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We have developed a label-free conductometric platform for the rapid measurement of kinetics

parameters for the adsorption and desorption of proteins on surfaces. Adsorbed Bovine Serum

Albumin (BSA) has been detected electrically with response times in the minute range, and kinetic

models were elaborated and compared to the measurements. The device presents similar characteristics

to Surface Plasmon Resonance (SPR) immunosensors, but takes advantage of a simpler, low-cost

electronic measurement unit.
Introduction

Measurement of the kinetics of adsorption of proteins on

surfaces and equilibrium adsorption isotherms have been

reported using different techniques, including Optical Wave-

guide Lightmode Spectroscopy (OWLS),1,2 ellipsometry,3 Total

Internal Reflectance Fluorescence (TIRF)4–8 or Surface Plasmon

Resonance (SPR).9–11 Kinetic effects are often complex, depen-

dant of salt concentration, protein charge or dipole moment, and

surface charge or hydrophobicity.5

Micro- and nanofluidics12,13 for immunology applications have

received much interest over the last 10 years, mainly because of

the reduction in detection time due to the large surface to volume

ratio and to the reduced sample volume. Diffusive transport at

that length scale implies short diffusion times and increases the

speed of the analysis.

Recently Karnik et al.14 and Schoch et al.15 have reported

possibilities of electrical detection of chemical binding inside

nanochannels. They have demonstrated that molecules entering

a confined area change the volume conductance, which can be

easily measured. Such electrical biosensors on a chip are holding

promises due to the low-cost and the simplicity of the detection

system.

In this study, we supply theoretical models for the effect of

proteins adsorption on conductance in a nanoslit, and based on

simple adsorption experiments, we describe the different regimes

governed by the solution characteristics (ionic strength, pH,

charge and concentration of molecules, etc.). This study is the

preliminary step for understanding future immunological

detection based on coupling nanofluidic devices with electrical

measurements.

As presented in figure 1, the device used in the experiment

consists of 2 microchannels linked together by a short but wide

nanoslit (height h ¼ 50 nm, length l ¼ 3 mm, width w ¼ 2.5 mm).

The width of the nanoslit is large in order to decrease the

measured impedance and allow measurement when the solution

has a low ionic concentration.
Microsystems Laboratory, STI-LMIS, EPFL, CH-1015 Lausanne,
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External positive and negative pressures allow driving the flow

in each 500nm deep microchannel. Platinum electrodes placed on

each side near the nanoslit allow the measurement of the nanoslit

impedance.

Theory

Adsorption kinetics

The Langmuir isotherm model16 is an adsorption kinetics theory

accounting for reversible adsorption. The exponential model for

the capture rate at constant concentration, which is governed by

the rate of adsorption Kon and desorption Koff, is usually used to

describe the behavior of molecules adsorption:

G(t) ¼ G0(1 � e�t/t) (1)

where the surface concentration G(t) is a function of time t, and

the effective surface coverage G0 is a function of the full coverage

surface concentration Gmax:

G0 ¼ Gmax

Kon,c0
Kon,c0 þ Koff

(2)

where c0 is the protein concentration. The time constant t to get

the proteins adsorbed, is given by

s ¼ 1

Kon,c0 þ Koff

(3)

After the injection of the proteins, when the equilibrium is

reached, the effective surface coverage G0 is reduced compared to

the full coverage Gmax due to the adsorption and desorption of

proteins, as described by eqn 2. The ratio of the rate of adsorp-

tion over the rate of desorption Kon/Koff determines the equilib-

rium constant K, which is constant for a given type of protein.

Effect of the presence of proteins on the nanoslit conductance

In the absence of adsorbed biomolecules on the nanoslit walls,

the nanoslit conductance is governed by the surface charges at

low ionic concentration, resulting to an offset conductance as

observed by Stein.17 At high ionic concentration, the nanoslit

conductance is governed by the channel geometry.
Lab Chip, 2009, 9, 319–324 | 319
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Fig. 1 (a) 3D schematic of the nanofluidic biosensor (cross-section, not to scale) constituted of 2 microchannels linked together by a short but wide

nanoslit (h ¼ 50 nm, l ¼ 3 mm, w ¼ 2.5 mm). A 50 nm aSi layer defines the height of the nanoslit and a platinum electrode is deposited in each

microchannel. A driving voltage is applied on the electrodes, generating an electric field through the nanoslit (represented by lines with arrows). (b) SEM

image of the top view of the microchannels and the electrodes. The inset picture presents the topography of the nanoslit.
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The nanoslit conductance G in steady-state conditions of

a bare nanoslit before protein adsorption, when filled with a 1:1

electrolyte solution, has been proposed by Schoch et al.18 and is

given by

G ¼
�
mþ þ m�

�
ci ,NA , e

w , h

l|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
GV

þ 2mopposite , js0j
w

l|fflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflffl}
GS

(4)

where m is the ionic mobility (subscripts denote cation/anion and

‘‘opposite’’ indicates counterions of opposite charge to the

surface charge), s0 the surface charge density in the diffuse layer

(assuming that the species in the inner Helmholtz plane are

immobile), NA the Avogadro constant, e the electron charge and

ci the electrolyte ionic concentration. The conductance G in the

nanoslit is obtained through the addition of the bulk conduc-

tance GV and the conductance GS due to excess counterions

equilibrating surface charges.

In our model, we assume that the protein concentration along

the nanoslit is constant and that the presence of biomolecules

adsorbed to the channel surfaces can change the nanoslit

conductance mainly for 2 reasons: i) the decrease of the effective

volume of the nanochannel due to the hindrance of the proteins,

and ii) the change of the surface charges because of the charged

absorbedbiomolecules and thus of the counterions concentration.

We assume constant properties of proteins and no lateral

interactions between adsorbed molecules.

The immobilized proteins contribute to the change of

conductance related to the channel geometry. As the volume of

the proteins decreases the nanoslit section, a resulting decrease in

nanoslit conductance occurs:

DGV

GV

¼ �DVðGÞ
V0

¼ �2Vp

h
,G (5)

where DGV/GV is the normalized conductance change of the

nanoslit relatively to GV, DV is the decrease of volume of the

nanoslit, V0 the initial volume of the channel and G is the surface

concentration of bound molecules.

The adsorbed proteins also change the nanoslit conductance

GS because of the change of the effective surface charge density

sS. In our model, we assume that the initial surface charges are

progressively replaced by every protein adsorbing on the surface.

Each protein also brings new counterions to the surface:
320 | Lab Chip, 2009, 9, 319–324
sS ¼
�
1� G

Gmax

�
s0 þ np , e ,G (6)

where np is the charge of one protein, depending on pH.

The normalized conductance change of the nanoslit relative to

GS can be written as follows:

DGS

GS

¼ jsSj � js0j
js0j

(7)

The total normalized conductance change DG/G is obtained

through the combination of eqns 4, 5 and 7:

DG

G
¼ GV

G
,
DGV

GV

þ GS

G
,
DGS

GS

(8)

With high ionic strength solutions, conductance changes in the

nanoslit are dominated by the channel geometry and the first

term of eqn 8 is dominant. However, at low salt concentration,

conductance becomes increasingly dominated by surface charges

and the second term of eqn 8 becomes dominant. This last term

gives a positive conductance change upon protein adsorption

and is characterized by the protein charge.

A strong dependence on the pH is therefore expected since

protein charge np will change with pH. The protein charge is

positive below the isoelectric point (pI) and is negative at pH

above pI.
Electrical model

The electrical model of the system we used, in which electrodes

are placed in the 2 microchannels linked by a nanoslit, is pre-

sented in figure 2a. The equivalent electrical circuit is composed

by resistive elements and parasitic capacitances. RnS and RmC

correspond respectively to the electrical resistance of the

nanoslit and microchannels. The value of the resistances of

the microchannels, RmC, is much lower than the resistance of

the nanoslit.

The capacitances CEDL result from the interface between the

electrodes and the ionic solution. Cstray is the parasitic capaci-

tance between the two electrodes through the glass.

Cstray can be measured when the chip does not contain solution

and was measured to be Cstray ¼ 1.2 � 0.2 pF.
This journal is ª The Royal Society of Chemistry 2009
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Fig. 2 (a) Equivalent electrical model showing the electrical resistance of

the channels, the capacitance due to the electrical double layer and the

stray one. (b) Impedance measurement as a function of the frequency for

a chip filled with a solution composed of 10% PBS and 90% deionized

water. f0 corresponds to the most resistive case (when the phase is close to

zero).
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To avoid electrochemical reactions at the embedded electrodes

interface, a low AC voltage (100mV) was chosen. The working

frequency f0 was tuned for the system to provide a resistive

behavior, and a phase close to zero. Figure 2b shows the

impedance measurement for a large range of frequencies when

the device is filled with 10% PBS and 90% deionized water.

Experimental section

Device microfabrication

Microfabrication processes were used to produce the devices.

Microchannels were wet-etched on a Pyrex wafer and 150 nm

thick platinum electrodes were deposited and structured using

standard lift-off techniques. A 50 nm layer of amorphous

silicon was sputtered and structured by plasma etching. The

thickness of this layer defines the height of the nanoslit, A

second Pyrex wafer, in which access holes were drilled by

sandblasting, was anodically bonded onto the first wafer.

Afterwards, the wafers were diced into individual chips and UV

photosensitive glue was used to isolate the electric connections

from the fluidic part. This process allows observing the

microchannels by the use of an optical microscope, which

allows potential correlations between electrical and fluorescent

measurements. Figure 1b shows a SEM picture of a manufac-

tured nanoslit.

Electrical measurement

The conductance of the nanoslit was measured using the preci-

sion LCR meter HP 4284A (Agilent Technologies, Inc., Engle-

wood, CO) with a sinusoidal voltage of 100 mV peak-to-peak.
This journal is ª The Royal Society of Chemistry 2009
Acquisition was controlled by a Matlab program, allowing

recording measurements at a given frequency.

Materials

Bovine SerumAlbumin (Sigma-Aldrich, St-Louis, MO) was used

due to its well-known capacity to adsorb to non-pretreated

surfaces. BSA is a globular protein composed of 610 amino

acids, has a molecular mass of 66 kDa and an isoelectric point

around pH ¼ 4.9.19

For the preparation of solutions, Phosphate Buffered Saline

(Sigma-Aldrich, St-Louis, MO) containing 137 mM sodium

chloride, 10 mM phosphate buffer and 2.7 mM potassium

chloride, was diluted with deionized water (18 MU cm) and

adjusted to the wanted pH with addition of HCl or KOH. For all

experiments, no pre-treatments were performed on the chip;

solutions were directly injected in microchannels and flow across

the nanoslit. All solutions were prepared and degassed just

before use, avoiding problems with air bubbles (only 5% of

experiments were aborted due to air bubbles). The solution

containing the proteins is dispensed in the inlet by a syringe. The

liquids from other ports are driven by air aspiration using an

air-pressure regulator (Bellofram Corp., Newell, WV) from

0 to �800 mbar. In order to avoid a lateral flow through the

nanoslit during the measurement, the proteins of interest were

injected in the first microchannel with the same flow rate as the

rinsing solution in the second one. Diffusion is considered as the

only phenomenon occurring in the nanochannel.

Results and discussion

Experiments were carried out to evaluate the conductance

changes of the nanoslit due to the adsorption and desorption of

BSA on its walls: first the microchannels and the nanoslit were

filled with a clean PBS solution by establishing a flow between the

inlet and the outlet ports. When the PBS solution fills the whole

device, the measurement of the impedance is started.

After being inserted in one microchannel, BSA diluted in PBS

diffuses in the nanoslit, resulting in a change of the impedance of

the nanoslit as measured in figure 3. The impedance reaches an

asymptotic value when BSA molecules have reached the

maximum effective coverage.

Conductance changes due to BSA adsorption

Figure 3 shows an adsorption experiment where a 600 mM BSA

solution was injected in the micro/nano fluidic system containing

a) high ionic concentrated PBS solution (137 mM NaCl) and b)

the same solution diluted 100x in deionized water (1.37 mM

NaCl) in order to reduce the ionic concentration.

At high ionic strength, the conductance of the nanoslit is

decreasing with time due to the dominance of first term in eqn 4.

The curve shows a typical behavior of adsorption kinetics at

surfaces.

At low ionic strength, the conductance of the nanoslit is

increasing due to the dominance of surface charges effects,

described by the second term of eqn 4. The kinetic behavior is

however different from the expected adsorption kinetic curve.

There is a systemic overshoot followed by a slower decay to

the equilibrium value DG/G. Similar behaviour was also
Lab Chip, 2009, 9, 319–324 | 321
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Fig. 3 Nanoslit conductance response of BSA adsorbed at Pyrex surfaces when channels are filled with (a) PBS solution and (b) 1%PBS diluted in

deionized water, both corrected to pH ¼ 6 by addition of HCl. The 600 mM BSA solution was injected at t ¼ 20 s and adsorbed on the nanoslit’s walls.

The value DG/G is measured when the normalized conductance change reaches an asymptote. The delay observed between injection and start of change

is due to the time to reach the nanoslit.
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observed by Malmsten et al.3,20 with ellipsometry and by Wertz

et al.6 with TIRF measurements. They explain this phenom-

enon by the occurrence of competitive spreading, in which

initially adsorbed proteins undergo interfacial spreading,

thereby occupying a larger interfacial area, and causing

a fraction of the protein molecules to desorb. This is a possible

explanation for the overshoot, assuming that high ionic

strength solutions alter protein desorption due to competitive

spreading.
Fig. 4 Evolution of the normalized conductance change with time for

various initial concentrations of BSA. The time constant of the adsorp-

tion phenomena decreases with increasing BSA concentration. The

experiments are realized in PBS solution with pH of 4.9 corresponding to

the isoelectric point of BSA. Points represent measurements and lines are

exponential fits from which experimental adsorption kinetics values DG/

G and t are extracted (second column, table 1).
Adsorption kinetics at high ionic strength

The adsorption experiment was reproduced with different initial

values of the BSA concentration c0 (from 600 nM to 600 mM) in

high ionic strength conditions. The surface conductance GS is

negligible at high ionic concentration and the kinetics curve can

be fitted using eqn 5.

Figure 4 shows the temporal evolution of the normalized

conductance change during the adsorption of the proteins on the

Pyrex nanoslit walls for various initial concentrations of BSA

injected in the microchannel. When reducing the protein

concentration, the time constant of the adsorption phenomenon

increases strongly, in accordance with eqn 3, and the saturated

conductance changes value decreases.

A simplified geometrical model of a spherical molecule with

a radius rp ¼ 4 nm is used to calculate Vp. The assumption of full

surface coverage Gmax is made with the same model, postulating

a compact hexagonal packing on surface:

Gmax ¼
1

2
ffiffiffi
3

p
, r2p

(9)

With this model, eqn 2 and 5 become

G0 ¼
1

2
ffiffiffi
3

p
, r2p

Kon , c0
Kon , c0 þ Koff

(10)

DG

G
¼ �

8p , r3p
3h

,G0 (11)

The equilibrium coverage ratio of the surface can be expressed

by
322 | Lab Chip, 2009, 9, 319–324
G0

Gmax

¼ �3
ffiffiffi
3

p

4p
,
h

rp
,
DG

G
(12)

The maximum surface coverage Gmax ¼ 1.8 � 1016 mol/m2

obtained with eqn 9 is close to the measured value in similar

conditions by Duncan et al.19 of 2.6 � 1016 mol/m2.

The values of measured time constants and normalized

conductance changes are presented in table 1 and compared to

the calculated ones. Calculations are best fittings of experimental

data, usingKon¼ 100M�1 s�1, Koff ¼ 0.002 s�1 and rp ¼ 4 nm.We

obtain remarkably good fits considering the simplicity of the

model. This allows direct determination of the rate of adsorption

Kon and desorption Koff of label-free proteins on surfaces inter-

actions.
Effect of pH and ionic strength variations

The adsorption experiment was repeated for various values of

pH, and for various ionic concentrations of PBS solution.

Figure 5 shows the normalized conductance change of the
This journal is ª The Royal Society of Chemistry 2009
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Table 1 Comparison between measured and calculated conductance changes due to BSA adsorption in a nanochannel. The experimental values DG/G
and t are extracted from the data shown in figure 4 with an exponential fit. The calculated values have been obtained using eqn 11, 3 and 10 with the
following values: Kon ¼ 100 M�1 s�1, Koff ¼ 0.002 s�1, rp ¼ 4 nm and h¼ 50 nm. The relative surface coverage is calculated with the same parameters and
displayed in the last column

Experimental data, extracted from figure 4 Calculated data with eqn 3, 10 and 11

c0 (mM) DG/G t (s) DG/G t (s) G0 (mol/m2)

600 �0.19 � 0.02 20 � 5 �0.19 16 1.75 � 1016

60 �0.16 � 0.01 150 � 30 �0.15 125 1.35 � 1016

6 �0.04 � 0.005 300 � 80 �0.04 385 4.15 � 1015

0.6 �0.01 � 0.005 500 � 120 �0.01 485 5.41 � 1014

Fig. 5 Normalized conductance change of the nanoslit as a function of the pH of the PBS solution when injecting 600 mM BSA. (a) High ionic

concentration solution is mainly dominated by nanoslit volume change and (b) low ionic concentration by charge effects. At high ionic concentrations

the conductance difference due to proteins charges and proteins adsorption is less significant than for low ionic strength. Points are the measurements

and lines are plotted using eqn 8, with np from Böhme et al.,21 G(pH)/G(pI) from Clark et al.,23 G(pI)1%PBS/G(pI)100%PBS¼ 1.6, rp ¼ 4 nm, m� ¼ 6.5� 10�8

m2 V�1 s�1, Kon ¼ 100 M�1 s�1, Koff ¼ 0.002 s�1, s0¼�1.4 � 10�2 C/m2.
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nanoslit when 600 mM BSA proteins are injected in the system

and have adsorbed on the nanoslit walls, as a function of the pH

of the PBS solution. The points are representing the measure-

ments and in order to plot eqn 8, various parameters have been

measured or are taken from the literature: the effective charge of

BSA as a function of pH has been taken from NMR measure-

ments of Böhme et al.21 The initial surface density was measured

to be s0 ¼ �1.4 � 10�2 C/m2 using the second term of eqn 4,

which is very close with the value s0¼�2.5� 10�2 C/m2 reported

by Schoch et al.18 The ions mobility mNa ¼ 5.19 � 10�8 m2 V�1

s�1and mCl ¼ 7.91 � 10�8 m2 V�1 s�1 were found in the literature22

and an average value m� ¼ 6.5 � 10�8 m2 V�1 s�1 was used for all

values of pH in order to avoid singularities.

The BSA surface coverage as a function of pH, G(pH)/G(pI)

has been taken from measurements of Clark et al.23 They also

reported that at high ionic strength, the surface coverage remains

constant as a function of pH.

Finally, Shibata et al.7 and Duncan et al.19 highlighted an

increase of the adsorption of proteins on surfaces when reducing

the ionic strength of the solution. According to their measure-

ments, we increase the surface coverage G(pH) by a factor 1.6 in

our 1% PBS model relatively to the 100% PBS one.

Figure 5a highlights that for solutions of high ionic concen-

trations, the changes of conductivity DG/G are almost indepen-

dent of the pH, and the conductance of the nanoslit is mostly
This journal is ª The Royal Society of Chemistry 2009
related to the apparent section of the nanoslit, and consequently

to the number of proteins adsorbed on the nanoslit walls. The

measurement of the normalized conductance change DG/G at

high ionic concentrations can be used to detect the presence of

biomolecules in the slit or the binding between species, as these

phenomena are inducing changes of the apparent section of the

nanoaperture. Schoch et al.,15 recently highlighted the possibility

to detect binding between biotin and streptavidin in nano-

channels. In future work, we will attach a primary antibody to

the nanochannel walls, to quantify the binding with a specific

antigen and compare it with other species. This may lead to

immunological applications based on electrical detection of

label-free antigens.

Figure 5b presents the nanoslit conductance changes for

solutions of low ionic concentrations. We can distinguish 3

different regimes: i) close to the pI of the proteins, when BSA

proteins are not charged and jsSj\js0j, the surface conductance
change DGS/GS is low and tends to �1 when all initial surface

charges are covered by globally uncharged molecules (according

to eqn 7). The model does not match the measurements when the

pH is close to the pI because it is over-simplified and does not

take into account the local inhomogeneity of the pH in the

electrical double layer as reported by Van der Wouden et al.24

and Bousse et al.25 However the overall evolution of the model

and experimental data are similar for values of the pH away from
Lab Chip, 2009, 9, 319–324 | 323
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pI. ii) When going away from the pI value, the global number of

charge jnpj of the proteins increases, which also increase the

conductance of the nanoslit. iii) Finally, when working with pH

far away from pI, the surface coverage decreases too much and

becomes the limiting factor, leading to a decrease of the

conductance change.

Conclusions

We have demonstrated that protein adsorption kinetics can be

measured in a nanoslit. When the ionic strength of the solution is

high, the conductance change is dominated by volume effects due

to the adsorbed or bound proteins and the conductance is

independent of proteins charge. Applications in immunology and

biomolecules detection requiring fast detection time could benefit

from the development of a detection method based on these

conditions. Additionally, the adsorption and desorption kinetics

parameters for a given protein-interaction condition can be easily

deduced from the experiment.

When working with low ionic strength solutions the sensitivity

to proteins charge was demonstrated and the behavior of the

nanoslit conductance was described.

The detection time of our device is limited by the kinetics of the

adsorption and desorption of molecules, as in the case with SPR

immunosensors. However the technique presented in this paper

has several advantages such as the simplicity of the measure-

ments, the portability, low cost of production, suitability for fast

multiplexing label-free detection of biomolecules on-chip and

can become a powerful biophysical alternative for SPR devices in

determining kinetic and equilibrium constants of molecular

interactions.
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