equation 2 to determine the uncertainties in caled activity based on measured voltages.
For this one finds an uncertainty of 17% in anatgtifor the 0.10% polymer concentration
determined in the 53 mM range where cell lysis Wiatduse a maximum value in K
concentration in the presence of 25 mM\tith the assumption that we can use the same
standard deviation in response voltage determioethé initial calibration of the collective

set of six ISEs.
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We also note the recent work which shows improvemenlSE LODs to the
picomolar range by controlling the magnitude am@ation of flux of the interested ion
through the ISE membraffe Future work should include an assessment ofpedaffects
on these ISEs i.e. whether the enhanced sensisvitypeded by coating and whether this
will be important for a given ISE application. idtalso important to address concerns about
any economic impact of coating as this could inseed®E cost. We note however, that
production of the poly(MPC-co-BMA) used in this ganas increased to the point where
more than 12 tons per year are available at low cblence, the most important issue is how
well the polymer protects ISEs from response degiad as will be discussed in the next

section.

4.2 Polymer effectson longevity

For the experiment on longevity in a bioreactopating solution of 0.1% polymer
was selected after personal communication with.Rsbfhara who pioneered use of the
polymer for preventing protein adhesion in varitymes of medical implant3”.  Selection
of this concentration is supported by the previsets of experiments as Klopes are

unaffected and the LODs for'and NH" are minimally affected.
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Figure 4.6 shows results from the long term expeninhighlighting the calibrations
performed at the various time intervals while tratheg the vast amount of data between
those intervals when only reactor medium is flowlryghe sensor array. The darker lines
show responses for polymer coated electrodes wieléghter ones indicate the response for
non-coated ISEs. A rapid decline in response slopthe non-coated electrodes is evident
within two days as compared to the polymer coakect®des which maintain response
slopes over the 6 days. By the end of this exparmirthere is no response to 30 mM K
solution for the non-coated electrodes and onlyramal change in response of 24 mV out

of an expected 38 mV to the 130 mM &olution.
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Figure 4.4: ISE response in a bioreactor over 4.5 days.
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The responses for the coated and non-coated 1Se twrresponding 30 (-1.52) and
130 mM (-0.89) scale Kconcentrations are plotted in Figures 4.5 andrégpectively along
with the theoretical response based on the Nequsit®n. The most distinctive features of
these plots are the contrast in linearity and respslope between the non-coated and coated
electrodes. Non-coated electrodes show non-limeads after the second day with
diminished responses both to the 30 mM and 130 mlMrants and no response at all to the
30 mM calibrant after 3.5 days. By Day 2 the oese slope has dropped from 61 mV/log
[C] to 48 mV/log [C] and to 38 mV/log [C] after 4days. In contrast, the response slopes
of coated electrodes show minimal decline and siitbng responses to both calibrants.
The coated electrodes perform with an approximatm¥/log [C] response slope after 4.5
days which is 9.8 % below the theoretical slopbfmV/log [C] at 37C — this is still
adequate for detecting concentration levels imtkedium especially if calibrations are done
before each measurement. Figure 4.7 summarizeh#mges in response slope between
the 30 mM concentrationand 130 mM concentratioeliewver the 5 day experiment. The
figure shows the rapid decline in performance efribn-coated electrodes even for the
higher concentration calibration and the steadfoperance for the coated electrodes. Based
on these data we conclude that poly(MPC-co-BMAjritefly improves the longevity of the

K" ISEs and allows ISEs to retain their sensitivitytte lower concentrations of K
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Figure 4.6: Responses of electrodes coated with 0.1 % polymer
Response slopes hold their linearity though theeesmall
decrease in slope with time of exposure to biomasftluent.
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It should be noted that cell death occurred aftéays and was attributed to culture
transition to a high pH of 9.4. The most probaielgson for the pH increase is production
of the metabolite NI which will be in equilibrium with NH and known to be very toxic to
cell. Responses were monitored for'adaly as ISEs continued to be exposed to not only
proteins, but also significant cell debris in thdtere medium. Though calibrations were
not peformed during this period, there was no agmarhange in the coated electrode

performance.
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Chapter 6
Conclusions

ISEs were developed to monitor ions in bioreactilwent with the goal of
producing a monitoring system suitable for mairtegroptimal cell growth. To reduce
problems associated with protein adsorption reldegdrioration of ISE sensitivity,
poly(MPC-co-BMA) was applied to coat and protedt I®embranes . The most important
result is that the polymer coating does truly emlesthe longevity of valinomycin-based K
ISEs. ISEs coated with 0.1 % polymer solution skdwear theoretical Nernstian responses
and good LODs even after 6 days of exposure teebaior effluent. This is in contrast to
non-coated ISEs which show greatly diminished raspan slope and LOD after only 2
days.

It is noted that the employment of the polymer eaus measurable decline in the K
LOD and NH"interference coefficient. Nevertheless,¢oncentrations in bioreactor
effluent can still be monitored readily with the difted ISEs since the decline in LOD still
results in detection limits that are two ordersnafgnitude below the 5.4 mM or highef K
levels found in culture medium . Because of thigrper concentration effect on NH
selectivity, it is important to determine such effea priori and to include a NHISE to
account for interference affects especially whathar large N& concentrations are

anticipated.
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These results lay the foundation for polymer capéipplications to other kinds of
ISEs where it is anticipated that the coating pdoce will function equally well since the
present results Finally, we note recent work shgvinmprovements in ISE LODs to the
picomolar rang€. It will be particularly important to note the [ract of polymer coating on

LODs and response slopes for such applications.
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