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Transport of ions and molecules across biological cell membranes occurs in many cases
against their concentration gradients, i.¢. by active transport. Incorporation of active transport
phenomena into electrochemical sensing systems has been made by us for developing a new type
of sensors, i.e, uphill transport membrane electrodes. The advantageous characteristic of the
uphill transport membrane sensor is that the sensor itself has an ability of amplifying concentra-
tion of analytes in solutions. This important feature stems from a relation between relative
volume of feed (sample) vs. receiving (inner) solutions of an uphill transport membrane system
and resulting concentration of analytes in each solution. By making volume of the inner filling
solution of the sensor (receiving solution of uphill transport system) purposely very small, the
sensor itself concentrates analytes in the inner solution. The resulting concentration of analytes
in the sensor interior is much higher than in the sample solution and therefore, it is a much
amplified measure of concentration of analytes in solutions.

The present study has dealt with the following research subjects:

(1) Theoretical and exerimental investigations on the relation hetween sensitivity of the
sensor and volume of the inner filling solution (feed/receiving volume effect).

(2) Development of a novel uphill transport membrane system that can enhance efficiency of
uphill transport of ions.

(3) [Improvement of response time of the sensor.

1. Theoretical treatment of the feed/receiving volume effect has been made for two different
modes of uphill transport, ie¢., antiport and symport. The amounts (moles) of primary lons
transported from a constant volume of a feed solution inte varying volumes of a receiving
solution have been calculated based on the equations derived. The results show that, for the both
modes of transport, the concentration of primary ions in the receiving solution, C=(moles of ions
transported)/(volume of receiving solution), increases with decreasing the volume of receiving
solution. Furthermore, analytes are more efficiently concentrated into the receiving solution by
antiport than by symport. These theoretical predictions agree with the experimentally observed
results with some uphill transport membrane sensors constructed in the present study.

2. A novel uphill fransport membrane system modeled after ATPase systems in biological
cell membranes has been developed for ehancement of the amount of ions transported. A model .
ATPase membrane system designed here for K¥-ion uphill transport utilizes iwo carriers in the
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membrane: one for K* ions and the other for pumping ions, The amount of K* ions transported
into the receiving solution by this system is much higher than by the conventional system which
uses only one carrier for primary ions (K* ions).

3. An attempt of improving response time of the sensor has heen made by decreasing
thickness of liquid membranes through which an analyte is transported. The liquid membrane
having a thickness of several um has been mounted directly on top of an underlying electrode by
means of surface polymerization of nylon films. The small pores of the nylon film thus prepared
support an organic liquid phase. A Cd(Il)-ion transport membrane sensor with the carrier-
impregnated nylon film, as an illustrative example, has been constructed and the time-resoived
response of the sensor has been examined. Shortening of the response time of the sensor was not
appreciable. Further investigations are necessary for improving the responge time of this type of
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Fig. 1. Relation between relative volume of

feed vs. receiving solution in uphill trans-
port memrane system and resulting con-
centration change in each solution.
Vi, volume of a feed solution; ¥, volume
of a receiving solution; C, initial cocentra-
tion of an analyte in a feed solution; C.,
concentration of an analyte in a receiving
solution transported across the membrane
from a feed solution.
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Fig. 3. Schematic illustration of the mass balance in
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the case of antiport.
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N moles of a primary ion [ in a feed soluiion and » moles of a pumping jen J in a receiving solution

are transported to an opposite direction.

Table 1. Antiport system.

Initial state

Equilibrium state

Feed Receiving Feed Receiving
Primary ion c? 0 Cl—n/V, n/V,
Pumping ion 1] cy n/lVy C—n/V,
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Fig. 4. Relative volume of feed vs. receiving
solution and resulting concentration
change of the primary ion in the receiving
solution transported across the membrane
from the feed solution in the case of anti-
port {Calculated from egn. 3).
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fMig. 5. A model for co-transport (symport).

vy d— b OE&IE, WEEELRLD, £
YEUSA A v IERNA A v hEREE AR EE S
B U & wBEd 5, Fig 5 iR igze 70
ClRHEEBBTEIDREHEOF YT x L3
HEGEI KT THDE, T7HROLEENAAA ¥
BRvErs44+ iR 11 LT
BT aCLEERT S, COBERIBLT]
O flux T piRhdi s £ AEE
T £
G- (@
TH b, MNEMEOBHE LEHFTERECEISL



initial state equilibrium state
OROING) @
@@ 0} o Q@ n males @ ®@ © @ D
Q) D ®»i— =] @7 @ _®C)@

o¥o g o © 00
@ @ D @@ n'mol ()] @ (0]
0% - 9l 0 @

Fig. 6. Schematic illustration of the mass balance in the case of symport.
N moles of a primary ion I and » moles of a pumping ion J in a feed solution are transported in the
same direction across the membrane into the receiving solution.
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Fig. 7. Relative volume of feed vs. receiving
stution and resulting concentration change
of the primary ion in the receiving sofution
transported across the membrane from the
feed solution in the case of symport (Calcu-
lated from eqn. 6).
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Table 2. Symport system.

Initial state Equilibrium state
Feed Receiving Feed Receiving
Primary ino c? 0 G —n/V, n/V.
Pumping ion cf 0 Cl—n/V; n/V,
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Fig. 8 Structure of an uphill transport membrane electrode.
(A) An electrode with a carrier-impregnated PVC film or a carrier-impregnated membrane filter.

{B) An electrode with a carrier-impregnated nylon film.

FEED SOLK, HEMBRANE RECEIVING SOLN.
(50 m1) NPOE: PVC: DBN (0.3 - 1.5 m1)
pH 5(acetate) .41 3 M HC1
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Fig. 9. Dibenzoylmethane-mediated uphill
transport membrane system for copper(ll}
ions.
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I
0 1 2 Fig. 11. Tri-n-octylmethylammonium chloride
Volume of Receiving Soln, / ml (QCl)-mediated uphill transport membrane

. . . . system for Cd{1l) ions,
Fig. 10. Amplification of response signal {cur-

rents) of a copper(Il)-ion uphill transport
membrane sensor by decreasing the volume
of the inner filling solutions.
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Feed solulien: 1.0 od CHaEORL1-HE] buffer ( pH 0.8}
C50al) LG e Lipicrate
4.1 =¥ KC]
Hewbrane: 2.5 ad Dicyoleheuyl-18-crown-6
Recedving
solution: 1.0 &4 CHICOOLA-HCI buffer ( M 3.8)

Equi!lbrlum concentrotion, x 107 B
=
T

DIERRE TR B 2L & v — B DR 0 R R—T
7'(7{75‘3[@1' ‘5 ?}'Lf" = 3_: Iz fé.' 3 Yoluwe of recelving solution, ml
=T < D o

Hiffp (- 1) OEEE® uphill Rtk Fig. 12. Relative volume of feed »s. receiving

Lo THEBEMOBREE NN T LRLnH solution and resulting concentration
‘u o . _ change of K* ions in the receiving solution

Hed B4 VERETE 3, Fig. 124, A Y transported across the membrane from the
7 A A A uphill i v 2 7 4 (Fig. 18) ik 3 feed solution (see Fig. 13 for the membrane
A7 bAF ERER ESEOFRE OENEL T system).

Table 3. Effect of the volume of inner solution on amplification of current intensities at a Cd( 1) uphill
transport membrane electrode.

Inner volume® Differential pulse - Degree of Concentration of
peak current amplification Cd(1l) in inner
(2} {En/uA) (/D) solution” (ppm)
30 440 37.6 53.7
40 213 18.2 34.0
1000¢ 85 7.3 1211

Sample solution (50 m{) : 1.0 ppm Cd{1l) in 1 mol-dm ™ KCI {pH 5).

*1,6-Hexanediamine solution. ™ fyrp=11.7 #A, the current intensity of 1.0 ppm Cd(1} in 1 mol-dm =3 KCI
at a conventional MFE having the same surface as the uphill transport membrane electrode. @ Determined
by aas, After transport time of 3 h. ® Carrier-impregnated membrane flter (PTFE type) was used.
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i HGI + CH,CO0LE (pH 3.8}

RECEIVING SOLK,
1 mM HCL + CH,COOLI(pH 3.8}

| oM Li picrate

D.1 @M KC1
K* L K*
A~ KLA aA”
K+
-

L ! dicyclohexyl-18-crown-6
A picrate lon

Fig. 13. Dicyclohexyl-18-crown-6(DC18C6)-
mediated uphitl transport membrane
system for potassium ions.
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fig, 14. Active and uphill transport mem-
brane systems.
(A} A proposed scheme foractive transport
of glucosein biological system.
(B) A model ATPase membrane for uphill
transport of K* ions.
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Iig. 5. Uphill transport of potassium ions as
a function of time through the dichloro-
benzene membrane containing 25 mM
DCIBCE.

Feed solution (60 m/) : 1 mM lthium picrate,
0.1 M LiOH.

Receiving solution(2 mi) : 0.5 M CH;COOLi-
HCI buffer (pH 3.8).

Initial concentration of KCl in the feed
solution was 1.0 107M.
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Fig. 16. Uphill transport of picrate ions as a
function of time through the dichlore-
benzene membrane containing 2.5 mM tri-n-
octylamine (TOA)

Inner {(feed) solution (2mi): 0.1 M CH,-
COOLi-HCI (pH 3.1).

Outer (receiving) solution (50mi) : 0.1 M
LiOH.

Concentration of potassium picrate present
initially in the inner and outer solutions
was 1 mM.
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Fig. 17. Enhanced uphill transport of K* ions
as a function of time through the model
ATPase membrane containing 2.5 mM
DC18C6 and 25mM TOA in dichloro-
benzene,

Feed solution {60 m{}: 1 mM lithium picrate,
0.1 M LiOH.

Receiving solution {2mi):
COOLi-HC] buffer (pH 3.8).
Initial concentration of KCl in the feed
solution was 1.0X107'M,
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Bh, A SRS 3O X - THEREK
EMNEIE UBRERT S 5,

Bz, A o R OISR VR L, L
BEEC D, o HOBERA/NE  (EHLERITR)
Lo TEREBEOCEYEHEMNELSZLEL N
b, TOY, EEBRESEW I EEEEROB
WL T B A A v HIURIEIE ~EIL 4 B E R I <
WELENTFRENE, FELT, #Fivad
& v uphill B+ v — 2V, 54 ovf
v —ZRIET 5L E0BEAHHEELL LR
&0, - OEEETIE & BB IR,

Table 4. Amplification of current intensities at a Cd{1I'} ion uphill transport electrode with nylon film

membrane with different polymerization times.

Polymerization time Differential pulse Degree of Concentration of
peak current amplification Cd(IF} in inner
(min) {Ep/ed) {ip/ Tee)” solution® (ppm)
5 632 54,0 744
10 440 376 53.7

Sample solution (50 mé} : 1.0 ppm CA(I) in 1 mol-dm ™ KCl (pH &),

Inner solution (30 x!f) : 1,6-Hexanediamine,
Transport time : 4 h.
D fure=11.7 #A, see Table 1. ¥ Determined by aas.
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T2 RESREEEADLI L L THE
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HDE v - DIEEEHETH MO+ — 7 —%
SHDZVERPOA — -G 3 EME RO
METH B, 2OT7 7 a—F & LTIEH AT
ERWLIEREECH 1 FHo | & Tl
TELIERRYEKRERbRS,

4, SHBROME

AR OFFIC & - T uphill EElE2 v+ —0
MR ERE N, CTOHL e v S
FD€ - TERAREE - T L 3
B TH B, ¥ ¥ — OIRE ISR OBE 2 e
AT EMERNIC IO Y — 2L T B ET
RLERATHTH S, TOLDLEIEEFOD
SR V—F YOFHTH L patch-clamp @
HEiREBAT BB FD—2TH 5B, THick

h 100A BECKRE-HSHTOHEIER T
AEfbhd, o, BE-ATFEL<LTD
PR ASEEOREOB MEBEARTE Y, »
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