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$QDO\VLVRI,QWULQVLF6WRFKDVWLF)OXFWXDWLRQVof the
Time Response of $GVRUSWLRQBased Microfluidic
%LR&KHPLFDO6HQVRUV the Case of %LDQDO\WH0L[WXUHV
I. Jokić, Z. Djurić, K. Radulović, M.Frantlović
, and P. M. Krstajić
Abstract – Realtime in situ oSHUDWLRQ RI ELRFKHPLFDO
sensors assumes detection of chemical substances or biological
specimens in samples RI FRPSOH[ FRPSRVLWLRQ Since sensor
selectivity cannot be ideal, adsorption of particles other than
target particles inevitably occur on the sensing surface. That
affects the sensor response and its intrinsic fluctuations which are
caused by stochastic fluctuations of the numbers of adsorbed
particles of all the adsorbing substances. In microfluidic sensors,
such response fluctuations are a result of coupled adsorption,
GHVRUSWLRQDQGPDVVWUDQVIHU FRQYHFWLRQDQGGLIIXVLRQ SURFHVVHV
of analyte particles. $QDO\VLV RI WKHVH IOXFWXDWLRQs is important
because they constitute the adsorptiondesorption noise, which
limits the sensing performance. In this work we perform the
analysis of fluctuations by using a stochastic model of sensor
response after the steady state is reached, in the case of two
analyte adsorption, considering mass transfer processes. The
results enable estimation of the ultimate sensing performance of
adsorptionEDVHG PLFURIOXLGLF ELRFKHPLFDO VHQVRUV RI GLIIHUHQW
sensing areas, operating in ELDQDO\WHPL[WXUH environments.

I. INTRODUCTION
0LFURIOXLGLFELRFKHPLFDOVHQVRUVDUHKLJKO\VHQVLWLYH
devices for detection of biological specimens or chemical
substances [1][3]$VLJQLILFDQWDGYDQWDJHRIWKHVH devices
compared to conventional laboratory equipment is their
capability of realtime insitu operation. However, such
applications assume the use of native samples taken from
the environment or living organisms, whLFKDUHRIFRPSOH[
composition.
In adsorptionbased devices sensor response is
determined by the number of adsorbed particles of a certain
species on the sensing surface. In microfluidic sensors this
number is determined both by adsorptionGHVRUSWLRQ $' 
processes and mass transfer 07  SURFHVVHV FRQYHFWLRQ
and diffusion of particles toward the sensing surface and
DZD\IURPLW ,QWKHFDVHRIQDWLYH FRPSOH[ VDPSOHVQRW
only particles of the target substance, but also those of
RWKHU VXEVWDQFHV H[LVWLQJ LQ WKH VDPSOH FDQ EH DGVRUEHG

due to the nonideal sensor selectivity. Therefore, it is
QHFHVVDU\ WR WDNH LQWR DFFRXQW $' SURFHVVes and mass
transfer of all the adsorbing substances in the analysis of
sensor response. This is also true for the analysis of
intrinsic response fluctuations that originate from the
inevitable fluctuations of the number of adsorbed particles,
ZKLFK GHWHUPLQH WKH $' QRLVH DQG WKH VHQVRU PLQLPDO
detectable concentration.
$QDO\VLV RI $' fluctuations of sensor response is
performed by using stochastic models. The models that
WDNH LQWR DFFRXQW WKH FRXSOLQJ EHWZHHQ $' DQG 07
processes are derived for the case of an ideally selective
sensor, in which only the target substance is adsorbed on
the sensing surface [4], [5]. Recently a stochastic model
that takes into account MT was presented for adsorption of
two substances, and it was used for the analysis of the
H[SHFWHG QXPEHU RI DGVRUEHG SDUWLFOHV RI ERWK VSHFLHV
which determines the sensor response kinetics [6].
However, until now, the analysis of fluctuations was not
performed by using a stochastic model of sensor response
in the case of twoanalyte adsorption, and considering MT.
In this work we first give a review of the sensor
response stochastic model in the case of coupling of
adsorptiondesorption and mass transfer of substances
present in a bianalyte PL[WXUH The model enables
investigation of the influence of various parameters on
sensor response fluctuations. We use the steadystate form
of the model for the analysis of variances and the
covariance of the stochastic numbers of adsorbed particles
depending on the sensing surface area, which determine the
intrinsic fluctuations of sensor response. This analysis is
useful for estimation of the ultimate noise performance and
the minimal detectable signal of adsorptionbased sensors
HJ SODVPRQLF VXUIDFHEXON DFRustic wave, PLFURQDQR
cantileverQDQRZLUH)(7VHQVRU of different sensing areas.

II. M2'(/ING 2)SENSOR RESPONSE

The mathematical model that describes the stochastic
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analytes. The model is in the form of five differential
equations
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Here <Ni!LV WKH H[SHFWHG YDOXH and σi2 is the variance of
the number of adsorbed particles of the type i i=1 or 2 
σ12=σ21 is the covariance of the random variables N1 and
N2, while Ai and Di are the probabilities of increase and
decrease of the number of adsorbed particles of the ith
substance by one in unit time, respectively. Each of Eqs.
 DQG  replaces two equations of that system, of which
one is obtained for i=1, and the other one for i=2. The
system of Eqs.    LVREWDLQHGE\DVVXPLQJWKDWDWDQ\
given moment a change of the number of adsorbed
particles is possible for one substance only, by +1 or 1.
The transition probabilities in unit time, Ai and Di, are
determined by using the twocompartment model [7] to
DSSUR[LPDWH WKH WHPSRUDOO\ DQG VSDWLDOO\ GHSHQGHQW
concentrations of substances in reaction chambers of
microfluidic sensors. Such concentrations are a result of the
FRXSOLQJ RI $' SURFHVVHV FRQYHFWLRQ DQG GLIIXVLRQ of
analyte particles of two substances. By assuming 1:1
competitive binding of analyte particles to adsorption sites
on the sensing surface, and the /DQJPXLU DGVRUSWLRQ WKH
twoFRPSDUWPHQW PRGHO \LHOGV WKH IROORZLQJ H[SUHVVLRQV
for the probabilities of transition between the adjacent
states of the random vector variable n [6]
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where Ci is the concentration of the ith analyte in the sample
entering the microfluidic chamber, kai and kdi are its
adsorption and desorption rate constants, kmi is the mass
transfer coefficient of the analyte i [7], Nm is the number of
surface binding sites, and A is the sensing surface area WKH
binding sites surface density, which is the parameter used
in the numerical simulations, equals NmA .
(TV     EHFRPH WKH V\VWHP RI HTXDWLRQV IRU WKH
ILUVW WZR PRPHQWV DIWHU WKH 7D\ORU H[SDQVLRQ RI ELYDULDWH
functions Ai N1, N2 FHQWHUHGDWWKHH[SHFWHGYDOXHV,QWKH
steady state the system is
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where i=1 or 2, j=1 or 2, i≠ j LQ (T   Aie=Ai <N1e>,
<N2e> , Die=Di <Nie!  and all the partial derivatives are
calculated for N1=<N1e> and N2=<N2e>. By solving this
system we obtain the steadystate H[SHFWHG YDOXHV
variances and the covariance of stochastic numbers of
adsorbed SDUWLFOHV N1e>, <N2e>, σ1e2, σ2e2, and σ12e ZKLFK
are a measure of steadystate intrinsic fluctuations of sensor
response.
$V WKH VHQVRU UHVSRQVH GXH WR DGVRUSWLRQ RI WZR
substances is r=m1N1+m2N2 m1 and m2 are the weight
factors that represent the average contribution of a single
adsorbed particle of the first and second analyte to the
VHQVRU UHVSRQVH  the steadystate variance of sensor
response is JLYHQE\WKHH[SUHVVLRQ

 r
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The intrinsic response fluctuations in steady state due
WR WKH FRXSOLQJ RI $' DQG 07 SURFHVVHV NQRZQ DV $'
nRLVH DUH H[SUHVVHG as the square root of  r e2>, and
they are completely determined by the solutions of the
V\VWHPRIHTXDWLRQV    

III. $1$/<6,62)SENSOR S72&+$67,&RESPONSE
The presented mathematical model is used for the
analysis of the steadyVWDWHH[SHFWHG YDOXHVYDULDQFHVDQG
the covariance of the numbers of adsorbed molecules of
two proteins on the surface of a microfluidic biosensor. The
parameter values are given in Table I. The results given in
)LJV1 and 2 show the dependencies of these quantities on
the sensing surface area in the range from 1013 m2 to
1011 m2.
7$%/(,
P$5$0(7(59$/8(6

Parameter
$QDO\WH
$QDO\WH
Concentration
6·1017 P3 1.2·1018 P3
$GVRUSWLRQUDWHFRQVWDQW 1.3·1019 m3V 1.3·1020 m3V
Desorption rate constant
0.08 s
0.02 s
Mass transfer coefficient
2·105 PV
2·105 PV
Binding sites density
6·1015 P2

)LJ 1 ([SHFWHG YDOXHV of the numbers of adsorbed particles of
two proteins depending on the sensing surface area. Two proteins
are competitively adsorbed.

the steadystate variance of sensor response and thus the
VHQVRU V $' QRLVH  LQ WKH FDVH RI FRPSHWLWLYH DGVRUSWLRQ
can be higher or lower than in the case of single substance
adsorption adsorption of only one substance corresponds
to the sensor of ideal selectivit\ 
The diagrams LQ )LJV 1 and 2 are general, as they
show the statistical parameters that describe stochastic
fluctuating numbers of adsorbed particles, so they are valid
for any type of adsorptionEDVHG VHQVRU VXUIDFH SODVPRQ
resonance sensors, bulk and surface acoustic wave sensors,
PLFURFDQWLOHYHUVHQVRUVHWF UHJDUGOHVVRILWVPHDVXUHPHQW
SDUDPHWHU UHIUDFWLRQ LQGH[ DFRXVWLF ZDYH IUHTXHQF\
deflection or oscillaWLRQ IUHTXHQF\ RI D FDQWLOHYHU  When
the values of the parameters m1 and m2 are taken into
account for a given type of sensor, the presented diagrams
enable the estimation of the influence of competitive
adsorption on the steadystate H[SHFWHG YDOXH RI VHQVRU
response, as well as its fluctuation, i.e. on the sensor's $'
noise that determines the sensor's ultimate performance.

IV. C21&/86,21

)LJ 2 Variances and covariance of the numbers of adsorbed
particles of two competitive proteins depending on the sensing
surface area.

$V LW FDQ EH VHHQ LQ )LJ 1, there is a continuous
LQFUHDVHRIWKHH[SHFWHGYDOXHVRIthe numbers of adsorbed
particles of two proteins as the surface area increases. $OVR
it can be seen that these two values are close to each other
although the analyte 2 has a lower afILQLW\ GHILQHGE\WKH
affinity constant Ka=kaikdi IRUDGVRUSWLRQVLWHV Therefore,
WKH FRPSHWLWLYH LQ PRVW FDVHV XQZDQWHG  DGVRUSWLRQ RI
DQRWKHU VXEVWDQFH FDQ VLJQLILFDQWO\ DIIHFW WKH H[SHFWHG
value of the steadystate sensor response, which equals
<re>=m1<N1e>+m2<N2e>, although this influence also
depends on the values of the weight factors m1 and m2.
Variances and covariance of N1 and N2 also increase in
sensors of larger sensing areas, as shown in )LJ 2. The
covariance is negative, so the diagram shows its absolute
value. It is of the same order of magnitude as the variances
of the numbers of adsorbed particles. %DVHG RQ (T   it
can be concluded that, due to the negative covariance
value, depending on the values of parameters m1 and m2,

In this paper the analysis is presented of the steady
VWDWH H[SHFWHG YDOXHV YDULDQFHV DQG WKH FRYDULDQFH RI WKH
numbers of adsorbed molecules of two proteins on the
surface of a microfluidic biosensor, depending on the
sensing surface area. Intrinsic fluctuations of the numbers
of adsorbed particles are caused by the stochastic nature of
adsorptiondesorption and mass transfer processes of two
analytes, so we used a stochastic model of sensor response
that takes into account the coupling of these processes.
Since the results and conclusions stemming from the
analysis refer to the numbers of adsorbed particles, they are
general in the sense that they are valid for any type of
adsorptionEDVHGVHQVRU VXUIace plasmon resonance sensors,
bulk and surface acoustic wave sensors, microcantilever
VHQVRUVHWF whose response is governed by the number of
adsorbed particles on the sensing surface.
The results enable estimation of the quantitative
influence of compHWLWLYH DGVRUSWLRQ RQWKH H[SHFWHG YDOXH
of the steadystate sensor response and its intrinsic
fluctuation, i.e. the adsorptiondesorption noise and the
ultimate performance of sensors with different sensing
surface areas that operate in various bianalyte PL[WXUH
environments. Depending on the type of substances and the
values of parameters that relate the number of adsorbed
particles and the time response of a given sensor, the
response fluctuations can be higher or even lower than in
the case of single substance adsorption on the sensing
surface.
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