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Guidelines for optimisation of critical parameters
and obtaining ISES with optimal LOD

Inner-filling solution and
membrane GompoSition

Selectivity cosfficiant

e = Diffusion layer thicknesses
Agqueous Organie
e B
stirring: membrane:
Rotational disk electrode: the thicker the batter
B

Diffusion coefficient General recommendations
organie phase agquesus phase 1) LowRt
2) Optimal inner-filling solution (activity lowered to-p
« increasing the level)
mi‘xrm 3) Rotating disk electrode to control aqueous diffusion
isnoghare fayer
4) Thick membrane

5) Very viscous membrane
) lonophore covalently attached to matrix
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Module Aims

« To give appreciation of the field

« To give understanding of basic
theoretical principles and

mechanisms of response of IBSs

Readm Material

= Bakker E., BuhimannP., Pretsr_h E, Carrier-Based lon-Selective
Electrodes and Bulk Optodes 1. General Characteristics; Chemical
Reviews; 1997, 97, 3083

» Buhlmann P., Chen L;; lon-Selective Electrodes With lonophore-
Doped Sensing Membranes; Supramolecular Chemistry: From

molecules to nanomaterials; Ed Gale P., Steed J.; 2012; John Wiley
& Sons

- Radu A., PeperS., Bakker E., Diamond D; Guidelines for Improving
the Lower Detection Limit of lon-Selective Electrodes: A Systematic
Approach; Electroanalysis; 2007; 19 (2-3); 144
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Importance

« Used in many fields (Clinicol
onolysis, physiology, process

control, environmental onolysis

e >billion measurements world-
wide performed in clinical

laboratories alone

» market value >3 billion USD




Applications

» Biomedical Laboratories: Ca2+, K+, Cl- in body fluids (blood,
plctsma, serum, sweat) - largesf market impact

« Pollution Monitoring: CN-, F-, 52-, Cl., NO3- ete, in effluents, and
natural waters.

. Agricul’[ure: NO3-, Cl-, NH4+, K+, Ca2+, -, CN- in sails, plo.n’f
material, fertilisers and feedstuffs.

+ Food Processing: NO3-, NO2- in meat preservatives.

» Salt content of meat, fish, dairy products, fruit juices, brewing
solutions.

« F- in drinking water and other drinks.

+ Ca2+ in clai:ry‘ produc’fs and beer.

+ K+ in fruit juices and wine making.

« Corrosive effect of NO3- in canned foods.

+ Detergent Manufacture: Ca2+, Ba2+, F- for studying effects on
water quality.

+ Paper Manufacture: S2- and Cl- in pulping and recovery-cycle
liquors.

« Explosives: F-, Cl-, NO3- in explosive materials and combustion
products.

. Electroplaﬁng: F- and Cl- in e’fching baths; S2- in qnodising baths.

« F- in skeletal and dental studies.

+ Education and Research: Wide range of qpplicctﬁons.




« Measure activity and NOT concentration

. Cheqp, simpie to use, wide concentration range,
wide appiicaiion range

Modern IBSs are very sensitive (pqri—per—biﬂion),
robust and durable - can be used in laboratories
AND in field

Under the most favorable conditions IBSs can be
used rapidiy‘ and eqsiiy (simply dipping)
Excellent for routine monitoring and as early
warning systems

They are pqriiculctriy useful in Qppiicctiions where
only an order of magnitude concentration is
requireci

ISEs are one of the few techniques which can
measure both positive and negative ions

° They are unaffected ]oy sampie colour or iurbidiiy
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g method/ion ICPMS AAS ISE EPA
% Ag* 0.005 1.5  0.03' 50
Ca’* 0.5 1.5 0.1°
s cd> 0.005 0.8  0.01° 10
- clos 3¢ 1
N AT Cs* 0.01 5 i
— : 4 . Cu?* 0.005 0.01® 1300
" I 1 0.25*
-
g K* 0.5 3 0.2’
i Na* 0.05 1 0.78
NH,* 0.27  100™
’ Pb** 0.001 15 0.001° 50
| Vitamin B1 3.3
. " suggested
b | 3 ** (depending on pH and T} 1
- - ; 1 Wygladacz, K.; Radu, A Xu, C. Qin, Y.; Bakker, E.;_4nal. Chem. 2005, 77 (15), 47064712
" 2 Radu A, Peper § Bakker E Diamond. Electroanalysis, 2006, 18, 13791388
3 lon A C. Bakler E, PretschE., 4nal. Chim.Acta, 2001:401,71 S vl
4 Malon A, Radu A, Qin, W Qn,Y Ceresa, A ; m;&«mh,m-sm E.; Pretsch, E :Anal, Chem; 2003, 75(15), 38653871
w a3 Radu A PeperS. Gonezy C., Dian Runda W. mmamjm 2006, 13-14, 13791388
[ *H:Z,Bﬂu‘lu enther D, PretschE Aualchm..lm 005,532, 129-136
= Qin W, Zwickl T., P eﬂu 2000, 72; 323&3340
T L Vigassy T, Huber C. G, Wintrinzer R., Pretsch E.; Anal. Chem.: zcm,n 7801-7809
9 Sokalski T, Ceresa A Zwickl T, mqh&JAmcMM119 11347-11348
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orking mechanism i
based on chemical
equilibria

Signal depends on
ACTIVITY of target ion

R
OO,
M o 7
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Extraordinarily large
sensitivity range (up
to 12 orders of

“magnitude)

Essential parts are

polymeric membrane

(water-immiscible)

jon carrier (ionophore
d ion-exchange

Need permselective membrane Multiple ions can/should be extracted

SREqUISO 00 opunese Require two ionophores

e L Response depends on equilibria within the bulk
: Ik optod
ersal equation for fitting response bulk optodes

Response is fitted based on alleg #involved
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Optode types

OPTODES WITH ELECTRICALLY NEUTRAL IONOPHORE L

FOR CATIONIC ANALYTES

i+ IL+ R L ¥ o IL* L
H* =CH* R c Ht =—=—=CH C

FOR ANIONIC ANALYTES

X -ﬁL" XL = R+ L > o ] - L x= = XL L
H* =—3=~CH oy R+ H* ==—t™ CH* C - -y +
lon exchange mechanism Coextraction mechanism

OPTODES WITH ELECTHICALLY CHARGED IONOPHORE L OR L'

FOR CATIONIC ANALYTES

I+ ==L L R* "I L I+

=
e ==moH O R H* p=d=CH* C HY b= HL

FOR ANIONIC ANALYTES

X === XL i+ W X = XL L+ X J
=

CH* ®’ Cc H* == CH o OH" === 0HL

H*




ReSponSe mechaniSm of ion exchange-baSed
optodes

Experimenfctl pro’cocol

prepare membrane cocktail
(ionophores (L and C), ion exchanger (R),
polymer (PVC), plasticizer)

exposed the cast membrane to buffered! =
solution of primary ion (1) "

obtain spectroscopic (absorbance, fluorescence)
data



yonSe mechanisSm of ion exchange-baSed
optodes

I”"(aq) + nL(org) + ZCH (org) = . _ (anlCl 1L
IL, (org) + ZC(org) + ZH™ (aq) Koin = ([CH"‘) alL)" ( ) kb,

LK . LK)
P = omes = X =10

(R = [CH*] + ZILZ | (Lt = [L] + n[IL]))

Cr = [C] + [CH']

= (K (2 —ay| x
Ry — (1 — )Cq
{Ly— (Rr — (1 — 0) &) (n/2)}"
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Profile of electrical potential, EMF: a sum of phase boundary potentials

E The only sample-dependeant

phase boundary potential (ideally) _l_Yt
— EMF

| I—

Ag  AgCl KCI  LiOAc Sample Selective  KCI AgCl  Ag

aquecus aqueous membrane  aqueous

«’(org) — u’(aq) LRT ay(aq)

p— -_—— — o s
Epp=A¢ = zF zF ™ ay(org) Ern = Epy +



ACTIVITY

“effective concentration” — (chemical potential depends on the activity of
a real solution in the same way that it would depend on concentration for
an ideal solution

* Activity of ion is affected by its surrounding (charge; presence of
complexing agents etc)

x%“ cu»
- %”’
Ethylenedlammetetraacetlc acid
(EDTA) chelates a metal ion

a=yxC

a — activity;, y — activity coefficient, C — concentration
0<y<l

=1 only in very diluted solutions
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EMF Reference
elecirode

lon-sslective
electrode

Ag/AgCl

Inner filling
solution

lon-selective
membrans

T'ypes Of ISES O_I'ld COI'I'eSpOIldiIlg LODS

Liquid contact "Classical

micromolar

Liquicﬁ[ contact "Modern"

”nanomolar; picomolctr

Solid contact

”nanomolar; picomolctr



Experimental protocol

Modern Solid

- Mix membrane components
« (ast and mount the membrane
« (Condition the electrode

Classical

Expose the membrane to
~10-3M solution of primary
ion from both sides

« Expose the membrane

to ~10-3M solution of
primary ion from both
sides

« Expose the membrane

to ~10-9M (may vary
according to analyte)
of primary ion from
both sides

- Expose the membrane

- Expose the membrane

to ~10-3M solution of
primary ion

to ~10-9M (may vary
according to analyte)
of primary ion



Ion fluxes

Innerfilling phase

Concentration of I*

Diffusion

ac aypg = a Dy, +)r +
(v e > [ow corcemrten] ]=_Da e IH+D...6.,.,[[L] = [IL*])
@ solute

Solute transport is from the left to the right;
maovement of the solutes is due to the concentration
gradient (dC/dx).



(b)

Diffusion

Ion fluxes

Membrane phase

y

Inner filling phase

Conecentration of I

Thickness

a]'pn = ale + g$6;: ([IL"']' . [IL-l'])




etection limit

T

Nikolskii equation

. o  RT
E =E} +ﬁln(ﬁ'1 +ZK$‘J1)

A

F

oy~

K, a, log 3,

150F

o ETH 5435: 14.5 mmol%g
0.1 mmakgy
[2:1)
100+
£TH 3488 Poa-
w -
€ CMs
E of
n—u—‘-——u—-""'n
2|
Na*
100+
-1501
-
1; 12 10 '& -8 -i -2




Selectivi

ISEs are not ideally ion-specific - they are sensitive to other ions to some extent.

Selectivity coefficient defines the ability of ISE to distinguish between different ions.
IfK1J=0.001 (logKlJ=-3), ISE is 1000 times more sensitive to | than to J.
Selectivity coefficient is independent of experimental conditions

True only in modern ISEs!




Experimental protocol (sel coef)
Modern (hquid—

Classical and solid-contact)

- Mix membrane components
« (ast and mount the membrane
« (Condition the electrode

Expose the membrane to

Expose the membrane to T10_3M.SOI.Uti°n of
~10-3M solution of primary interfering ion from both

ion from both sides sides
Measure all interfering

lons prior to
measurement of primary
lon!




(b)

Diffusion

Ion fluxes

Membrane phase

y

Inner filling phase

Conecentration of I

Thickness

a]'pn = ale + g$6;: ([IL"']' . [IL-l'])
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Guidelines for optimisation of critical parameters
and obtaining ISES with optimal LOD

Inner-filling solution and
membrane GompoSition

Selectivity cosfficiant

e = Diffusion layer thicknesses
Agqueous Organie
e B
stirring: membrane:
Rotational disk electrode: the thicker the batter
B

Diffusion coefficient General recommendations
organie phase agquesus phase 1) LowRt
2) Optimal inner-filling solution (activity lowered to-p
« increasing the level)
mi‘xrm 3) Rotating disk electrode to control aqueous diffusion
isnoghare fayer
4) Thick membrane

5) Very viscous membrane
) lonophore covalently attached to matrix




Selectivity coe

Table 1. Comparison of potentiometric selectivity coefficients obtained by S5M. MSSM, FIM and MPM for a Cs*-selective electrode

(electrode A).
S5M MSSM [11] FIM MEM
Ko™ Slope (mVidec) Ko™ Slope (mV/dec) Ko™ Ko™
Li* —3.7 03 — 6.8 6.5 -39 —44
Nyt —4.1 14.7 —47 62.1 —4.0 -37
[ X ] 409 —29 6.7 —25 =27
Rb* -12 510 =12 658 -12 =13
Mg™ —45 12 -87 210 —43 4.1
Ca™ —4.5 1.7 -85 0.5 —4.4 N/Ala]
o —4.5 185 — 6.8 0.3 —44 —35
[a] Not possible to determine
s
IIM mV
Rb
"""K
s -
Rb" e mevr
I = T
- + e m 24
Z| K = Ca
- —
Li
" G,,y-':“idm"
— = =T T 100 mV
—=-= gl ey "
— — = - Mg’
L - - L
-3 2.8 2 -1.8 4
loga loga

Fig 1.

Determination of selectivity coefficients for a Cs*-selective electrode (electrode A ) using MSSM (left) and lassical SSM (right).

EMF

icient

-14 -12 =10

RI
E =K'+ oF Infa, + Y Ka,

Nikolskii equation

)

Ayn,= K, Pt e,

log a




(b)

Sample phase

Diffusion

[Weh cancenration] —————————» [low concentraion|
@ solute

Solute ort i from the left to the right;
movement of the solutes is due to the concentration

gradient (dC/dx).

Ion fluxesS

Membrane phase

0
)= dx

Dauydiq

aypg = Appuy + Dacdons (L) - [IL*])

Inner filling phase

Thickness

Concentration of I



Diffusion

high concentration | =———————————————) | low concentration

@ solute

Solute transport is from the left to the right;
movement of the solutes is due to the concentration

gradient (dC/dx).



al'PB — au,u,k - Daq()o‘g ([IL*’J’ . IIL*—D




(b)

Sample phase

Diffusion

[Weh cancenration] —————————» [low concentraion|
@ solute

Solute ort i from the left to the right;
movement of the solutes is due to the concentration

gradient (dC/dx).

Ion fluxesS

Membrane phase

0
)= dx

Dauydiq

aypg = Appuy + Dacdons (L) - [IL*])

Inner filling phase

Thickness

Concentration of I



Inner-filling Solution and
membrane compoSition

D 0 ’

dips = dipak + 5 ‘45:: (IL*) - [IL*]) L’m

EMF

[IL*] = Ry

IFs=ax109mest
— le93c51p1) =69
-10 -9 -8 -7 -8 -5 =i -3 -2
log 3¢

Fig.2. Improvement of the lower detection limit of a Cs*-
selective electrode (electrode A) via optimizing the inner filling
solution. Potential responses were recorded with a background of
10° M NaCl (log Ken™=—4.68) [11]. Parameter ¢ was
estimated as g =~0.002 (please see text).




Diffusion layer thicknesses

Aqueous Orgcmic

D,.0
1pp = Arpuy + —2 ([IL*] — [IL¥))
ILPB I bulk Daqaorg [ J [ ]

stirring: membrane:
Rotational disk electrode: the thicker the better

B 1.610,q"3v"°

| wl/Z




DiffuSion coefficient

orgomic phase agqueous phase

« increasing the
viscosity of matrix

» covalently attaching
lonophore



General recommendations

1) Low Rt
2) Optimal inner-filling solution (activity lowered to ~pp
level)

3) Rotating disk electrode to control aqueous diffusion
layer

4) Thick membrane

5) Very viscous membrane

6) lonophore covalently attached to matrix
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ISE development

Development of the field
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internal solutic_
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Matrix elimination
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Immunoassays with D labels
Anal.Chem. 2007, 79,5107-5110
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Immunoassays with QD labels
Anal. Chem. 2007, 79,5107-5110
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Agihgtl

Figure 4. Immunoassay protocol used in this study. {a) Antibody is immobilized on a mi
anti-mouse IgG antigen is incubated, (d) the secondary antibody with CdSe nanoparticle
H,0, and the released Cd?* is detected with the Cd**-ISE.
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Figure 5. Potentiometric monitoring of IgG concentrations via CdSe
quantum dot labels in 150-uL microvials with the sandwich immu-
noassay (cf. Figure 4). Dotted line: Signal obtained with BSA instead
of target protein (shown as control).
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" scale of solvent polarity/polarizability

Table 2. Potentiometrically Determined Logarithmic Selectivity
Coefficients, log KP'cs ;, Referenced to Cs* for Fluorous,
Nonfluorous lon Exchanger, and lonophore-Based ISE

Membranes
log K™, (separate solution method)

membrane type Ca* Li+ Na+ K+ N(Pr)s*  N(Bu)y
I (Fluorous, 2) —435 —401 -375 -259 +9.08 +11.41
1I (chloroparaffin, KFPB) —0.69 —107 -099 —065 +588 +6.91
III (oNPOE. 2) —-385 —366 —285 —-106 +476 +433
IV (oNPOE, KCIPB) —379 —-366 —290 —-107 +548 +441
ionophore® —339 -420 -—-387 -268

ionophore?® —603 —569 —553 —3.74
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