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Abstract An experimental tool for determination of

the near wall transport parameters in a micro channel,

supported by flow simulation, is presented. The meth-

od is based on the transient flow response due to

convective diffusion, in absence of specific adsorption.

An approximately step-function type temporal solute

concentration variation serves as the input signal. The

associated response signal of a surface plasmon reso-

nance sensor, acting as an integral part of a micro

channel, has been taken as the output signal. It pro-

vides the flow-dependent change of the NaOH solute

concentration in the channel within the optical detec-

tion and near wall distance interval 0 < d < 0.5 lm.

The temporal signal evolution and response time, until

an initially plain aqueous solution is replaced by the

solute, varies inversely with solute concentration and

flow rate. In the asymptotic limits, the near wall forced

convective and diffusive channel transit times, along

with the associated velocities, can be extracted and

separated. A low convective near wall flow speed

would account for 100% adsorption efficiency. The

validity of the scaling relation for Fickian diffusive

transport has been confirmed by experiments. Con-

vective near wall flow reveals a distorted parabolic flow

profile. This indicates relaxation of the no-slip condi-

tion, and presence of slip flow. Neither boundary layer

formation, nor near wall micro turbulences have been

observed. Eventually, a compact mathematical tran-

sient flow model, outlined in the Laplace domain for

the electrical equivalent analogue circuit and applica-

ble to the convective diffusion equation, has been

developed for the flow transients.

Keywords Micro fluidics � Convective diffusion �
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1 Introduction

Recent developments of sensitive and compact instru-

mentation for life science and environmental analytical

applications, also known as lab-on-chip or micro total

analysis systems (l-TAS), have attracted considerable

technological and economic attention (Guber et al.

2004; Hiukko et al. 2003; Manz et al. 1990). The tech-

nology crucially relies on and comprises controlled

fluid transport of liquid analytes to and from a sensing

transducer, using integrated micro fluidic devices.

Commonly, electronically readable analytical signals

are generated in a channel type microfluidic cell, where

the analyte is passing between two closely spaced pla-

nar plates. The transducer function can be established

by surface functionalization of one of the channel

walls, employing physicochemical-binding and/or bio-

chemical/biological recognition principles, including

formation of antibody-antigen complexes. A further
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important application of micro channels is chromato-

graphic separation, where pressure-driven flow through

conduits can lead to large solute dispersion (Dutta

et al. 2006).

Particle transport within fluids, containing dissolved

solutes, is appropriately treated by a combination of

convective diffusion (CDE) with hydrodynamic Na-

vier–Stokes (NSE) equations. This covers the interplay

of two different, superimposed and perpendicular

transport mechanisms: molecular diffusion of the sol-

ute out of the bulk fluid towards the channel walls,

mainly driven by local concentration gradients, and

forced convective, hydrodynamic transport of the sol-

ute within the solution along the channel. The total

mass flow is given by the sum of both fluxes. The CDE

and NSE represent non-linear second order partial

equations, with variable coefficients. The solutions

shall provide both, the temporal development and

spatial distribution of solute concentration c(x, y, z, t),

along with its velocity profile. Solving of the CDE and

the NSE is mathematically demanding, largely related

to difficult boundary and initial conditions. Both,

boundary and initial conditions depend critically on the

nature of physico- and biochemical processes of the

solute(s) in solution and their interaction at or on

bioactive interfaces, acting as sensing or functionalized

elements.

The mathematical difficulties to establish closed

analytical solutions, suggest the use of either purely

numerical finite element (FE), or implementation of

simplifying approximations. An example is the earlier

approach to quantify solute transport within a micro

fluidic flow channel, adopting analytical concepts and

approximations, initially developed for the electro-

chemical thin layer cell (Matsuda 1967; Sjoelander and

Urbaniczky 1991). Convective diffusive transport of

ions in rectangular channels has been mathematically

treated in detail previously (Moldoveanu and Ander-

son 1984), although restricted to stationary conditions.

A series solution of the transient CDE for the rotating

disc electrode in the time domain, employing the

Laplace representation, has been outlined recently

(Santhanagopalan and White 2004). Likewise, a com-

putational fluid dynamics approach to treat mass

transport and macromolecular adsorption kinetics

under non-stationary conditions has been published

(Jenkins et al. 2004).

Under certain conditions, micro- and macrofluidic

conduits reveal substantially different, yet not fully

understood hydrodynamic properties (Mahulikar and

Herwig 2006). The reduced geometric dimensions of

micro channels account for more complex flow pattern,

particularly near wall boundaries, where the high

surface-to-volume ratio supports increased influence of

surface effects. They may originate from micro surface

roughness and friction, micro air bubble and/or

boundary layer formation, local electric fields by ad-

sorbed charges and impurities, and interfacial potential

gradients. A further important and related, but rarely

considered issue addresses the wetting properties at the

wall surface, whether behaving hydrophilic or hydro-

phobic and, eventually, the influence and magnitude of

capillary forces. Under these conditions, the no-slip

flow condition commonly holds in a modified form, but

is insufficiently treated by conventional theory. At very

small dimensions, reliable flow profile measurements

are difficult to perform, and demand rather complex

experimental investigations and set-ups.

Finite element calculations of micro flow systems

are now established, but frequently lack experimental

verification. Presently, only a limited number of

experimental micro flow investigations have been re-

ported. High-resolution velocity profiles in micro

channels, recorded by image velocimetry (PIV), re-

vealed significant deviations from ideal flow behavior,

particularly at flow boundaries and interfaces, and in

close vicinity to channel walls. At distances < 5 lm,

boundary layer effects, flow oscillations, as well as

vortex like fluid motions have been resolved (Park

et al. 2003; Shinohara et al. 2004; Sinton and Li 2003),

while at larger wall distances the parabolic profile was

largely maintained. The PIV technique, however, is not

suited to reliably probe the near-surface region at

distances at or below the lm range. Here, an attempt

has been made, to evaluate near wall fluid transport

parameters with high spatial resolution by experiment.

Quantitative data are important, since they determine

the sensing characteristics and adsorption efficiency of

the flow cell, but also affect and distort measurements

of kinetic binding constants.

The transient response of surface plasmon reso-

nance (SPR) recordings in absence of surface

adsorption has been used to extract quantitative solute

transport data, with the optical instrument serving as

an integral part of the micro flow channel. The optical

sensing range of the SPR phenomenon comprises a

precisely defined wall distance interval, at which flow

parameters are extracted. It is placed at approximately

0.5 lm, or about half of the operating wavelength of

the SPR spectrometer. The associated physical func-

tion and operation conditions of the surface plasmon

resonance spectrometer (Neff et al. 2006), and

instrument, employed in this work have been reported

in detail elsewhere (Melendez et al. 1996). A reeval-

uation of mass transport and surface reactions in mi-

crofluidic systems, relevant to surface plasmon
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resonance experiments, has been published recently

(Gervais and Jensen 2006). Both, convective and dif-

fusive flow velocities superimpose, and differ sub-

stantially. This difference can be explained and

elaborated on bases of the above mentionned con-

vective diffusion equation that applies to the flow

system under investigation. This is the aim of this

work, as demonstrated in the experimental section. By

varying solute concentration and flow velocity/flow

rate both, diffusive and convective transport parame-

ters can be explored directly. Eventually, the experi-

mental findings are compared and supported by

simulated data, employing a novel CDE solution ap-

proach that relies on its Laplace representation within

the frequency domain.

2 Theoretical aspects and data extraction

The general dynamic vector form of the differential

convective diffusion equation follows ultimately from

the continuity equation

@c

dt
¼ �divðjÞ ð1Þ

where j is the mass flow and describes the motion of an

ionic or macromolecular solute particle in a solvent

stream (Levich 1962):

@c

dt
¼ DDc� v � gradð Þ � c ð2Þ

c represents the temporal and spatial concentration

distribution of the solute in the solvent. D is the dif-

fusion coefficient of the solute, and v the temporal and

spatial velocity profile of the solution. Source and sink

terms are not included, since specific solute adsorption

is absent. Also, electrokinetic contributions are not

considered.

Under stationary conditions, @c
dt ¼ 0; the CDE re-

duces to:

DDc ¼ v � gradð Þ � c ð3Þ

which can be solved analytically for simple geometries.

Subtraction of the stationary form from the dynamic

CDE yields the temporal variation @c
dt: Tracking of the

temporal evolution Dsresp, until stationary conditions

and chemical equilibrium are established, provides an

experimental exploration method of the CDE.

Defined initial conditions are required to numerically

extract the transient response. Consequently, the

application of a solute concentration variation step Dc

as an input quantity is providing Dc
Dsresp

; which varies

with c, v, D, and temperature as well as the channel

geometry.

In the asymptotic limit, for v fi 0, at finite c, the

CDE transforms into the molecular diffusion equation:

@c

dt
¼ DDc ð4Þ

The NSE can be related to the CDE in absence of a

dissolved solute, i.e., at D = 0, and replacement of the

solute (analyte) concentration c by the solvent density

q. In the absence of the diffusive term, for c fi 0 at

finite v, (2) transforms into the first Navier–Stokes

equation, to compute the velocity profile:

@q
dt
¼ �grad qvð Þ ð5Þ

For incompressible fluids, the NSE reads as

q
@v

dt
¼ lDv� qv � grad vð Þ � grad Pð Þ: ð6Þ

P is the fluid pressure in the cell, and l the viscosity of

the solution. Thus, evaluation of the dynamic flow re-

sponse Dc
Dsresp

in the asymptotic limits, for v fi 0 and

c fi 0, shall provide information on the diffusive and

convective flow properties in the channel.

Furthermore, the Poiseuille equation represents a

simple analytical solution to the NSE for tubular and

rectangular channel with low aspect ratios. The ideal

velocity profile across the channel cross section is

parabolic, with vt(z) = 0 at the wall surface ðz ¼ h
2Þ;

comprising the no-slip condition:

vtðzÞ ¼ z2 � h2

4

� �
1

2l
@p

dx
ð7Þ

vt is the tangential velocity component in the flow

direction z, @p
dx is the pressure gradient along the cell

length, h the cell height. The total mass flux j of the

solute out of the solution onto the active sensing area is

given by two contributions

j ¼ cv�D � gradcð Þ: ð8Þ

Calculation of j requires solving of the CDE for both

c(x, y, z, t) and the solution velocity v(x, y, z, t). The

mass flux is not a constant quantity, but varies with

position, within the channel.

According to Moldoveanu and Anderson (1984) and

Sjoelander and Urbaniczky (1991), the overall analyte

flux can be estimated by introducing the concept of
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reduced transit time sR ¼ sCD

sDiff
; defined as the ratio of

applied uniform and diffusive transit times of the solute

through the cell, while moving along and perpendicular

to the sensing surface, respectively. As mentioned

earlier, the approach has been introduced earlier, as an

attempt to substantially simplify the mathematical

determination of j from the CDE, towards a description

of mass transfer in the electrochemical thin layer cell.

Under steady state conditions, the normalized, relative

particle flux or overall adsorption efficiency as a global

quantity of a flow cell, is given approximately as

(Sjoelander and Urbaniczky 1991)

Jre ¼ 1:47s2=3
R : ð9Þ

To determine Jre both above mentioned quantities

must be provided.

Here, the transient response method, usually ap-

plied to experimentally evaluate the dynamic proper-

ties of electrical/electronic circuits, has been adapted to

address a micro fluidics problem. An electrical circuit

with unknown dynamic properties can be considered as

a black box, comprising two in- and output terminals.

Stimulation of the circuit by a step function, Heaviside

type electrical excitation H(t) (unit step signal) at its

input terminals, which defines the initial conditions,

will cause a transient response signal at the output

terminal. Hence, the temporal evolution of the output

signal is determined by the dynamics of the set of dif-

ferential equations that apply to the electrical equiva-

lent circuit in the box. For example, a simple first order

electric circuit/system would provide an exponentially

varying decay/rise time as the transient response.

Likewise, as indicated in Fig. 1a, when the flow chan-

nel is considered as a black flow box, stimulated by a

well-defined step flow input signal, the transient cell

response of an appropriately selected output signal will

be modified by the dynamics of the equation system,

governing fluid transport within the channel. The

technical approach to simulate micro fluidic systems,

using equivalent electrical analogue circuit modeling,

comparable to the SPICE platform, has been evaluated

before (Chatterjee and Aluru 2005). Transient re-

sponse analysis also has been used to study diffusion

through membranes (Nguyen et al. 1993). The tran-

sient SPR signal, taken in this work in close vicinity to

the wall surface within the distance interval < 0.5 lm,

exploits local flow properties via its solute concentra-

Fig. 1 a Schematic
arrangement of the flow cell
with its integrated SPR-
sensor. Flow and solute
transport conditions are
indicated in the figure. The
magnified bottom section
illustrates the near wall
optical sensing range, defined
by the penetration of the
SPR-evanescent wave field
into the solution, up to
0.5 lm. Approximately 70%
of the signal originate within a
distance interval of 0.2 lm
from the gold surface. b Black
box schematics of the input–
output relation. The step
function type flow input signal
applies at the left flow cell
entrance, the (optical) output
signal is taken at the SPR
sensor. c Cross-sectional high
resolution transmission
electron microscope (TEM)
image of the channel wall
forming gold surface,
depicting rms roughness
modulations around 3–5 nm
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tion dependent temporal refractive index variations

Dc(Dn[t]).

3 Experimental aspects

A sketch of the experimental set-up, comprising a SPR

sensor with angular interrogation, is illustrated in

Fig. 1 a. The optical sensor with its attached semi-

transparent gold-film and sensing surface is placed at

the lower base plate of the channel. The counter plate

is made from Teflon, and comprises the flow in-and

outlet. The local optical SPR probing range into the

flow channel is indicated in the lower, cut-out magni-

fied figure. It corresponds to the decay length and

extension of the evanescent optical wave field into the

solution, where flow properties are sampled. Flow

conditions of the aqueous solution, containing Na+ and

OH– ions, are considered steady state, and laminar at

given low Reynolds numbers within the channel, but

turbulent near inlet and outlet. The (input) solute

concentration profile across the channel can be repre-

sented by Gaussian type distribution function. It varies

with time and location along the channel extension.

Figure 1b illustrates the black-box input–output

scheme. The flow input signal approximately corre-

sponds to step-function solute concentration variation

with time, Dc(t) = H(t). Due to installed short Teflon

tubing from the analyte reservoir towards the flow cell,

and fluid mixing at the turbulent inlet section, solute

dispersion effects that would broaden the input con-

centration profile can be neglected. Figure 1c illus-

trates the surface topography of the wall. It is covered

with a thin, semitransparent and 50 nm thick poly-

crystalline gold-film, deposited onto an amorphous

polymer substrate. Close inspection of the high reso-

lution transmission electron microscopy (TEM) image

of Fig. 1c, reveals that the wall surface exhibits only

weak nano-scaled surface roughness modulations, due

to outgrowth of gold micro crystals, at rms-magnitudes

of 3–5 nm. The channel surface is free of microscopic

flow obstacles, which could trigger micro turbulences in

the near surface region.

The experiments were performed as follows: first,

pure-water was pumped through the flow channel, and

the output signal recorded with the SPR-instrument.

The pump was shut-off, and the flow interrupted. The

water filled tubing end was inserted into the well,

containing the NaOH solute ions at various molar

concentrations, and the pump restarted. This created a

sharp interface between both solution although no

separating air-gap was applied. Subsequently, the

pump was turned on, driving the new solution through

the Teflon tubes into the flow channel, where it slowly

replaced the originally contained water-solution by

diffusive and convective solute transport. SPR-output

data, defining the transient response time, were re-

corded as function of flow rate and solute concentra-

tion, until steady state condition is reached.

Both, diffusive and convective transport of solute

ions out of the bulk solution flow towards, and along

the sensing surface superimpose, and cause a temporal

change of the ion concentration within the SPR sensing

volume Dc(t). Over a time period D s, a stable uniform

ion concentration distribution and chemical equilib-

rium is established within the channel. The transient

output signal, provided by the SPR spectrometer,

delivers the temporal variation of the concentration-

dependent refractive index within the sensing volume

Dc(Dn[t]), either governed by diffusive or convective

transport, sDiff and scv, or a combination thereof. For

moderately high solute concentrations, the associated

refractive index variation scales strictly linear, thus

providing a direct measure for the concentration within

the near wall region.

The SPR cell response time, taken as the output

signal, was determined as function of solute concen-

tration variations Dc and volume flow rate f, using the

10–90% SPR signal variation criterion, as well as their

asymptotic values at f fi 0 and c fi 0, respectively.

As mentioned earlier, in the former case, the diffusive

transit time and associated diffusion length are ex-

plored, at which solute particles are traveling perpen-

dicular to the sensing surface, until the sensing volume

(in front of the sensing surface) is filled. In the latter

case, the forced convective response can be extracted,

where the solute particles travel preferably lateral, in

close vicinity of the sensing surface, until the sensing

volume is filled, while the diffusive flow contribution

can be neglected.

The temporal resolution is approximately 2 s, which

is the minimum sampling rate at sufficiently low noise

level. Broadening of the response signal also can be

caused by interdiffusion across the liquid–liquid inter-

face during transport through the teflon tubings, which

can take up to 30 s. However, at low solute concen-

tration, as employed for convective transport mea-

surements, this effect should be neglectable.

Experiments have been performed at ambient tem-

perature (25�C), using the SPREETA surface plasmon

resonance evaluation kit, and attached flow cell, de-

scribed in detail elsewhere (Melendez et al. 1996). Due

to its robust and stable design, the device is easy to

operate. Supplying suited peripheral instrumentation

and optimized operation conditions both, noise level

and sensor drift can be maintained at very low levels,
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utilizing a temporal resolution of 2 s. The flow cell

length is set at 11 mm, the width set at 1.2 mm and the

cell height comprises 0.75 ± 0.05 mm, comprising a cell

volume of 10 lL at a dead volume of 1 lL p.a. grade

NaOH solutions, prepared from nano-pore filtered, de-

ionized water have been used for the experiments,

leaving a hydrophilic surface. Molar concentrations of

the analyte solution are varying within the range

0.001M <c <1M. pH-stabilizing buffer solutions have

not been employed during the experiments, since this

would have changed the solute concentration and

composition. The absence of pH stabilization required

fast recordings with fresh prepared solutions.

The NaOH solute has been chosen, since the

refractive index variation with concentration, Dn
Dc; from

OH–-ions is substantially higher than in presence of Cl–

-ions of alkaline NaCl solutions. This allows for precise,

low-noise response time recordings at very low (mM)

concentrations. A precision peristaltic pump (Ismatek

ISM 832A) has been used during the experiments.

Small pressure fluctuation during pump operation did

not affect recording accuracy. It should be mentioned

that the experiments required very careful handling and

cleaning of all, the sensing gold surface and the Teflon

tubing for analyte transport to the cell, in order to

minimize slow signal drift effects, while maintaining the

SPR-signal noise at sufficiently low and stable values £
5 · 10–6RIU (refractive index units).

3.1 Transient flow modeling

Numerical FE-simulations of the partial differential

flow equations in two- or three-dimensions are

numerically demanding and time consuming for

applications with high spatial resolution. Compact,

easy to implement flow models, thus, are useful to fast

elaboration of the flow dynamics of microfluidic de-

vices, but also allow fast integration with other micro-

mechanical and microelectronic models, employed in

commercial simulators. An appropriate mathematical

model has been derived earlier (Santhanagopalan and

White 2004) to obtain the concentration transient re-

sponse of a rotating disk electrode, and adapted in this

work. Following a similar approach to that adopted in

Santhanagopalan and White (2004), for distances suf-

ficiently close to the film surface, we propose that the

nonlinear equations for transport mechanisms be

approximated by a set of two independent linear dif-

ferential equations of the form

XM
i¼1

ai
di

dti
cd tð Þ ¼ u tð Þ ð10Þ

XN

i¼1

bi
di

dti
cc tð Þ ¼ u tð Þ ð11Þ

and thus

c tð Þ ¼ kcc tð Þ þ 1� kð Þcd tð Þ ð12Þ

where cd(t) and cc(t) are the time-domain diffusion

and convection concentrations, respectively, is the

normalized solute concentration and k is a constant to

define the contribution of each transport mechanism.

The parameters ai and bi are coefficients, M and N are

the orders of the differential equations. Taking the

Laplace transform of the above set of equations,

assuming repeated roots for the denominator

polynomials, and rearranging and parameters we obtain

Cc sð Þ
U sð Þ ¼ Hc sð Þ ¼ 1PN

i¼1 bisi
ð13Þ

Cd sð Þ
U sð Þ ¼ Hd sð Þ ¼ 1PM

i¼1 aisi
ð14Þ

Briefly, a simple black-box model is proposed, and

related to the aforementioned mathematical approach

for the two different diffusion and convection transport

mechanisms. For mathematical simplicity, these two

phenomena are considered as independent. This allows

introduction of a linear operator being both, linear and

homogeneous, which obeys the principle of superpo-

sition.

This last assumption facilitates the parameter esti-

mation procedure, since each phenomenon features a

different transient time scale. The proposed operator,

or transfer function, defines an input–output dynamic

relation between the pressure-driven new solute con-

centration u(t) and the SPR measured concentration

Dc(Dn[t]) in a microfluidic channel. This transfer

function H(s) is equal to the Laplace transform C(s) of

the output signal c(t) divided by the Laplace transform

U(s) of the input signal u(t). H(s) can be written as

weighted sum of two different transfer functions

HðsÞ ¼ CðsÞ
UðsÞ ¼ kHcðsÞ þ ð1� kÞHd ð15Þ

k is a constant, representing the proportion between

the convective transport transfer function Hc(s) and

the molecular diffusion transfer function Hd(s). To

obtain Hc(s) and Hd(s), we assume a wave-like

propagation of the concentration front in a

microfluidic channel, introduced earlier (Gervais and

Jensen 2006). The present model adapts a single-phase
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electrical transmission line as an appropriate electrical

analogue model for channeled fluid transport, obtained

by cascading several identical first order sections

HcðsÞ ¼
xN

c

ðsþ xcÞN
; HdðsÞ ¼

xM
d

ðsþ xdÞM
ð16Þ

where x c and x d are angular cut-off frequencies given

in radians/s, N and M are integer numbers, equal or

greater than one, which are related to the length of the

channel and the dominating transport mechanism,

respectively. Equation 16 can be used to build a

lumped parameter representation of an electrical

transmission line. It describes the propagation of an

electric field along a metallic conductor as a function of

frequency. It can be found in advanced textbooks for

electrical engineers. Here we use the same equation as

an electrical analogue to describe the propagation of a

diffusive front and concentration profile through a

channel at velocity v. The numbers N and M are free

adjustable parameters to adjust and match to the

experimental data. The larger the channel, the longer is

the transport delay, and the higher are N and M. As a

parameter estimation procedure, we first applied a very

low concentration step u(t) of NaOH solute and as-

sumed N = M = 3 and k = 1, neglecting the diffusion

contribution to the transient response and obtaining

xc = 0.142 rad/s. Subsequently, a higher concentration

step p(t) of NaOH solute was applied, assuming

k = 0.5. This indicates the same contribution for both,

diffusion and convection, obtaining x d = 0.02 rad/s.

The proposed model can be easily integrated into P-

SPICE-type and MATLAB/SIMULINK simulators.

4 Results and discussion

Figure 2a and b depict representative variations of

SPR signals (in RIU values), as a function of time for

0.1 and 0.006 m NaOH solutions, respectively. Note

that the SPR-output signal variation Dn (in RIU) is

proportional to the input concentration variation, Dc.

While the former data set at large c reveals a single,

sharp temporal SPR response variation, and rapid

signal increase over a time scale of 30–40 s, at very low

concentration two different, superimposed response

features at similar magnitude, but substantially differ-

ent time scales are resolved: an initial, fast response of

around 20 s, followed by a much slower temporal

variation, extending up to 300 s. The former feature is

attributed to a dominating diffusive, the latter to the

convective contribution. Individual 10–90% response

rise times are indicated in the figure.

Figure 3 outlines the recorded 10–90% response

times Dsresp, as a function of NaOH solute concentra-

tion c, depicted in a log–log representation. Data have

been taken at constant volume flow rate of 444 lL/min.

For comparison, the originally recorded linear plots are

included in the insets for both, NaOH and NaCl solu-

tions.

Presented response times have been obtained by

averaging over nine data sets. Due to a much higher

noise level, data scattering with r-values of 46 s is large

at very low concentrations. Recording accuracy, with r
= 4.1 s, improves substantially at high solute concen-

trations. It should be noted that the alkaline solution

reveals a slightly shorter response time of 30 s at high,

but could not be recorded and extended with sufficient

resolution towards the low concentration limit. There

are clearly three different flow regions resolved for the

NaOH solution: a region of constant SPR response

Dsresp = 34 ± 4.1 s at high NaOH concentrations, with

c > 0.1; a transition region, with the molar concentra-

tion varying at 0.1 < c < 0.01, featuring a steady in-

crease of the response time and, eventually, a stable

region, at very low concentrations. The molar detec-

tion limit for NaOH solutions has been determined to

c = 0.002. At c < 0.01, the response time remains sta-

ble at sresp = 234 ± 41 s, independent of the solute

concentration. Considering the channel length of
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11 mm, the associated (averaged) near wall hydrody-

namic flow speed within the wall distance from 0 to

0.5 lm at the given flow rate is determined to

vHD = 0.047 mm/s.

Figure 4 illustrates the experimentally determined

shape and solution of the left side of the CDE,

according to Eq. 2. The broken lines indicate the ex-

pected approximate asymptotic behavior of the s-

shaped function. The kinetic part Dc/D s is shown in

log–log representation as a function of NaOH solute

concentration c, as taken from the data set of Fig. 3.

Three different flow regions were resolved, exhibiting

different slopes: at high concentration, where large

values for Dc/D s resp persist, the diffusive contribution

dominates, with DDc > (v� grad)�c. In the very low

concentration regime, an increased response time ac-

counts for a very small value Dc/Dsresp fi 0, where

diffusive and convective flows are balanced, thus (v�
grad)�c� DDc. This conclusion is supported by the al-

most identical magnitudes of diffusive and hydrody-

namic flow contributions, illustrated in the temporal

signal evolution of Fig. 2b. In the intermediate region,

a steady transition between both flow quantities ap-

pears. As indicated in the data set of Fig. 2b, the

extrapolated hydrodynamic transit time s HD at c fi 0,

determines to 234 s. Taking into account the experi-

mentally obtained diffusive transit time; this would

result in a near surface reduced transit time sR = sHD/

sDiff = 1.39. In view of an earlier flow analysis of

Moldoveanu and Anderson 1984, this would corre-

spond to a local, relative near wall flux efficiency of

100%.

The near wall flow speed squares with the applied

flow rate, and associated uniform flow velocity vu,

respectively. This is illustrated in Fig. 5, where the

experimentally determined vHD is plotted against the

applied vu in the channel. vu is obtained from the ap-

plied volume flow rate, taking into account channel

length and volume. Figure 6 shows the estimated slip

velocity vslip and slip length dslip obtained at an uniform

flow velocity of 9 mm/s (540 ll/min) determined to

0.07 mm/s and 0.73 lm. For this estimate, it was con-

sidered that the experimental flow profile is also par-

abolic, and obeys the same slope near the surface. For

the uniform flow velocity, it has been found,that

<5 mm/s is threshold value, below which slippage dis-
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appears. For higher uniform flow speeds the slip length

increases non-linearly.

The related, convective response time DsHD scales

inversely with vu, following a power law, as indicated in

the Fig. 7. For comparison, the inset reveals the esti-

mated hydrodynamic transit time, calculated on the

basis of the Poiseuille equation for a wall distance of

0.5 lm. Distinct differences exist between both data

sets: the estimated transit/response times for the purely

parabolic flow profile are about a factor 2 higher than

the experimentally determined sHD-values. In other

words, the ideal parabolic flow profile yields about a

factor 2 lower near wall flow speed, compared to the

experimentally determined quantity. Second, the

exponent in the power law is exactly –1 for the para-

bolic profile, but is determined slightly higher than –

1.2172 for the recorded data. The solid line represents

an automatically generated best-fit to the experimental

data, employing a power law to define the exponents.

The standard deviation (R2) is 0.8771 for the experi-

mental values and exactly 1 for the ideal parabolic

profile.

The temporal concentration variation Dc/D s in the

high concentration limit for a 0.1 m NaOH solution, as

function of volume flow rate is depicted in Fig. 8. The

inset reveals the original data set, where the response

time reveals a clearly non-linear increase with

decreasing flow rate, along with an associated exponent

of –0.69. The large difference to the exponent of –1.21

in Fig. 7, recorded at very low solute concentrations,

illustrates the different dominating transport mecha-

nisms. It is important to note that Dc/D s scales linearly

with f, thus establishing easy extrapolation towards

f = 0 (or u = 0), to extract the value of the (afore-

mentioned concentration independent) diffusive tran-

sit time. In accordance with the solution to Eq. 4, for

the given flow cell geometry, the diffusive transit time

until the (concentration) equilibrium is established and

is determined from Dc/D s 0 = 0.0029, to s Diff = 172.4 s.

Considering the channel height and diffusion length of

0.75 mm, the associated diffusion velocity across the
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channel is obtained to vDiff = 0.0043 mm/s, indepen-

dent of the applied flow rate.

Eventually, Fig. 9a illustrates an example of a sim-

ulated response, utilizing the Laplace representation of

the CDE, depicted as a fit to the experimentally ob-

tained transient at low solute concentration, as shown

in Fig. 2b. With appropriately selected fitting parame-

ters, all recorded transients are accurately reproduced.

Figure 9b illustrates a set of flow transients, calculated

for different fitting parameters k in the Laplace rep-

resentation, and attributed to low and high solute

concentrations. The inset illustrates the associated

electrical analogue circuit, employed in the simulation.

The present experimental findings concern several

different critical transport issues, related to solute dif-

fusion and forced convective flow. A theoretical ap-

proach, addressing the diffusive transit time, has been

used earlier (Sjoelander and Urbaniczky 1991), and

based on the Fickian diffusion scaling relation. How-

ever, no experimental verification, regarding the

accuracy of the selected estimation method has been

provided by the authors. The expression originates

from statistical mechanics considerations, and is given

as s Diff = h2/D, where h is the cell height, or mean

square particle displacement, and D the diffusivity of

the solute. This concept has been widely used, and

applied to theoretically determine the diffusion

mechanism of water through nanotubes (Striolo 2006).

Thus, within this approximation, the output quantity

crucially depends on the selected D-value. There are

substantial variations among the different ions, which

sensitively depend on the size and properties of their

surrounding hydration shell. For macromolecules, D is

approximately inversely scaling with the molar weight.

As mentioned before, comparison with the SPR

response of NaCl solutions indicated that a high frac-

tion of the output signal originates from the presence

of OH– ions in the solution. Also, OH– ion diffusivity

and mobility values are approximately a factor-3

higher, compared to their Na+- counter ions, thus

implying faster transport into the near surface sensing

volume. It is therefore reasonable, to select the asso-

ciated transport coefficient (Tuckerman et al. 2006)

with DOH– = 3.12 · 10–5 cm2/s, and not the about 30%

lower combined ion pair diffusivity. With this approx-

imation, and using the cell height h = 0.75 mm, the

diffusive transit time calculates to sDiff = 180.3 s.

Within an error margin of 5%, this value agrees with

the experimentally determined sDiff = 172.4 s. The

present findings thus provides both, a direct experi-

mental verification/confirmation of the above men-

tioned diffusion scaling relation, along with a

validation of the presented approach to experimentally

determine diffusive transport parameters.

Furthermore, the experimental results of the pres-

ent work directly confirm the presence of convective

flow conditions in the near wall regime £ 0.5 lm,

along with the absence of a boundary layer. Experi-

mental evidence for the possibility of such a stable

boundary layer in a micro channel, where the tan-

gential velocity component drops to zero within wall

distances up to 5 lm, was given in the PIV data of

Fig. 8 of Shinohara et al. (2004). On the other hand,

shortly outside of this no-slip region, below and at lm

ranges, the tangential flow velocity reveals compara-

ble magnitudes under conditions, pertaining to and

displayed in Fig. 5 of this work. However, it should be

noted that PIV recordings reveal a limited spatial

resolution, most likely less than 1 lm. The agreement

with the results of independent experimental micro

flow observations, obtained with a different technical

set-up, thus confirms the present findings and associ-

ated data extraction method. It also supports the

quality of the selected experimental route.

However, the majority of experimental observations

regarding convective flow properties in micro channels,

available to us, indicated distinct distortions, compared

to the ideal parabolic flow pattern. For example, close

inspection of the pressure-driven flow pattern in very

narrow channels in the PIV data of Fig. 3 (Sinton and
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Li 2003) reveals a distinct maximum and subsequent

flow reversal in the near wall region at very low tan-

gential flow velocities. This behavior cannot be ex-

plained, and disagrees with the Poiseuille equation.

Also, recorded flow profiles, as shown in Fig. 18 of the

work of Park et al. (2003) indicated substantially

higher flow velocities outside of the channel center,

towards the walls, than would be expected of a purely

parabolic flow profile. This can be understood as a

relaxation of the no-slip condition, and would support

our experimental findings on the possibility of higher

tangential flow velocity at wall distance � 0.5 lm,

exceeding at least a factor of 2 the calculated parabolic

near wall flow speed. The effect appears even more

pronounced, if one refers and limits the sensing dis-

tance from the wall to � 0.2 lm, where up to 70% of

the recorded SPR signal originates. Under these con-

ditions, the ideal parabolic profile, and connected no-

slip condition, would lead at the same flow rate to a

transit time of approximately 1,050 s, which is sub-

stantially higher than the recorded value of 234 s.

At present, there is no full understanding, regarding

the origin of scaling effects and deviations from the

ideal parabolic hydrodynamic flow profile near channel

walls. Variations of viscosity along the flow direction

have been considered recently (Mahulikar and Herwig

2005). Also, surface effects have been invoked to play a

crucial role, and the relaxation of the no-slip condition

has been attributed to the presence of hydrophilic or

hydrophobic surfaces (Choi et al. 2003), and surface

roughness or intermolecular interactions for very

smooth surfaces (Zhu and Granick 2002). Direct evi-

dence for the existence of rate dependent slip flow has

been reported recently (Zhu and Granick 2001). The

recorded slip length, which is proportional to the slip

velocity (Choi et al. 2003) was shown to scale non-

linearly with the applied flow rate/flow velocity, similar

to the results presented in Fig. 5 of this work. There-

fore, we attribute the observed high near wall velocity,

primarily to the presence of slip flow at the wall sur-

face, which distorts the ideal low velocity parabolic

profile within the SPR-sensing volume. According to

previous investigations on slip at smooth surfaces (Zhu

and Granick 2001), there exist at least two scenarios

for microscopic interpretaion of the non-linear char-

acteristics: (1) the fluid viscosity might vary with the

wall distance or (2) the presence of gas/vapor bubbles

that nucleate in the presence of shear at solid surface

(de Gennes 2002). Whether one of these explanations

applies to the present experimental results is not clear

at present.

A final and important issue relates to the accuracy to

which the overall cell adsorption efficiency of macro-

molecular solutes onto a binding sensing surface can be

determined, using Eq. 9. As illustrated in the earlier-

mentioned approach (Sjoelander and Urbaniczky

1991), calculation of the diffusive transit time on the

basis of the Fickian scaling relation firmly relies on

the data accuracy of the input parameters, namely the

diffusion coefficient and cell height. Both quantities

reveal severe limitations. For example, the exact height

h of a micro fluidic flow cell is affected by the selected

sealing arrangement. Frequently, soft elastomeric O-

ring sealings are used, which tend to deform in a poorly

known amount under an applied sealing pressure load.

The effect is particularly critical for very narrow flow

channel arrangements. Mechanical deformations

within the 10% range are easily imposed, which se-

verely limits the accuracy to which h can be deter-

mined. Also, required diffusivity values in aqueous

solution are often uncertain. While those for the simple

ions are well documented, the huge and increasing

amount of proteins and other biomaterials used in

biochemical research, exhibiting large molar weight

variations, prevent determination of individually

accurate numbers. The present approach, to experi-

mentally assess ionic diffusive transit times, can be

adapted to determine macromolecular diffusivities.

The method does not rely on uncertain input param-

eters, but on relatively easy-to-perform diffusive transit

time measurements s Diff, using the relation D = h2/s

Diff. The achievable accuracy largely depends on the

given instrumental signal-noise ratio. Measurements

should be feasible with any state-of-the art SPR spec-

trometer, attached to an appropriately designed flow

channel or cell, where the cell height is precisely

known.

5 Conclusions

The transient flow of an aqueous solution has been

exploited, towards analysing flow conditions in a mi-

crochannel. Flow properties are ascribed to the con-

vective diffusion equation, transforming into the

Navier–Stokes equation at low-solute concentration

and the diffusion equation at low flow speed. The

evanescent wave of a surface plasmon resonance set-up

has been used as the sensing probe, penetrating

approximately 0.5 lm into the channel. From the

temporal signal evolution, the near wall forced con-

vective and diffusive channel transit times have been

extracted. Analysis of the data reveals validity of the

Fickian scaling law. The method allows precise deter-

mination of solute diffusion coefficients in aqueous

solution. Above a critical flow rate, near wall convec-
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tive flow speed substantially exceeds Pouseuille flow

for an ideal parabolic profile, and is indirectly attrib-

uted to the presence of slip flow.
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