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Label-free detection of biomolecules using an optical whispering-gallery mode

sensor in a microelectrofluidic channel is simulated. Negatively charged bovine

serum albumin is considered as the model protein analyte. The analyte transport in

aqueous solution is controlled by an externally applied electrical field. The finite

element method is employed for solving the equations of the charged species

transport, the Poisson equation of electric potential, the equations of conservation of

momentum and energy, and the Helmholtz equations of electromagnetic waves. The

adsorption process of the protein molecules on the microsensor head surface is

monitored by the resonance frequency shifts. Frequency shift caused by temperature

variation due to Joule heating is analyzed and found to be negligible. The induced

shifts behave in a manner similar to Langmuir-like adsorption kinetics; but the time

constant increases due to the presence of the external electrical field. A correlation

of the frequency shift, the analyte feed concentration in the solution, and the applied

voltage gradient is obtained, in which an excellent linear relationship between the

frequency shift and the analyte concentration is revealed. The applied voltage

gradient enhances significantly the analyte concentration in the vicinity of the

sensor surface; thus, the sensor sensitivity which has a power function of the voltage

gradient with exponent 2.85 in the controlled voltage range. Simulated detection of

extremely low protein concentration to the pico-molar level is carried out. VC 2011
American Institute of Physics. [doi:10.1063/1.3615237]

I. INTRODUCTION

Many different micro/nano detection methods have recently been applied to biochemical

and biomedical processes monitoring and analysis. These methods can be broadly classified

into two main categories: labeling methods and label-free methods. Labels can structurally and

functionally interfere with an assay, leading to possible false negatives. They may not be spe-

cific and, moreover, impose additional time and cost demands. As a result, scientists are explor-

ing novel techniques that do not require labeling of ligand or receptor and that allow virtually

any complex to be screened with minimal assay development. Without the need for labels or

agents, detection can be done in situ and in real time, taking great advantages in emerging

point-of-care detecting applications. Several label-free optical techniques have been developed,

such as autofluorescence,1 confocal Raman spectroscopy,2 optical resonance,3 surface plasmon

resonance,4 and intracavity spectroscopy.5

There is an increasing awareness of micro-opto-fluidic systems (MOFS), which employ

hybrid optical and microfluidic technologies in a micro environment to perform novel functional-

ity and in-depth analysis.6–11 MOFS can be realized via a simple integrated chip solution, com-

bining fluid flow and optical sensor in a single microchannel, in which the fluid acts as a me-

dium, which carries analytes such as biomolecules and chemicals in the microchannel for optical

detection. In 1999, Guo et al.7 proposed a rapid yet accurate optical interferometric method for
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measuring mass diffusion coefficients in microchannels with aqueous solutions within 100 s. In

2005, Leung et al.8 developed a continuous flow microfluidic reactor, using a confocal Raman

microscopy detector for online monitoring, and significantly reduced measurement time from 48

h to only 10 min. Cui et al.9 has recently implemented an on-chip optofluidic microscopic sys-

tem using the surface plasmon resonance technique to measure living Caenorhabditis elegans
within 0.5 s. Burg et al.10 has demonstrated a suspended microchannel resonator with embedded

microfluidic channels for ultralow volume universal detection. As compared with conventional

measurement instrument, the sample quantity in a microfluidic channel is substantially reduced.

Traditionally, pressure is used in these devices to induce controllable fluid flow in microchan-

nels. However, incorporation of a pressure pump or valve into a microchannel is challenging

and restrictive in many situations. Thus, other manipulation schemes such as use of applied elec-

tric voltage11 may be needed, leading to combined micro-opto-electro-fluidic systems (MOEFS).

Nowadays, research on whispering-gallery mode (WGM) based biosensing has attracted

increasing attention, because of its extremely high sensitivity in the detection of molecules or

nano-entities.12–15 It is well known that WGM resonance frequencies depend on the effective

size and refractive index of the resonator.16–18 At a resonance, photons are trapped and internally

reflected in an orbit within the resonator surface of circular shape. The resonance induces a

strong evanescent wave field in the surrounding. As the photons guided by total internal reflec-

tion in the resonator circulate many times, they interact repeatedly with adsorbate on the surface

of the resonator, leading to resonance frequency shifts.12–14

On the other side, temperature variation due to absorption of laser energy during laser scan-

ning or pumping19 could change resonator conditions because of the thermal expansion and

thermo-optic effects.20 Ma et al.20,21 measured resonance wavelength shifts against temperature

changes for different silica beads. The measured sensitivities closely match with the analytical

values based on bulk material properties of silica thermal expansion and thermo-optic effect in a

wide temperature range.21

In this paper, an optical WGM micro device is proposed to be integrated with a microelec-

trofluidic channel to provide a new MOEFS platform for label-free detection with high sensitiv-

ity in the universal analysis of biomolecules, proteins, DNA, or chemicals. The analyte solution

flow in the microchannel is driven by an external electric potential. The whole process is

coupled by the charge transport equations, the Poisson equation, the conservation of momentum

equation, the energy conservation equation, and Maxwell’s equations. All the governing equa-

tions are solved via the finite element method in a package. Emphasis is placed on investigating

the optical resonance frequency shifts versus the analyte concentration and the applied electric

potential gradient. The dynamic adsorption process detected by the sensor is revealed. The

effect of Joule-heating is analyzed and examined. A sensor correlation is obtained.

II. MATHEMATIC FORMULATION

Consider a planar MOEFS structure shown in Fig. 1. The system consists of a microfluidic

channel with two electrodes and an optical WGM resonator as the micro sensor. An anode elec-

trode can be embedded inside the dielectric resonator to form an equipotential electrical field

around the sensor surface. Analyte solution and buffer solution are forced into the channel from

inlet ports toward the outlet port. The charged analytes are directed to the optical sensor through

the electrostatic fluid flow. The WGM-based optical resonator coupled with a waveguide is inte-

grated in a section of the microchannel. The enlarged view in Fig. 1 provides a detailed sketch

of the simulation region with both the analyte transport and the sensor in which h indicates the

inner width of the channel, l is the length in the simulation domain, d indicates the resonator di-

ameter, and w is the width of the waveguide. A laser beam is focused into the waveguide. Pho-

tons at resonant frequencies tunnel from the waveguide to the micro resonator. The considered

sample analyte in the present study is bovine serum albumin (BSA), a serum albumin protein

that has many biochemical applications and can also be used as a nutrient in cell and microbial

culture. BSA is stable and lack of effect in many biochemical reactions. The cost for preparing

BSA is low.
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A. Governing equations

The charge transport for analyte dissolving in pure water includes negatively charged BSA

analyte, the hydroxide ions, and hydronium ions.22 The transport equations are

@Ci

@t
þ V

*
� rCi ¼ r � ðziwiFCirUÞ þ Dir2Ci; i ¼ 1; 2; 3; (1)

where C is molar concentration; z is the valence number (in this work, we assume

z1¼ z2¼�z3¼�1); w is the mobility under an external electric potential; U is the electric

potential; D is the diffusion coefficient; and F is the Faraday constant. Subscripts i¼ 1, 2, and

3 indicate the analyte, hydroxide ion, and hydronium ion, respectively.

As the electric potential field is irrotational, it can be conveniently expressed by the follow-

ing Poisson equation:

efr2U ¼ �qE; (2)

where

qE ¼ Fð
X3

i¼1

ziCiÞ: (3)

Here, qE is the total charge density, and ef is the permittivity of fluid. In the Poisson formula-

tion, the permittivity of the solution is assumed uniform. The conductivity field is dominated

by charges densities and charges’ mobility is assumed constant.

The equation of conservation of momentum for the incompressible aqueous solution is

@V
*

@t
þ V

*
�rV

*
¼ �rP

q
þ tr2V

*
� qE

q
rU; (4)

FIG. 1. Sketch of the MOEFS with a WGM sensor and the enlarged view of the simulation region.
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where q is the liquid density, V
*

is the velocity, P is the pressure, and t is the dynamic viscosity.

The electric potential is coupled to the momentum equation via the addition of the electric force

term.

It is well known that Joule heating induced by the applied electric potential in a microelec-

trofluidic system may be a concern. The following heat transfer equation is employed to exam-

ine the temperature variation:

qcp
@T

@t
þ V

*
�rT

!
¼ Qþr � ðkrTÞ;

 
(5)

where Q¼r rUj j2 is the Joule heat generated by the electric current flow; r is electrical con-

ductivity and can be defined as22 r ¼ F2ð
P3

i¼1 wiz
2
i CiÞ in the bulk solution; T is the tempera-

ture; q is the density; cp is the heat capacity; and k is the thermal conductivity.

The micro resonator and waveguide are made of a dielectric material. The electromagnetic

(EM) wave propagation and photon tunneling in the optical device can be described by time-de-

pendent Maxwell’s equations23 as follows:

r � E
*
¼ qE

e
;r� E

*
¼ �l

@H
*

@t
; (6)

r � H
*
¼ 0;r� H

*
¼ J þ e

@E
*

@t
; (7)

where E
*

and H
*

are the electric and magnetic field vectors, respectively; l and J are permeabil-

ity and total current density, respectively; and � is the permittivity. For time-harmonic waves,

E(r,t)¼E(r)exp(ixt) and x is the angular frequency, Maxwell’s equations are then simplified to

the Helmholtz equations as follows:

r2E
*
þlx2eE

*
¼ 0; (8)

r2H
*
þlx2eH

*
¼ 0: (9)

Under WGM resonances, the EM field in a 2-D micro resonator typically consists of equatorial

brilliant rings. The rings are located on the same plane as the waveguide.14 Consider in-plane

transverse electric (TE) waves, the EM fields can be simplified as

E
*
ðx; y; tÞ ¼ E

*

zðx; yÞe
*

z eixt; (10)

H
*
ðx; y; tÞ ¼ ½H

*

xðx; yÞe
*

x þ H
*

yðx; yÞe
*

y�eixt: (11)

B. Initial and boundary conditions

In the present simulations, neutral velocity boundary conditions, which act like there were

no boundaries, are assumed in the streamwise direction. Constant temperature is taken as 300 K

at the outlet and inlet of the microchannel. Initial temperature is constant at 300 K as well. For

the charged species, convective flux and constant concentration are adopted at the outlet and

inlet of the flow, respectively. Initially, the analyte is uniformly distributed and the solution is

stationary. Non-slip conditions on the walls and micro resonator surface are also assumed. The

following boundary conditions are then employed on the physical walls:

rU � n
* ¼ 0; (12)
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rCi � n
* ¼ 0; i ¼ 1; 2; 3; (13)

V
*
�n* ¼ 0;V

*
� t
*
¼ 0; (14)

n
*�H

*
¼ 0; (15)

where t
*

and n
*

are the tangential and normal vectors of the wall, respectively. Eqs. (12) and

(13) are, respectively, the condition that the boundary is nonconductive and that there is no ion

diffusion across the walls. Eq. (14) is the condition that the walls are not penetrative. Eq. (15)

demonstrates the natural continuity condition for the tangential component of the magnetic field

at the system interface and physical boundaries with respect to Maxwell’s equations.

Protein adsorption on a solid surface is involved in a wide range of phenomena and appli-

cations and represents a complicated field of biomaterials which has been studied for decades.

Under the effect of an electric potential flow, charged analytes are directed toward the oppo-

sitely charged solid surface and bind to it. On a hydrophilic surface, the electrostatic attraction

between oppositely charged material is often the major driving force for adsorption of bio mol-

ecules.24 In a Si3N4/H2O solution, the neutral SiOH species becomes the predominant one, the

SiNH3
þ species remains the charged one, whereas the SiO- sites increase.25 It is known that the

BSA proteins carry negative charges at neutral pH value.26 To simplify the simulation work,

Langmuir approach27 is adopted to describe the protein adsorption process. The key assump-

tions are (a) only a monolayer forms by adsorption; (b) the adsorbing surface is composed of

discrete, identical, and non-interacting sites; (c) the adsorption process for each molecule is in-

dependent; and (d) there is no molecule-molecule interactions since the concentration is very

low. Moreover, with the assumption that there is no surface diffusion on the micro resonator,

the boundary conditions with respect to Ci are prescribed as

n
* �ð�D1rC1 þ z1w1FC1rUþ C1V

*
Þ ¼ �KadsC1ðH� CsÞ þ KdesCs; (16)

rCi � n
* ¼ 0; i ¼ 2; 3; (17)

Here, Kads and Kdes are the adsorption coefficient and desorption coefficient, respectively. H
indicates the surface saturation density value when the micro resonator is fully covered by the

analyte molecules. The surface density of adsorbate, Cs, is governed by

@Cs

@t
¼ KadsC1ðH� CsÞ � KdesCs: (18)

It is worth mentioning that the adsorption and desorption processes only occur at the surface of

the micro resonator.

As to the boundaries for the EM wave calculation domain, the low-reflecting boundary

condition,13 which indicates that only a small part of EM wave is reflected and the wave propa-

gates through the boundary almost as if it were not present, is adopted

e
*

z � n
*� ffiffiffi

l
p

H
*
þ

ffiffi
e
p

E
*

z ¼ 0: (19)

The light source term E
*

0z , which propagates inwards through the entry of the waveguide, can

be treated as an electrically low-reflecting boundary and expressed by

E
*

0z ¼
1

2
ffiffi
e
p ðe*z � n

*� ffiffiffi
l
p

H
*
þ

ffiffi
e
p

E
*

zÞ: (20)

In present computations, the light source term is assumed to be uniform and unity at the entry

of the waveguide.
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C. Properties and parameters

In the present study, BSA with volume 224 nm and molecular weight 66 776 Da (Ref. 26)

is taken as the sample analyte and pure water (pH¼ 7.0) as solvent. The effective refractive

index of the analyte is assumed as 1.5, and each BSA molecule is assumed to take one effective

negative charge. In a neutral pH 7.0 solution, the hydroxide ions and hydronium ions are in

equilibrium and the ion concentration is 100 nM each at room temperature. Both the micro res-

onator (d¼ 5 lm) and waveguide (w¼ 1 lm) are made of silicon nitride with a bulk refractive

index of 2.01. The inner width of the channel is h¼ 10 lm; and the channel length in the simu-

lation domain is l¼ 60 lm. The electrical potential gradient is measured from the positively

charged sensor surface to the ground analyte inlet. Single-mode laser with wavelength around

835 nm is used to trigger a WGM resonance inside the micro resonator through the waveguide.

The gap between the micro resonator and waveguide is set at 300 nm. The extremely dilute

analyte solution can be assumed to have the permittivity, viscosity, density, thermal conductiv-

ity, specific heat capacity, and refractive index of pure water.

The surface saturation concentration is taken by assuming the resonator surface is fully cov-

ered by a monolayer of BSA molecules. The reported adsorption and desorption coefficients of

BSA vary, depending not only on the pH value, ionic strength, concentration, and surface condi-

tions but also on the model used in adsorption kinetics. Since the focus of the present study is

the demonstration of the WGM sensor, rather than the adsorption kinetics, the adsorption and de-

sorption coefficients of BSA are assumed constant, close to the values given by the experiment

of Yeung et al.28 The property values used in the present simulation are summarized in Table I.

D. Numerical models and schemes

The current problem is very complicated and involves coupling of fluid dynamics, heat

transfer, multiple species transport, electric potential distribution, and optical EM field. In the

current simulation, the commercial COMSOL package (version 3.3) is applied to perform a finite

element analysis. The electro-kinetics, Joule-heating, the Poisson equation, and in-plane TE

waves application modes of the COMSOL package are employed and solved in coupling.

Table I. Values of parameters used in this work (at 300 K).

Symbol Description Value used

w 1 Mobility of BSA in water 1.5� 10�14 mol�s/kg

w 2, w 3 Mobility of ions 5� 10�13 mol s/kg (Ref. 32)

D1 Diffusivity of BSA in water 3.26� 10�11 m2/s (Ref. 33)

D 2, D 3 Diffusivity of ions 5� 10�9 m2/s (Ref. 34)

Kads Adsorption coefficient of BSA 2.2 m3/(mol�s)

Kdes Desorption coefficient of BSA 1� 10�3/s

H Surface saturation concentration 4.5� 10�8 mol/m2

ef Permittivity of water 6.93� 10�10C/(V�m)

e Permittivity of silicon nitride 3.54� 10�11 C/(V�m)

F Faraday constant 9.65� 104 C/mol

q Density of water 1.0� 103 kg/m3

t Viscosity of water 1.0� 10�6 m2/s

nm Refractive index of silicon nitride 2.01

ns Refractive index of water 1.33

nB Refractive index of BSA 1.5

k Thermal conductivity of silicon nitride 30 W/(m�K)

k Thermal conductivity of water 0.58 W/(m�K)

Cp Specific heat capacity of silicon nitride 710.6 J/(kg�K)

Cp Specific heat capacity of water 4.18 kJ/(kg�K)
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Specifically, the electrokinetic flow mode is used to solve the charge transport equations. The

Poisson equation is solved using the electrostatics mode. The fluid dynamics equations are

solved using the Incompressible Navier–Stokes mode. The general heat transfer and conductive

media DC modes are used to consider the Joule-heating effect. And the In-plane TE waves

mode is adopted to solve Maxwell’s equations.

The simulation work is generally separated into two steps: first, the charged species trans-

port, the adsorption process, and the temperature distribution and are simulated in the domain as

described in the enlarged area in Fig. 1 with 20 196 triangle elements. Locally refined meshes

are applied to the vicinity around the micro resonator since attention should be paid to the

adsorption of analyte on the surface of the micro resonator. All coupled modes are solved by a

time-dependent solver of COMSOL with a time step of 0.1 s, and the relative tolerance is set as

10�6. Second, the adsorption surface density distribution is transformed into the thickness profile

of the BSA layer surrounding the resonator. The said layer together with the temperature varia-

tion will induce changes to the resonance condition of light traveling inside the micro resonator.

The simulation domain for optical detection is also the enlarged area in Fig. 1 and is meshed by

about 150 000 triangle elements. The existence of the thin adsorption layer (in the order of pic-

ometer) requires extremely small size of meshes in the vicinity around the periphery of the

micro resonator; and hence, more refined elements are needed to perform the optical analysis.

Simulations are conducted in a DELL PC with one 2.2 GHz CPU and 3.0 GB memory.

III. RESULTS AND DISCUSSION

Some previous work has shown the feasibility of applying COMSOL package to perform the

analysis of molecular and fluid transport29,30 and optical EM field.13,14 To validate the current

simulation, the adsorption of BSA at two different concentrations (20 pM and 500 pM) onto a

silica micro resonator at pH 6.6 in the absence of external electrical field is simulated and com-

pared with the experimental results by Yeung et al.28,31 The parameter values used in the simu-

lation were given in Table I of Yeung et al. through a simple Langmuir model.28 The surface

saturation concentration are calculated as 0.448� 10�13 and 5.418� 10�12 mol/m2 for 20 pM

and 500 pM, respectively. Figure 2 compares the time evolutions of the relative surface coverage

FIG. 2. Comparison between the present simulations and experiments in the literature (Refs. 28 and 31).
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between the simulations and experiments. As seen, both the experimental and calculated results

exhibit Langmuir-like adsorption kinetics, and the simulations agree well with the experimental

measurements. It should be mentioned that the experimental results were suffered from photo-

bleaching effect. The black solid squares at t¼ 310 and 600 s represent the relative coverage

unaffected by photobleaching, from where the adsorption coefficients were obtained.28 Thus, the

simulations match excellently with the photobleaching-unaffected results; while the experimental

points with photobleaching effect are generally below the simulated ones, particularly at long

time stage. The experimental uncertainty is quite large for the case of extremely low concentra-

tion (20 pM). More accurate measurement techniques like the presently proposed one are in

great demand.

FIG. 3. Representative analyte concentration field around the sensor with electrical equipotential lines (a) and typical

WGM resonance electric field under the first-order resonance (b).
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Once an electric potential difference is applied to the MOEFS, samples are driven to move

and some of them will be deposited at the resonator surface till the whole system reaches a

new equilibrium. The monolayer formation process can be monitored by tracking the resonant

frequency shift of the sensor. A typical analyte concentration distribution and a representative

resonance electric field are shown in Figs. 3(a) and 3(b), respectively. In the simulation, the

applied voltage gradient is 23.3 V/cm, and the BSA bulk concentration is 10 pM. Fig. 3(a) illu-

minates the steady-state distribution of the analyte concentration and the equipotential lines of

the electrical potential field. It is seen that most of the negatively charged analytes accumulate

toward the micro resonator (d¼ 5 lm) surface, which justifies the fact that in such a system,

the applied electrical potential is a predominant driven mechanism over the convection and dif-

fusion for charged analyte transport. As a result, the analyte concentration around the sensor is

substantially enriched with maximum concentration about 22 times of the feed concentration,

leading to augmentation of BSA adsorption on the resonator surface. The formation of adsorbed

BSA monolayer varies the WGM resonance frequency. Fig. 3(b) displays the distribution of the

time-varying harmonic electric field in a small region (7.75� 8 lm2) around the sensor under a

first-order WGM resonance. The resonance frequency is shifted from a base frequency

178.671975 THz for the case without analyte formation to 178.671930 THz for the case with a

layer of analyte formation at steady state. The analyte adsorption does not obviously degrade

the resonance quality and the quality factor remains in the order of 104.

The steady-state distributions of the analyte density on the micro resonator surface for four

different applied voltage gradients (6.67, 16.7, 23.3, and 33.3 V/cm) are shown in Fig. 4. The

starting point of the h angle is shown in Fig. 1. All simulations are performed with analyte feed

concentration at 10 pM. As seen, for the cases of 6.67, 16.7, and 23.3 V/cm, the adsorbed ana-

lyte is nearly uniformly distributed on the sensor surface, and the analyte surface density

increases with increasing voltage. As the applied voltage gradient increases to 33.3 V/cm, how-

ever, the analyte surface distribution becomes less uniform and the density decreases as com-

pared with the case of 23.3 V/cm.

FIG. 4. The density distributions of the adsorbed analyte on the surface of micro resonator for different applied voltage

gradients.
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The analyte monolayer formation is a time-dependent process. Fig. 5 demonstrates the time

evolution of the average surface density of the adsorbed analyte versus the applied voltage gradi-

ent. All simulations are performed with analyte feed concentration at 10 pM in neutral solution.

In general, two distinct kinetic regimes can be used to describe a protein adsorption curve,27 the

transport- and adsorption-limited regimes. In this study, the negatively charged analyte flows to-

ward the anode from an initial distribution under the external electrical effect, which is a trans-

port-limiting mechanism. As the adsorption and desorption processes proceed, according to the

monolayer assumption, surface active sites diminish, and thus, reducing the rate of adsorption

and the deposition process is in the adsorption-limit regime in the vicinity around the resonator

surface. When a significant fraction of the surface is covered, the rate of the analyte adsorption

will be balanced by the rate of desorption and saturation is reached. The results in Fig. 5 show

Langmuir-like adsorption kinetics, which follows the formula Cs¼Csat [1� exp(�t/s)], in which

Csat is the absorbate surface density at saturation and s is the time constant. The time constants

for the four different electrical potential gradients of 6.67, 16.7, 23.3, and 33.3 V/cm are 1963,

3337, 4298, and 3398 s, respectively. The time constant increases with increasing saturation sur-

face density Csat. From Figs. 4 and 5, it is clear that for the three cases of 6.67, 16.7, and 23.3

V/cm, the analyte adsorption process is in the adsorption-limited regime.27 For the case of 33.3

V/cm, however, the adsorption process is transport-limited.

To further inspect the influence of the applied voltage, the variations of the averaged ana-

lyte surface density at equilibrium versus the applied voltage gradient for two different feed

concentrations (10 pM and 50 pM) are plotted in Fig. 6. It is seen that the analyte surface den-

sity increases as the applied voltage gradient increases up to about 26.7 V/cm and after which

the analyte surface density decreases as the applied voltage gradient goes up. This is because

the applied voltage increases the bulk solution flow velocity as well. When the flow velocity is

increased to a value such that the convection is comparable to the electrical driven force, fur-

ther increase of the applied voltage will start to reduce the enriched concentration field and the

overall analyte adsorption density. Therefore, the applied voltage should be controlled in a

range smaller than 26.7 V/cm.

FIG. 5. The time trace of the adsorbed analyte on the micro resonator surface for different applied voltage gradients.
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Figure 7 shows the time evolutions of the frequency down shift induced by the analyte dep-

osition to the micro resonator surface. The frequency down shift curve reflects the detection of

a real WGM sensor. Two different cases are shown. The applied voltage gradients are set to be

FIG. 6. The effect of applied voltage gradient on average analyte surface density at steady state.

FIG. 7. The time trace of frequency down shift induced by analyte deposition onto the sensor surface.
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16.7 and 23.3 V/cm with corresponding analyte feed concentrations of 50 and 10 pM, respec-

tively. Via the Langmuir fitting, the time constant s for the case of 16.7 V/cm and 50 pM is

found to be 2616 s, and that for the case of 23.3 V/cm and 10 pM is 4450 s.

Table II compares the time constants obtained through the adsorption kinetics (s1) and the

frequency shift data (s2), respectively. The difference between these two constants for the cases

studied is small. It verifies that the time trace of the adsorption process can be accurately moni-

tored by the detection of the WGM frequency shift.

Figure 8 shows the relationship between the detected frequency down shift and the analyte

concentration at steady state. It is seen that the shift increases with increasing analyte concen-

tration and increasing applied voltage gradient. Using the best fitting technique, a sensor curve

equation is obtained as Df ðMHzÞ ¼ �ð0:2433þ 0:00053�rUðV=cmÞ2:85Þ � C1ðpMÞ. The cor-

relation shows a linear relationship between the concentration and the frequency shift and a

power function of the potential gradient. The external electrical field enhances the adsorption in

the controlled applied voltage range. The results demonstrate the feasibility of the proposed

WGM-MOEFS biosensor as an excellent miniature platform for monitoring bio-molecules of

very low concentrations. This new biosensing system can be utilized for analysis of low-con-

centration analyte as well as for the study of dynamic adsorption processes.

TABLE II. Comparison of time constants between the adsorption kinetics and frequency shift fitting.

5U (V/cm) C1 (pM) s1 (s) s2 (s) |(s2� s1)|/s1� 100%

6.67 10 1963 1979 0.8

50 1481 1468 0.9

16.7 10 3337 3308 0.8

50 2598 2616 0.7

23.3 10 4298 4450 3.5

50 4222 4125 2.3

FIG. 8. The resonance frequency shift versus the analyte feed concentration for different applied voltage gradients at

steady state.
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The increase of temperature in the sensor due to Joule heating is found to be in the order

of lK because of the extremely low concentration of charged ions and analytes in the neutral

solution. A temperature induced resonance frequency shift can be analyzed as

� Df

f
¼ Dneff

neff
þ Dr

r
¼ � gnmbm þ ð1� gÞnsbs

neff
þ am

� �
DT; (21)

where Df represents the frequency shift; f indicates the base frequency; r is the radius of the

micro resonator; a and b are the thermal expansion coefficient and thermo-optic coefficient,

respectively; g is the radiation confinement factor; and neff indicates the effective refractive index

of the propagating mode inside the micro resonator. Subscripts m and s represent the micro reso-

nator and the surrounding solution, respectively. In the current situation, am¼ 3.3� 10�6 K�1,

bm¼ 2� 10�5 K�1 and bs¼�16.5� 10�5 K�1 at 300 K, and g is 80–90%. The frequency

down shift induced by 1 lK temperature rise is analyzed as about 2.3 kHz, which is negligible

as compared to the frequency shift (in the order of MHz) induced by analyte deposition.

IV. CONCLUSION

Integration of the optical WGM and microelectrofluidic system brings in a new compact

MOEFS device for biological sensing and chemical analysis. In this system, the analyte is

directed to the WGM biosensor through a microchannel flow under the effect of an externally

applied electric field. The adsorption process and analyte concentration are traced by measuring

the WGM resonance frequency shift. The whole charged species manipulation and detection

processes, including the species transport in the microchannel, adsorption and desorption proc-

esses on the surface of the resonator, and the whispering-gallery mode optical resonances, were

simulated via the finite element method.

The temperature change of the micro resonator due to Joule heating is very small in the

considered applied voltage range because of the extremely low ions concentration in the neutral

solution. Its induced resonance frequency shift is negligible as compared with induced shift by

analyte deposition. The analyte adsorption process on the micro resonator surface can be accu-

rately monitored by tracking the frequency shift over time. The simulated curves fit into the

Langmuir-like adsorption kinetics. The time constant for the dynamic adsorption process can be

obtained from the frequency shift curve.

A correlation of the frequency shift, the analyte concentration in the solution, and the

applied voltage gradient was obtained, which revealed a linear relationship between the analyte

concentration and the resonance frequency shift. The applied voltage gradient was found to influ-

ence the adsorption capability. With increasing applied voltage gradient, both the analyte density

on the sensor surface and the sensor sensitivity increase. The simulated WGM sensor is found to

function at very low analyte concentrations, down to the pico-molar concentration level.
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