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Abstract There is an interest in microfluidic devices for

disease detection. In microfluidic immunosensors, the mi-

crochannel surfaces are functionalized with a stack of

intermediate linker molecules to the specific antibodies. The

efficiency of these immunosensors depends on the effective

capture of antigens flowing in the carrier fluid by the surface-

immobilized antibodies. The diffusion of these antigens to

these antibody-immobilized surfaces is governed by the

velocity profile, which in turn is governed by the interaction

of the carrier fluid molecules with the surface antibodies. We

report a systematic study to characterize fluid flow of dif-

ferent polar liquids (water, methanol and isopropyl alcohol)

in trapezoidal Si microchannels, of about 100 lm hydraulic

diameter, functionalized with intermediate molecular layers

along with three different antibodies immobilized via these

molecular layers. The friction constants were calculated

from the pressure drop measurements. We attempted to

understand the solid–liquid interactions in terms of the

friction constants as a function of the solid surface free

energies of the terminal antibody layers (which are affected

by the energetics of the underlying layers) immobilized on to

the microchannels, and the polarities of the liquids flowing

through these microchannels. Correlations of liquid polari-

ties with the friction constants were seen for almost all the

functionalized surfaces. A reasonable correlation of the

surface energies with the friction constants was seen for most

of the surfaces studied. Possible reasons for the behaviors are

discussed. The measured friction constants and the knowl-

edge of the solid–liquid interactions could facilitate

improved designs of microfluidic immunosensors.
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1 Introduction

There is a growing interest in the utilization of microfluidic

devices for early disease detection in point-of-care diag-

nostics (Gubala et al. 2012). In microfluidic immunosen-

sors, the microchannel surfaces are functionalized with a

stack of intermediate linker molecules to the specific

antibodies, and the flow rates of the liquid samples con-

taining the antigens through the microchannels are usually

small (with Reynolds numbers *1). The effectiveness of

the sensor depends on the effective capture of antigens by

the surface-immobilized antibodies; and the diffusion of

the antigens to these antibody-immobilized sensor surfaces

is governed by the velocity profile (Cottin-Bizonne et al.

2004; Zimmermann et al. 2005), which in turn is governed

by the interaction of carrier fluid molecules with the anti-

bodies on the surfaces. The interactions of these terminal

biomolecules at the solid–liquid interface with the fluid

molecules are in general dependent on factors such as

surface topography, hydrophilicity/hydrophobicity, surface

chemistry, and surface charge (Chang and Wang 2011;

Andrade et al. 1992; Keselowsky et al. 2004; Mrksich and

Whitesides 1996; Brash 1987). There is a large body of

work on the interaction of flowing fluid molecules with

surfaces immobilized with non-biomolecules (Tretheway

and Meinhart 2002; Chao and Fu-Quan 2011; Choi et al.

2003; Nayak et al. 2007) with reported effects of some of

the factors mentioned above and the effects of other factors

such as microchannel geometry and the nature of the fluids

(e.g., polar, ionic). However, to the best of our knowledge,

there is very scant work on the same for surfaces
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immobilized with biomolecules. Flow studies conducted in

microchannels, mostly with non-biofunctionalized sur-

faces, have focused on heat transfer (Garcı́a-Hernando

et al. 2009; Kandlikar 2012), bulk reaction (Kockmann

et al. 2006; Greenway et al. 2000; Watts and Haswell

2005), and mixing applications (Aubin et al. 2010; Lee

et al. 2011; Capretto et al. 2011). In case of biofunction-

alized surfaces for non-immunosensing applications, most

of the studies have focused on improving the biological

assay (Salieb-Beugelaar et al. 2010; Miller and Wheeler

2008; Chen et al. 2007), biomolecule patterning techniques

on the substrates (Bernard et al. 2000; Falconnet et al.

2006; Lina and Lin 2011), and enhancing the biofunc-

tionalization on surfaces by physical and chemical modi-

fication (Jung et al. 2001). Specifically for immunosensing

applications, most of the studies have focused on studying

the non-flow characteristics (i.e., typically reactions) such

as detection of different biomarkers (Zhang et al. 2013;

Malhotra et al. 2012; Hu et al. 2010), and dynamics of the

antigen and antibody interactions (Gao and Jin 2005).

However, for immunosensing applications, we have found

no work on the effect of surface-immobilized biomolecules

on the fluid flow characteristics. Though studying the im-

munosensing reactions is important, complete understand-

ing of the flow characteristics of the fluids is needed to

improve the reaction kinetics and the designs of microflu-

idic immunosensors. Therefore, a fundamental under-

standing of the interaction of the biofunctionalized surfaces

with fluids of different natures is important in character-

izing the fluid flow.

Of the several major factors stated above which govern

the fluid flow in microfluidic channels of non-biofunc-

tionalized surfaces, the surface topography/roughness (Li

and Mala 1999; Pfund et al. 2000; Stroock et al. 2002; Hu

et al. 2003; Kleinstreuer and Koo 2004; Kandlikar et al.

2005; Celata et al. 2006; Bahrami et al. 2006; Gamrat et al.

2008; Xiong and Chung 2010; Zhou and Yao 2011; Wu

and Cheng 2003a; Weilin et al. 2000) and channel geom-

etry (Papautsky et al. 1999a; Gan et al. 2007; Wu and

Cheng 2003b; Bahrami et al. 2007; Koo and Kleinstreuer

2004; Morini 2004) have been well studied, while the

effects of chemically coated surfaces in conjunction with

polar and ionic fluids need further investigation as incon-

sistencies are reported, and more specifically as there is

scant work for biofunctionalized surfaces. The effects of

the chemical nature of the surfaces on the fluid flow have

been studied by modifying the microchannels with differ-

ent chemicals such as silanes where reduction in drag, i.e.,

fluid friction (Chao and Fu-Quan 2011) has been reported

to be attributed to fluid slip (Tretheway and Meinhart 2002;

Hsieh and Lin 2009; Choi et al. 2003); and it is known that

the different functionalized surfaces (with different func-

tional groups in different orientations) will have different

surface free energies and hence will have different inter-

actions with the flowing liquids of different polarities

(Cappelletti et al. 2013). The effect of polarity of liquids

flowing in the microchannels with non-biofunctionalized

surfaces is still not clear where some reports have shown an

effect of liquid polarity on the friction factor (Brutin and

Tadrist 2003; Brutin et al. 2003; Kulinsky et al. 1999;

Papautsky et al. 1999b), the fluid slip (Ulmanella and Ho

2008), and the mass flow rate (Kulinsky et al. 1999; Pfahler

et al. 1990), while other reports have not (Judy et al. 2002;

Sharp and Adrian 2004).

The subject of the current work is on characterizing the

flow of polar liquids in biofunctionalized (antibody

immobilized) microchannel surfaces for immunosensing

applications. To the best of our knowledge, we are not

aware of any such work in the literature. In a previous

work (Chepyala and Panda 2013), we studied the surface

energetics of three different antibodies (anti-BSA, anti-

PSA, and anti-CRP) immobilized on to Si via intermediate

functionalized stages, by using one of the three amino-

silanes (APTES, TMSPEDA, and TMSPDETA) of dif-

ferent chain lengths and found that the terminal groups

and the molecular orientations affected the surface free

energies. It is of interest to understand the factors which

affect the interaction of terminal antibody layers immo-

bilized inside the microchannels with the liquids of dif-

ferent properties flowing through it. Since the terminal

antibody layers are affected by the nature of the stacks of

their underlying layers and hence the surface free ener-

gies, understanding their interaction with liquids of dif-

ferent properties would help find suitable functional layers

in each stack so as to better tune of the properties of the

terminal antibody layers. We report a systematic study to

characterize fluid flow of different polar liquids (water,

methanol, and isopropyl alcohol) in trapezoidal Si mi-

crochannels functionalized with intermediate molecular

layers (hydroxyl, three different chain lengths of amino-

silanes) along with three different antibodies immobilized

via these molecular layers. The friction factors were cal-

culated from the pressure drop measurements. We

attempted to understand the solid–liquid interactions in

terms of the friction factor as a function of the solid

surface free energies of the terminal antibody layers

(which are affected by the energetics of the underlying

layers) immobilized on to the microchannels, and the

polarities of the liquids flowing through these micro-

channels. The measured friction factors and the knowl-

edge of the solid–liquid interactions could facilitate

improved designs of microfluidic immunosensors.
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2 Materials and methods

2.1 Materials

We have used the same materials as used in our previous

work (Chepyala and Panda 2013), and for the sake of

completeness, we are mentioning these here. Silicon wafers

of h100i orientation, p-type, with resistivity of 1–20 Xcm

were obtained from Wafer World, USA, and Pyrex glass

sheets from Scientific Technologies, India. Ammonia

solution 25 %, hydrochloric acid 37 %, sulfuric acid 98 %,

hydrogen peroxide 30 %, toluene 99 %, methanol 99 %,

and isopropyl alcohol (IPA) 99 % were obtained from

Qualigens Fine Chemicals, India; absolute ethanol 99.9 %

obtained from S.D. Fine-Chem Ltd., India; 3-aminopro-

pyltriethoxysilane (APTES) 99 %, N-[3-(trimethoxysilyl)

propyl] ethylenediamine (97 %) (TMSPEDA), N1-(3-tri-

methoxysilylpropyl) diethylenetriamine (97 %) (TMSPDETA)

and PBS buffer (pH-7.4) were supplied by Sigma-Aldrich

Inc., Germany; glutaraldehyde 25 % obtained from Loba

Chemie, India; anti-BSA IgG from Chromous Biotech,

India; anti-PSA IgG and anti-CRP IgG from GeneTech

Laboratories, India; de-ionized (DI) water (0–0.5 S/m)

obtained from Glen RO? Systems and zero-grade nitro-

gen from Sigma Gases & Services, India; Teflon tubes

and connectors from PCI Analytics Pvt. Ltd., India;

regulated DC Power supply from APLAB Ltd., India;

rechargeable RELICELL battery from Greenvision

Technologies Pvt. Ltd., India; and differential pressure

transducers from Omega Engineering Inc., USA, syringe

pump (PHD 2000 ULTRA) from Harvard Apparatus,

USA; DAQ system (NI-9205, NI-9211) from National

Instruments, USA.

2.2 Microchannel unit fabrication

2.2.1 Anisotropic etching of microchannels

SiO2 of thickness approximately 300 nm was grown on as

received Si wafers by dry oxidation. These wafers were cut

into sizes of 15 mm 9 35 mm and were cleaned by ultr-

asonicating for 2 min followed by the RCA1 and RCA2

cleaning methods at 75 ± 5 �C for 20 min each with

subsequent DI water rinsing and drying with N2 gas. These

Si samples were patterned by using a photolithography

method, in which a positive photoresist (AZ1500) was spin

coated on to the samples at 3,000 rpm for 1 min followed

by prebaking at 105 �C for 75 s. These samples were

exposed under UV light (360 nm) for 2 min by placing a

copper mask of required dimensions on them and then

developed in TMAH solution for 1 min followed by

postbaking at 105 �C for 90 s. The exposed patterned oxide

on the Si samples was etched for 5 min by using BHF

(NH4F:HF:H2O in 114:170:28) at 25 �C in a custom-made

etching bath specially designed to avoid backside etching.

After oxide etching, the samples were dipped in acetone for

1 min to remove the surplus photoresist. Then, anisotropic

etching of these Si samples by using 30 % KOH recipe

(KOH:H2O:IPA; 170:190:40) at 80 �C was carried for

required time which resulted in microchannels with trape-

zoidal cross section. Likewise, two samples were aniso-

tropically etched by varying the widths and depths to

fabricate microchannels of different hydraulic diameters

(about 100 and 65 lm).

2.2.2 Anodic bonding

The Si microchannels were sealed by anodically bonding

the Pyrex glass pieces by using a wafer bonder (AML

AWB aligner, Applied Microengineering Ltd., UK) at

500 �C after micromachining the through holes of 3 mm in

diameter in the plenums using a laser machine (ViolinoTM

3, LASERVALL S.P.A, Italy).

2.2.3 Microfluidic setup

For carrying out the pressure drop experiments through the

microchannels, a microfluidic experimental setup, the

schematic of which is shown in Fig. 1, was used with a

custom made microchannel holder assembly fabricated

with Teflon. It contains ports for liquid inlet and outlet,

along with the ports each at the upstream and downstream

of the sample holder, providing access for in situ mea-

surement of the pressure drop and the liquid temperature.

The bonded microchannel was placed on top of the sample

Fig. 1 Schematic diagram of the microfluidic experimental setup;

(a) syringe pump, (b) metallic assembly, (c) Teflon sample holder,

(d) Si microchannel, (e) differential pressure transducer, (f) K-type

thermocouples, (g) DAQ system, (h) 12-V acid battery, (i) 24 V DC

power supply and, (j) measuring jar. Dimensions shown are not to

scale
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holder by matching the inlet and outlet ports of the sample

to that of the holder. The whole assembly was tightened

with metal screws with ‘‘O’’ rings sandwiched between the

sample and the holder.

2.3 Stack preparation in microchannels

The Si microchannel surface was functionalized by a stack

of molecular layers as reported earlier (Rathor and Panda

2009; Kumar et al. 2011; Chepyala and Panda 2013), and

except for the hydrolysis step, all other steps were carried

in situ in the microfluidic setup. Briefly, the microchannel

samples were hydrolyzed in 3:1 vol% Piranha solution at

130 ± 5 �C for 1 h by placing the samples at an angle of

45� to allow the capillary flow of the Piranha solution

inside the microchannel. This approach was followed to

avoid the hydrolysis of the entire sample by complete

immersion in the solution. Later, these samples were

thoroughly rinsed and dried by flowing the DI water and

nitrogen through the microchannels and kept in a vacuum

oven at 105 �C for 1 h. After that, the microchannels were

silanized by flowing 3 % of either APTES or TMSPDEA

or TMSPDETA in toluene as solvent for 2 h and then

rinsed thrice with toluene and once with ethanol by

flowing each one of the liquid for 10 min followed by

drying with the N2 gas for 10 min. The microchannels

were then cross-linked by flowing 2.5 vol% glutaralde-

hyde in ethanol as a solvent for 1 h, followed by rinsing

once with ethanol and DI water and thrice with PBS for

10 min each. The samples were then dried by flowing N2

gas for 10 min. Finally, the microchannels were immo-

bilized with the antibody of interest (i.e., anti-BSA or anti-

PSA or anti-CRP) by flowing PBS solution containing

1 lg/ml of antibodies for 1 h at room temperature. The

samples were rinsed for 10 min by flowing PBS solution

followed by drying with N2 gas. In each stage, a fresh set

of tubings was used to ensure no contamination from the

earlier process steps.

2.4 Characterization

2.4.1 Profilometer

Characterization of the microchannels was done prior to

anodic bonding by an XP-Plus Surface Profilometer

(Ambios Technology Inc, USA). The scanning was carried

out at three or more different locations across and along the

channel to measure the geometrical features and surface

roughness. The average RMS roughness was measured as

34.3 nm and, 35.1 nm for the 100 lm and the 65 lm mi-

crochannels, respectively.

2.4.2 SEM

Scanning electron microscope (FEI, USA) was used to

obtain the cross-sectional image of the Si microchannel.

2.4.3 Fluorescence microscopy

Presence of the immobilized antibodies in the Si micro-

channels was confirmed by imaging the FITC-tagged

antibodies by fluorescence microscopy (Leica Microsys-

tems Fluorescence Microscope, Germany).

2.5 Validation of experimental setup

Validation of the experimental setup has been done in two

stages; in the first stage (Sect. 2.5.1), the electrical instru-

mentation was validated and in the second (Sect. 2.5.2), the

fluid flow was validated by carrying out conventional

pressure drop experiments with known dimensions of a

stainless steel tube.

2.5.1 Electrical instrumentation

The voltage fluctuation of the DC power supply was

measured by using an oscilloscope, before and after con-

necting the pressure transducers and DAQ chords, and the

measured ripple factor was negligibly small (\2 mV). A

rechargeable acid battery of 12 V was used to supply ripple

free DC power to the differential pressure transducers.

2.5.2 Validation by fluid flow in a steel tube

A circular stainless steel tube of length 0.704 m was cho-

sen to validate the experimental setup. Several measure-

ments were made across the steel tube and the resulting

averaged internal diameter of the tube was 0.00096 m (L/D

ratio 733.3) as seen from SEM image (not shown here).

The steel tube was thoroughly cleaned by flowing IPA and

DI water at high pressures for 15 min each and later dried

by flowing N2 gas for 10 min. The steel tube was con-

nected between two Perspex sheets at the upstream and the

downstream side having two large reservoirs (diameter:

15 mm, depth: 6.5 mm) with fluid access ports (outer

diameter: 0.5 mm) to the pressure transducer and the syr-

inge pump. The pressure drop experiments were carried out

by flowing DI water at constant flow rates from 10 to

100 ml/h and recording the resulting pressure drop using a

LABVIEW program. The flow rates were measured by

collecting the exit liquid in a measuring jar for a given

time, with the liquid mass weighed in a high precision

microbalance and then converted to volumetric flow rate by

using the density of the liquid at an average temperature of
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the flowing liquid. The Reynolds number ranged from 2 to

40, and the experimental friction constant (fRe) was cal-

culated and compared with the theoretical value.

2.6 Pressure drop experiments in Si microchannels

The pressure drop experiments in the Si microchannels

were carried by aligning the microchannel on the Teflon

channel holder assembly with its inlet and outlet ports and

then tightening the test assembly with metal screws to the

permissible pressure limits. The test assembly was con-

nected with 0.5 mm Teflon tubings to the high-pressure

syringe pump (PHD 2000 ULTRA) to pump the liquids of

interest. The pressure drop was measured between the

upstream and downstream ports by using a calibrated

high precision differential pressure transducer (OMEGA)

of the appropriate range: 0–0.36 psi (model: PX409-

10WDWU5V), 0–0.25 psi (model: PX409-2.5DWU5V)

with accuracy of 0.08 % linearity and 0–5 psi (model:

PX26-005DV) with accuracy of ±0.25 %. The pressure

transducer was set to zero each time prior to the actual

measurement of the pressure drop and the measured values

were collected by the DAQ system (NI-9205), recorded by

the LABVIEW program.

The pressure drop measurements in the stack of func-

tionalized microchannels were carried out by flowing liq-

uids of different polarities, i.e., DI water (1.85 D),

methanol (1.69 D), and IPA (1.66 D) at different flow rates

(1–50 ml/h) to obtain the Re in the range of 1–55. Use of

other liquids was limited by handling issues. The exit tube

of the test assembly was kept in contact with a constant

liquid column in a 5-ml graduated cylinder to eliminate the

effects of surface tension at the exit (Judy et al. 2002).

In situ measurement of the flowing liquid’s temperature

accurate to 0.5 �C, at the upstream and downstream ple-

nums, was carried out by using K-type thermocouples

(model: 5SRTC-TT-K-36-72, OMEGA) connected to the

DAQ system (NI-9211) with the LABVIEW program. The

average of the inlet and the outlet temperatures was used to

determine the physical properties of the liquids. The Si

microchannels used in this study have hydraulic diameters

of 98.56 and 66.84 lm, and for the engineering approxi-

mation, they are referred to subsequently as the 100-lm

and the 65-lm microchannels, respectively. The micro-

channels had a length of 10 mm, plenum sizes of

5 mm 9 5 mm, plenum depths of 66.54, and 58.82 lm,

respectively, for the 100 and 65 lm microchannels. An

exemplary cross-sectional image of an anisotropically

etched microchannel of about 100 lm hydraulic diameter

is shown in Fig. 2. A separate set of tubings were used for

microchannel functionalization and for the fluid flow

experiments, and care was taken to avoid any possible

cross-contamination by flushing the test assembly with

suitable liquids for prolonged time and proper drying with

N2 gas. Importantly, the same microchannel of a single

hydraulic diameter was regenerated and reused for each

stage of functionalization and fluid flow experiments in a

single test assembly. This was done to avoid any possible

errors in the measurement of pressure drop due to use of

different fabricated microchannels even for the same

design. The measurements were taken in triplicate and the

error signifies one standard deviation.

3 Results and discussion

3.1 Validation results

We used the classical Hagen-Poiseuille theory to validate

the experimental setup by conducting pressure drop

experiments in a stainless steel tube with known dimen-

sions. The measured pressure drop of flowing water in the

steel tube was found to vary linearly with the flow rate, and

the entrance effects were ignored due to the large L/D ratio

(of 733.3). The pressure drop data along with other

parameters were used to calculate the experimental friction

constant (fRe) as per the equation,

f Re ¼ 2DPD2
h

LlV
ð1Þ

and compared with the theoretically calculated friction

constant. Here, f is the coefficient of flow resistance known

as the friction factor, DP is the measured pressure drop, Dh

is the hydraulic diameter, L is the length of the tube, l is

the dynamic viscosity of the fluid, and V is the average

velocity. The mean value of fRe was 66.50 ± 0.5, close

(within 3.7 %) to the theoretical value of 64. This validated

our measurement setup.

Fig. 2 Exemplary cross-sectional SEM image of an anisotropically

etched Si microchannel of about 100 lm hydraulic diameter
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3.2 Fluid flow results in Si microchannels

The fluid flow experiments were carried out in the 100-lm

Si microchannel and to verify the obtained results, similar

experiments for some of the conditions were also per-

formed in the 65-lm microchannel. The measured pressure

drop along with flow rate data and hydraulic diameters of

the non-circular microchannels used in this study were

substituted in Eq. (1) to calculate the fRe values, as has

been used in many reports (Xiong 2011; Weilin et al. 2000)

for laminar flows. The analysis of the fRe values calculated

by flowing liquids of different polarities through the non-

functionalized (Sect. 3.2.1) and the functionalized micro-

channels (Sect. 3.2.2) with different molecular layers

including the antibodies are presented here. The average

fRe values for the different liquids flowing in the non-

functionalized and functionalized 100-lm microchannel

are summarized in Table 1.

3.2.1 fRe values in non-functionalized microchannels

The plot of fRe versus Re for the non-functionalized

100-lm microchannel for the flow of different liquids is

shown in Fig. 3. The fRe values are considered to be nearly

constant over the entire range (1–50) of Re studied for all

these liquids.

The average fRe values for DI water, methanol, and IPA

are 63.43 ± 0.56, 56.79 ± 0.49, and 51.76 ± 0.69,

respectively (Table 1; Fig. 4). The order of the fRe values

obtained here, i.e., water [ methanol [ IPA, was also seen

in the 65-lm microchannel (water: 61.52 ± 0.61 [ meth-

anol: 53.86 ± 0.56 [ IPA: 50.30 ± 0.47). We attribute

this trend to the stronger interaction between the liquids of

higher polarity with the solid surface (Fu-Bing and Zhong

2009), and these results are in accordance with the results

of Kulinsky et al. (1999), who experimentally found elec-

trokinetic retardation of polar fluids (water, ethyl alcohol,

n-propyl alcohol) in 90–100-lm microchannels, suggesting

that liquids with higher polarities experience a greater

frictional resistance. Also, an experimental verification of a

model based on micropolar behavior proposed by Papaut-

sky et al. (1999b) using Si microchannels (600 lm width,

30 lm height) at Reynolds numbers in the range 1–20

showed increased frictional resistance to the liquids with

Table 1 Average fRe values of the non-functionalized and various

functionalized stages in the stack in the 100-lm microchannel

Stack fRe

Water Methanol IPA

Non-functionalized 63.43 ± 0.56 56.79 ± 0.49 51.76 ± 0.69

Hydrolyzed 57.10 ± 0.62 55.36 ± 0.47 54.98 ± 0.48

Silanized

APTES 58.66 ± 0.60 56.65 ± 0.41 53.80 ± 0.48

TMSPEDA 71.32 ± 2.68 57.80 ± 1.29 59.14 ± 0.42

TMSPDETA 59.41 ± 1.02 54.97 ± 0.76 58.68 ± 0.97

Antibody immobilization

Anti-BSA

APTES 59.50 ± 0.30 55.20 ± 0.46 52.20 ± 0.59

TMSPEDA 61.34 ± 0.48 59.80 ± 0.50 60.45 ± 0.64

TMSPDETA 58.38 ± 0.80 55.31 ± 0.52 56.29 ± 0.28

Anti-PSA

APTES 58.53 ± 0.60 56.75 ± 0.45 56.20 ± 0.30

TMSPEDA 59.80 ± 0.50 55.21 ± 0.25 56.32 ± 0.24

TMSPDETA 58.68 ± 0.70 56.27 ± 0.88 57.25 ± 0.27

Anti-CRP

APTES 58.88 ± 0.57 56.09 ± 0.33 54.02 ± 0.47

TMSPEDA 60.72 ± 0.70 57.67 ± 0.23 57.29 ± 0.36

TMSPDETA 59.11 ± 0.51 57.69 ± 0.60 56.52 ± 0.48

Fig. 3 Measured fRe versus Re obtained in the non-functionalized

100-lm microchannel for the flow of different liquids

Fig. 4 Measured fRe values of the 100-lm hydrolyzed microchannel

along with the fRe values of non-functionalized microchannel. Liquid

polarities are in the order of water [ methanol [ IPA
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higher polarities. Our work contradicts the work of others

(Judy et al. 2002; Phares and Smedley 2004; Sharp and

Adrian 2004) who did not find any effect of the polarities

of the liquids on the frictional resistance. The effect of

surface free energies on the friction constants will be

studied in the subsequent sections.

Here, based on the aspect ratio and the angle of the

trapezoidal microchannels, the theoretical value of fRe is

96 (Shah and London 1978; Morini 2004) for both the

microchannels, and the fRe values obtained for both the

100-lm and the 65-lm microchannels for the flow of dif-

ferent liquids were smaller than the theoretically predicted

fRe value. There are contradictory reports in the literature

regarding the experimental fRe values in comparison to the

theoretically predicted values, with some studies showing

higher (Weilin et al. 2000; Wu and Cheng 2003a) and some

showing lower (Pit et al. 2000; Bonaccurso et al. 2002)

values. We have not looked on this aspect here, but rather

have focused on understanding the solid–liquid interactions

by relative comparison of the fRe values in each func-

tionalized stage.

3.2.2 fRe values in functionalized microchannels

3.2.2.1 Hydrolyzed microchannel The fRe values

obtained in the hydrolyzed 100-lm microchannel were

almost constant over the range of Re (1.7–57) studied for all

the liquids (fRe versus Re plot not shown here), and the

average fRe values are shown in Table 1. From Table 1, it

is seen that the average fRe values for DI water, methanol,

and IPA are 57.10 ± 0.62, 55.36 ± 0.47, and 54.98 ±

0.48, respectively, and these values are plotted in Fig. 4

along with the values obtained in the non-functionalized

microchannel. The results show that the fRe values obtained

for 100-lm hydrolyzed microchannel while flowing dif-

ferent liquids is in the order of the liquid polarities (i.e.,

water [ methanol [ IPA, though the values for methanol

and IPA were within experimental error) and this behavior

is similar to that seen in the non-functionalized micro-

channel. Similarly, in the 65-lm hydrolyzed microchannel,

the average fRe values for DI water, methanol, and IPA are

55.19 ± 0.5, 52.50 ± 0.8, and IPA 51.25 ± 0.7, respec-

tively, and the fRe values is in the order of the liquid

polarities (again with the fRe values of methanol and IPA

being within experimental error). Thus, liquids with higher

polarities yield stronger solid–liquid interactions resulting

in increased frictional resistance to the liquid flow. For all

the three liquids flowing in the 100-lm and the 65-lm

hydrolyzed microchannels, the average fRe values were

lower than those in the corresponding non-functionalized

microchannels (Fig. 4), except for IPA both in the 100-lm

and the 65-lm microchannels, possible reason of which is

discussed subsequently.

We compared the fRe values of the functionalized mi-

crochannels obtained by flowing liquids of different prop-

erties, with the surface free energies of the Si surfaces of

these stages as studied in our previous work (Chepyala and

Panda 2013), to see if there are any correlations between

the fRe values and surface free energies. The trapezoidal

microchannels used in this study comprise three surfaces of

etched Si, having an RMS surface roughness of the order

*34 nm and the other surface being a smooth Pyrex glass.

And hence, the microchannel is a combination of smooth

and relatively rough surfaces; therefore, instead of corre-

lating the fRe values with either of only non- or nanotex-

tured Si surface free energies, we used the range/average of

surface free energies.

In Fig. 5, the fRe values of the hydrolyzed surface and

the non-functionalized surface are plotted for each liquid

along with the surface free energies. It is seen that the

higher surface free energies of the hydrolyzed Si surfaces

(63–65 mJ/m2) compared to that of the non-functionalized

surfaces (48–50 mJ/m2) (Chepyala and Panda 2013) are

intuitively expected to result in a higher fRe values due to

the stronger solid–liquid interactions (Fu-Bing and Zhong

2009). However, the observed behavior was counter intu-

itive for DI water and methanol. A possible reason could be

a fluid layering at the surface, where the higher surface free

energy could have resulted in the formation of one or more

layers (Sun et al. 2002; Cottin-Bizonne et al. 2005;

Schmatko et al. 2005) of immobile-oriented polar liquid

molecules (Urbanek et al. 1993; Sun et al. 2002) over

which the bulk of the fluid molecules experience a ‘‘slip’’

resulting in a reduced drag (i.e., decreased fluid friction).

This phenomenon is supported by the results of Bonaccurso

et al. (2002), who reported slip lengths of 8–9 nm on

completely wetting mica surfaces (surface free energy not

Fig. 5 Measured fRe values of the hydrolyzed and the non-

functionalized 100-lm microchannel for each liquid along with the

surface free energies
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reported) in aqueous electrolyte solutions by using a col-

loidal probe technique and stated that the electrokinetic

repulsion between the completely wetting surfaces and the

liquid molecules resulted in decreased solid–liquid inter-

actions. Similarly, we believe that the higher surface free

energy in the hydrolyzed microchannel has provided suf-

ficient strength of attraction to the small-chain liquid

molecules (water and methanol) which formed layers on

the surface. Even non-polar liquids of longer chain lengths

such as squalane and hexadecane have shown to form fluid

layering on bare saphire a-Al2O3 hydrophilic surface with

higher surface free energy (cs
Tot [ 72 mJ/m2) (Schmatko

et al. 2005). Similarly, Sun et al. (2002) also showed a

layered structure of 1-propanol of at least 3 molecular

layers in confined geometries of mica (surface free energy

not reported) by using a colloidal probe technique and

found significant slip of 10–14 nm. An interesting point to

observe from the results of Schmatko et al. (2005) is that

the higher surface free energies of mica (cs
Tot [ 72 mJ/m2)

have the ability to pull even the long-chain non-polar liq-

uids toward the surface, and similar phenomena might have

occurred in case of fluid layering of 1-propanol in the

experiments of Sun et al. (2002) where the surface free

energies may have been comparable. In our experiments,

since the surface free energy of hydrolyzed surface is of the

order of 63–65 mJ/m2, this might not have been sufficient

to affect the relatively bulky IPA molecules to form lay-

ering as seen in the other polar liquids of smaller molecular

size. Therefore, this study shows that while smaller liquid

molecules (water, methanol) are affected by the high solid

surface free energy causing layering, bulky/larger fluid

molecules (IPA) are not. There are several simulations and

experimental studies available which focus on the fluid–

solid interactions and calculate the resulting slip lengths to

understand the strength of the interactions (Ulmanella and

Ho 2008; Choi et al. 2006). Calculation of slip lengths for

these functionalized stages is beyond the scope of the

present work.

3.2.2.2 Silanized microchannel The average fRe values

obtained in the 100-lm microchannel functionalized with

aminosilanes of different chain lengths (APTES: *5 Å,

TMSPEDA: *8 Å and TMSPDETA: *10 Å) are shown

in Table 1, and the values were nearly constant over the

entire range of Re (1–53) studied for all the liquids (fRe

versus Re plot not shown here). In Fig. 6, measured fRe

values of the 100-lm microchannel functionalized with

different silanes are shown for different polar liquids. From

Table 1 and Fig. 6, it is seen that the average fRe values for

DI water, methanol, and IPA flowing in the microchannel

functionalized with APTES were 58.66 ± 0.6, 56.65 ±

0.41, and 53.8 ± 0.48, respectively. The behavior of the

fRe values obtained in the microchannels functionalized

with short-chain APTES molecules are in the order of the

liquid polarities (water [ methanol [ IPA) indicating that

liquids with higher polarities result in stronger solid–liquid

interactions. Similarly, the effect of liquid polarity can be

seen in TMSPEDA- and TMSPDETA-functionalized mi-

crochannels, though not as distinctly as seen with APTES,

where the average fRe values of water were higher than

either methanol or IPA (but within experimental error for

TMSPDETA). However, the average fRe values of IPA in

TMSPEDA- and TMSPDETA-functionalized microchan-

nels were higher than methanol (within experimental error

for TMSPEDA), and a possible reason could be the dif-

ferent interactions between the bulkier liquid molecules

and surface bound longer-chain molecules of different

orientation. These results are supported by Schmatko et al.

(2005) who reported that the solid–liquid interactions and

the local velocity at the solid wall would be affected by

small changes in the shape of the molecules of the fluid.

These results indicate that on silanized surfaces, the rela-

tionship between the fRe values and the liquid polarities is

clearer for relatively smaller liquid/solid molecules but not

for the bulkier ones.

In Fig. 7, the fRe values of the 100-lm microchannel

functionalized with different silanes (APTES, TMSPEDA,

and TMSPDETA) were recast and compared with the

surfaces free energies to see any possible correlation

between them. Since, the surface free energies of different

silane-functionalized surfaces (47–52 mJ/m2) were smaller

(Chepyala and Panda 2013) than the hydrolyzed surface

(63–65 mJ/m2), any behavior attributed to fluid layering is

not expected. From Fig. 7, it is seen that the TMSPEDA

gives highest average fRe values for all three liquids (with

fRe values of IPA on TMSPEDA and TMSPDETA being

within experimental error). As the surface free energy of

Fig. 6 Measured fRe values of APTES-, TMSPEDA-, and TMSPD-

ETA-functionalized layers in the 100-lm microchannel. Liquid

polarities are in the order of water [ methanol [ IPA
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the TMSPEDA-functionalized surface could not be calcu-

lated (Chepyala and Panda 2013), we compare the surface

free energies of the APTES- and TMSPDETA-functional-

ized surfaces. Since the surface free energy of the

TMSPDETA (51.7–52.4 mJ/m2) was higher than the AP-

TES (47.8–49.4 mJ/m2), higher values of fRe were seen on

the TMSPDETA-functionalized microchannel surface for

water and IPA (but not for methanol, the reason of which is

not clear). Another observation from Fig. 7 is that in all the

functionalized stages and for all the liquids, the average

fRe values of APTES were consistently smaller than the

TMSPEDA (within error limits for methanol on APTES

and TMSPEDA). Based on the chain lengths of the three

silanes, it is expected that TMSPDETA should have been

yielded higher fRe values than TMSPEDA, which, how-

ever, is not seen. The possible reason could be that the

longer chain length molecule TMSPDETA could have bent

toward the surface (Park and Kim 1994) resulting in dif-

ferent orientations, and the different extent of the bending

(Yakovleva et al. 2002) could have confounded the results.

3.2.2.3 Antibody-immobilized microchannel The average

fRe values obtained in the 100-lm microchannel immo-

bilized with three different antibodies (anti-BSA, anti-PSA,

and anti-CRP) on three different silanes are shown in

Table 1. Before performing the fluid flow experiments in

the antibody-immobilized microchannel, presence of anti-

bodies inside the microchannel was confirmed by imaging

FITC-tagged antibodies (used for the verification purpose

only) by using fluorescence microscopy, and a sample

image of the anti-PSA tagged with FITC in the 100-lm

microchannel is shown in Fig. 8.

The average fRe values obtained in the 100-lm micro-

channel immobilized with anti-BSA on different silanes

(APTES, TMSPEDA, and TMSPDETA) are shown in

Table 1 and the values were reasonably constant over the

range of the Re (1–50) studied for all the liquids. A sample

plot of the fRe values for anti-BSA- on APTES-function-

alized microchannel is shown in Fig. 9.

The fRe values for the flow of water (59.50 ± 0.30),

methanol (55.20 ± 0.46), and IPA (52.20 ± 0.59) through

the anti-BSA immobilized on to APTES microchannel are

in the order of their liquid polarities (water [ metha-

nol [ IPA) as seen in Fig. 10, indicating that the higher

fRe values were obtained with the liquids of higher

polarities. Similar behavior was also seen with the other

antibodies immobilized on to APTES (Figs. 11, 12), with

the fRe values of water: 58.53 ± 0.60, methanol: 56.75 ±

0.45, and IPA: 56.20 ± 0.30 (values for methanol and

IPA being within experimental error) on anti-PSA andFig. 7 Measured fRe values of APTES, TMSPEDA, and TMSPD-

ETA in the 100-lm microchannel for each liquid along with the

surface free energies

Fig. 8 Fluorescence image of the anti-PSA antibody tagged with

FITC immobilized in the 100-lm microchannel. The image was taken

through the 1.5-mm-thick Pyrex glass bonded to the microchannel

Fig. 9 Measured fRe versus Re values of different liquids flowing

though the 100-lm microchannel immobilized with anti-BSA anti-

bodies on to APTES
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values of water: 58.88 ± 0.57, methanol: 56.09 ± 0.33,

and IPA: 54.02 ± 0.47 on anti-CRP. Thus, in microchan-

nels immobilized with different antibodies on to short

chain (APTES) molecules, liquids with higher polarities

result in stronger solid–liquid interactions.

From Figs. 10, 11, and 12, it is seen that the average fRe

values for flow of water in anti-BSA, anti-PSA, and anti-

CRP antibodies immobilized on to TMSPEDA and

TMSPDETA were higher than that of methanol and IPA.

The relation between the fRe values for methanol and IPA

was not clear, with higher average values with IPA seen

with anti-BSA and anti-PSA, as seen with silanes, but not

with anti-CRP. These results suggest that for the flow of

bulkier liquids (IPA) over different antibodies immobilized

with longer chain molecules, the flow properties were

affected not only by the liquid polarities but also were

confounded by other factors.

Now the data from Figs. 10, 11 and 12 were recast and

presented along with the surface free energies (Chepyala

and Panda 2013) in Figs. 13, 14 and 15, respectively. From

Fig. 13, it is seen that for all three liquids, the average

surface free energy of anti-BSA immobilized on TMS-

PEDA (61.3 ± 0.48 for water, 59.50 ± 0.50 for methanol,

and 60.45 ± 0.64 for IPA) was higher than that on APTES

or TMSPDETA. This behavior is similar to that seen for

silanes (Fig. 7). However, the relationship between the fRe

values with APTES and TMSPDETA is not clear with the

values for TMSPDETA being lower with water, compa-

rable with methanol and higher with IPA. As discussed

earlier, the bending of the longer chain silane to different

extents could have confounded the results.

Fig. 10 Measured fRe values of different liquids flowing through the

100-lm microchannel immobilized with anti-BSA on to APTES,

TMSPEDA, and TMSPDETA

Fig. 11 Measured fRe values of different liquids flowing through the

100-lm microchannel immobilized with anti-PSA on to APTES,

TMSPEDA, and TMSPDETA

Fig. 12 Measured fRe values of different liquids flowing through the

100-lm microchannel immobilized with anti-CRP on to APTES,

TMSPEDA, and TMSPDETA

Fig. 13 Measured fRe values of anti-BSA on APTES, TMSPEDA,

and TMSPDETA shown for each of the liquid flowing through the

100-lm microchannel along with the surface free energies
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While some correlation between the surface free energies

and the fRe values were seen for anti-BSA, no clear trends

were seen for anti-PSA and anti-CRP. There could be

several reasons for this. In our earlier work (Chepyala and

Panda 2013), we had observed that the surface free energies

(averaged over non- and nanotextured surfaces) were in the

order anti-BSA \ anti-PSA \ anti-CRP immobilized on

APTES and on TMSPEDA. At this point of time, we

speculate that the higher surface free energies of anti-PSA

and anti-CRP could have resulted in a loss of the correla-

tion. Also, the orientation of the antibodies could be a factor

with a possibility of the intermediate molecular weight anti-

BSA (67 kDa) having a more controlled orientation than

that of anti-PSA (33 kDa) or anti-CRP (120 kDa). The

effect of antibody orientation based on molecular weights

on fluid flow can be better understood by utilizing site-

directed proteins for immobilization and is a subject of

future work. Nevertheless, the identification of the range of

fRe values for anti-PSA and anti-CRP could be helpful in

designing appropriate microfluidic immunosensors.

Since the diffusion of the antigens in the carrier fluid to

the antibody-immobilized surfaces is governed by the

velocity profile (Cottin-Bizonne et al. 2004, Zimmermann

et al. 2005), the polarity of the liquid would affect the

velocity profile which again would affect the antigen–

antibody interactions. Therefore, we believe that the

knowledge generated here could help in better under-

standing of the fluid flow phenomena thereby guiding

measures for more effective fluid flow, leading to improved

designs of microfluidic immunosensors.

4 Conclusions

We have carried out a systematic study to characterize the

fluid flow of the different polar liquids in the trapezoidal Si

microchannels of about 100 and 65 lm hydraulic diame-

ters, functionalized with different chain lengths of amino-

silanes along with three different antibodies immobilized

through these molecular layers. Friction constants were

calculated for each stage of functionalization (which

includes the antibody surfaces) from pressure drop mea-

surements of these liquids flowing through the micro-

channels over a range (1–50) of Reynolds numbers. The

friction constants were analyzed to see any correlation with

the liquid polarities and the solid surface free energies to

understand the liquid–solid interactions. Overall, increased

friction constants with liquids of higher polarities were

seen for almost all the functionalized surfaces and these

were attributed to the stronger solid–liquid interactions.

However, on the high surface energy-hydrolyzed surfaces,

an opposite behavior was seen for relatively smaller liquid

molecules (water and methanol), and this was attributed to

the possible fluid layering. In microchannels functionalized

with the longer chain silane, results were confounded due

to possible bending to different extents of the silane.

Similar confounding results were seen with bulkier liquid

molecules. A reasonable correlation of the surface free

energies with the friction constants was seen for most

surfaces, including the anti-BSA immobilized on to dif-

ferent silanes. However, no clear trends were seen for the

anti-PSA and the anti-CRP surfaces, and we speculate that

higher surface free energies of anti-PSA and anti-CRP

could have contributed to the loss of correlation along with

the orientation effects. Overall, values of the measured

friction constants and the knowledge of the solid–liquid

Fig. 14 Measured fRe values of anti-PSA on APTES, TMSPEDA,

and TMSPDETA shown for each of the liquid flowing through the

100-lm microchannel along with the surface free energies

Fig. 15 Measured fRe values of anti-CRP on APTES, TMSPEDA,

and TMSPDETA shown for each of the liquid flowing through the

100-lm microchannel along with the surface free energies
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obtained interactions could assist improved designs of

microfluidic immunosensors.
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