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Abstract. In this work, we present a complete theoretical analysis of
a new concept of electrochemical detector for applicationproteomics
upon considering two band microelectrodes performing imegator-collector
mode. This concept of an original electrochemical deteistaimed at the
detection of proteins following their separation in micoidic biochips. The
theoretical analysis is based on the use of the time-depénziordinate
transformation which allows performing precise modelimg & wide range
of the key parameters governing the electrochemical dmtqmtrformance.
This allows defining a precise optimization procedure ferbest efficiency
upon considering the qualitative and quantitative effefteach of the main
operational parameters.

Keywords: computational electrochemistry, electrochemical detetdb-on-a-
chip, microchannel, microfluidics.

1 Introduction

The principle of miniaturized separation and detection of biological samptks an
fluids is nowadays extended to a broad variety of situations, especiallpfor
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plication in proteomics. Then discrete samples of cell extracts may be treated,
separated and then analyzed through microfluidic systems. When camgider
proteomicsstricto sensu, the aim is to elaborate a proteic cartography of specific
cells and tissues. Henceforth, this requires high throughput ratesecowith
coupling to protein structural analysis. For these reasons, proteomihifsoc
are generally used in association with electrospray ionization mass spetrirome
which solves the problem of detection and characterization of sepanatiing
[1].

Another desirable application of microfluidic systems with respect to applica-
tions deriving from proteomics consists in developing portable deviceswilt
be specialized in monitoring a few specific proteins and their relative popuiatio
a fluid extract for medical diagnostic or food quality control. If the size efaber-
all device, including the detection component, may be sufficiently miniaturized
and produced with disposable materials to avoid inter-sample contaminatifn, suc
devices may indeed perform out of sophisticated laboratories and dherety
be used in future on routine basis for medical checking and preventipoges in
hospitals, doctors’ offices, or for quality control, e.g. in food proresanits [2].

Evidently, the integration of the sample treatment and separation units on
microchips will not differ basically from what is now used in proteomics,egtc
that they will be focused onto the separation of only a few target protéimsse
are standard technologies today [3]. The problem of designing a chasy-to-
operate and portable/disposable device thus relies only onto the ability togerod
precise but technologically simple detection units which may be connected to the
end of the separation channel on the chip.

In this context it seems that electrochemistry is a method of choice if it can
be adapted to protein detection within microfluidic assemblies. Indeed, this is
a particularly adapted method since electrochemical currents are propbito
concentrations, and concentrations are always maintained high in miciofluid
systems even when quantities are extremely small. Furthermore, electrodhemica
devices may be driven and operated with cheap and portable instrumestation
(e.g., PDAs). However, two main issues prevent a direct application cofrele
chemical methods for protein detection in microfluidic chips. The first one is tha
proteins give often sluggish electrochemical signals and frequently thisr®c
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though adsorption onto electrodes [4]. The second is that proteinenezally
large molecules whose diffusivities are extremely low. This implies that a direct
electrochemical sensor in a microfluidic channel will produce weak andlyha
reliable electrochemical signals, and moreover will probe only the fraction o
proteins transiting near the channel wall in which the electrode is embeideled,

in the very region where the separation is not representative since iteradiebed

by any interaction between the wall and the flow or the protein sample.

We wish to examine here an electrochemical concept which overcomes both
limitations without introducing significant difficulties in the microfabrication pro-
cesses of the electrodes-channel assembly or in the detection. Thisdsdrean
adequate use of the extreme intrinsic sensitivity of generator-collectaresdeo
kinetics.

The operation of simple electrochemical generator-collector assemblies op-
erating in microfluidic channels (see Fig. 1(a)) have been recently inasestig
in our laboratories and by others [5-8]. Basically, this consists in elestrog
erating a mediator, viz. an activated species, M, by reduction or oxidafion o
its inert precursor, A, at the upstream generator electrode. Specigavils
by diffusion across over the whole channel height while being carriethe
hydrodynamic convection along the channel flow. It may then be detegted b
collector electrode placed downstream. Whenever, M is stable chemicallyp viz
absence of protein its resting steady state current at the collector meeslatiare
to the steady state current at the generator is a constant which depetius o
geometric configuration, diffusion coefficients and the local flow hygnaghics.
Let us positp® ; = (icon/igen)® be this constant, the superscript “0” indicating
that M experiences no kinetic decay during its time-of-flight in between the two
electrodes.

Let us now suppose that M is a species prone to react with proteins, while
its precursor A is nonreacting. When a wave of protein (i.e., as resultomg fr
the operation of the upstream separation component of the chip), pdvestinf
detector, a significant fraction of M will react as a function of the protengit
time in between the generator and collector and of its reactivity. Physdecays.

As soon as what remains of the protein wave has passed beyond théocothee
concentration of M is restored to its value in the absence of protein. Timen, o
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has againp.,; = ¢20”. Therefore, one sees that,; variation with time tracks
the passage of a protein wave in front of the detection assembly.

Implementation of this principle requires nevertheless the resolution of sev-
eral constraints. One is the chemical duality of A/M vs. their reaction towams
teins. Many redox couples maybe thought of, for example, A being aluatacd
M its associated quinone (viz., involving a classicale — 2 H+” oxidative pro-
cess at the generator) since this has been already reported to beiantafiethod
for protein tagging in microfluidic channels to facilitate their mass spectroscopic
detection [9, 10]. The only serious difficulty related to our concept vatidas
then associated with controlling the kinetic and electrochemical properties of th
detection assembly. Indeed, to offer some experimental interest for tbetida
and quantification of a few protein populations, the time variation of the collection
efficiency ¢..;;(t) must track as accurately as possible the shape and magnitude
of the protein wave as it is produced by the upstream separation compartmen

Besides introducing the above original concept, it is the purpose of this wo
to investigate and solve theoretically the problem of its optimization.

2 Theory

A double band flow channel generator-collector system is describedany
parameters which all formally contribute to determine its general behavidtsand
efficiency, yet not to the same extent. This is the primary reason for eititgr

a simplified model, which preserves all of the main kinetic and electrochemical
features of the system at hand and provides therefore a generad ofesmalysis

of such systems.

2.1 Delineation and formulation of the problem

First of all, we note that due to the structure of proteins, which usuallyeptexthe
reactants from easy access to the reaction sites, the rate constantsledrtiieat

step of chemical modification of proteins are generally small [10]. This fact
implies that “the time of flight” of the electrogenerated reactant should génera
be sufficiently long to allow its significant decay due to homogeneous reaction
with the protein. In turn this implies a long reaction chamber into the channel,
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where “long” refers to the channel height and generator/collectall bectrode
widths. In the case of a sufficiently long channel we have previoushyshioat at
steady state the reactant concentration distribution downstream fromréeage
is homogeneous across the channel above some distapgg., (Fig. 1(a), (b))
which may be estimated as [11]:

Ldown:Pe_W+4a (l)

whereW = w/h is the dimensionless width of the banBe¢ = vh/D is the
Péclet numbery is the width of the microband electrodejs the characteristic
linear flow velocity, h is the height of the channel) is the common diffusion
coefficient of the mediator electroactive couple (viz., the electrogermbradetant
and its precursor).

When the precursor flux before the generator is constant, this honmgene
zone extends unaffected downstream along the channel until it meeifftiseod
field zone created by the collector electrode. By reciprocity of whatrscatthe
generator, the latter extends up to a distahggin the upstream direction from
the upstream collector edge.

Thus the microfluidic detector can be divided into three compartments
(Fig. 1(a)). The first one is the compartment including the space locattcbam
of the generator and the space downstream of it where concentratiobulisns
are not homogenous, i.e. over the distangg,,, from the downstream generator
edge (Fig. 1(b)). The second compartment, of lenfthis the compartment
located in between the two electrodes where no concentration gradietd exis
along the height of the channel when the system performs under si&ztdy-
The third one is the collector compartment where concentration distributiens ar
again non-uniform; this begins at the distardgg from to the collector electrode
upstream edge.

As was said above, owing to the low reactivity of proteins, the length of the
second compartment, viz. the reaction kinetic chamber, needs to be muah large
than L., + Ldown, POsSsibly by two or three orders of magnitude. This implies
that computing the overall behavior of the whole system using finite diffeen
on a uniform grid would be prohibitive in terms of computational time and storage
memory whenever sufficient precision is required. For the effectiarrent of
the problem at hand we thus propose to consider separately each ofdbe th
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Fig. 1. Schematic representation of the microfluidic getoereollector

assembly for protein (P) detection. (a) Device overviewidating the three

compartments and its working principle. (b) Expanded viéwhe generator

compartment showing the concentration distribution ofrtrediator (M) and
its precursor (A).

zones delineated above and recombine them sequentially afterwardemtard
reconstruct the whole behavior of the system. The behavior of the ajener
and collector compartments are easily simulated using the conformal mapping
approach previously described [12] or any other appropriate simulagiproach,

for example [13-16].

In this work, we will therefore focus onto the reaction kinetic chamber (ho-
mogeneous compartment, see Fig. 1(a)) and model the correspondingamedia
protein kinetics in this zone, since this is the key to the detector performance.

One expects the optimal performing conditions of the system to involve not
very high Péclet numbers (see below) since low kinetics requires aisntfjc
long time of flight of the species between the generator and collector elestrod
This means that in the kinetic chamber the concentration profiles may tend to
homogenize laterally by diffusion (i.e., along the axis of the flow). This fact
obviously creates a difficult situation for precise detection, since this atmoun
to broadening progressively the spatial perturbation which provekgsto be
different from d)(c)oll. Overcoming this difficulty requires a detailed analysis and
optimization of the device parameters which we present in this work.

350



Theoretical Modeling and Optimization of the Detection Performance

Four non-detrimental assumptions have been made for simplification of our
model presentation.

First, we assume that the solution velocity profile is constant along the height
of the channel. It is known that in pressure-driven channel systeengetlocity
profile should be parabolic [17, 18] or at least parabolic-like [19, 20)wever,
for electroosmotic-driven flows this assumption is realistic. Furthermoes év
computed characteristics of the response will depend on the exact féme sihe
main trends of the system which are crucial to understand its behavior mgine
unaffected.

Second, we consider that the wave of protein approaches the honosogene
compartment of the channel unaffected by its reaction with the mediator specie
which is tantamount to considering that>> Lgjown-

Third, we consider here an initial staircase protein sample since this enables
to evaluate the result for any other sample shape by virtue of the Fourisfdra.

The final assumption concerns the mediator-protein kinetics. Proteins may
offer several §) reaction sites vulnerable to a given mediator [10], so that the
overall reaction for a single protein molecule may be viewed as the gewoéral f
lowing sequence:

kY k3 k7,
P+M—P; P+M->P;, ...; P,1+M-"P,, (2)

where P denotes the protein moleculé; is the protein molecule with of its

n possible reaction sites occupied, djdare the second order rate constants of
the corresponding reaction steps (these may have different valugglyirg the
kinetic steady-state approximation shows that the reaction sequencen(Bgca
approximated by a single reaction (Fig. 1):

P+nM*2 p, ®3)

wherek, is an effective second order rate constant arah effective stoichio-
metric number. We term both kinetic parameters as “effective” since thayoare
absolute features of the reaction at hand but depend also on the cestaea of

the protein and mediator within the kinetic chamber of the channel. The rate of
change of the mediator concentration is then

ocm
(W>k7,n = —nk20mcp; (4)
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while that of the protein concentration is

Jcp
(52),,,=tener ©

wherec,, andc, are the concentrations of the mediator and protein respectively.

2.2 Mathematical model

Taking into account all of the above assumptions we consider now the mathema
ical model of the homogeneous compartment (see Fig. 1(a)) of the microfluid
system in one dimension, along the flow in the channel:

8cm 820m acWL .
ot~ Pmggr Ve, T Mhatm: ©
% 820p oc

5~ Praz T Uxa—; — kacimep,
where D,,, and D,, are the diffusion coefficients of the mediator and protein
respectively,u, is the linear velocity of the solution along the flow axisand
t is the time coordinate.

The initial and boundary conditions over the vertically homogeneous section
of the channel are:

t=20 \V/.I, Cm—09n§
d d
.ZU¢|:—§, §:|7 Cp:()a
d d 0 (7)
—§§$§§, Cp:cp;
t>0: T — —00, cm—>c?n;cp—>0;
T — 00, cm—>09n;cp—>0,

whered is the width of the protein sample injection (see Fig. 1(a)), the origin of
the spacer being located at the centre of the protein sampleat0; ¢, is the
entrance concentration of the mediator within the chamﬁéﬂ; that of the protein
sample.
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Using the following dimensionless parameters and variables:

0
x (2 Cm Cp Cp
L L R A ®)
Lo, Lv, kocd L d
€m Dm ) €p Dp ) 2 Vs ) L’

where Pe,,, and Pe,, are the Péclet numbers associated with the mediator and
protein respectively, one can write the normalized mathematical model of the
problem as:

aC,, 1 0°C,, 0Cy,

or ~ Pey ox2  ox  M20mCy
, 9)
oc, 1 80”—80”—[(0 o
dr  Pe,0X2 9x 2P
with the corresponding dimensionless initial and boundary conditions:
7=0: VX, Cm =1,
A A
X ¢ |:§a §:| ) Cp - 07
A A (10)
——<X<= =,
5 <X < i Cp=1;
7> 0: X — —o0, Cm—1; Cp, — 0
X — o0, Cn—1;, C, — 0.

2.3 Time-dependent coordinate transformation

In current practice the channel length of interest needs to be of tke affdeveral
millimeters due to slow reactant/protein kinetics [9, 10], while protein samples
widths are of the order of several tens of microns [1, 3,9, 10]. Toerethe
utilization of a uniform grid along the whole kinetic chamber would be prohibitive
for treating the problem. Indeed, this would lead to extremely slow converging
and exceedingly time-consuming numerical results. In order to overcome this
difficulty we introduce the following time-dependent change of variable:

1 1
Y = 5t arctan [b (X —7)], (11)
m
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whereb is a compression coefficient, the choice of which will be discussed below.
Since the dimensionless flow rate is equal to unity by definition (see (7)) itas cle
from (9) that the origin of th&” space always coincides with the center of the
protein sample so that the local grid compression moves along with the protein
sample, i.e. is displayed only where it is necessary at any given time (Fig. 2)

C,.Y

X)) ————— X)) —————— X(1)

Fig. 2. Schematic displacement of the protein wave (shadedspand of

the mediator depletion area (solid curves) along the cHawith time.

The corresponding displacement and modification of spacepoession is
indicated by the dashed lines.

The value of the parametéris chosen as follows. One would like the grid
resolution to be better at the location of the protein sample. This implies that
at any time, the transition zone of the arctangent function (viz., the zon@eéro
X — 7 = 0) covers the whole region where the mediator concentration differs
from its steady state value in the absence of a protein wave. Since the fragein
a very small diffusivity as compared to the mediator, the half-width of the abne
interest at a given tim& is at maximum equal tdg;r = d/2 + 2v/Dy,te.

The space transformation is time-dependent and always centered abthe p
tein sample maximum, so that one may substitife— 7) by dy;¢/L and derive
b from (9) as:

L tan (7[Ye — 0.5]), (12)

h—
dgif

whereY, is the value taken to define the edge of the zone of interest. In our
computations we used the vald¢ = 3/4 which, upon remarking tha2 x
(3/4—1/2) = 1/2, shows that in the transformed space the zone of main interest
occupies half of the overall computational space whose dimensionlegh isng
equal to unity by construction.
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Substitution of variables leads to the time-dependent coordinate formulation
of the problem:

aC,, 0%C, ICp,
ac, 92C, ac,
o p(Y>W+Fp<Y)a—Y_KQCme7
with
S,(V) = 2 sind (V) F(Y) = —— sin(2mY)sin2(xY),  (14)
i —TFQPejsmﬂ' ; i _WejSIHTr sin“(7wY),

wherej = m or p. The detailed derivation of (13) is given in the Appendix.
The initial and boundary conditions become:

7=0: 0<Y <1, Cm=1;
1-Ay 1+ Ay
Y . — 0
¢ 2 ) 2 9 Cp 07
1—AY 1+AY 15
T>0: Y =0, Cn=1; Cp =0
Y =1, Cn=1; Cp=0,

whereAy = 1/2 + (1/7) arctan(b A/2).

2.4 Response characteristics and dimension analysis

The kinetics occurring within the homogeneous reaction chamber affeatstthe
centration profiles of the species, resulting in an inverted Gaussian-ldgedh
concentration profile for the reactant species (Fig. 3). This time-moving$san-
shaped profile centered onto the moving protein distribution causes ultimately a
time-dependent change ¢n,;; when it passes in front of the collector. In order to
obtain a detectable current deviation at the collector electrode we neetinivep

some of the parameters of the experiment. Two main (dimensionless) parameters
describing the mediator concentration profile indent at the end of the kinetic
chamber are its maximum relative amplitude(,,, = Acm/c%, and its half-
width, 6/A, relative to that of the protein) (see Fig. 3). Itis clear that in order
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to extract reliable dataA C,,, should be not too small compared to the background
noise. On the other hand(C,, should not reach its maximum value of unity,
since this would correspond to a complete titration of the mediator beforeingach
the end of the kinetic chamber. Would it be the case only a lower bound of the
protein quantity may be determined. The closeness of the parafjiétdo unity
reflects the fact that the electrochemical detection tracks adequatelyaihe sh

the protein sample at the issue of the separating device, viz., at the ergfdhee

detection system.
AC,,
S/A 2

AC,,

X/A

Fig. 3. Definition of the relative time-moving perturbatiof the mediator
concentration profileAC,,,) due to the reaction with the moving protein wave.

The described above analysis of the problem allows us to express these ma
response characteristics as functions of the dimensionless parameters:

ACm = f(P6m7K27P€m/Pep7’yaA7n); (16)

5/A :g(Peva%Pem/Pepa’YaAan)? (17)

wherePe,,/Pe, = D,/ Dy,.

It is evident that even with the assumptions made earlier our system has six
degrees of freedom. In order to analyze the system behavior we tyusréhe
working surface approach. However, since the number of paraniststiff too
high to discuss them all here, we will present working surfaces fod fiedues of
certain parameters based on usual practice in microfluidic channel glevice
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3 Results and discussions

First, we wish to extract the dependence of the response charactasistits,,
and K5, since both feature key parameters which can be most easily adjusted
experimentally. To this end we fixed the other parameters at the followingtiealis
values: Pe,,/Pe, = 5 x 1072 (which corresponds to typical valué, = 5 x
10-8cm?s~tandD,, = 10°cn?s7 1),y =1, A = 1.2 x 10~2 (corresponding
tod = 60 um andL = 5 mm) andn = 1.

Figure 4 shows working surfaces f&C,,, andd/A as functions ofPe,,

ACn 5/A
(@ s (b) |
‘ 1.05
2] 24 1.30
2.00
1 1-p25
0.035 110 3.50
g ol . g 0l 55.0 74
[=2] (=2
o o
14 0.005 0.015 A1 14.0
N & 28.0
0.001
24 24
3 T T T T T 3 T T T T
0 1 2 3 4 5 6 0 2 3 4 5 6
log(Pe) log(Pe)
(© s
24
1 L
< oo
()]
ke]
14
2
-3 T T T T T
o 1 2 3 4 5 6
log(Pe)

Fig. 4. Working surfaces as functions &%, andPe for: (a) AC,,,; (b) 6/ A for

parametersPe,,/Pe, = 5x 1073,y =1,A = 1.2x 1072, n = 1. Figure (c)

shows the superposition of the constras < AC,, < 0.8 andd/A < 2, to
define the optimal working area (white area) for this set oftitions.
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(hereafter notedPe for simplification) andK,. It can be easily identified from
both Fig. 4(a) and Fig. 4(b) that the area of best experimental condifiens
AC,, — 1,andd/A — 1) lies in the right upper corner, since this corresponds to
a sufficiently high deviation of the mediator concentration along with a suftigien
small loss of resolution due to the stretching of the mediator concentration per-
turbation profile. However, the top right-most area corresponds to fogiriites

and high rate constants which are expected not to be achievable as eigssdib
above. So in order to delineate the optimal working area we proceed aggolto
was explained why the deviation in mediator concentration should not be tdlo sma
(nearly zero) or too high (close to the bulk mediator concentration). Tdrereve
select the zone comprised between the lines which represent 20% daffeatino
these limiting cases (Fig. 4(a)), and posit the delineated range of pararaster
belonging to theoptimal detection area. However, since any important stretching
of the mediator concentration deflection profile is detrimental (since this would
blur the detection of different proteins), we impose simultaneouslyithat< 2.

This creates an additional constraint (Fig. 4(b)) resulting in a more restric
range of parameters for sensitive detection. Superimposition of the tworzatte
in Fig. 4(a) and Fig. 4(b) defines the optimal detecting zone sketched id4(€ig.

In order to obtain more information about the behavior of the system in
this optimal domain ofog K5 andlog Pe, we investigated the dynamics of the
response as a function of the ratio of the protein and mediator concenstatjon
but keeping: = 1. For this purpose we fixed the lowest Péclet number available
from the optimal region obtained from Fig. 4(c), viPe = 10%, and evaluated
AC,, andé/A as functions of, and~ (Fig. 5). For the same reasons as before,
we pick out the zone with deviation of the mediator concentration from 20% up to
80% in Fig. 5(a). The intersection of this zone with that defined by the iiggua
d/A < 2in Fig. 5(b) defines now the best zone for the detection in(#ig ~)-
domain (white area in Fig. 5(c)).

The working surfaces in Fig. 5 are presented as functions of the dinmensio
less concentration ratigp and therefore are virtually valid for any values of the
protein and mediator concentrations. However, to lead to accurate measiise
of AC,,, the experimental amplitude of the current measured at the collector in the
absence of protein should exceed that of the background noisetdtyemasorder
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(a)

log(K)
log(K)
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Fig. 5. Working surfaces as functions &f, and~ for: (a) AC,,; (b) 6/A

for parameters:Pe,,/Pe, = 5 x 1073, Pe,, = 10%, A = 1.2 x 1072,

n = 1. Figure (c) shows the superposition of the constrdirts< AC,,, < 0.8

andd/A < 2, to define the optimal working area (white area) for this det o
conditions.

of magnitude. Hence the mediator should be present in the solution at gesuffic
concentration. On the other hand, the protein peak concentration will féridow

the case at hand, since it depends on availability, sampling, treatmengtimpar
etc. This implies that for any given set of experimental conditions one would
have an additional constraint (which can be computed with the aid of nurherica
simulation within the generator compartment) which limits the area of optimal
conditions, .9y > Vimin-
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It should be noted that the working surfaces depicted in Fig. 5 were-evalu
ated upon considering the lowest possible Péclet number based on th&isana
presented in Fig. 4(c). Identical analyses may be performed for ammethfg-
clet number to define similar working surfaces indicating similar behavior of the
system, yet with different optimal detection zones.

The analyses shown in Fig. 4 and Fig. 5 have been performedot. The
same reasoning may be extended to any otheéalue. For example, the working
surfaces fon = 5 are displayed in Fig. 6 and Fig. 7, other parameter values being

ACn 5/A
@ s (b) s i
1.30
24 24
224 2.00
1.0
14 N 14 /160
0.60 080 293 105 3.50
— ¥ — 56.0
é e 040 x \!./ 04
8 \0-10 0'20\ 8 7.00
14 0.05 1 14.0 1.05
0.02
0.005 x 28.0
247 24
0.001
-3 [ T T T T 3 T T T T
(1] 1 2 3 4 5 6 0 2 3 4 5
log(Pe) log(Pe)
(© s
2
14
g o
[=)]
Ke)
14
2
'3 T T T T T
0 1 2 3 4 ] 6
log(Pe)

Fig. 6. Working surfaces as functions &%, andPe for: (a) AC,,,; (b) 6/ A for

parametersPe,,/Pe, = 5x 1073,y =1,A = 1.2x 1072, n = 5. Figure (c)

shows the superposition of the constras < AC,, < 0.8 andd/A < 2, to
define the optimal working area (white area) for this set oftitions.

w
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as for Figs. 4, 5. The overall system behavior and optimal domain sldapest
change, but the optimal zones boundaries shift leading to differextittams for
optimal detection.

< < o V\
=, =
: e
. & '/180
/ /
/ 24 —170
0.005 L1.67
3 T 0.'02 T ¥ T T T ¥ T T ¥ T ¥ T T i -3 T T T T T T T " T T T . T
10 08 06 04 02 00 0.2 04 06 0.8 1.0 10 08 06 04 02 00 0.2 04 06 0.8 1.0
Y hé
(c) s
24
14
< o
<
[
o

3 T LR T T T T L T
10 08 06 04 02 00 02 04 06 08 1

Y

Fig. 7. Working surfaces as functions &f, and~y for: (a) AC,,; (b) 6/A

for parameters:Pe,,/Pe, = 5 x 1073, Pe,, = 10%, A = 1.2 x 1072,

n = 5. Figure (c) shows the superposition of the constrdirts< AC,,, < 0.8

andd/A < 2, to define the optimal working area (white area) for this det o
conditions.

4 Conclusion

The mathematical model of diffusion-convection-reaction processesraag in
microfluidic channels with two band microelectrodes and its solution by an orig-
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inal numerical approach justify a novel concept of electrochemicakjpraetec-
tion. To overcome the extremely low diffusivity and generally sluggish elactro
tivity of proteins, it is proposed to rely on the in-situ electrochemical geiveraf
a fast diffusing reactant able to span across the whole channel sorttet react
in extenso with any protein wave transiting into the channel detector. Waenev
this fast diffusing reactant is electrochemically collected downstream, any time
dependent change of its collection efficiency is a direct quantitative mezasat
of the protein wave presence, duration and quantity.

Despite the fact that realistic model simplifications were made to simplify
the presentation of our concept and its theoretical analysis, the syssmmsses
in truth many degrees of freedom which shows that a proper analysis avill b
required for the optimisation of the device. For this purpose the workirfgeir
approach used here for defining the range of the physico-chemicainpters
corresponding to better detection conditions appears extremely appeopria
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Appendix

Here we present the derivation of the mass-transport equation for ttetore
species (13), since the equation for the protein is the same except fan#ie k
term which is independent of the coordinate system used. The initial equatio
in the dimensionless terms is given by (9). Performing the transformation (11)
recall that

Cm = Cn(Y, 7) = Cm(Y[X7 7], T/), (A1)

so that the partial derivatives with respecttand X rewrite in the following way:
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0Cy,  0C, 0Y  0C, 0"  0Cy, b ocC.

or ~ oy or "o or ~ or  al4R(X_r7 oy @ 2
OCm  9Cw Y b OCr, (A3)
0X Y 90X w[14+b3(X —71)2] 9Y "’
OCon _ 92C (OV\* | 0Cwm 0°Y
0x2 ~ 9y? \ox oY 9X?
2 2 3 _
_ b OCm _ X —1) _0Cwm 0y

w21+ b%(X — 7)?]2 9Y? 71+ b2(X —7)2)2 9Y

Next, we express all the coefficients in (A2)—-(A4) in terms of the new vari-
ables as follows from (11):

b(X — 1) = tan [7(Y — 0.5)] = — cot(nY), (A5)
1+ b63(X —7)2 =1+ cot?(nY) = sin 2(xY). (AB)

Substituting the latter into equation (9) yields:

oC, ooy 0*Cp,
ot w2Pe,, sin’(mY') Y2
2b* aC (A7)
Do cot(rY) sin® (7Y") a—};n — nK>Cy,Cy.

Omitting the stroke for the sake of simplicity and making some simplifications we
arrive at the final equation:

oC, b2 4 0%C,,
= sin®(7Y’)
or w2 Pe,, Y2
b2 ocC. (A8)
. ) m
+ Do sin(27Y’) sin (WY)—aY nKoCy,Cp.
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