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The roles of chemical kinetics and mass transfer in three types of bioreactors (packed-column reactors, rotating disk biore
mperometric detector), used with continuous-flow sample/reagent(s) processing, are discussed in detail. A normalized quantitative
etween these types of reactors clearly shows that rotating disk reactors afford a significantly more efficient utilization of active
ermit the effective utilization of very small amounts of biocatalysts. Horseradish peroxidase (EC 1.11.1.7), in presence of hydroge
atalyses the oxidation of [Os(bpy)2Cl(pyCOOH)]Cl. The electrochemical reduction back of this cosubstrate is detected on glassy
lectrode surface at 0.00 V. Furthermore, the critical effect of substrate and cosubstrate concentration on amperometric imm
onstruction in which HRP is used as an enzymatic label was studied.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Horseradish peroxidasa (HRP) (donor: hydrogen perox-
de oxireductase, EC 1.11.1.7) is an extracellular plant en-
yme involved in the formation of free radical intermedi-
tes for the polymerization and cross-linking of cell wall
omponents, for the oxidation of secondary metabolites es-
ential for certain pathogenic defense reactions, and for the
egulation of cell growth and differentiation[1]. There are
ore than 30 isoforms of HRP. Which are usually classi-

ed, according to isoelectric point, into three major groups:
cidic, neutral, and basic[2]. The slightly basic (cationic)
orseradish peroxidase (HRP-C) is the most studied isoform,
ince it constitutes approximately 50% of the peroxidase con-
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tent of horseradish root and is commercially available
cause of its use in clinical analysis and biotransformat
[3–5].

HRP-C is a monomeric (Mr of 33,922), glycosylated (18
by mass) enzyme that contains a single high spin ferric
toporphyrin IX prosthetic group and two calcium ions[6–8]
that are necessary for competent folding of the recomb
enzyme after expression inEschericia coli[9]. The norma
catalytic cycle for HRP is shown inScheme 1. El and E2 are
the oxidized states of the native ferriperoxidase (E), ofte
ferred as compounds I and II, respectively. Q is the redu
substrate and P its oxidized counterpart. The catalytic c
is initiated by a rapid (k1 > 107 M−1 s−1) 2e− oxidation of the
enzyme by hydrogen peroxide (or other organic peroxi
to the ferric porphyrin (Fe III) of HRP to form the oxyferr
�-cation radical heme ([FeIV = O]•+) intermediate E1 (iron
formal oxidation state: +V) and water. In the second s

039-9140/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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Scheme 1.

the porphyrin radical cation of compound I is reduced by the
one-electron donor Q to yield the oxyferryl intermediate E2
(iron formal oxidation state: +IV) and the product P. In the
last step, the enzyme is converted back to its native resting
state, E, by a subsequent one-electron/two-proton reduction
of E2 from a second molecule of Q to give a second equivalent
of P and water.

Scheme 1also shows a possible connection of the enzy-
matic system with an electrode by means of a reversible one-
electron mediator couple, P/Q, the reduced form of which,
Q, serves as the cosubstrate to the enzyme. The electrochem
ical response may thus sense the amount of H2O2 present
in the solution. A good sensitivity is thus expected at poten-
tials where the direct reduction of H2O2 is negligible, since
the electrochemical response should be enhanced by the cat
alytic properties of the enzyme. Alternatively, one may use
the electrochemical response as a measure of the presenc
of the enzyme, again taking advantage of the good sensitiv-
ity offered by the catalytic properties of the enzyme. Sev-
eral promising applications based on these principles have
indeed been described, and more are likely to appear in the
next future. For example, a variety of oxidases (e.g., glu-
cose oxidase, choline oxidase, xanthine oxidase, catechol
oxidase, pyruvate oxidase, cholesterol oxidase, etc.), which
are able to produce hydrogen peroxide from molecular oxy-
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immunosensors in which HRP is used as an enzymatic label
[14–17]. In these systems, the specific molecular recogni-
tion between an antigen and an antibody assembled on the
electrode surface is translated into an electrochemical signal
by means of the electrocatalytic activity of the HRP label
attached to the immunocomplex.

Transduction of HRP catalysis into an electrochemical
signal [18] may involve direct electron transfer from the
electrode to the oxidized forms of HRP[19–22]. It may
also make use of a mediator that shuttles electrons from
the electrode (Scheme 1) to the enzyme, which is either
present in the solution[23–25] or immobilized [26–28]
(A, Scheme 1).

Previous to the development of the unsegmented flow sys-
tems, the preparations of soluble or immobilized enzymes
were discussed largely. Investigations carried to the follow-
ing conclusions: The inexpensive and relatively stable en-
zymes can be used in convenient form in closed systems and
directly in dissolution. Alternatively the miniaturization and
the zones confluences use are recommended, in open systems.
The relatively expensive or unstable enzymes can be utilized
in immobilized form[29]. In other systems, the enzyme is
“wired” to the electrode by means of an electron-hopping
redox polymer or hydrogel or by other conducting systems
[30–32].
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en during the catalyzed oxidation of their substrates,
een coupled to horseradish peroxidase in several mu
yme amperometric biosensors[10]. HRP-based microele
rodes[11] were also developed for local monitoring of H2O2
enerated photoelectrochemically[12], electrochemically, o
nzymatically[13] at surfaces. The main advantages w

he excellent selectivity and sensitivity for H2O2 and, once
dapted to a scanning electrochemical microscope, the
ibility of imaging distributions of catalytic activity on th
urface[13].

Most applications that exploit the catalytic current
ponse to reveal the presence of HRP concern amperom
-

-

e

The design and performance of reactors utilizing imm
ized enzymes as analytical reagents for use with continu
ow sample/reagent(s) processing attract considerable
emporary interest among analytical chemists. The us
mmobilized enzymes in clinical, food, and environme
nalyses justifies such interest as well as the publicati
pecialized monographs[33]. Consequently, in the desi
f bioreactors for chemical analysis, configurations tha

ord the maximum utilization of the immobilized active si
re a desirable goal. For both segmented and unsegm
ontinuous-flow systems, packed-column reactors are b
he most common. These reactors, however, preclude th
tilization of all immobilized active sites. Despite relativ

ong residence times in the reactor (low flow rates), the
metric configuration of the packing and diffusional c
traints do not permit full utilization. In addition, effects of
opularity of packed-column bioreactors stems from the
f preparation and insertion in continuous-flow manifo
owever, alternatives (e.g., rotating reactors[34]) involve rel-
tively little added complication and, as demonstrated in
rticle, afford a considerably fuller utilization of immo

ized active sites. Mass transport (diffusion/convection)
hemical kinetics are the physicochemical factors that
ate the degree of utilization of active sites, and a discus
f them was included to introduce the comparison betw

hese systems presented here. Furthermore, the critical
f substrate and cosubstrate concentration on amperom

mmunosensors in which HRP is used as an enzymatic
as studied with the intention of proposing adequate cri

o take into consideration in the immunoreactor construc
o be applied in a delivered disease’s evaluation.



94 E. Salinas et al. / Talanta 66 (2005) 92–102

2. Experimental

2.1. Reagents and solutions

All reagents used, except as noted, were of analytical
reagent grade. Horseradish peroxidase [EC 1.11.1.7] Grade II
was purchased from Sigma Chemical Co., St. Louis. The con-
centration of HRP was determined spectrophotometrically
using the Soret extinction coefficient of 102 mM−1 cm−1

at 403 nm (10,000 IU = 55 mg). The glutaraldehyde used
was purchased from Merk, Darmstadt. 3-Aminopropyl-
modified controlled-pore glass, 1400Å mean pore diameter
and 24 m2 mg−1 surface area, was from Electro-Nucleonics
(Fairfield, NJ) and contained 48.2�M g−1 of amino groups.
[Os(bpy)2Cl(pyCOOH)]Cl was synthesized as previously de-
scribed[35]. Aqueous solutions were prepared using purified
water from a Milli-Q-system and the samples were diluted
to the desired concentrations using a 10 ml Metrohm E 485
burette.

2.2. Apparatus

The main bodies of the bioreactor-amperometric detection
unity were made of Plexiglas.Fig. 1 illustrates the design of
the flow-through chamber containing the rotating enzyme re-
a is on
t disk
o on-
c nix,
A was
e 649

Fig. 2. Schematic representation of components in the amperometric cell.
(A) Upper cell body containing the glassy carbon and reference (RE-6)
electrodes. (B) Lower cell body. All measurements are given in millimeters.

from Metrohm AG Herisau, Switzerland) and controlled with
a variable transformer with an output between 0 and 250 V
and maximum amperage of 7.5 A (Waritrans, Argentina).
Fig. 2 illustrates the design of the flow-through chamber
containing the amperometric detector system. Glassy carbon
electrode is on the top of the detector. Change in cell volume
was accomplished by addition of a gasket of several thick-
ness that changed the relative position of the upper cell body
with respect to the lower cell body with the unit assembled.
The volume of the cell can change from 3.5 to 200�l. The
potential applied to the working electrode was 0.00 V ver-
sus Ag/AgCl, 3.0 M NaCl reference electrode, and a Pt wire

F w cell. l body; (b)
r ssy ca ction. All
m

ctor and the detector system. Glassy carbon electrode
he top of the rotating reactor. The rotating reactor is a
f Teflon in which a miniature magnetic stirring bar (Tefl
oated Micro Stir bar from Markson Science Inc., Phoe
Z) has been embedded. Rotation of the lower reactor
ffected with a laboratory magnetic stirrer (Metrohm E

ig. 1. Schematic representation of components in the bioreactor flo
otating bioreactor (with immobilized HRP); (D) lower cell body; (a) gla
easurements are given in millimeters.
(A) Assembled reactor; (B) upper cell body; (C) top view of lower cel
rbon electrode; (b) rotating bioreactor; (c) O-ring; (d) electrical conne
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was used as counter electrode. At this potential, a catalytic
current was well established. Microcolumns were made of
Tygon tubing (2.0 cm long, 2.0 mm i.d.).

A pump (Gilson Minipuls 3 peristaltic pump, Gilson Elec-
tronics Inc., Middleton, WI) was used for pumping, sam-
ple introduction, and stopping of the flow.Fig. 3 illustrates
schematically the components of the single-line continuous-
flow setup. The pump tubing was Tygon (Fisher AccuRated,
1.0 mm i.d., Fisher Scientific Co., Pittsburgh, PA) and the
remaining tubing used was Teflon, 1.00 mm i.d. from Cole-
Parmer (Chicago, IL).

Spectrophotometric measurements, for activity determi-
nation, were performed with a Beckman DU 350 UV–vis
spectrophotometer and using 1 cm glass cells. All pH mea-
surements were made with an Orion Expandable Ion Ana-
lyzer (Orion Research Inc., Cambridge, MA) Model EA 940
equipped with a glass combination electrode (Orion Research
Inc., Cambridge, MA).

2.3. Horseradish peroxidase immobilization

HRP was immobilized on 3-aminopropyl-modified
controlled-pore glass (APCPG). The APCPG, was allowed
to react with an aqueous solution of 5% (w/w) glutaralde-
hyde at pH 10.00 (0.20 M carbonate) for 2 h at room temper-
a os-
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Scheme 2.

Fig. 4 shows a typical set of amperometric peaks cur-
rents obtained with increasing concentrations of H2O2. These
peaks currents were recorded 20 min after the mixing of the
reactants so as to ensure that a steady state between the var-
ious forms of the enzyme is established before starting the
measured at potential constant using the system depicted in
Fig. 3. We start in the absence of hydrogen peroxide. Upon
addition of H2O2, the peak current increases. At higher val-
ues of H2O2 concentration, the peak current decreases. This
decrease in the catalytic current observed upon raising the
concentration of H2O2 is due to some form of inhibition of
the enzyme.

In view of its complexity, it seems necessary to proceed
by a step-by-step analysis of the mechanism. In the pri-
mary catalytic cycle of HRP (Scheme 2), the kinetics of
the reaction of E with H2O2 to yield E1 has been investi-
gated extensively[36,37]. Although evidence has been previ-
ously gathered that the kinetics follows a Michaelis–Menten
behavior [38], it is only recently that its characteris-
tics have been unambiguously determined[39], leading to
K1,M = (k1,−1+k1,2)/k1,1) 128�M and to a confirmation of the
k1 value, i.e.,k1 =k1,1k1,2/(k1,−1+k1,2) = 1.7× 107 M−1 s−1.
The reduction of E1 and E2 by several electron donors has
been reported, although they are in most cases both electron
and proton donors, unlike the osmium cosubstrate investi-
g y
o f E
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ture. After washing with purified water and 0.10 M ph
hate buffer of pH 7.00, the enzyme was coupled to the r
al aldehyde groups in phosphate buffer (0.10 M, pH 7
vernight at 5◦C. The immobilized enzyme preparation w
nally washed with phosphate buffer (pH 7.00) and store
he same buffer at 5◦C between uses. The immobilized H
reparations were perfectly stable for at least one mont
aily use. The same stock preparation was used throu

he overall work comparing packed column and rotating d

.4. Preparation of reactors

Immediately after measurement of the normalized a
ty, a portion of the enzyme preparation was fixed on the
ating reactor with double-coated sticking tape, and ano
ortion was used as slurry to pack well the column rea
he weight of immobilized-enzyme preparation containe
ach reactor was accurately determined by weighing, wi
ncertainty of±0.05 mg.

. Results and discussion

.1. Broad features of the amperometric detection of
RP in the presence of peroxide and osmium complex

We decided to start our study with the case where
nzyme is present in the solution, rather than immobilize

he aim of disposing of a quantitatively analyzed mechan
eprived of any of the ambiguities that may arise from

mmobilization procedure.
ated in the present study.Scheme 2indicates the possibilit
f a Michaelis–Menten behavior also for the reduction o1
nd E2 in view of the fact that such behavior has been repo

or several other cosubstrates[39,40].
Concerning the Michaelis–Menten behavior observe

he E2/E reaction, it should be emphasized that the redu
f E2 is not a mere outersphere electron-transfer reactio
ather involves the exchange of one electron and two pro
nd the cleavage of the iron-oxygen bond (Scheme 3). T
eactions, or maybe other mechanistic peculiarities to b
overed, might be the cause of the observed kinetics s
ng saturation behavior upon increasing the reactant con
ration, which therefore does not necessarily reflect a
ichaelis–Menten mechanism such as the one depict
cheme 2.
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Fig. 3. Block diagrams of the single line continuous-flow systems showing the location of the reactors compared in this work. P: Pump (Gilson Minipuls 3
peristaltic pump, Gilson Electronics Inc., Middleton, WI). C: Carrier buffer line. SI: Sample injection. W: Waste line. R&DC: Reactor and detector cell. WE:
working electrode. RE: Reference electrode (Ag/AgCl, 3.0 M NaCl). AE: Auxiliary electrode (stainless steel tubing). D: Potentiostat/detection unit (LC-4C,
Bioanalytical Systems, West Lafayette, IN). R: Recorder (Varian, Model 9176, Varian Techtron, Springuale, Australia). PCR: Packed-column reactor.

Inhibition by conversion of the initial enzyme by H2O2
into inactive oxyperoxidase, E3, may occur even in the pres-
ence of the oxidized form of the cosubstrate. H2O2 may in-
deed reduce E1 into E2, albeit slowly[36], thus opening a
route to the conversion of E2 into E3. This is the reason for the
slow decay of the catalytic current observed inFig. 4. Two

pathways for this inactivation have been previously identi-
fied. One is an irreversible set of reactions finally yielding a
verdohemoprotein (also designated as P670)[41]. This irre-
versible inactivation pathway of HRP is insignificant under
our experimental conditions. The second pathway involves
the formation of oxyperoxidase[42], usually designated as
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Fig. 4. Variation of the peak current with the concentration of H2O2,
recorded in phosphate buffer solution (pH 7.0), containing 20�M
[Os(bpy)2Cl(pyCOOH)]Cl, 0.182 mIU ml−1 HRP. (�) Peak current with
amperometric detector obtained 20 min after the mixing of the reactants. (©)
Peak current measured with rotating bioreactor under stopped-flow condi-
tions, reactor rotation velocity, 1600 rpm.

compound III or E3. This compound, which does not nor-
mally participate in the peroxidase activity of HRP, has a
structure similar to that of oxyhemoglobin[43] (Scheme 4).
In the presence of H2O2, the formation of E3 from the reaction
of H2O2 with E2 occurs with a rate constantk4 ranging from
16 to 40 M−1 s−1, depending on pH and temperature[44]. E3
is not necessarily a dead end to the catalytic cycle of HRP. It
is indeed converted back to E by spontaneous decomposition,
yielding superoxide ion.

This fact can be observed easily in experimental
form varying H2O2 concentration from 2.5× 10−5 to
5.0× 10−3 M, for 20�M Q solutions and several concentra-
tions of HRP (Fig. 5). Low H2O2 concentration, 0.025 mM,
a lineal relation can see only when the enzymes concentra-
tions are low, losing this linearity as increases the enzymatic
concentration. That is observed because this H2O2 concen-
tration is insufficient to generate maximum catalytic activ-

Scheme 4.

ity. To 0.1 mM H2O2 concentration, a perfect linearity in all
concentrations range studied is obtained. To 0.5 mM H2O2
concentration, linearity is lost to low concentrations. That is
because the HRP is inactivated in excess of H2O2. At higher
H2O2 concentration, 5 mM, inhibition by conversion of the
initial enzyme by H2O2 into E3 is observed in all HRP con-
centration range studied. In this case linearity is observed but
the catalytic current obtained is less significant than in the
optimal case.

The effect of varying osmium complex concentration from
5 to 70�M, for 0.1 mM H2O2 and 1.129 mIU ml−1 HRP,
were evaluated (Fig. 6). A significant increase can be ob-
served from 5 to 17�M osmium complex. For greater con-
centrations insignificant differences were obtained, hence, to
avoid analytical uncertainty due to changes in osmium com-
plex concentrations, 20�M of [Os(bpy)2Cl(pyCOOH)]Cl
was used.

F rded
a ing
2 5
(
Scheme 3.
ig. 5. Catalytic current as a function of the HRP concentration reco
t 0.00 mV vs. Ag/AgCl 3 M in a phosphate buffer (pH 7.00) contain
0�M [Os(bpy)2Cl(pyCOOH)]Cl, and 0.025 (�), 0.1 (©), 0.5 (�), and
♦) mM H2O2.
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Fig. 6. Effect of osmium complex concentration on the catalytic current:
0.1 mM H2O2, 1.129 mIU ml−1 HRP, 0.10 M phosphate buffer (pH 7.00).

3.2. Mass transfer using immobilized catalytic centers

Arrival of substrate molecules to the active site of the
immobilized biocatalyst is dictated by molecular diffusion
within the diffusion (stagnant) layer,∂, and this is a function
of the mass transfer coefficient,m=D/∂ (D is the molecular
diffusion coefficient), and the concentration gradient:

d[Ss]

dt
= m([Sb] − [Ss]) (1)

whereSs is the substrate at the surface of the immobilized
enzyme preparation (vicinity of enzyme active site) andSb
is the substrate in the bulk of the solution. A decrease in the
thickness of the diffusion layer,∂, and an increase in con-
centration gradient, [Sb] − [Ss], will result in an increase in
the rate of substrate arrival at the site where the immobilized
enzyme resides.

Experimental conditions in unsegmented continuous-flow
systems result in predominantly laminar flow within the
sample plug containing the analyte[45]. In laminar flow,
each layer of solution flows in parallel paths; solutes diffuse
through each layer and the diffusion layer to reach the ac-
tive site, while in turbulent flow solutes diffuse directly from
the bulk solution through the diffusion layer. As such, the
concentration gradient developed within the diffusion layer
b ndi-
t ages
o n af-
f sure
p d to
i and
c urbu-
l era-
t

alyst
a re-

alized at any irregularities or pronounced curvatures. Local
turbulence at cylindrical/spherical bodies, protruding surface
irregularities, sharp bends, or surface depressions in packed
columns develop at Reynolds numbers,Re, between 1 and
100 [47]. Hamilton et al.[48] have quotedRe values in
the range 0.003–0.2 (velocity up to 0.18 cm s−1), and val-
ues ofRe≈ 20 are needed for turbulence around protruding
surface irregularities[49]. Average velocities in typical flow
injection systems are three to four times as high; hence, one
would suspect that, when using packed columns of 1–2 mm
i.d. and flow rates of about 1.0 ml min−1, localRenumbers
should be barely below 1 or 1 at most. Therefore, local tur-
bulence would rarely be encountered with packed columns
and unsegmented continuous-flow processing. Local turbu-
lence, if present, would not help in improving the diffusional
constraints of mass transfer when using the typical packed-
column reactors, and strategies incorporating convectional
mass transfer should provide a competitive alternative. The
discussion presented here is on substrate and cosubstrate ar-
rival at the active site; similar considerations are also applied
to transport of the product of the enzyme-catalyzed reaction
from active site to the bulk of the solution.

3.3. Kinetics for immobilized catalytic centers

te at
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1 layer
i yme
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t d un-
oundaries is larger under turbulent than laminar flow co
ions. Turbulent flow, however, would remove the advant
f reasonable residence times within the packed colum

orded by laminar flow. It would also increase back-pres
roblems if a small-particle-size packing material is use

ncrease the nominal activity of the immobilized enzyme
ompensate for a short residence time. In other words, t
ent flow complicates matters under continuous-flow op
ion [46].

Since the inert supports used to anchor the biocat
re not ideally smooth, formation of local turbulence is
Eq.(1)mathematically describes the arrival of substra
he active site. The conversion of substrate to products,
he participation of the enzyme active site, is equally im
ant. The apparent Michaelis–Menten constant is repres
y K′

M. The fact that imposing rotation to a platform be
ng the immobilized enzyme preparation on its surface,
ne which is in contact with solution containing the subs
educes the value ofK′

M is well documented[50,51]. Unde
ass transfer control of the overall process, we can e

hatK′
M � [Ss], and the rate of conversion to product will

iven by:

−d[Ss]

dt
= kcat[ESs][Ss]

K′
M

(2)

As rotation decreases the value ofK′
M, the catalytic effi

iency,kcat/K′
M, increases, and analytical signals should

rease correspondingly. At sufficiently high rotation spe
t can be expected that [Ss] � K′

M, and chemical kinetic
ontrols the overall process because−d[Ss]/dt≈ kcat [ESs].
n such a case, the analytical signal should, for all pr
al purposes, remain constant with increasing rotation
ocity. Table 1illustrates that, indeed, the expected beha
s observed when the rotation velocity of the bioreacto
ncreased.Table 1illustrates the trend for a cell volume
00�l. The trend indicates that, up to velocities of ab
500 rpm, a decrease in the thickness of the stagnant

mproves mass transfer to and from the immobilized enz
ctive sites. Beyond 1500 rpm, the current is constant
hemical kinetics controls the overall process. It is of inte
o note that, although the mass transfer is being realize
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Table 1
Effect of reactor rotation velocity and cell volume on current measured under stopped-flow conditions

Rotation velocitya (rpm) Current (nA) Linear regression,
standard deviation

Cell volumeb (�l) Current (nA) Linear regression,
standard deviation

200 14.238 ±0.0453 300 20.518 ±0.0010
400 14.920 ±0.0757 400 19.666 ±0.0020
600 15.867 ±0.0860 500 18.810 ±0.0040
800 16.935 ±0.0310 600 18.244 ±0.0010

1000 17.932 ±0.0565 700 17.477 ±0.0046
1200 19.027 ±0.0406 800 16.657 ±0.0020
1400 20.014 ±0.0818 900 16.013 ±0.0025
1600 20.522 ±0.0801 1000 14.881 ±0.0025
1800 20.518 ±0.0500
2000 20.523 ±0.0402

HRP concentration, 0.182 mIU ml−1, 20�M osmium complex, 0.10 mM H2O2, 0.10 M phosphate buffer of pH 7.00. The flow was stopped for 60 s during
measurement.

a Cell volume was 300�l.
b Reactor rotation velocity was 1600 rpm.

der conditions similar to a thin-layer bounded diffusion with
imposed turbulence, the dependence seems to agree better
with the response at a rotating disk electrode and the Levich’s
equation[52]. Levich’s equation, however, is derived for con-
ditions of semi-infinite diffusion (the walls of the “cell” can
be considered to be at infinity), and fast laminar flow pre-
dominates at the rotating surface.

3.4. Effect of cell volume and sample size

Depending on the volume of the cell in contact with the
reactor, the overall process becomes controlled by diffusion
(large volumes) or by the chemical kinetics of the enzyme-
catalyzed reactions (small volumes). The cell volume was
changed from 300�l to 1 ml by removing the O-rings be-
tween the upper and lower half of the cell. In an attempt to
minimize the dilution effect, the sample size was changed
accordingly to ensure that the entire volume of the cell was
filled with the sample. The response, as expected, decreased
linearly with an increase in cell volume, due to the dilution
effect favoured by rotation, and the fact that the measured
current is directly proportional to bulk concentration. The
smallest cell volume of 300�l was adopted for further stud-
ies (Table 1).

Same study was performed with the amperometric detec-
tor, but in this case the cell volume was changed by increas-
i and
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4. Quantitative comparison of catalytic efficiency
between rotating bioreactors and conventional
packed-column reactors

The comparison was guided by utilizing normalized data
and a single batch of enzyme preparation in all the work.
These values can be considered to be proportional to the num-
ber of enzyme active sites per unit weight of immobilized
enzyme preparation in each of the two types of reactors com-
pared. After each measurement of activity, the rotating disk
reactor and packed column to be compared were prepared as
described in Section2, and the respective amounts of CPG-E
in each type of reactor were ascertained. The reactors were
then incorporated into a single line continuous-flow manifold,
like those illustrated inFig. 3. When using the packed-column
reactor, the flow rate used was between 1.0 and 1.5 ml min−1,
values that are representative of the flow rates used in typi-
cal applications of packed reactor in flow injection analyses.
Sample transport from injection to detection when using the
rotating reactor was at a flow rate of 1.0 ml min−1. The rota-
tion velocity of the disk containing the enzyme preparation

Table 2
Effect of cell volume on amperometric current measured using the ampero-
metric detector

Cell volume (�l) Current (nA) Linear regression,

1
1
1
2

F
m he
c

ng the thickness gasket between the working electrode
he lower cell body from 3.5 to 200�l, with a flow rate o
.0 ml min−1. The response, as expected, decreased lin
ith an increase in cell volume (Table 2). These curren

ained was recorded 20 min after the mixing of the reac
o as to ensure that a steady state between the various fo
he enzyme is established before starting the measured
ential constant. Under these conditions, although a che
quilibrium as been attained, physical process is in ev

ion when measures are performed. Thus, both the phy
rocesses as the chemicals can provide kinetic charact
rocess and as a consequence to the analytical method

n it. The smallest cell volume of 3.5�l was used.
f
-

d

standard deviation

3.5 10.830 ±0.0015
7 10.543 ±0.0012

14 10.398 ±0.0015
23 10.092 ±0.0025
40 9.204 ±0.0030
64 8.618 ±0.0015
92 7.634 ±0.0020
20 7.374 ±0.0015
48 6.103 ±0.0026
76 5.395 ±0.0049
04 4.449 ±0.0020

low rate 1.0 ml min−1, HRP concentration, 0.182 mIU ml−1, 20�M os-
ium complex, 0.10 mM H2O2, 0.10 M phosphate buffer of pH 7.00. T

urrent was recorded 20 min after the mixing of the reactants.
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Table 3
Comparative (normalized) enzymatic efficiency of rotating and packed-column bioreactorsa

Normalized activity (mIU) Normalized signal, nA (mIU)−1

Rotating reactor Packed-column reactor

Flow rate 1.0 ml min−1 Flow rate 1.5 ml min−1

1.129± 0.01 81.755± 0.02 6.289± 0.02 4.864± 0.01
1.129± 0.02 81.648± 0.02 5.832± 0.01 4.575± 0.02
1.129± 0.01 81.759± 0.05 6.056± 0.02 4.759± 0.01
1.130± 0.02 81.669± 0.05 5.897± 0.03 4.675± 0.01
1.130± 0.02 81.701± 0.03 6.144± 0.02 4.778± 0.02

Mean 81.706± 0.05 6.044± 0.02 4.730± 0.01
a Uncertainties given as sample standard deviations of at least eight independent measurements.

was 1600± 20 rpm. The injection volume in both cases was
300�l, which completely filled the electrochemical cell used
for detection. After the electrochemical traces were recorded,
the peak intensity was obtained and normalized per unit activ-
ity in the corresponding reactor. The units of the normalized
response are nanoampere per unit activity [nA (mIU)−1]. It
must always be remembered that is crucial to all amperomet-
ric determinations the Faraday’s law, which states that:

Q = nFN (3)

whereQ is the number of Coulombs (a unit of charge) used
in convertingNmoles of material,n is the number of moles
of electrons lost or gained in the transfer process per mole of
material, andF is Faraday’s constant. Differentiation of(3)
with respect to time yields the current, which is the measure
of the rate at which material is converted:

dQ

dt
= i = nF dN

dt
(4)

Eq.(4) therefore relates a measurable quantity, the current,
to the fundamental redox process occurring in the cell.

The results of five comparative runs are summarized in
Table 3. As can be seen from this table, the rotating bioreac-
tor strategy increases by 15–20 times the enzymatic efficiency
per active site. Sampling frequency has been and is an analyt-
i hen
c d. In
u itical
r w is

stopped and the flow rate play the same role when the rotating
bioreactor is used. This is because of the signal integration ap-
proach used here and the fact that the return to baseline is flow
dependent. Consequently, a perfectly normalized comparison
is elusive, but some critical comparison is possible. Results
for such comparison are summarized inTable 4. Inspection
of these tables indicates that a 5 s stopped-flow measurement
with the rotating reactor provides sampling rate and enzy-
matic efficiency comparable to those of the packed column.
In actuality, sampling rates close to those observed with the
column can be obtained with up to 15 s stopped flow with
a double of the biocatalytic efficiency. There is a trade-off,
of course, for the rotating reactor between sampling rate and
catalytic efficiency. Some sacrifice in the sampling rate must
be accepted in order to take advantage of the efficient utiliza-
tion of the fewer active sites immobilized on the surface of
the rotating reactor.

As we have pointed out previously, sampling frequency
has been and is significant when continuous-flow sam-
ple/reagent(s) processing is used. By using the detector, al-
though 20 min allow significant catalytic current in compar-
ison with rotatory disk (Fig. 4), but this time is unproductive
regarding the sampling frequency. Therefore, response of am-
perometric detector at several times was evaluated (Table 5).
An inspection of times indicates that a 5 or 15 s after the mix-
i t can
n tating
b r en-
z rable

T
S a func

S

nA (mI

1
1

differen
cal figure of merit cited frequently as being significant w
ontinuous-flow sample/reagent(s) processing is utilize
sing the packed-column reactor, the flow rate plays a cr
ole in dictating the sampling frequency. The time the flo

able 4
ampling rate and normalized responses with rotating bioreactors as

topped flow (s) Flow rate 1.0 ml min−1

Sampling rate (samples h−1) Normalized signal

0 66.2± 1.2 3.568
5 54.7± 1.1 6.343

10 46.2± 1.0 9.911
15 41.9± 1.0 15.065
30 30.2± 0.8 30.289
60 21.5± 0.5 81.669
20 13.5± 0.5 216.060
80 10.5± 0.4 350.060
a Uncertainties given as sample standard deviations of at least five
ng of the reactants provides an enzymatic efficiency tha
ot be comparable to those of the packed column and ro
ioreactor. We conclude that the detector is suitable fo
ymatic mechanism analysis, but is not a system compa

tion of flow rate and time the flow is stopped for acquisition of dataa

Flow rate 1.5 ml min−1

U)−1 Sampling rate (samples h−1) Normalized signal nA (mIU)−1

84.9± 1.3 2.379
63.4± 1.3 3.964
51.8± 1.2 7.929
43.2± 1.1 12.290
33.9± 1.2 29.932
24.5± 0.9 76.515
15.1± 0.7 185.931
11.8± 0.6 285.836

t (but similar) reactors.
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Table 5
Response of amperometric detector at several mixing times of the reactants
before starting the measured at potential constant

Time (s) Normalized signal
nA (mIU)−1

Linear regression,
standard deviation

5 1.81 ±0.02
15 1.95 ±0.02
30 2.42 ±0.02
60 3.60 ±0.05

120 5.73 ±0.06
180 8.87 ±0.07
360 17.84 ±0.07
600 31.12 ±0.08
900 49.07 ±0.10

1200 54.57 ±0.11

Flow rate 1.0 ml min−1, HRP concentration, 1.129 mIU ml−1, 20�M os-
mium complex, 0.10 mM H2O2, 0.10 M phosphate buffer of pH 7.00.

to the other two systems, at least using the volumes studied
in this work.

5. Comparison of Michaelis–Menten constants and
maximum amperometric response in packed-column
and rotating bioreactors

As it is reported in previous articles[34], rota-
tion is expected to decrease the value of the apparent
Michaelis–Menten constant,K′

M, with a concomitants in-
crease in reaction rates. This makes possible sensitive de-
terminations with relatively very small amount of catalyst.
To verify this, theK′

M were evaluated for both types of re-
actors by using an adaptation of the Lineweaver–Burk plot
[34]. Eight individually prepared rotating reactors and eight
packed columns were included in this part of the study. As
was expected,K′

M values in packed reactors decreased when
the length of the column was increased (representing a larger
packing of immobilized active sites). The trend in decreasing
values ofK′

M in packed reactors levels off at about a value of
1.321 mM for packing 14 mg of CPG-E or more (Table 6). A
similar trend has been observed during a study of the deter-
mination ofKM constants using a variable flow rate approach
[53]. Table 6also shows, as a corollary of the studies reported
here, that with a fixed amount of CPG-E, the same can be ac-
c ting
d

T
V

R
v

,

1

E ng the ity.
ctors a

6. Conclusions

The variation of the electrochemical response with the
substrate concentration is, at first sight, perplexing. While for
very small concentrations of H2O2, the response increases,
as expected, with H2O2 concentration, a maximum and a
descending variation are rapidly observed. This behavior is
caused by the reaction of the E2 form of the enzyme with
H2O2, forming oxyperoxidase (E3), which inhibits catalysis.
In the framework of the mechanism represented inScheme 2
andFigs. 4 and 5, conditions such as low H2O2 concentra-
tions, can be defined which render inhibition insignificant, but
sufficiently high H2O2 concentrations are necessary due to
very low concentration is unable to generate a maximum cat-
alytic activity. This fact is very important in immunoreactors
constructions; because when low antibodies concentrations in
the serum sample are allowed to react immunologically with
the antigens immobilized on a rotating disk and the bound
antibodies are quantified by a HRP enzyme labeled second
antibody specific to human IgG, using an osmium complex
[Os(bpy)2Cl(pyCOOH)]Cl as enzymatic mediators, the sub-
strate concentrations play a very important role in the ade-
quate calibrations graph constructions.

Another important fact is the similitude in the enzyme’s
behavior independently if it is in solution or immobilizing on
APCPG (Fig. 4). That is not demonstrated in previous works
a tudy
n

use-
f ys-
t ues
l e
o that
p ssary
t

n to
c tion
w (e.g.,
m all
n on-
s ere.
T ita-
t ction
a ion
omplished by increasing the rotation velocity of the rota
isk bearing the CPG-E.

able 6
alues ofK′

M (apparent Michaelis–Menten constant)

otation
elocity (rpm)

K′
M (mM)a Linear regression,

standard deviation

170 22.030 ±0.42
240 15.310 ±0.30
420 8.675 ±0.70
840 2.871 ±0.10
900 2.270 ±0.68
000 2.030 ±0.42

ffect of increasing the length of the packed-column reactor (increasi
a Each value ofK′

M based on eight individually prepared rotating rea
Weight of
CPG-E (mg)

K′
M (mM)a Linear regression

standard deviation

2.0 3.080 ±0.14
4.5 2.433 ±0.09
9.0 1.686 ±0.10

14.0 1.321 ±0.25
17.0 1.176 ±0.18
20.0 1.080 ±0.12

amount of CPG-E packed) and effect of disk bioreactor rotation veloc
nd packed columns.

nd is of relevant importance in order to do mechanistic s
ot only with the enzyme in solution.

The relative merits of FIA-amperometric detector are
ul if we think in inexpensive enzyme and miniaturized s
ems. Thus, if we carried the volume of the cell to val
ower than 3.5�l, will be possible find currents of the sam
rder than rotating bioreactors. The only disadvantage
resents this system is the large stabilization time nece

o obtain those currents.
The relative merits of rotating bioreactors in compariso

onventional column-packed reactors for use in conjunc
ith unsegmented flow sample/reagent(s) processing
inimal dispersion and maximal utilization of a very sm
umber of immobilized active sites) are clear and are dem
trated in a quantitative manner in the work reported h
hese relative merits result from minimization of the lim

ions imposed by the rate of the enzyme-catalyzed rea
nd the interplay of mass transfer in the form of diffus
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and forced convection. This interplay and these limitations
are introduced in this paper as background for a better under-
standing of the comparative results presented here.

The rotating reactor showed significant catalytic effi-
ciency.

The rotating reactor showed the better catalytic efficiency,
using HRP as enzymatic system. This result agrees with the
results found for Richter et al.[46] using glucose oxidase as
enzymatic system (in that work, only column-packed reactors
was used as comparison system). Therefore, we conclude that
the rotating reactor has superior characteristics to the other
ones presented in this work, independently of the enzymatic
system used.

Acknowledgements

The authors wish to thank the financial support from the
Universidad Nacional de San Luis and the Consejo Nacional
de Investigaciones Cientı́ficas y T́ecnicas (CONICET). One
of the authors (A.A.J.T.) acknowledges support in the form
of a fellowship from the Consejo Nacional de Investiga-
ciones Cient́ıficas y T́ecnicas (CONICET), and (F.B.), ac-
knowledges financial support from Fundación Antorchas.

R

Uni-

66.
.
40

Per-
aton,

94)

82.
91.
N.F.

[
tical

).
[ 991)

[ hys.

[ . 65

[ , R.

[ 310

[ 95)

[17] C.N. Campbell, T. Lumley-Woodyear, A. Heller, Fresenius J. Anal.
Chem. 364 (1999) 165.
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