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Abstract: Factors that control the performance of a re-
versible immunosensor with an analyte (progesterone)-
enzyme (horseradish peroxidase) conjugate as signal
generator have been investigated. The conjugate is used
in conjunction with two antibodies, which are specific to
progesterone and to horseradish peroxidase, immobi-
lized on two spatially separated polypropylene mesh
discs. The conjugate and two antibodies are confined to
an internal compartment of a microdialyzer by a semi-
permeable membrane. The small analyte from an exter-
nal medium permeates across the membrane into the
internal compartment where the analyte concentration
determines the relative amounts of the bound conjugate
on the two solid surfaces. By measuring two signals from
the conjugate bound at two separate sites, we experi-
mentally obtained time-response curves to a concen-
tration pulse of the external analyte. A mathematical
(kinetic) model describing the sensor system was devel-
oped and used for the determination of rate-limiting fac-
tors. In semicontinuous monitoring of the analyte con-
centrations, operation of the immunosensor with the
enzyme conjugate as signal generator required special
attention to (a) enzyme stability, (b) analyte permea-
tion (dependence on medium components), and (c) ki-
netics related to the different accessibility to the same
antibody of the small analyte (to be measured) vs. the
larger counterpart on the enzyme conjugate (for sig-
nal generation). © 1997 John Wiley & Sons, Inc. Biotechnol
Bioeng 56: 221-231, 1997.
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INTRODUCTION

Continuous monitoring of particular molecules, which are

tion of unbound reagents from the binding complex formed.
Utilization of electrode (metal or semiconductor) as solid

matrix for antibody immobilization may make the sensor

system simple in operation (Tsuji et al., 1990), which is an

important feature needed for field tests. In this sensor con-
figuration, enzymes usually serve as signal generator
(Aizawa, 1987). Although these sensors open up new op-
portunities for monitoring analytes, few applications have

been mentioned, and the underlying theories for reversible
immunosensors are scarcely described.

Previously, we have investigated a technical solution for
continuous monitoring by utilizing an enzyme as signal gen-
erator (Schramm and Paek, 1992b). Major elements of the
sensor are an analyte—enzyme conjugate and two antibodies,
specific to the analyte (AD and to the enzyme (Ab, im-
mobilized on different solid matrices (Fig. 1). The reagents
are enclosed in a chamber separated by a semipermeable
membrane from a medium stream to be analyzed. This
membrane allows small molecules (e.g., native analyte),
which are carried by the external medium, to pass through
while retaining the conjugate. In the absence of native ana-
lyte in the external medium, the conjugate can bind to either
antibody (i.e., the conjugate is heterobifunctional). An ini-
tial state (no external analyte) in which the conjugate binds
predominantly to Ab (Fig. 1, left) can be achieved by se-
lecting antibodies with appropriate binding constants or by
controlling the concentration ratio of the immobilized anti-
bodies (Paek and Schramm, 1992). Upon introduction of
excess native analyte in the medium, the analyte permeates
into the sensor chamber and competes with the conjugate

present in trace amounts and in a complex medium strea

(e.g., blood, wastewater, and fermentation broth), can b or the binding sites of Ap As a result, the conjugate is

achieved by using immunosensor (Andrade et al., 1990(,“330(:“’1ted from Apand eventually captured by Algfinal

Attili and Suleiman, 1984; Hall, 1990). Such sensors use@t€; Fig. 1, right). This migration of the conjugate shifts

specific antigen—antibody binding reactions that are revers€ signal from the side with Alto the other side contain-

ible, dynamic equilibrium processes and require no separdd Abz- The sensor returns to the initial state when the
medium is depleted of the native analyte.

Because this sensor is devised to measure signals from

Correspondence tdS.-H. Paek bound conjugate at the two distinct antibody sites, the sig-
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/_ . N\ 4. N berate (DSS) and a microdialyzer (system 100) were ob-
Initial State Final State tained from Pierce (Rockford, IL). A semipermeable cellu-
e it | e ] lose membrane (molecular weight cutoff 12,000-14,000;
b R S o [T ==l e flat sheets) and polypropylene monofilament cloth (56.4
anssie ° A mesh counts/in., 25@m mesh opening, 20@m thickness,
Sensor system é o il o ap © 31% open area) were purchased from Enka (Wuppertal,
. ‘e, o ol Germany) and Small Parts Inc. (Miami, FL), respectively.
+ o ety Progesterone-kik-hemisuccinyl-1,5-diaminopentane (P-
S H.aS rraglheet CAD) was synthesized as described elsewhere (Paek et al.,
—> ° . 1993). The following monoclonal antibodies were produced
\_Extemal med‘“mj \___o °o o J (Schramm and Paek, 1992b): antibody to progesterone

(Ab,, BQ.1), antibody to HRP (Ah 9G9), and antibody to

Analyte-enzyme & Analyte antibody (Ab) urease for estimating nonspecific binding (NS-Ab).

conjugate =% Enzyme antibody (Ab,)

© Native analyte = == Semipermeable membrane
Substrate for HRP

Figure 1. A reversible model system for the continuous monitoring of . .
analyte concentration. At ground (initial) state, an analyte—enzyme conjuThe substrate solution for HRP containedjillOof 3% (v/v)

gate binds predominantly to the analyte antibody )AVhen native ana-  H,0, in water; 100l of 10 mg/mL TMB in dimethyl
lyte is introduced into the external medium, it flows into the sensor cham-sulfoxide; and 10 mL of 0.05 mol/L acetate buffer, pH 5.1.
ber across a semipermeable membrane. Competition occurs between the
two analyte species for the binding sites of,ABs a result, the conjugate
is dissociated from this antibody and eventually is captured by the enzym@efined Progesterone-HRP Conjugate as
antibody (Ab; final state). These two states are interchangeable dependingsigna/ Generator
on the analyte concentration in the external medium.
The progesterone derivative, P-CAD, was chemically re-

acted with the enzyme, HRP, via DSS as a crosslinking

reagent (Paek et al.,, 1993). One progesterone molecule
nal-to-noise ratio can be controlled by manipulating thepound to one HRP molecule (P-HRP) was purified on an
binding constants of the antibodies and the amount of eachmunoaffinity column (Paek et al., 1993). P-HRP was di-
antibody immobilized to minimize the amount of unbound |yteq with the same volume of 0.01 mol/L phosphate buffer,
signal generator (the source of the noise). This decrease {j4 7.0, containing 0.14 mol/L NaCl, 0.02% (w/v) thimero-

noise may allow us to monitor the analyte concentrationsg| (PBS), and 0.1% (w/v) gelatin (gel-PBS), and stored at
without separating the bound and free conjugates for signaec until used.

generation. The concept under investigation may solve
some analytical problems (Andrade et al., 1990) but may be - o )
subject to limitations related to (a) the stability of enzyme,/mmobilized Antibodies On Discs

(b) the integri.ty of permegbility of the membrane over time, Polypropylene monofilament mesh discs (4.8 mm diameter)
and (c) the size of the signal generator. _ with the following antibodies immobilized on separate discs
Wg have studied these _three factors in the desqubed "Gyere prepared: Ap(BQ.1), Ab, (9G9), and NS-Ab. The

versible model by experimental and mathematical apimmunoglobulins were immobilized by a modification of
proaches. In the experimental model, we have used colokhe sodium periodate method (Matson and Little, 1988;
imetry to detect the signals from the bound conjugate. HoOwsanderson and Wilson, 1971; Schramm and Paek, 1992b).
ever, because the catalytic formation of colored reagents bype giscs with the immobilized antibodies were stored in
horseradish peroxidase does not readily permit continuouge|-pBs at 4°C until used. The surface density of the bind-
monitoring, the system has been adapted for semicontinypy sites of the immobilized antibody was determined by

ous monitoring by using discrete determinations to obtainneans of Scatchard analyses (Scatchard, 1949; Schramm
the required measurements. For future applications, we plagnq paek 1991).

to use electrochemical detection with an immunosensor ca-

pable of truly continuous monitoring.
Experimental Set-UP for a Reversible Model

MATERIALS AND METHODS The experimental model for the reversible sensor consisted
of a microdialyzer with 12 wells (5 x 14 mm, internal com-
partment; A in Figure 2) and an external medium chamber
(B, 100 mL volume). Each well served as a sensor system
Horseradish peroxidase (HRP, type VI, 300 units/mg solidcontaining the discs with the immobilized antibodies and
EC 1.11.1.7), 1,5-poly-lysine hydrobromide (MW the P-HRP conjugate. The wells were separated from the
421,000), and 3,/3%,5-tetramethylbenzidine (TMB) were medium chamber by a semipermeable cellulose membrane
purchased from Sigma (St. Louis, MO). Disuccinimidyl su- (C). Medium was supplied to the chamber through tubing

Materials
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that passes a peristaltic pump and the flow was additionallfpetermination of Analyte Permeation Rate
regulated by valves (D). The medium in the chamber wag\cross the Semipermeable Membrane

agitated with a magnetic bar (E). The microdialyzer WaSTh i ‘ ¢ vt ;
placed in a box (F) maintained at 100% humidity and placeci € permeation rates ot analyte (progesterone) across a se-
ected semipermeable membrane were measured in three

on a magnetic stirrer (G). The whole system was then agi- ifferent buffers: (a) PBS, (b) gel-PBS, and (c) gel-PBS—

tated on an orbital shaker (H) to facilitate the mass transfe . . . .
s EG. The medium chamber of the microdialyzer was filled
of molecules within the sensor system. with buffer, and 100uL of 10 ng/mL progesterone in the
same buffer was added into each well of the dialyzer. The
Determination of HRP Enzymatic Stability dialyzer was operated as described above. At predetermined
times, 50uL of the progesterone solution in the well was
The enzyme activity of HRP in the well (internal compart- taken as a sample for the determination of the progesterone
ment, Fig. 2A) of the microdialyzer and in a microtiter well concentration by a competitive immunoassay.
were measured against time. The disc with the immobilized For the assay, 5QL of progesterone solution (sample or
Ab; (BQ.1) was placed in each well with 0L of 470  standard) and 10Q.L of 350 fmol/mL P-HRP in gel-PBS
fmol/mL P-HRP in a buffer [gel-PBS or gel-PBS containing (200 L total volume) were added to a microtiter well with
1% (w/v) polyethylene glycol (PEG)M, = 3000-3700 the immobilized AR. This antibody was immobilized on the
(gel-PBS-PEG); 3QuL total volume]. For the microdia- inner surface of the well by the same procedure used for the
lyzer, the same buffer, degassed prior to use, was filled imlisc. After 4 h incubation, the amount of P-HRP bound to
the external medium chamber and then supplied at the ratie antibody was determined by a colorimetric reaction as
of 17 mL/min by a peristaltic pump. After incubating for mentioned earlier. From the assay with the standard solution
different time intervals, the discs from each well were of progesterone, a dose—-response curve was prepared. The
washed to eliminate the unbound P-HRP and placed in sep@rogesterone concentration in the sample was derived from
rate empty microwells. The bound conjugate on the disc waa logit-log transformation of the dose-response curve (Rod-
guantified by (a) adding 20QL of substrate for HRP con- bard and Lewald, 1970).
taining TMB as chromogen, (b) developing color from the
oxidized TMB, (c) adding 5@.L of 0.5 mol/L sulfuric acid, ) )
(d) measuring the color a,s, with a spectrophotometer Time-Response Curves from a Reversible Model

(Erglct:ogterlzpl?te dreadzr; T'BerEEk Mgltlst(r:]an,t) typ(cej gl|3|g|;:>T° verify the reversibility of the investigated sensor, the
ab Oy, Finland), and (e) determining the bound P- esponse to different progesterone concentrations over time

amount from a standard curve of known concentrations Of/vas measured. Each well contained one disc with immobi-

HRP. lized Aby, two discs with A, and 10uL of 470 fmol/mL
P-HRP in gel-PBS—-PEG (30L total volume). The medium

Medium from chamber was filled with the same buffer. Aftg h of pre-

peristaltic pump ~" : incubation to reach equilibrium between the conjugate and
— the two antibodies, 1.25 mL of a 048g/mL progesterone
F—_] i solution was added to the external buffer chamber to obtain
D —— g A a total concentration of 10 ng/mL (time 0). Starting from
= S— B this time, P-HRP bound to each antibody on the different
___c discs was measured in intervals by colorimetric detection as
| - e Waste described above. Afte h ofincubation, gel-PBS—PEG was
\\D supplied to the buffer chamber by a peristaltic pump at a
high flow rate (49 mL/min) to decrease the progesterone
R concentration to less than 0.1 ng/mL in 10 min. The flow
sl I e \) = l ——— rate then decreased to 17 mL/min.

H — O MATHEMATICAL MODEL

To describe the binding reactions at liquid—solid interfaces
(Fig. 1), a mathematical model has been developed. The
formation of the binding complexes between antigens and
Figure 2. Experimental set-up for continuous monitoring of analytes: A: antibodies is a result of the fOHOWIng dynam|c processes.

well in the mlcro_dlalyzer unit (|nterr_1a| compartme_nt) act_l_ng as ;ensgrga) association and dissociation reactions of the analytes
system that contains the enzyme conjugate and the immobilized antibodies;

B: external medium chamber; C: semipermeable membrane; D: one-wa (natlve and ConJUgated to enzyme) with the immobi-

valve; E: magnetic bar; F: plastic box maintained at 100% humidity; G: lized antibodies;
magnetic stirrer; and H: orbital shaker. (b) diffusion of the analytes between the solid surfaces and

J—G
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the bulk solution according to the concentration gradi-in the bulk solution of the system. Since, for this analyte, the

ents; and diffusion rate is faster than the permeation rate across a
(c) transfer of the native analyte across the semipermeabkemipermeable membrane (see below), the diffusion is not
membrane. kinetically important in the mathematical modeling. There-

fore, P; can also be used as the surface concentration. Only
e diffusion of the enzyme conjugate is considered as a
otential rate-limiting process at next section.

Each of these processes is described by differential equ
tion(s) with respect to time. The formulated equations ar
used to predict the response of the immunosensor t
changes in external analyte concentrations.

Diffusion of Analyte-Enzyme Conjugate

Association/Dissociation Reactions of Antigens The association/dissociation reactions of the enzyme con-
with Immobilized Antibodies jugate with the immobilized antibodies can produce a dif-

In the sensor system (Fig. 1), the native analyte and théerence in the _conjugate concentration betvyeen the area
enzyme conjugate interacts with the two immobilized antj-¢/0S€ to the solid surfaces and the bulk solution. This con-
bodies. Three different reactions take place: (a) binding of€ntration gradient creates a driving force for the diffusion
the conjugate with the analyte antibody (Ab(b) the con- of the antigen species. The diffusion can be facilitated if the
jugate with the enzyme antibody (4 and (c) the analyte medium is agitated. Near the solid surface forms a film, a
with Ab,. boundary layer which is not disturbed by the agitation
The reaction rates of the conjugate with,A6C,,/dt, and (Trurnit, 1954). The antigen transport through this layer is

with Ab,, dC/dt, are expressed based on an assumptiorl?ased on molecular diffusion. Under this condition, rate
that monovalent binding occurs: equations have been previously derived (Paek and

Schramm, 1991) for the diffusion of antigens by assuming

dCq ko YiCot — KogsC B a linear concentration gradient in the boundary layer and for
dt — Tontiivsl Toffitxd the subsequent binding reaction with an immobilized anti-
body.
dC, ion i ant
o= KonsYsCoo — KofiaCoo @) The rate equation is now expanded for the dual-antibody

system. Three concentrations of the conjugate are selected
as time-dependent variables: (a) those near the solid surface
with Ab; (C), (b) those near the solid surface with Ab
C.), and (c) those in the bulk solutio€(). The conjugates
bund inCg andC,, can form binding complexes with the

on : antibodies immobilized on the surface. The rate equations
ciation rate constant. Subscript 1 represents afbd sub- for the changes of,, and C, can be derived, as shown

script 2 Ab,. : S
. . . previously (Paek and Schramm, 1991), by combining the
The analyte antibody, Apalso interacts with the analyte, two material balance equations that describe the rates of

which is much smaller than the analyte—enzyme conjugate,

Therefore, as described in previous studies (Schramm an(awange In conjugate concentration in the boundary layer and

Pack, 1992a), the small analyte can bind to the antigehn bulk solution, assuming a linear concentration gradient

binding sites of the immobilized antibody, which are inac- across the boundary layer. The rate of chang€n dCy/

cessible to the enzyme conjugate due to the steric hindrancdet’ 's described in the equation

of the large enzyme molecule. The binding sites can be dCqy 2 S, K.Sho

divided into two classes: those accessible only to the native —5;~ = kc<5 + V_Sa)(cb -Cgq) + (V_Sa>(cb -Co)
analyte {;,) and those accessible to both the native analyte
and the enzyme conjugat®,j. The rate constants of the = =14 (kon1 Y1Cs1 — Koir1 Cxa) 5)
reactions of the small antigen witty and;. are identical. a

The formation rates of the binding complexes betweenyherek; is the effective mass transfer coefficient for the
the analyte and the two groups of the binding sie&lC.s/  diffusion of the conjugate anathe thickness of the bound-

whereC, stands for the surface density of the binding com-
plex, Y for the density of the unoccupied binding sit€x,
for the concentration of the conjugate near the solid surfac
ko for the association rate constant, ag for the disso-

dt) and;,(dC/dt), are ary layer. The ternS, represents the surface area of the
dCys boundary layer ané the surface area of the solid matrix.
e KonaY1Pi — KoizCya (3) Here,§ =S, + Sy, andr; = S/S,;, where subscript 1
stands for the solid matrix with Aband subscript 2 for the
dCys solid matrix with Al,. On the right-hand side of Equation
gt =~ Kona'2Pi ~kosCoar (4)  (5), the first and second terms represent the transport rates

of the conjugate at each solid matrix and the third term is the
where k,,; stands for the on-rate constant of the nativebinding reaction rate with Ab[Equation (1)].
analyte to Al andk,s for the off-rate constant. In these A similar rate equation for the change 6§, has been
two equationsp; is the concentration of the native analyte derived:
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dCsy [ kSu 2 Sy hand sides in Equations (1)—(7); four variables repre€gnt
T (V—S@) (Co=Cs) * kc(é"’ V—Sa) Y., Y1, andY,]. Since a solution of the 11 dependent vari-
2 ables requires the corresponding number of equations, four
(Cp—=Ceo) = T2 (Kon2 Y2 Co o2 Cx2)  (6)  additional equations, (8)—(11), describe the material balance
for the conjugate (8), the binding sites¥f (9), the binding
sites ofY,, (10), and the binding sites of, (11):
wherer, = S,/S,,. The third term on the right-hand side
represents the binding reaction rate of the conjugate with

Ab, [E ti 2)].
, [Equation (2)] (V-Sa)C, = (V-Sa)C, + % (C,+Cq)

Transfer of Analyte across a Sea

Semipermeable Membrane + 5 G+ C)+5Cq+SCke  (8)
Equilibria between the conjug.ate and the two antibodies are Yy =Y, +Cyy + Cyq 9)
determined by the concentration of analyte from an external

medium. When a concentration gradient of the analyte ex- Y =Yy + Cyz (10)
ists between solutions on opposite sides of the semiperme- Y5 =Y, +Cy, (11)

able membrane (Fig. 1), a driving force for the transfer is ]

generated. From a simplified version of Fick’s first law of Where subscript stands for total.

diffusion (Silhavy et al., 1975; Spriggs and Li, 1976), the

mass transfer rate can .t?e exprgs_sed WA(PQ— P).  Dimensionless groups

whereD,, is the permeability coefficienty is the thickness ) _ )

of the membrane, and is the surface area. The terrRs For convenient manipulation and to reduce the number
and P, represent the analyte concentrations in the extern?f independent variables, all of the variables in Equations
and internal media, respectively. This equation is most fre{1)—(11) are normalized. Dependent variables are scaled by
quently used to describe dialysis assuming (a) a linear andotal concentraiton of the conjugat€,. Independent vari-
lyte concentration profile across the membrane, (b) constar@Ples are arranged to form the following dimensionless
analyte distribution in each medium, and (c) no effect of9roups:

bulk flow (Silhavy et al., 1975). Kony Vi Konz Yeo

Itis noted that whef, andP, are the bulk concentrations R, = T R, = T
of analyte on either side of the membraig,is not purely
the permeability coefficient. To transport from one bulk _ Kona (YeatYer) _kottr My
medium to the other, the analyte molecules have to pass 37 k. 47 KonaYa
through three layers: the membranes itself and two aqueous
films formed near each side of the membrane. THg, RSZM R6=M
becomes the effective permeability coefficient reflecting the KonaYio Kona (YetYir)
analyte transport through the three layers. k, k.

From the conservation law of mass, the accumulation rate R, =" T= (—) t
of the analyte in the solution of the system (voluig ke a

(dP/dt)V, is equal to the difference between the permeatiorUsing the normalized variables, Equations (1)—(7) are re-
rate and the reaction rate with the analyte antibod,{/  formulated and then simultaneously solved by a numerical
dt+ dC,s/dt)S, [see Equations (3) and (4)]. These terms aremethod [e.g., the fourth-order Runge—Kutta method (Ro-

combined and rearranged to yield the equation manelli, 1960)].
ap (A
at = ely) (PP RESULTS AND DISCUSSION
S
v tona (Y2 Y1) P = orrs (G + )} (D Stavilization of Enzyme Activity in a

Reversible Immunosensor

The first term on the right-hand side of Equation (7) repre-The enzyme used in the analyte—enzyme conjugate (P-HRP)
sents the permeation rate of the native analyte and the seas signal generator may be sensitive to the components (in-
ond the reaction rate with Ab hibitors) of the medium that block the catalytic site. Since
various enzymes are inactivated by different inhibitors, each
enzyme must be investigated separately. The enzymatic sta-
bility of the selected enzyme, HRP, in the reversible model
In the previous sections, seven rate equations were derivdths been examined, and a method for the stabilization of the
for 11 dependent variables [7 variables belong to the leftenzyme is presented.

Supplemental Equations
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Enzyme Activity in a Reversible Model bation period of about 24 h, the presence of PEG resulted in
- . . 50% increase in the enzyme activity.
The activity of HRP in the chamber of the sensor (micro- The polymer, PEG, may affect the enzyme in two ways:
dialyzer, Fig. 2) was compared with HRP activity in a regu-(5) py chelating heavy metals (Evdokimov et al., 1975) and
Iar mlcrot|ter vyell (Fig. 3). The sensor compartment of the(b) by decreasing aggregation of protein molecules (Anders-
microdialyzer is open to small molecules (MW 12,000)  gop et al., 1979). A strong chelating agent, such as ethyl-
via the semipermeable membrane. In contrast, the microwsediaminetetraacetic acid, cannot be used because it also
ell'is a closed system that do_e_s not have material eXChan_géliminates C#, which is a cofactor for HRP (Kretsinger,
Under the expe_nmental con.d|t|ons.ulsed, the volume passmggm)_ The deaggregating properties of PEG originate from
through the microdialyzer is a million-fold larger (calcu- the arge number of ether-linked oxygen atoms that render

lated for 24 h operation) than that in the sensor compartyis holymer hydrophilic and reduce the hydrophobic inter-
ment. Therefore, the enzyme can potentially be exposed tQciions” among protein molecules (Andersson et al., 1979;
a substantial amount of inhibitors. Tilcock and Fisher, 1982).

After 24 h incubation in a microwell, the HRP retained
90% of its original activity even at low concentrations (4.7
fmol/30 wL; Microwells; Gel-PBS in Fig. 3). When the Effect of PEG on the Rates of Kinetic Processes
same amount of enzyme was incubated in the microdialyzer,
the enzyme lost about 50% of the initial activity (Microdia- AS & medium component, PEG may alter the rates of mass
lyzer; Gel-PBS). transfer. The hydration of the polymer at high concentra-
The reagents (NaCl, NaRO, - H,O, Na,HPQ,) used for  tions may increase the medium viscosity, which decreases
the prepara’[ion of PBS and the cellulose Semipermeab]@e diffusion rates of other medium components. Since PEG
membrane may contain trace amounts of enzyme inhibitorts randomly coiled, small molecules can diffuse through this
such as sulfate, sulfide, and heavy metals. Sulfide is knowstructure. This transfer rate depends on the size of the dif-
to form stable complexes with the heme of HRP (Dixon andfusing molecules [sieving effect (Laurent, 1966; Polson,
Webb, 1964; Saunders et al., 1964) that is a part of thd977)]. Rates of kinetic processes in a medium containing
catalytic site (Ator et al., 1987; Gasyna et al., 1988). Freel% PEG (gel-PBS-PEG) have been examined.
radicals that can inhibit the enzyme reaction (Ator et al.,

1987) might also be present in the buffer. Permeation of Progesterone

The molecular diffusion of progesterone through the semi-
permeable membrane, i.e., permeation, could be affected by
Addition of 1% (w/v) PEGM, = 3000-3700, to the buffer the presence of PEG. The ratio of the diameter of the mem-
(gel-PBS) was effective in preserving the enzyme activitybrane pore to the diameter of the PEG molecule (ave¥gge
(Microdialyzer; Gel-PBS-PEG in Fig. 3). During an incu- = 3350) was estimated by using four assumptions: (a) the
pore size of the membrane is uniform; (b) the pore size is
represented by the maximum dimensidf, (= 12,000) of

a molecule that can pass through the membrane; (c) the
investigated molecules have globular shape; and (d) the mo-

I QE:WeI-PBS lecular densities are constant. With these assumptions, the
08 - ‘*\:\b? diameter ratio of the pore to the PEG molecule is about 1.4.

PEG as Preservative of Enzyme Activity

Microwells;

o 'TI Consequently, the polymer in the medium significantly re-
- 0.6 + Microdialyzer; A \ duces the free path of the pores for permeation of smaller
M Gel-PBS \ analytes.
04 + Microdialyzer; By using the microdialyzer, the permeation rates in three
Gel-PBS-PEG different media were compared (Fig. 4): PBS, gel-PBS, and
02+ gel-PBS-PEG. For these experiments, progesterone was
0 : ; } } = : added not to the external medium but to the internal com-

partment of the dialyzer. The decrease (relative to the initial
0 5 10 15 20 25 30 35 concentrationP,; /P, ;) in the internal analyte concen-
Incubation time [h] trz_ation ®) was measured over time_. Aft_er 4 h, the perme-
ation rate with gel-PBS—PEG was significantly slower than
Figure 3. Loss of activity of horseradish peroxidase (HRP) over time. with the other two media.
The enzyme activity at timecompared to the activity aftel h incubation The permeation ratedP,/dt) can be mathematically ex-
(B/B) was measurt_aq from the progesterpne—HRP gonju_gatg (P-HRP, ressed a§<p(A/\/)(Po _ Pi) (see Mathematical Model),
bound to an immobilized progesterone antibody. The inactivation rate o . . ..
HRP was faster in a well from a microdialyzer (partially open system) thanWher_eklJ is the effective mass transfer coefficient for per-
in a well of microtiter plate (closed system). The inactivation rate wasMeation,A the surface area of the membrakethe system
reduced in a medium containing polyethylene glycol (PEG). volume, P, the external analyte concentration, aRdthe
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the medium has been used to obtain response curves to
. varying concentrations of external analyte.

Response of the Reversible Sensor to
Gel-PBS- Analyte Concentrations

ot
T ]71‘1[[1;;’

~ T The reversible dual-antibody system has been described in
A‘ﬁ Lo Figure 1 using two major components: (a) P-HRP as hetero-
/%E%/EI bifunctional signal generator and (b) the two antibodies
[specific to progesterone, P, (fand to HRP (Ab)]. Since
// . the concentrations of these two components are constant,
\\. the only variable that can affect the equilibrium binding
0.01 } + t } ™ between P-HRP and the two antibodies is the analyte con-
0 1 ) 3 4 5 centration. The variation of the bound P-HRP as the sensor
. . response is presented by an expanded mathematical model
Permeation time [h] (see Mathematical Model). The calculations are then com-

Figure 4. Permeation of progesterone across the semipermeable me ared with eXpe”mental results obtained by utlllZIng QEI-

brane in different media: PBS, gel-PBS, and gel-PBS—-PEG. The decrea eBS_PEG as medium.
in the progesterone concentration by permeation relative to the initial con-
centration P, ._./P;,_,) was measured over time.

1:)1, t=t / P1, t=0
o
o
4

T T TTTIT

Theoretical Time-Response Curves

internal concentration. After integration of this equation atThe different accessibilities of P and P-HRP to the immo-

P, = 0, the following expression is obtained: bilized antibody (Schramm and Paek, 1992a),,,Alvave
P A been incorporated into the mathematical model. The large
Iog( "‘=t> :—kp(—) t antigen P-HRP binds to a smaller number of the antigen
Pi =0 2.303V binding sites for AR than does the native progesterone, P

According to this equation, the concentration decrease in thefable 1). In the previous calculation (Schramm and Paek,
semilog plot can be represented by a straight line with thet992b), only the number of antigen binding sites accessible
slope of +(A/2.303/). Although with none of the investi- to P-HRP was considered to describe the formation of an-
gated media was a straight line experimentally obtained, #9en—antibody binding complexes [Equations (1) and (3) in
line using the data points from PBS shown in Figure 4 wadVlathematical Model]. Subsequently, the model was up-
constructed to determirig for the calculation of theoretical dated by including the additional antigen binding sites avail-
time—response data of the sensor. Thus, relative permeatigble only for binding P [Equation (4)].

rates in the three media were compared. In Figure 5 (middle panel, phases A-C), the 95% equi-
librium of the calculated sensor response to different con-

. . ) centrations of external analyte is shown. The analyte con-

ﬁ;’ggfg;ﬁg#gg% r?:or?qulﬁli( ngf L?Zi?)%on and centration (top panel) was increased from zero (phase A) to
10 ng/mL (phase B) and returned to zero (phase C). The

PEG has been reported to affect the activities of the antitotal time for returning to the initial state was about 19 h.
gen—antibody reaction (Lizana and Hellsing, 1974) as wellThis was two times longer than the time previously calcu-
as the diffusion rates of other molecules in bulk solutionlated (Schramm and Paek, 1992b). The slower response
(Polson, 1977). These effects of PEG depend on the polywith the revised model results from the consideration of the
mer concentration. The following three variables were de-
termined in gel-PBS—PEG and compared with those in gel-
PBS (Schramm and Paek, 1992b): (a) the association andgble I_. Expe_rimentally Qetermineq densities of antibody binding sites
(b) the dissociation rate constants of the binding reactiofccessible to different antigen species.

between P-HRP and the progesterone antibody;)/Abd Experimentally
(c) the mass transfer coefficient for diffusion (diffusion co- determined
efficient divided by thickness of penetration layer) of P- Variable Symbol (fmolidisc)
HRP. The measured values agreed within 5% for the tW®ensity of binding sites on Ab

different media, and the differences may be attributable to accessible to P-HRP Yy 12
experimental error rather than to medium composition. accessible to P Yo 360

It has been shown that the addition of 1% PEG to thePensity of binding sites on Ab
sensor medium preserved HRP activity and did not signifi-2¢cessible to P-HRP Yo 13
cantly alter the process rates except for the permeation ratesapproximation, determined by using?i-labeled progesterone
of progesterone. In the following experiments, 1% PEG in(Schramm and Paek, 1991).
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1; 10ng/mL " chamber was limited. This caused a different ratio of the
£ two antibody concentrations from that previously used.
ki 0 : The experimental response curves (Fig. 5, bottom panel)
0 3 obtained under these conditions were compared with those
& 08 : . in the previous report (Schramm and Paek, 1992b). In both
s i ‘ experiments, the curves did not return to the initial state.
% 0.6 + However, incomplete recoveries could have at least par-
S tially different reasons. In the absence of PEG, the enzyme
a 047 HRP has been shown to be inactivated faster than in the
%. presence of PEG (Fig. 3). This could be the reason for the
& 027 low recovery in the earlier experiment. Although enzyme
E 0 inactivation is decreased in the presence of PEG, this ad-
@ 6 21 vantage is counteracted by a slower permeation of analyte
across the semipermeable membrane (Fig. 4). This may re-
% 08 sult in a residue of analyte within the system that can also
o cause an incomplete return to the initial state (Fig. 5, bottom
‘g 067 panel). As a result, the experimental results shown in Figure
& 04 4 5 and in the previous study were similar but for different
% reasons. Further, optimization of a sensor system based on
g o024 these results will be subject of later investigations.
g In the next section, steps that are rate limiting for the
a8 o0 sensor response were quantified by using the algorithms
-6 21 developed in Mathematical Model. Since the analyte itself
Time [h] does not provide a readily measurable signal, mathematical
calculations have been used to trace the analyte behavior in
g Analyte antibody (Ab,)-conjugate binding complex the sensor system.

; Enzyme antibody (Ab,)-conjugate binding complex

. . o Identification of Rate-Limiting Factors
Figure 5. Sensor response to changing analyte concentrations in an ex-

ternal medium (top panel). The response curves derived from mathematical

modeling (middle panel) are compared to those experimentally obtained, ; :

(bottom panel). The theoretical curves were calculated based on 95% equqigmenC Model

librium of antigen—antibody complex formation. The time required for The different equilibrium reactions of the sensor are sequen-

returning to the original state (time 0) was about 19 h. In the experimentt. | kineti o f th t b

the equilibrium did not completely return to the initial state. Only 69% of &l KINEUIC processes. Une or more of these steps may be

the complex formation at time 0 was obtained after about 10 h followingate limiting for the response. The processes have been char-

the withdrawal of progesterone. acterized (Fig. 6) by using dimensionless groupsté R, in
Mathematical Model). Each of the groups represent the ratio

of two kinetic processes. HerR, to R; are the ratios of the

excess antibody binding sites for P. Rate-limiting factors forassociation reactions of the two antigens with the antibodies
the response time are identified in the next section.

| [C1 P-HRPoff [E] P-HRP on
(R, R, =0.46) A (R, =035)

=

[A] Pinfluxi 1| [B] Pon
R, =43) | | | Ry =103)

N\

Experimental Time-Response Curves ‘
o o |
. iy . o o o o O %@ g Forvard y .. > qm.g
The experimental conditions described in this investigatior o ° ! transition [ Diffusion
1 {(Unity)
1 ﬁ >

;

were the same as previously reported (Schramm and Pae Eﬁh Backward \‘ 0*.}@ """""
L o e
1992b) except for the use of (a) gel-PBS containing 1% 1 fransition.
; ; {F] Peffiux| 1| (Gl Poff {H] P-HRPon|/ 3] 131 P-HRP off
PEG as m.edlum,' (b) the goncentratlon of the gxternal ana |12 "% I»{ R, =19 >{ A r R R
lyte, (c) discs with two times larger mesh size, and (d)
different ratio of the two antibody concentrations. With 10 ° Native analyte A, Analyte-enzyme % Analyte antibody (Aby)
.. . === Semipermeable membrane conjugate =X Enzyme anti

ng/mL of progesterone, the minimal analyte concentratior: Semipermeable memb e Fnzyme antibody (Ab)
in the F{XtGI’I’]Ql medium that is reqUired.to reach the ﬁnfilFigure 6. The sequences of kinetic processes which affect sensor re-
state (Fig. 1, right) was selected. Discs with larger mesh sizeponses to the increase (forward transition) and the decrease (backward
were used to diminish potential mass transfer limitations ofransition) of external analyte concentration. The rate of each process was
the conjugate between the solid surface and the bulk SO|Lp_orm_alized to thg rlate of P—HRP d_iffusion (values in parenthgses)_by ap-
tion. Since the discs were also thicker, the number of disc ropriately combining the dimensionless grouf (o R;) derived in

T . . ! 1 athematical Model. This permitted to compare the normalized rates with
with immobilized HRP antibody that can be placed in ad-each other. The term®, to R, were calculated by using the values shown
dition to one disc with the progesterone antibody in a sensoih Table | and presented elsewhere (Schramm and Paek, 1992b).

228 BIOTECHNOLOGY AND BIOENGINEERING, VOL. 56, NO. 2, OCTOBER 20, 1997



and the diffusion of the conjugate, respectivétyto R;are  maximal rates, and some unoccupied binding sites of the
for the dissociation reactions and the association reactiorsntibody are produced. As the dissociation process further
between the antigens and the antibodies; Bpdtands for  continues, there is an increasing probability that the disso-
the permeation of the analyte and the diffusion of the con<ciating P will reassociate with the increasing number of
jugate. unoccupied binding sites at Al{Berzofsky and Berkower,

The dimensionless groups were combined such that eactP84; Stenberg et al., 1988). Reassociation is directly pro-
process was normalized to the rate of P-HRP diffusion (Figportional to the ratioRs/R, = 24) of the rates of association
6). This procedure allows to compare the normalized rateéR; = 103, Fig. 6B) and permeatioiRf{ = 4.3; Fig. 6F)
with each other. For example, process A (influx of P) is 4.3(Silhavy et al., 1975). (Note that the permeation is a slower
times faster than process D (diffusion of P-HRP). process than the diffusion of P. Therefore, diffusion can be

As the external analyte concentration is increased, proignored.) The fast association rate (and, as a result, slow
cesses A—E (Fig. 6, upper panel) shift the sensor from thdissociation rate) is caused by the high surface density
initial state to the final state (Fig. 5B; forward transition). (Table I) of the antibody binding sites which is, therefore,
By comparing the normalized rates, the potential rateresponsible for the slow response time of the sensor (Fig.
limiting steps in this transition was E followed by C, i.e., the 5C).

association of P-HRP with the enzyme antibody {Aénd To verify the surface density effect on the response time,
the dissociation of P-HRP bound to the analyte antibodywe select a boundary case in which all binding sites on Ab
(Ab,), respectively. are equally available to P and P-HRP, i¥%,, = Y, = 12

The backward transition (Fig. 5C) consists of processe$mol/disc from Table | and, thus(;, = C = 0 in Equa-
F-J (Fig. 6, lower panel). Here, the counterpart processes doion (4). Under this condition, the association of P becomes
the forward transition are shown. In the backward transitiona slower process; = 3.4, which replaces the value Bf
the dissociation of P-HRP bound to Af-ig. 6J) was by far  in Fig. 6B) than the permeatiofR{ = 4.3; Fig. 6F). Based
the slowest process, i.e., about half of the rate-limiting pro-on theoretical time-response curves, the response of the
cess of the forward transition (Fig. 6J vs. 6E). sensor in the backward transition takes approximately 2
From this analysis, one can predict that the response tim&gmes longer than that in the forward transition. This is
of the sensor in the backward transition is two times sloweiconsistent with the earlier prediction made by comparing
than in the forward transition. However, there is a discrep+elative rates of each kinetic processes.
ancy between this model and the calculated response curvesBased on the analyses of the immunosensor above, two
that shows a backward transition which is five times slowerquestions arise: (1) What is the span of analytes that can be
(Fig. 5C). This will be examined in the next section. measured with a response time of hours? (2) How long can
the sensor be used in a field condition? Although the re-
sponse is relatively slow, such sensors become increasingly
Potential Reassociation useful for analytes of which concentrations do not fluctuate
. o ) . . in a short period of time. Biotechnology products (e.g., an-
At the liquid—solid interface, the dissociating antigen hasyp,;qics) for bioprocess control, insecticides and herbicides
the potential to reasquate with the |mmob|llzeq a_nt|bodyf0r environmental monitoring, and toxic compounds (e.g.,
In the backward transition, the decrease in the binding Com(:arcinogens) in waste- and fresh water belong to the analyte

plex density by dissociation (Fig. 7C, dashed curve) is much‘ange of expectation. However, the test media may contain
slower than the decrease in the internal concentration of P

i i - el , ing th a variety of substances that affect the sensor stability. Es-
_(S.O_ id C“r?’e) if we consider solely pgrmegtpn. During t epecially, organic solvents, heavy metals, free radicals, and
initial period of analyte efflux, the dissociation occurs at

proteolytic activities can cause a conformational change of
protein and thus a denaturation. In addition, enzyme reac-
tions for signal generation within the sensor compartment
may result in a change of local environment. With an en-
zyme of glucose oxidase, for instance, the pH of the solution
decreases as a result of the catalytic reaction, which affects
antigen—antibody binding as well as protein stability. In
future investigations, all of these effects will be identified
under given conditions, which will then allow to determine
the life time of the sensor.

[+
!
T

(mmmen)

=)
2
Bound P/ Total Ab,

Internal unbound P [ng/mL]

Time {h}

Figure 7. Concentration variations of internal unbound analyte P (solid CONCLUSIONS

curve, left axis) and the bound to immobilized A#t different concentra- This research has provided the theoretical and experimental
tions of external analyte. The concentration of the binding complex wasb is for further i tigati th t of
normalized to total antibody binding sites available for P (dashed curve, asis O.I’ urther investigations on the ne.W co_ncep Y _a
right axis). Phases A to C are equivalent to those in the middle panel oflu@l-antibody sensor that uses a heterobifunctional conju-

Figure 5. gate as signal generator. Several areas of improvement have
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been identified for optimizing the sensor for continuous Subscripts

monitoring. First, it is crucial to select an appropriate en-

zyme (e.g., glucose oxidase) as signal generator that isb concentration in bulk solution

stable over time and resistant to medium components which ! total concentration (bound and unbound)

block catalytic sites. The use of a stable enzyme does not

only extend the life time of the sensor but also increases thﬁeferences
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