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ABSTRACT OF “Microscale Transport Mechanisms: Effect of Electrokinetic and In-
terfacial Interactions” BY Glareh Azadi, Ph.D., BROWN UNIVERSITY, May 2014.

Electrokinetic transport, as a non-mechanical tool in driving the fluid is widely used
in microfluidics. This mode of transport is highly desirable due to simple integration,
precise flow control by an external electric field and applicability over a wide range of
sample conductivities. Fluid transport by electrokinetic techniques is dominated by
surface and interfacial interactions through electrostatic attractions around charged
particles(electrophoresis) or adjacent to the channel surface(electroosmosis). Minia-
turization at microscale provides a high surface to volume ratio where the surface
forces and interfacial effects are significantly enhanced compare to macroscale geome-
tries. For a successful design of an optimum microfluidic device, these interactions
need to be precisely quantified and controlled. This thesis focuses on studying the
interfacial and electrokinetic interactions in micro-geometries, with the goal of de-
signing an optimal platform for separation and detection of biomolecules. First, the
interaction of proteins with surfactant molecules was studied to address some of the
fundamental issues in microchip electrophoresis such as simultaneous quantification
and detection. This work was followed by developing a rapid method for detection
and quantification of proteins by electrophoresis and immunodepletion techniques. In
order to quantify the effect of surfactant adsorption on electrokinetic flow, electroos-
motic mobility measurements were performed at the solid-liquid interface of plastic
microcapillaries(poly methylmethacrylate, PMMA). In addition, the electrokinetic

effects with respect to electroporation of the cell wall were applied to develop an



effective technique for inhibition of gram-negative bacteria( £.Coli). Finally, the dis-
persion of a semi-infinite suspension of particles was investigated in a capillary, in
order to study the effects of hydrodynamic interactions and capillary confinement on

the diffusive behavior of the particles.
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Chapter 1

Introduction

The advent of microfluidics has revolutionized the field of life sciences and biomedicine
over the past two decades. Miniaturization from macro to micro scale provides a num-
ber of advantages, mainly small sample volume, fast analysis time and automation.
Despite rapid development of new devices, a better understanding of diffusive and
convective transport processes in micro scale is necessary for the optimization and
commercialization of the current designs. Due to a large surface to volume ratio,
transport processes in these devices are influenced by interfacial effects. The con-
vective transport relies on pressure or electric field driven(electrokinetic)flows. The
electrokinetic flows arise from two mechanisms: 1)electrophoretic and 2)electroos-
motic. In electrophoretic flow, a charged particle moves under the action of electric
field, whereas electroosmotic flow(EOF) is the fluid motion driven by the charged
ion cloud adjacent to the solid wall. This thesis explores the influence of interfacial

interactions on the diffusion and electrokinetic transport in microscale geometries.



1.1 Microchip protein electrophoresis

Microfluidic electrophoresis is a strong analytical tool in protein separation offering
high sensitivity, versatility and speed. The mechanism is based on the diffusive and
electrokinetic interactions of proteins with surfactant micelles. Prior to analysis, the
protein sample is mixed with a buffer containing a surfactant, mainly sodium dodecyl
sulfate(SDS) at a concentration above critical micelle concentration(CMC)and beta
mercaptoethanol as denaturants. In the next step, the protein sample is heated at
95°C to ensure an irreversible unfolding of protein. Finally, the sample is injected
by electrokinetic mode on the chip. The channels are filled with poly dimethylacril-
amide(PDMA)as the gel matrix and a hydrophobic fluorescent dye. The protein-
surfactant complex is mixed with the dye as it passes through the channels. Due to
the hydrophobic nature, the dye also binds to the free surfactant micelles. In order
to minimize the fluorescence contribution of free surfactant micelles, the protein-
surfactant complex is diluted by addition of buffer before arriving at the detection
window. During this step, the surfactant concentration is reduced below CMC, where
surfactant molecules are present as monomers. Although separation of proteins is
achieved, the quantification of protein based on the intensity of fluorescent signal has
not been reported. In the first chapter of this thesis, we study the dilution of protein-
surfactant complex as an integrated step in microchip electrophoresis. We analyze
the contribution of free and protein bound surfactant micelles on the overall fluores-
cence by proposing a possible fluorescent model. The quantification of protein sample

based on the fluorescence intensity and the effect of a cationic surfactant additive are



investigated.

1.2 Application of microchip electrophoresis in de-

tection of a target protein

With the advent of proteomics, the detection of protein biomarkers has gained in-
creasing attention over the past decade. Conventional techniques in detection of
a target protein include gel electrophoresis, Western blot, Nuclear magnetic reso-
nance(NMR) and enzyme linked immunosorbant assay(ELISA). Even though these
techniques provide a robust and sensitive detection, they suffer from large sample vol-
ume and lengthy analysis time. To this end, a rapid and simple detection technique
can be highly beneficial as a quick evaluation for the existence of a target protein in a
specific medium. In the second chapter, we propose a method for a parallel detection
and quantification of a target protein by a combination of microchip electrophorsis
and immunodepletion. The sensitivity of this method is analyzed with respect to
the target concentration and non-specific adsorption of other proteins in immunode-
pletion step. The results are compared to conventional Western blot and elution of

target for quantification in immunodepletion.



1.3 Application of biopolymers and electric field

in bacteria inhibition

Outbreaks of pathogenic bacteria contaminating consumed produce are continuously
being reported with Escherichia coli O157:H7 and Salmonella among the leading
pathogenic threats to food safety. Common treatments such as thermal and large
scale irradiation are either costly or can not be applied to fresh produce. In re-
sponse, a mild, incompatible and energy efficient method is needed for fresh and
fresh-cut fruits and vegetables. Polymeric nanoparticles with positive surface charge
and antibacterial properties are among suitable treatments that can be applied syner-
gistically with a chlorine wash. Furthermore, these particles can be surface modified
or encapsulated with antibacterial peptide molecules for enhanced treatment. The
antibacterial effect of chitosan as a non-toxic biopolymer is widely recognized in acidic
conditions, pH ranges of 5.5-7.0[78, 25, 76]. The antibacterial effects are minimized
in neutral and alkaline pH. In order to overcome this problem an electric field can
be synergistically applied with particulate chitosan. Irreversible electric field action
is an effective inhibition method that is limited in application. The limiting factor in
electro-lysis of bacteria is the very high electric field required(16 kV /cm [109]),which
is difficult to generate and apply to sufficiently large geometries. It is therefore of
interest to incorporate sub-lethal electric field with a natural treatment for an effec-
tive inhibition of bacteria. In chapter three, we investigate the combination effect of

particulate chitosan and low voltage pulsed electric field in inhibiting F.coli.



1.4 Electroosmotic flow in plastic microchip de-

vices

In recent years, researchers have focused on plastic substrates(polymers) as a substi-
tute for glass based microdfludics due to the ease of manufacturing[150], relative low
cost[35] and flexibility in design and fabrication[65]. However, compared to glass with
a known surface chemistry(negative charge of siloxy groups), the surface charge and
zeta potential of the plastic substrates varies|[71]. This variation arises from a number
of additives used during the manufacturing process for the enhancement of physical
and chemical properties. For this reason the control of electroosmotic flow(EOF) has
been proven challenging in plastic microchips[94]. Depending on surface charge, EOF
can exist in opposite direction of elecrophoretic flow, minimizing the sensitivity of
electrophoretic separation. For this reason a precise control of EOF in plastic devices
is necessary. Surface modification through dynamic coating with surfactant is among
the simple and low cost method for controlling EOF[60, 55, 120]. In chapter four, we
study the effect of surfactant additives on EOF in poly methylmetacrylate(PMMA)
microcapillaries. Factors considered are surfactant charge, concentration and chain

length.



1.5 Dispersion of a semi-infinite suspension plug

under oscillatory flow

Dispersion of microspheres and cells has become a critical issue in a number of biolog-
ical and microfluidic applications. While it is well known that pressure driven flows
through a microchannel leads to Taylor dispersion of solute plugs, the dispersion char-
acteristics of particles or cell suspension plugs have not been explored in detail. The
dispersion is important at time scales such that the particles sample many streamlines
due to interfacial effects at the channel wall and multiparticle hydrodynamic interac-
tions. In most of the microfluidic applications, single or multiple dilutions of reagents
are required in order to perform reactions or measurements over a range of concen-
trations using only one set of sample solutions to fill the inlets. It is often unclear
how to design the dilution channel or channels for achieving minimum dispersion of
plugs. New insights on particle fluxes and mixing in microchannel flows are needed
to develop models for concentration fronts or strongly inhomogeneous flows as op-
posed to fully populated flows. Even though numerous studies have investigated the
dispersion behaviour of fully populated suspensions, no study has been reported on
evaluating the dispersion of a plug or semi-infinite plug of particles. In chapter five,
we study the transient dispersion of a semi-infinite suspension plug inside a capillary

under continuous oscillatory flow.



1.5.1 Dispersion of a suspension plug formed by magnetic
sweeping

Appendix A discusses the results of a magnetic set up for formation of a plug of

particles inside a capillary.
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Chapter 2

Dilution of Protein-Surfactant

complexes: A Fluorescence Study

2.1 Abstract

Dilution of protein-surfactant complexes is an integrated step in microfluidic protein
sizing, where the contribution of free micelles to the overall fluorescence is reduced by
dilution. This process can be further improved by establishing an optimum surfactant
concentration and quantifying the amount of protein based on the fluorescence inten-
sity. To this end, we study the interaction of proteins with anionic sodium dodecyl
sulfate (SDS) and cationic hexadecyl trimethyl ammonium bromide (CTAB) using a
hydrophobic fluorescent dye (sypro orange). We analyze these interactions fluouro-
metrically with bovine serum albumin, carbonic anhydrase, and beta-galactosidase as
model proteins. The fluorescent signature of proteinsurfactant complexes at various

dilution points shows three distinct regions, surfactant dominant, breakdown, and
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protein dominant region. Based on the dilution behavior of protein-surfactant com-
plexes, we propose a fluorescence model to explain the contribution of free and bound
micelles to the overall fluorescence. Our results show that protein peak is observed at
3 mM SDS as the optimum dilution concentration. Furthermore, we study the effect
of protein concentration on fluorescence intensity. In a single protein model with a
constant dye quantum yield, the peak height increases with protein concentration.
Finally, addition of CTAB to the protein-SDS complex at mole fractions above 0.1
shifts the protein peak from 3 mM to 4 mM SDS. The knowledge of proteinsurfac-
tant interactions obtained from these studies provides significant insights for novel

detection and quantification techniques in microfluidics.

2.2 Introduction

The interactions of proteins with surfactants have been studied extensively due to a
wide range of applications in the field of separation, drug delivery, cosmetics and
detergency([33, 130], or as a model in mimicking the behavior of cell membrane
proteins[146, 157, 121]. Microfluidic electrophoresis is a strong tool in separation and
detection of proteins[148, 94]. Even though miniaturization has many advantages,
detection of low concentrated proteins in a small sample volume is still challenging.
Hydrophobic fluorescent probes are among the methods used to enhance the detection
sensitivity in low concentrations[126]. However due to the hydrophobic nature these
probes also bind to the free surfactants micelles, creating a high background signal[54].

To overcome this problem, a dilution step has been integrated on the electrophoresis
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Detection

Dilution Dilution

Separation channel

Figure 2.1: Schematic of the dilution concept in protein sizing microchip. Protein-
surfactant complex at concentration above the surfactant CMC enters the separation
channel. Dilution is performed before the detection point in order to reduce the
fluorescent of free micelles by reducing the surfactant concentration below CMC.

microchip to reduce the fluorescent contribution from free surfactant micelles(Figure
2.1 ). Even though detection analysis has been improved to a great extent, no in-
vestigation has been performed on establishing an optimum dilution concentration or
a correlation between fluorescent peaks (electropherograms) and protein concentra-
tion. In addition, current designs require a specific concentration range, limiting the
analysis outside this range. To this end, more insights are needed in understanding
protein-surfactant-dye interactions at various dilution points, in order to improve the
detection and quantification of proteins on microfluidic platforms.

Binding of ionic surfactants to proteins at a certain concentration alters the na-
tive structure by initiating the unfolding or denaturing process. It is believed that
at low concentrations, the binding of surfactant molecules are governed by electro-

static forces, however at concentrations above critical micelle concentration (CMC)
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hydrophobic interactions are dominant[66, 88, 127]. At these high concentrations,
the surfactant molecules dynamically bind to protein to induce denaturation, im-
part additional charges and make proteins structurally similar [138, 99, 81, 119]. By
providing a constant charge/mass, separation of proteins is achieved based on the dif-
ference in molecular weight. Although the dynamic and kinetics of surfactant-protein
interactions has been studies extensively[21, 151, 152, 100, 154], the effect of dilution
on the fluorescent intensity of protein-surfactant complexes has not been studied in
detail. Moreover, a great volume of literature on interaction of protein and surfactant
is focused on single protein Bovine Serum Albumin (BSA)[32, 15, 33, 23, 149, 155].
Due to the wide range of differences in protein structure, it is important to inves-
tigate these interactions in a system of multiple proteins with different molecular
weights. Understanding the nature of protein-surfactant interactions has been as-
sisted in large by numerous structural analytical techniques such as circular dichro-
ism(CD), nuclear magnetic resonance(NMR), mass spectroscopy(MS) and capillary
electrophoresis(CE). Although these complex techniques have greatly advanced the
field of protein analysis, their application is limited due to differences in protein struc-
tures and properties. Moreover, the procedure is lengthy and requires many hands-on
steps. We address some of the key points in dilution of protein-surfactant-dye com-
plex through a rapid and low-tech fluorometric technique. We analyze interactions
of three proteins bovine serum albumin(BSA), carbonic anhydrase(CA) and beta-
galctosidase(betagal) with sodium dodecyl sulfate(SDS), using a hydrophobic dye at
different dilution points. In addition, we investigate the effect of cationic surfactant

additives such as hexadecyltrimethylammonium bromide(CTAB) added for the pur-
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pose of controlling the electro-osmotic flow in capillary electrophoresis[137, 79]. Based
on our experimental results a fluorescent model is proposed to explain the interac-
tions of the dye with free and bound surfactant micelles. The presented results on the
dilution of protein-surfactant complexes significantly contribute to the development

of novel detection and separation techniques in microfluidics platforms.

2.3 Material and Methods

2.3.1 Chemicals

Bovine serum albumin (BSA, 66 kDa), betagalactosidase from E. coli (betagal, 465
kDa), carbonic anhydrase from bovine erythrocytes (CA, 28 kDa), sodium dode-
cyl sulfate (SDS), hexadecyl trimethyl ammonium bromide (CTAB), betamercap-
toethanol(DTT), and Tris-Glycine buffer were obtained from Sigma (St. Louis, MO).
Sypro Orange protein staining dye (5000X) was purchased from Invitrogen (Carls-
bad,CA). Aqueous solutions were prepared using ultra pure DI water (Elga Lab
Water, Marlow, UK). All chemicals were used as received. The molecular weight
of each protein was determined by gel electrophoresis on Agilent 2100 bioanalyzer

(Figure(2.2)), following the manufacture protocol (Protein 230 kit).

2.3.2 Protein—surfactant preparation

Solutions of SDS, CTAB, and protein were prepared in Tris-Glycine buffer (25 mM
Tris/192 mM glycine, pH 8.6) and incubated at room temperature on a shaker (Innova

4080 incubator shaker, New Brunswick Scientific) for 1 h. At pH 8.6, all the proteins
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Figure 2.2: Agilent 2100 electropherogram (a) and psuedogel(protein 230) of BSA,
CA and betagal at 0.007mg/ml. 4.5kDA and 240kDa as lower and upper markers.

carry a net negative charge as required in electrophoresis separation (isoelectric point
of BSA, CA, and betagal are 4.7 [24], 5.9 [7] and 4.6 [141] respectively.) The protein-
surfactant complexes were irreversibly denatured by beta-mercaptoethanol (0.2M)
and heated (95°C for 5 min). After denaturing, sypro orange dye (5X) was added
and the mixture of proteinsurfactantdye was serially diluted. All the experiments

were carried out in triplicate at room temperature.

2.3.3 Fluorescence measurements

The fluorescence (Ex/Em: 470/570) of stained proteinsurfactant solutions was mea-
sured at room temperature using a QM-4/2005SE spectrophotometer (Photon Tech-
nologies International, Birmingham, NJ). Sample was placed in a 10-mm length, 50uL
quartz cuvette (Starna Cells, Atascadero, CA) and data was collected over time at

0.1 Hz. The cuvette was blanked with buffer prior to each measurement.
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2.4 Optimum SDS and Dye concentration

The concentration of SDS was chosen at 15mM (4.3 mg/ml) three times more than
the defined stoichiometry(1.4g SDS/1g protein at [sds] >CMC)[47, 12], allowing for
a complete binding and a full range of study with free and protein bound micelles
(protein micelles). The optimum dye concentration was determined by varying the dye
concentration with fixed SDS concentration at 15mM(Figure 2.3a.inset). A plateau
at 5x dye concentration shows a complete uptake of the dye by micelles. Note that the
actual concentration of the dye cannot be determined. Furthermore, the fluorescence
intensity of various concentrations of SDS with constant dye at 5x was measured
(Figure 2.3a). Two observations can be made from Figure 2.3a, first the sudden
increase in fluorescence signal at 4mM marks this concentration as the critical micelle
concentration(CMC) of SDS in Tris-Glycine buffer where the hydrophobic dye resides
within the micelles and fluoresces more. Second, the fluorescence signal reaches a
constant value at 15mM SDS, due to a complete micellar uptake of dye molecules. At
this concentration , considering the aggregation number of SDS as 80(74 in water[18]),

the number of SDS micelles present is 1.13 x 10%.

2.5 Dilution of SDS-Dye

After establishing the optimum SDS and dye concentration, the effect of dilution on
the fluoresce intensity of SDS-Dye complex was investigated with 15mM SDS and 5x
dye, and no free dye molecules in the solution. Figure 2.3b shows the normalized

plot of fluorescence count versus SDS concentration. Given that the emission of the
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Figure 2.3: (a) Uptake of dye molecules by SDS micelles with constant dye concen-
tration (5X). The inset shows the uptake of dye molecules at different concentrations
by fixed concentration of SDS at 15mM. (b) Dilution of SDS-Dye with 15mM SDS
and 5x sypro orange dye. The signal is normalized with respect to maximum and
minimum values. The error bars are obtained from three consecutive measurements.
Conditions: 1x Tris-glycine buffer, pH 8.6, room temperature.

dye is proportional to the number of micelles, the linear decrease in fluorescence
intensity suggests a reduction in micellar number density by dilution from 15mM to
6mM SDS. Once the surfactant concentration reaches a critical value, the observed
intensity undergoes a sudden decline, and finally vanishes below 4mM(CMC)[92],
where SDS molecules are present as monomers. A possible fluorescent model can be

proposed as:
Ngas

Fl =" (A X naye X Pads)i (2.1)
i=1
where F'lis the fluorescence count, A is the adsorption intensity, ngy. is the number

of dye molecules in each micelle, @45 is the quantum yield of one dye molecule with

one SDS micelle, and N4 is the total number of SDS micelles in the solution. Since
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the concentration of the dye is unknown (5x), the exact number of dye molecules in
the solution cannot be determined. We can estimate S = A X ngye X @g4s, assuming
equal number of dye molecules per micelle, using the fluorescence count and the
number of micelles in the solution. With 15mM SDS and 5x dye as the first dilution
point ( 15mMSDS = 1.13 x 10% micelles) [ = 1.48 x 107 count/micelle.

The fluorescence count of other dilution points up to CMC can be determined
using Eq 2.1. The calculated values confirm the linear decrease in number of micelles

and are in a good agreement with the experimental values as tabulated in Table 2.1.

Table 2.1: Comparison of the proposed fluorescence model with the experimental
values above CMC. Number of micelles is calculated based on the aggregation number
and concentration of SDS.

SDS[mM]|  #micelles  Fl(calculated) Fl(experimental) error

15mM 113 x 10*  1.67 x 10° 1.67 x 106 -
10 7.53 x 10 1.11 x 109 1.13 x 106 1.8
8 6.02 x 10 8.92 x 10° 8.82 x 10° 1.1
6 452 x 10 6.69 x 10° 6.60 x 10° 1.4

2.6 Dilution of Protein-SDS-Dye

After studying the interaction of dye with SDS micelles, the dilution of protein-
SDS-dye complex was examind using three model proteins: BSA( 583 amino acids),
CA(259 amino acids) and betagal( 1052 amino acids). The starting concentration
of SDS, proteins and dye was 15mM, 1lmg/ml, and 5x respectively. Proteins were
denatured prior to dilution by 0.2M betamercaptoethanol and heat at 95°C for 5
min. Betagalactosidase denatures into four equal subunits each at ~112kDa.

Figure 2.4 shows the fluorescence intensity of protein and protein-free complexes at
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various dilutions. Considering the contribution of bound micelles, Eq 2.1 is modified
as:
Nias Np
Fl = (A XNy X Paas)i + > (A X Naye X 9); (2.2)
i=1 Jj=1
where N, is the number of bound micelles, and ¢, is the quantum yield of one
dye molecule with one bound micelle. Here, we have neglected the contribution of
protein alone, assuming a complete binding of SDS molecules to the protein chain at
saturated SDS concentration. Note that the individual values of A, ngy., and ¢ can
not be determined, therefore we can only estimate the product of these factors. We
have assumed equal number of dye molecules per free and bound micelle, neglecting
the possible differences in micellar hydrophobicity and size. Considering constant
B = 1.48 x 107 count/micelle, calculated in the previous section, we define o =
A X ngye X @p, therefore the difference in fluorescence of proteins at 15mM SDS in
Figure 2.4 is attributed to variation in quantum yield of the dye with bound micelles
as calculated in Table 2.2. Number of free micelles Ny4s and bound micelles N, at

15mM SDS was determined using the ratio of 1.4g SDS/g protein.

Table 2.2: Comparison of quantum yield of Sypro orange dye with BSA, CA and
betagal at 1mg/ml and 15mM SDS. Number of free and bound micelles was calculated
using defined ratio of 1.4g SDS/ 1g protein.

SDS[mM]  FIx 10° Ny x 10 N, x 10" gx 107"  ax107™

BSA 2.11 7.63 3.65 1.48 2.68
CA 2.30 7.63 3.65 1.48 3.20
Betagal 1.80 7.63 3.65 1.48 1.84

Our results show that proteins with equal concentration yield different fluorescence
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Figure 2.4: Dilution of SDS-protein complex .The inset shows the fluorescent profile
of proteins after subtracting the background SDS fluorescence. The error bars are
obtained from three consecutive measurements. Conditions: 15mM SDS, 1mg/ml

protein, denatured by heat (5min at 95°C) and beta mercaptoethanol(0.2M), 5x sypro
orange dye, 1x Tris-glycine buffer at 8.6 pH, room temperature.

intensities. Even though the concept of gel electrophoresis is based on the differences
in size only, and dye is used as a marker of migration time, we speculate that for
analysis based on fluorescence yield only in a gel-free solution, physical and chemical
properties of the dye are key factors to be considered. As shown in Table 2.2, the
dye quantum yield with bound micelles is higher than free micelles and varies for
each protein. Figure 2.4 shows three distinct regions in the dilution profile of protein-
SDS-dye: SDS dominant region: 15mM to 6mM SDS, breakdown region: 6mM to
3mM SDS and protein dominant region: below 3mM SDS. In the SDS dominant
region, the dilution curve of protein complex shows a similar slope as protein-free

complex, suggesting a linear reduction in the number of free micelles. To evaluate
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this argument, the dilution of free and bound micelles is compared in Table 2.3. The
number of free micelles at each point was determined based on the dilution factor,
whereas the number of bound micelles was calculated based using Eq 2.2. As shown
in Table 2.3. free micelles are diluted more significantly compare to bound micelles,
resulting in a linear decrease in fluorescence. In the breakdown region, breaking of
free SDS micelles results in the release of the dye from these micelles and its uptake
by the bound micelles with higher quantum yield. This is evident by a slight increase

in fluorescence count within this region as shown in Figure 2.4.

Table 2.3: Dilution of free and bound micelles in SDS dominant region. The number
of free and bound micelles, N and N, at 15mM as the first point of dilution was
determined using the ratio of 1.4g SDS/1g protein. Below 15mM N4 was calculated
based on the dilution factor, N, was estimated using Eq 2.2.

SDS[mM] dilution dilution dilution dilution
]\'fsds>< A]\[BSA>< NC’AX A]\[Bet‘agal><
1019 1019 1019 1019

15 7.63 0 3.65 0 3.65 0 3.65 0

10 5.09 33 2.82 23 2.53 30 3.10 15

8 4.07 20 259 8 23 7 283 9

6 3.05 25 2.49 4 2.19 7 1.98 3

Finally, in the protein dominant region, with no free SDS micelles in the solution,
the only fluorescence contribution is from bound micelles. Further dilution in this
region results in a rapid reduction in fluorescence (increased slope) due to a decrease
in number of protein molecules and consequently the number of bound micelles. In
protein electrophoresis, the concentration of SDS is above CMC to ensure a complete
binding and unfolding of protein. However, a dilution step is necessary to minimize the
contribution of free micelles by reducing the SDS concentration to monomers (below

CMC). The electropherograms or the protein peaks are generated by subtracting the
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background fluorescence (SDS fluorescence). These peaks are shown as the inset in
Figure 2.4 The maximum peak height was obtained at ~3mM SDS with no free SDS
micelles in the solution. By eliminating the contribution of free micelles, this dilution
point is considered as the optimum SDS concentration for protein electrophoresis. It
is important to note that even though the concentration of proteins is equal, the peak
intensities are not identical due to a difference in the dye quantum yield with each

protein (Table 2.2).

2.7 Effect of Protein Concentration

Effect of protein concentration on dilution of SDS-protein was studied with five con-
centrations of BSA ranging from 0.005mg/ml to 1mg/ml while keeping the SDS con-
centration constant at 15mM. The quantum yield of the dye with free and bound
micelles was calculated based on the fluorescence counts of protein and SDS at the
first point of dilution following the same procedure (Eq 2.2). The variation in flu-
orescence profiles with respect to protein concentration is shown in Figure 2.5. As
the protein concentration increases more binding sites are available for SDS micelles.
With constant number of total SDS micelles (15mM), the number of free micelles in
the solution is reduced as the number of bound micelles increases (Table 2.4). Higher
quantum yield of the dye with bound micelles compare to free micelles results in an
increase in fluorescence at higher protein concentration. To evaluate the proposed
fluorescence model (Eq 2.1) with different protein concentration, the fluorescence in-

tensity at each protein concentration was calculated at 15mM SDS(start point of
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dilution). The results are in a good agreement with the experimental values as shown
in Table 2.4.

Table 2.4: Comparison of the proposed fluorescence model with the experimental
values at various BSA concentrations for the first dilution point(15mM) SDS. Values
of Nggs and N, were determined using the ratio of 1.4g SDS/ 1g protein.

BSA[mg/ml] Nias N, Fl(calculated) Fl(measured) %error
0 1.129 x 10% 0 - 1.10 x 10° -
0.005 1.127 x 10 1.827 x 10'7 1.102 x 108 1.12 x 108 1.6
0.01 1.125 x 10 3.653 x 10'7 1.104 x 108 1.15 x 108 4
0.05 1.110 x 10%°  1.827 x 10'8 1.12 x 10° 1.16 x 10° 3
0.5 9.461 x 10*  1.827 x 10" 1.25 x 109 1.33 x 108 6

1 7.634 x 10 3.653 x 1017 - 1.5 x 108 -

Figure 2.5 shows identical fluorescence profiles with 0.005mg/ml and 0.01mg/ml
protein as protein free complex (SDS-dye). At these concentrations, the number of
free micelles is three orders of magnitude higher than bound micelles as given in Table
2.4. Hence, the contribution of bound micelles to the overall fluorescence is negligible
due to the low concentration of protein. This is evident by an almost invisible protein
peak after eliminating the SDS contribution (Figure 2.5 inset).

It is important to note that with low protein concentration the protein peaks are
shifted from 3mM to 4mM SDS as the point of micellar breakdown. This observa-
tion further emphasizes the significant contribution of free micelles at low protein
concentrations. At higher concentration, a distinct protein peak is observed at 3mM
SDS. Figure 2.5(inset) shows that the peak height is proportional to the protein con-
centration. Therefore, it can be concluded that with a single protein model with no
variation in the dye quantum yield, the electropherograms can be used in quantifi-
cation of sample protein. We assume that the overlapping curve of 0.5mg/ml and

1mg/ml samples at concentrations below 3mM SDS is due to the insufficient number
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Figure 2.5: Effect of protein concentration on the dilution of SDS-BSA complex. The
inset shows the fluorescence profile of the protein after subtracting the background
SDS fluorescence. Conditions: 15mM SDS, 1x Tris-glycine buffer at 8.6 pH, 5x sypro
orange dye, room temperature. Protein was denatured by heat(5min at 95°C) and
betamercaptoethanol(0.2M).

of dye molecules.

2.8 Effect of cationic surfactant CTAB

The CMC of CTAB in Tris-Glycine buffer was estimated to be ~0.4mM following
the same procedure for determination of CMC for SDS. CTAB concentrations above
CMC were added to BSA-SDS complex, providing molar ratios (SDS/CTAB) from
7 to 30. Figure 2.6 shows the effect of CTAB addition on dilution of protein-SDS
complex. The increase in fluorescence upon addition of CTAB can be explained by
comparing the hydrophobicity of CTAB and SDS micelles. CTAB molecules with 16

carbons in the alkyl chain are more hydrophobic than SDS molecules with 12 carbons.
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It is possible that the quantum yield of the dye is higher with more hydrophobic
CTAB micelles, or with mixed SDS-CTAB micelles . As shown in Figure 2.6, the
fluorescence increases with higher CTAB concentration, due to a larger number of
micelles present. Protein peak heights remain approximately constant at 3mM SDS
with 0.5 and 0.9mM CTAB, however the intensity is reduced by 27% and 54% with
2mM and 2.5mM CTAB respectively(Figure 2.6 inset). Moreover, the peak is shifted
to 4mM SDS at these concentrations. Therefore, addition of CTAB with the purpose
of surface modification in presence of SDS at mole fractions above 0.1 significantly

affects the dynamic of protein-SDS complex in protein electrophoresis.
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Figure 2.6: Effect of CTAB concentration on the dilution of SDS-BSA complex. The
inset shows the fluorescence profile of the protein after subtracting the background
SDS fluorescence. Conditions: 15mM SDS, 1x Tris-glycine buffer at 8.6 pH, 5x sypro
orange dye, room temperature. Protein was denatured by heat(5min at 95°C) and
betamercaptoethanol(0.2M).
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2.9 Conclusions

We have investigated the effect of dilution of protein-SDS complexes as an essential
step for on chip protein electrophoresis by utilizing Sypro orange dye as a fluorescent
hydrophobic probe. The most important conclusion is that for protein analysis in a so-
lution (gel-free), even though the binding stoichiometry of SDS to proteins is constant,
and that the surfactant at concentrations above CMC makes proteins structurally
similar, the overall fluorescence varies with different proteins. As a consequence, the
fluorescence intensity of proteins with the same concentration is not equal. However,
the quantification of protein based on the peak height can be achieved for a single
protein where the quantum yield of the dye is constant. Moreover, the maximum
peak height in electropherograms was observed at 3mM SDS, below the SDS CMC
value. At this concentration only the SDS micelles bound to protein contribute to the
overall fluorescence intensity. Therefore, this concentration can be considered as the
optimum SDS concentration in protein electrophoresis. The dilution profile of protein-
SDS complexes shows three distinct regions: SDS dominant region above 6mM SDS,
breakdown region between 3mM-6mM SDS and the protein dominant region below
3mM SDS. In the SDS dominant region the contribution of SDS micelles to the over-
all fluorescence signature is more pronounced than bound micelles. The fluorescence
in this region is a linear function of free micelles number density. In the breakdown
region, micelles start to break to monomers. The released dye is taken by bound mi-
celles with higher quantum yield compare to free micelles, resulting in a slight increase

in the fluorescence intensity. Finally in the protein dominant region, with no free SDS
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micelles, the contribution of bound micelles becomes significant. Based on the exper-
imental results, we propose a fluorescence model for the interaction of dye with SDS
and protein. In this model, the variation in fluorescence arises from the difference
in the dye quantum yield with the micelles, assuming equal uptake of dye molecules
with free and bound micelles. In a single protein model, quantification of protein
concentration based on fluorescence intensities can be achieved with a constant dye
quantum yield. This is evident by an increased in protein peak height with increasing
concentration. Finally, addition of CTAB as a more hydrophobic surfactant compare
to SDS at concentrations above CMC results in a shift in protein peak, where the
mole fraction of CTAB was above 0.1. Lower concentrations of CTAB(0.5mM and
0.9mM) did not alter the dynamics of protein-SDS interactions. The presented re-
sults on the dilution of protein-surfactant complexes significantly contribute to the
development of novel detection and separation techniques in microfluidics platforms,

where quantification of protein can be achieved parallel to detection.



Chapter 3

Electrophoretic Detection of a
Target Protein on a Microfluidic

platform

3.1 Abstract

Conventional immunoblotting techniques are labor intensive, time consuming and rely
on the elution of target protein after depletion. Here we describe a new method for
detection and quantification of proteins, independent of washing and elution. In this
method, the target protein is first captured by immunodepletion with antibody-coated
microbeads. In the second step, both the supernatant after immunodepletion and the
untreated protein sample are directly analyzed by microfluidic electrophoresis without
further processing. Subsequently, the detection and quantification are performed by

comparing the electropherograms of these two samples. This method was tested

27
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using an Escherichia coli lysate with a FLAG-tagged protein and anti-FLAG magnetic
beads. An incubation of as short as one min was sufficient for detectable depletion
(66%) by microchip electrophoresis. Longer incubation (up to 60 min) resulted in
more depletion of the target band (82%). Our results show that only 19% of the
target is recovered after elution from the beads. By eliminating multiple wash and
elution steps, our method is faster, less labor intensive, and highly reproducible. The
target protein can still be easily identified even in the case of nonspecific binding at low
concentrations. This work highlights the advantages of integrating immunodepletion

techniques on a microfluidic platform.

3.2 Introduction

Separation and quantification of biomarkers are strong tools in biomedical research
for a wide range of applications such as disease detection, toxicology assessment, and
research diagnostics. Despite significant improvements in the field of separation and
instrumentation, there is still an urgent need for fast and sensitive detection of low
concentration biomarkers in complex biological fluids. Characterization of these ana-
lytes with a high level of sensitivity is challenging and requires new separation tech-
niques. To this end, microfluidic devices have revolutionized the field of separation
by providing, high throughput, rapid analysis, and small sample volume. However,
the main challenge remains in detection of the analyte due to significant reduction in
the volume(less number of target molecules). Among all the methods developed to

improve detection sensitivity, the combination of microfluidics and immuno-affinity
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techniques is the most promising. The use of antibodies against the target analyte
(antigen) provides robust and highly specific isolation of the analyte, depending on
the antibody quality. Combination of this technique with a microfluidic platform
ensures sensitive detection of the analyte in miniaturized sample volume. Further-
more, an automated microfluidic platform with minimum preparation steps and the
ability of analyzing various analytes simultaneously on a single compact microchip
is highly advantageous in rapid point-of-care diagnostics. Among immuno-affinity
methods, immunoprecipitation of proteins from the cell lysate is commonly used for
the detection and analysis of target proteins. Surface modified microbeads, against
the protein of interest, isolate the target from the lysate under native conditions.
The protein is then eluted from the beads, separated by gel electrophoresis and ana-
lyzed by immunoblotting[36, 118]. Despite its high sensitivity (sub-nanogram range
depending on the antibody used[51], immunoblotting is labor intensive and time con-
suming due to multiple manual steps. Moreover, the precise quantification of proteins
is challenged by film or chromogenic detection[73]. Even though protein separation
and immunoassays have been performed on a microchip[15, 58, 156, 56, 159] a simpler
design with minimum manipulations is highly in demand. All immunoprecipitation
techniques using microbeads involve washing and elution steps, which significantly
add to analysis time[36, 118, 108, 147, 3]. We propose a new protein detection and
quantification method independent of washing or elution as shown in Figure 3.1. Our
method utilizes an immunodepletion step followed by microfluidic electrophoretic sep-
aration. First, immunodepletion is performed to capture the target protein using

antibody coated microbeads. Following this step, the supernatant is loaded on a mi-
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crochip for electrophoretic separation. Simultaneously, the untreated protein sample
is loaded on the same microfluidic chip. The two electropherograms are then com-
pared for quantification and detection of the target protein. Microfluidic separation
allows for fast quantification of the results (less than an hour) which is performed par-
allel to detection. The result of this technique is compared with traditional (Western)

blotting as well as elution of the target from the beads.

supernatant
b /
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Figure 3.1: Schematic of the proposed method. The target is first isolated by im-
munodepletion with magnetic beads coated against the target. Then after collecting
the beads magnetically, the supernatant is analyzed on a microfluidic electrophoresis
chip.

3.3 DMaterials and Methods

3.3.1 Sample preparation

E.coli bacteria (BL21DE2) were transfected with the pNO-TAT vector harboring the

C-terminal 236 amino acids of the DEAD-box helicase Vasa[48]. Linked in-frame
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at the C-terminal most amino acid was a FLAG-tag, an octapeptide sequence (N-
Asp-Tyr-Lys-Asp-Asp-Asp-Asp-Lys-C) for which a monoclonal antibody is available
either freely soluble, or linked to magnetic beads(M8823; Sigma-Aldrich). Cells were
cultured at 37°C for 8-10 hours and induced with 10mM IPTG for 2 hours. After
incubation, cells were lysed by addition of lysozyme (10ug/ml; 10 minutes at room
temperature) and repeatedly freeze-thawed between —80°C and 37°C. The cellular
lysate was centrifuged at 10,000g for 20minutes and the supernatant was collected
and stored at —20°C.

For immunoblotting,100ug, 7049, and 35u¢ in lanes 1, 2, and 3 respectively (Fig-
ure 3.2) of the cellular lysate was first resolved by 4-10% polyacrylamide gel elec-

trophoresis (PAGE).
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Figure 3.2: Immunoblot using a conventional Western method. Lanes 1, 2 and 3
correspond to 100, 70 and 35 micrograms of protein loaded per lane that was then
stained with Coomassie or labeled by immunoblotting with anti-FLAG antibodies.
The asterisk indicates the position of the FLAG-tagged protein species.
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The amounts of protein used, allows for a broad range of mass (~3-fold), with
reproducibility within dilution. Once resolved, proteins were transferred to nitrocel-
lulose and processed for immuno-labeling as described in[48, 51, 133]. Anti-FLAG
antibody M2 (Sigma-Aldrich) was used at 1/5000 dilution in blotto for 4 hrs at room
temperature, and the blot was then washed several times for 5 minutes each with
excess blotto. A rabbit anti-mouse secondary antibody conjugated to horseradish
peroxidase(Sigma-Aldrich) was diluted 1/5000 and added to the washed blot. After
4 hours incubation at room temperature, the blot was washed as described for the
primary antibody and the secondary antibody was detected with an ECL kit(Pierce,

Thermo Fisher Scientific) on film following the protocol.

3.3.2 Control experiment

Our method was first tested using a single analyte system containing a biotinylated
antibody (mouse anti-human troponin T,cTnT; US Biological) and streptavidin mag-
netic beads(Dynabeads M-270;Invitrogen). The antibody was diluted to 0.2ug/ul
with phosphate buffered saline (PBS). 10ul of the magnetic beads was washed with
PBS buffer twice and incubated with 5ul of the diluted antibody at room tempera-
ture. The required bead volume was calculated based on the binding capacity of the
beads (10ug antibody per mg of beads). Samples at 1, 5, and 10 minutes incuba-
tion time were prepared by mixing on a revolver(Labnet International) except for one
minute incubation sample which was manually mixed by pipetting. After each incu-

bation time, the beads were collected by magnetic adsorption and the supernatant
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was taken for microchip electrophoresis.

3.4 FLAG protein detection in a bacterial lysate

A cellular lysate concentration of 7.1ug/ul was diluted with PBS buffer (0.02M phos-
phate, 0.15M NaCl) to 1.42ug/ul. The dilution was chosen to accommodate the signal
level below the saturation limits of the detector. 20ul(5 times more than the bead
capacity, to ensure complete binding) of the diluted lysate was incubated with 10l of
anti-FLAG M2 magnetic beads with binding capacity of 0.6 mg of FLAG protein per
1 ml of packed beads. In order to determine minimum incubation time required for
depletion, the beads were incubated at 1, 5, 10 and 60 minutes with the lysate at room
temperature. The diffusion time for FLAG proteins was approximately estimated to
be t = [2/2D. where [ is the average distance between beads, and D is the diffusivity
of FLAG protein. Assuming that [ is 600um, and D is 300um?/s, t was estimated
to be ~600 s. Here, we assumed that the capture of the target molecules by the
surface is faster than the diffusion time[107]. This reference also reported detection
of Flag system in microfluidic affinity columns. The experimental data showed high
binding rate. Their analysis showed the mass transport limited regime for almost all
the experiments. Hence, the incubation times were varied from low (1 minute) to
high diffusion times (60 minutes). Additionally, the selected time interval allows for
comparing a broad range of conditions (60-fold) at room temperature for immuno-
reactivity. The beads were kept in suspension by placing the samples on a revolver.

The supernatant was collected following the same procedure as stated above. Elu-
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tion carried out on the 60 minutes incubated beads with the lysate. For eluting the
target, beads were suspended in 20ul sample buffer plus 1ul of 2-mercaptoethanol
after washing with PBS buffer. Following this step, the beads were heated at 95°C
for 5 minutes, and the supernatant was taken for analysis. All samples tested here,
with the exception of the elution sample, are supernatants following bead incubation.
For microchip electrophoresis, samples were prepared according to Agilent kit and
analyzed three times by 2100 Bioanalyzer. The control experiment performed on a
biotinylated antibody, as a proof of concept, demonstrates the high efficiency of this
method for depleting the target analyte. The amount of adsorption is calculated by
comparing the target peak area of each sample with the untreated antibody (Figure

3.3).
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Figure 3.3: Control experiment. Detection of biotinylated anti-human c¢TnT
antibody(0.2ug/ul)at three incubation times with streptavidin coated magnetic
beads.

One minute incubation results in 95% reduction of the target band. At 5 minutes
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and above, 99% depletion was observed. After establishing the high efficiency of our
method, the performance of this technique was tested in a more complex system of
bacteria lysate (as used in blotting experiment). Cells expressing Vasa-FLAG protein
have several major protein bands, including one at approximately 36 kDa, which is
the predicted mobility of the DNA-encoded construct. By performing the traditional
(Western) immunoblotting, it was verified that the 36kDa band is the FLAG-tag
protein (Figure 3.2: lane 1-3 under immune-blot). An alternative approach for this
assay is to use a protein chip following elution of proteins from beads that had been
pre-incubated with the lysate. This approach was recently demonstrated[147] but still
required several hours to be accomplished with multiple manual steps. In the case of
the queried bacterial bands here within whole cell lysate, a pre-absorption approach
might be sufficient to rapidly detect the band of interest using minimum reagents
as demonstrated in our method. Samples were analyzed on an electrophoresis gel.
Figure 3.4 (lanes 2-5) clearly shows the depletion of two bands at 12.4 kDa and 36.3
kDa for four incubation times. In comparing the intensities of the two bands in lanes
2-5 with the lysate, the target band is detected by the significant depletion of the 36.3
kDa band. The presence of the 36.3 kDa band in the elution sample (lane 6) not only
confirms the presence of the target, but also the effective adsorption of the FLAG
proteins on the beads. Even at one minute incubation, a significant depletion of the
target protein is clearly observed. This suggests that the time scales for diffusion and
reaction for transport and adsorption of FLAG protein were in the range of minutes.

For detection and quantification of the depleted FLAG protein the electrophero-

grams of lysate, 1 and 60 minutes samples are compared in Figure 3.5a. Even though
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Figure 3.4: Agilent(protein 80) pseudo gel of lysate, elution and incubated samples.
All samples, except the elution, are supernatant after incubation with anti-FLAG
beads.

one minute incubation is sufficient for the detection of target band on the gel (Figure
3.4) depletion continues at longer incubation times. However, the rate of depletion
decreases after 10 minutes of incubation time (embedded graph in Figure 3.5a). This
is evident as rate of diffusion transport decreases with decrease in concentration gra-
dient between the bulk and the surface. In order to compare our method with the
elution technique, the electropherograms of supernatant and eluted protein after 60
minutes incubation are compared in Figure 3.5b. The presence of a distinct peak at
36.3 kDa, overlaying the 60 minutes target peak, confirms the eluted protein as the
FLAG protein.

Quantification of depleted and eluted FLAG protein was performed using the peak
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Figure 3.5: a)Detection of FLAG protein, comparison of two incubation times in
depleting the target (1.42ug/ul). The adsorption kinetic of FLAG protein is shown in
the inset.b)Comparison of eluted and incubated samples after 60 minutes. The elution
sample is the eluted FLAG protein from the beads after 60 minutes incubation. The
arrow shows the target peak.

area (including the non-specific adsorption) and is listed in Table 3.1.

A — A

l

%adsorption =

x 100 (3.1)

where A; and A, are the target peak area of lysate and sample respectively.

Table 3.1: Quantification of the immunodepleted FLAG protein. The listed values
are the average of three independent experiments( mean + standard deviation).

Sample 12.4kDa peak area %adsorbed 36.3kDa peak area %adsorbed %released

lysate 244.1 + 4.8 - 36.0 1.2 - -
1min 133 +£6.8 45.6 29.8 +2.1 66.1 -
Smin 128.3 +£4.2 47.5 25+ 1.3 72.3 -
10min 146 £ 0.6 40.3 19.2+1.5 76.8 -
60min 1476 £ 34 39.6 20.7+ 5.1 82.2 -
elution - - - 80.8 19.2

Table 3.1 (column 5) shows more than 66% adsorption of FLAG protein in the first



38

minute of incubation and that the adsorption of FLAG protein gradually increases,
from 66% to 82% after 59 minutes of incubation. The non-specific adsorption of 12.4
kDa band is also shown (column 3) with approximately constant adsorption (43%) in
all of the samples. Since the 12.4 kDa peak appears far away from the 36.3 kDa FLAG
protein peak, the non-specific binding does not affect the quantification of the target
protein. However, the sensitivity of the assay would be limited in cases of interference
of the target peak with other protein peaks in the sample. It is important to note
that peak interference is a challenge in all the current methods available. More
investigations are needed to improve resolution of the peaks by choosing different
gel properties[98], or changing the script of the system. Release of only 19% of the
FLAG protein from the beads shows that even though the target can be detected after
elution, and further improvements are possible by optimizing the elution process, an
accurate quantification is not possible by this method. Finally, the dynamic detection
range of the target (~50kDa FLAG) was determined in a protein complex at different
concentrations. The complex sample consists of four other proteins, each at 200ng/ pl.
The target electropherogram peak is shown in Figure 3.6 for one of the sample runs.
All the peaks can be easily identified arriving at 35.5 seconds. As shown in Figure

3.6(inset), the fluorescent intensity is linearly proportional to the target concentration.



39

800 T T T T T

[ e—200ng/ul - L
600 L —150ng/pl E ™ )|

e 100N g/l 2 i
a
L — 500/ 2 200 ~
ng/ul T "

400 0 -

S0 100 150 200

Concentration [ng/ph

Fluorescence [-]

200

35 36 37
Time [s]

Figure 3.6: Detection of FLAG protein in a target-free complex sample. The con-
centration of each non-FLAG protein is constant at 200ng/ pl. The inset shows the
linear detection range of the target with respect to concentration.

3.5 FLAG protein detection in a target-free pro-

tein complex

To further evaluate the dynamic detection range of the target, various concentrations
of a FLAG protein( 50kDa) was mixed with four other proteins: lysozyme, soy-
bean tripsin inhibitor, bovine serum albumin(BSA) and ovalbumin, each at 200ug/ ul
concentration in PBS buffer. The target concentration was varied from 50ng/ul to
200ng/ul , providing a target/complex ratio of 0.06 to 0.25. The complex sample
was incubated with anti-FLAG magnetic beads for 10 minutes at room temperature

and the supernatant was analyzed by microchip electrophoresis. The effect of non-
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specific binding of other proteins on the detection of the target was also investigated

by electropherogram peak analysis. These electropherograms are shown in Figure 3.7.
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Figure 3.7: Detection of depleted target protein in a complex sample. The concen-
tration of FLAG protein ( 50kDa) is varied from 50ng/ul to 200ng/ul, while keeping
the non-FLAG protein concentration each at 200ng/ pul.

Figure 3.8 shows the percentage adsorption of each protein in the complex sample.
It is important to note that, even though the most significant depletion (95%-100%)
was observed in the target band, other proteins in the complex were also depleted (less
than 40%) through non-specific adsorption. Our results suggest that even at very low
concentration of target (50ng/ul) and in case of non-specific binding of other sample

components, the rapid and high specific detection of the target can be achieved.

Speed, simplicity and sensitivity are key factors in designing a diagnostic device.
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Figure 3.8: Depletion of FLAG protein in a protein complex at different concentra-
tions. The concentration of each non-FLAG protein was kept constant at 200ng/ ul
while changing the target concentration. Samples were incubated with anti-FLAG

magnetic beads for 10 minutes. Error bars are the standard deviation obtained from
three independent studies.

Whether this devise is used in the research laboratory or the clinical diagnostic lab,
the combination of these criteria ultimately determines its application. Our proposed
method is optimally suited in low complexity protein mixtures where each of the
bands may be seen individually, or in a whole cell lysate in which some of the bands
of interest are in significant relative abundance. Under these conditions, our detection
technique is ideal for rapid verification of a target protein (minutes). The efficiency of
this method is minimized where the concentration of the target protein is significantly
less than other proteins in the mixture, such as HSA (Human serum albumin) in the
serum. Here the depleted band would not be amply detected; although a decrease in
multipeak heights are suggestive of target protein presence. In more complex systems

with multiple peaks, the detection performance can be optimized using different gel
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matrices, antibodies, sample buffers and bead properties. In addition, the incubation
time and temperature can also be optimized for maximum efficiency. Considering
the binding capacity of the beads (0.6mg FLAG protein per 1 ml of beads),10ul
of beads used in the experiments results in binding of 6ug protein to the beads.
For the above experiments, the beads were incubated with lysate at almost 5 times
the binding capacity (20ul lysate=28.4pug protein), to ensure maximum adsorption.
However, even with the excess amount of protein (more than bead capacity), the
specific binding affinity of the beads provides sufficient depletion of the target for
quantification purposes. The sensitivity of this method depends on the detection

limit of the microchip sizing assay which is ~50ng/ul before loading on the gel.

3.6 Conclusions

By eliminating multiple wash and elution steps, our modified immunodepletion method
not only minimizes the analysis time, but also provides a robust and more reliable
quantification platform. Even in cases of non-specific binding and at low concentra-
tions, the target protein is significantly depleted and can be identified. Although,
the target can be detected by the current bead based immunodepletion techniques,
the quantification is limited due to the low recovery of the target after elution from
the beads. We emphasize that this new technology is not dependent on an antibody.
Lectin, or other specific affinity methods are equally valid. The binding matrix could
be a lectin used to study various glycosylated proteins, interacting proteins for which

they are already available and thereby selectively adsorb even isoforms of protein
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family members, small molecules attached to the beads to interrogate the starting
protein mixture, and even cis-elements of a DNA promoter region. Further, the tar-
get can be detected in any population of protein mixture, including cellular lysate,
serum, or body fluids. The only requirement of this system is that they be soluble

during the depletion procedure.



Chapter 4

Synergistic action of Chitosan and
low voltage pulsed electric field in

bacterial inhibition

4.1 Abstract

Techniques to inhibit gram-negative bacteria such as Shiga toxin-producing Escherichia
coli are valuable as the prevalence of large-scale industrial food preparation increases
the likelihood of contamination. Chitosan, the deacetylated derivative of chitin, has
been demonstrated to inhibit bacteria growth in acidic environments, but is signifi-
cantly less effective in preventing bacteria grown at pH>7.0. Pulsed electric fields,
constituting another method of bacteria inhibition, are difficult to generate at suffi-
cient strength due to the high electric potentials required. This study utilizes adsorp-

tion of particulate chitosan in a very low electric field for an increased inhibition of

44
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gram-negative bacteria in neutral or alkaline pH conditions. Chitosan microparticles
are demonstrated to flocculate E. coli, inhibit growth, and exhibit increased efficacy
when combined with a low voltage electric field applied over 2-min intervals. Using
sustained pulses of approximately 100 V/cm, it is demonstrated that bacteria viabil-
ity is reduced by several orders of magnitude. The degree of bacterial inhibition is
increased when chitosan microparticles are introduced to the system prior to imposing

a small electric field.

4.2 Introduction

Since identification as a pathogen in 1982, numerous outbreaks of Shiga toxin-producing
Escherichia coli (STEC), including the enterohemorrhagic strain E. coli 0157:H7, have
involved conditions including diarrhea and hemolytic uremic syndrome. Undercooked
beef is a common source of STEC infections, but produce and water have also been
contaminated[101]. Techniques to inhibit gram-negative bacteria such as pathogenic
Escherichia coli are valuable as the prevalence of large-scale industrial food prepara-
tion increases the likelihood of contamination. Chitosan (CS), an abundant naturally
occurring biopolymer, is widely recognized as exhibiting antimicrobial properties in
acidic conditions[78, 25, 76]. Among other antibacterial agents, chitosan is biocompat-
ible (non-toxic) and exhibits a higher antibacterial activity[78]. Two mechanisms for
inhibition activity of chitosan have been proposed. In the first mechanism, membrane
permeability is affected by the interaction between the positively charged chitosan

molecules and anions on the cell membrane[135, 57, 77, 110]. The second mechanism
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involves RNA inhibition by binding of chitosan to DNA[57, 77, 110, 25]. In addition to
adsorption to the cell membrane, it is believed that chitosan affects the hydrophilicity
and charge density of the outer membrane[26]. Chitosan has also been investigated
as an antimicrobial agent for a number of different applications, including wound
dressings and preservatives[111, 14, 68]. Studies have also probed the efficiency of
chitosan in drug delivery and as a flocculant[158, 50]. Although the antimicrobial
benefits of chitosan have been employed in multiple applications, widespread adop-
tion of chitosan and its derivatives depends on overcoming difficulties associated with
its use. Studies that investigate the antibacterial effect of chitosan on various bacte-
ria species utilize acidic test environments, with pH ranges of 5.5-7.0[78, 25, 76]. It
is commonly accepted that chitosan is not effective as an antimicrobial additive at
neutral and alkaline pH, due to its loss of positive charge and aqueous solubility in
such environments. CS microparticles(CSMP) are investigated as a potential method
to bypass the low pH required to use conventional molecular chitosan in solution as a
microbial inhibitor. The lipid bilayer membrane of the cell has a unique conductance
which facilitates the ion exchange. External stimulants, such as organic compounds
and detergent as well as transmembrane electric field can modify the membrane ion
composition and disturb the permeability of the membrane[27, 132]. Depending on
the intensity of the electric field, electroporation occurs either in the bilayer or in
the protein channels inside the membrane. Electric fields of 1000 V/cm and higher
changes the orientation of lipids and creates hydrophilic pores in the membrane, while
lower electric potential targets the protein channels[136]. The use of high intensity

localized electric fields to open membrane pores in bacteria is commonly used to
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transform bacteria[l] and to open voltage-gated protein channels and create pores
in eukaryotic cells. Short, high-voltage pulses on the nanosecond time scale create
electric fields that effectively inactivate large bacteria populations when fields greater
than approximately 16 kV/cm are employed[109], although much smaller fields on
the order of 1 kV/ecm were reported in microfluidic environments[142]. Similar to
the use of chitosan, irreversible electric field action is an effective bacteria inhibition
method that is limited in application. The limiting factor in electro-lysis adoption
is the very high electric field required, which are difficult to generate and apply to
sufficiently large geometries. Electric field actions and chitosan treatments both uti-
lize membrane permeation to prevent microbial reproduction[57, 77, 142]. Synergistic
use of natural antimicrobials and pulsed electric fields has been attempted to inhibit
pathogenic bacteria[89]. These treatments utilize a relatively short treatment time
in which the sample was exposed to a number of pulses on the micro to nanosec-
ond scale. The effect of incorporating sub-lethal electric voltage as opposed to high
intensity pulsed electric field is currently unknown. It is therefore of interest to in-
corporate sub-lethal electric field with a natural treatment to increase the porosity
and inhibit bacteria by altering pores in both the outer and inner membranes. Non-
thermal methods of bacteria inhibition such as pulsed electric fields, ultrasonication,
high hydrostatic pressure, ionizing radiation and chemical preservatives have been
studied and the current understanding is that the methods can be used most effec-
tively in combination, according to the concept of hurdle technologies[116, 89, 82].
A synergistic combination of chitosan microspheres and pulsed electric fields (PEF)

is expected to produce effective antimicrobial action at gentle processing conditions.
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By introducing CSMP, an immediate flocculation event will occur, creating numer-
ous large microparticle-bacteria aggregates where the bacteria are in direct contact
with chitosan[61, 128, 74, 112]. Bacteria locked in the aggregate are affected by the
chitosan and are hypothesized to be more susceptible to subsequent pulsed electric
field treatments. Potential mechanisms of enhanced susceptibility include destabi-
lization of the outer membrane due to disruption of counterions by chitosan[57] or
enhancement of local electric field gradients adjacent to the cell membrane[114]. Due
to the difficulties in applying existing technologies in isolation or delivering alter-
native simple and effective microbial inhibition methods, it is necessary to develop
superior, synergistic techniques for inactivating bacteria. An effective, simple combi-
nation technology for bacteria inhibition allows for control of pathogenic bacteria at
multiple phases of production preceding consumption. Therefore, overcoming the lim-
itations of current antimicrobial techniques is a vital step in improving future health

and safety for consumers of products that are at risk of bacterial contamination.

4.3 Materials and Methods

4.3.1 Materials

Low molecular weight chitosan extracted from crab shells and sodium tripolyphos-
phate (TPP) were both purchased from Sigma-Aldrich (St. Louis, MO, USA). The
chitosan had a deacetylation fraction of 90.85% and molecular weight range of 50190

kDa (viscosity 185 cP for a concentration of 1% w/w in 1% w/w acetic acid solution;



49

all data provided by supplier).NEB turbo competent E. coli (high efficiency) was ob-
tained from New England Biolabs Inc.(NEB # (C2984I) and transformed with the
supplied pUC19 plasmid. Carbenicillin, LuriaBertani broth, and phosphate-buffered
saline (PBS) were also obtained from Sigma-Aldrich. Electric field cuvettes with a
1-mm electrode gap were purchased from Sigma- Aldrich. Leads were adhered to the
cuvette using nickel paint and applied alternating current (AC) potentials using a

function generator (BK Precision 4078, CA) for the electric field experiments.

4.3.2 Preparation of chitosan microparticles(CSMP)

Chitosan microparticles(CSMP) were prepared using ionic gelation interactions be-
tween chitosan(low molecular weight 50 to 190kDa and sodium tripolyphosphate
(TPP) under mild, room-temperature conditions[110]. The simple ionic gelation
procedure bypasses the need for detailed chemical synthesis. The mass ratio of chi-
tosan/TPP was always kept at 5:1. Chitosan was dissolved in an acetic acid aqueous
solution at 4.0 mg/ml. The acetic acid concentration was 1.75 times higher than the
chitosan concentrations. TPP was dissolved in deionized water at the same concen-
tration as for the chitosan solutions. Then, 1.0 ml of the TPP solution was added
drop wise to 5.0 ml of the chitosan solution during continuous stirring on a magnetic
stir plate. The mixture was stirred for an additional 30 minutes, and the suspension
was equilibrated overnight. The particles were centrifuged at 49,410 g for 30 minutes.
The resultant wet pellet was weighed and then subsequently washed several times

and redispersed in deionized water by probe sonication for approximately 30 seconds.
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The mass of the wet pellet was measured in order to approximate the concentration
of the suspension, which was determined to be approximately 1.6 mg/ml (dry), based
on measurements of the dry weight of one batch of particles made from the 4.0 mg/ml

chitosan and TPP solutions.

4.3.3 Characterization of CSMP

The particle size distribution and zeta potential of the chitosan and chitosan-coated
alginate particles were characterized using the Zetasizer Nano-ZS. The particle sus-
pension was freshly synthesized and each of the samples was analyzed in triplicate.
The size readings were measured for 1000 seconds, and each zeta potential reading
was 100 runs long. Both measurements were performed in aqueous environments at
approximately pH 6.85. CSMP were synthesized from the solutions containing 4.0
mg/ml of chitosan and TPP yielded a highly positive zeta potential of 51.1 + 2.2 mV

with the average diameter of 380 £ 57 nm.

4.3.4 Bacteria culture and inhibition assay

E. coli derived from BL21(DE3) expressing the mCherry fluorescent protein were
cultured overnight in 2 ml of Luria-Bertani broth containing 100ug/ml ampicillin or
carbenicillin in polystyrene culture tubes. Cells were agitated using an Innova 4080
Incubator Shaker at 37C at 250 rpm. Furthermore, the cells were grown to an initial
optical density at 600 nm (OD600) of approximately 0.1 (~ 15.7 x 107 cells/ml) as

measured on a NanoDrop ND-1000 spectrophotometer. The cells were centrifuged
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at 20,000 g for 2 minutes, and then resuspended in phosphate buffered saline (PBS)
(pH 7.4) according to the desired optical density values. Freshly cultured cells were
centrifuged at 14,000 g and resuspended in PBS. For experiments investigating the
combined effect of CSMP and electroporation, cells were tuned to an optical density
(OD600) of approximately 0.1. Escherichia coli cells were first introduced to CSMP
gently pipetted to ensure a uniform distribution. The final suspension was composed
of 100ul bacteria suspension and 20ul CSMP suspension. The mixture contained
0.267 mg/ml CSMP(dry concentration). 100ul of the resulting suspension was placed
in an electroporation cuvette. The exposed electrodes were placed under the desired
AC voltage at a frequency of 60 Hz for 2 minutes in an electro-cuvette with 1 mm
electrode gap. After washing with PBS, the cells were cultured onto agar plates
and incubated overnight at 37 C. The colonies were counted to estimate viable cells.
For experiments investigating solely the effect of CSMP, cells were suspended to an
OD600 of approximately 0.3. Note that OD600 was adjusted according to optimal
conditions of different lysis experiments. 60ul of bacteria were then pipetted with
60ul of particles at different concentrations. The final suspension contained between
0.8 and 3.2 mg/ml CSMP(dry concentration) and approximately 55.7 x 107 cells/ml

bacteria. Control experiments utilized distilled water in the place of microspheres.
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4.4 E. coli inhibition: Effect of CSMP concentra-

tion

The effect of CSMP without electroporation for inhibiting bacteria at neutral pH
was investigated. Colony forming (units/ml) (Figure 4.1) were used to examine the
ability of CSMP to inhibit the growth of E. coli. These values indicate particularly
strong inhibition when large numbers of cells are inactivated. The serial plate dilution
method allows rapid accurate comparison of different treatments, even if they are able

to inhibit the vast majority of the E. coli present.

Figure 4.1: Colony forming units formed following overnight incubation after subse-
quent treatment with deionized water or CSMP. The left pane illustrates a represen-
tative result obtained after treating cells with deionized water only; the right pane
shows cells that grew following introduction of CSMP at a concentration of 1.6 mg/ml
suspended in deionized water. Both panes were obtained using dilutions of 1:100,000.

The multiple colonies were counted to estimate viable cells. As shown in Figure
4.2, there was about 28% reduction of viable cells due to incubation with 0.8 mg/ml

microspheres. Similarly, 41% difference between the distilled water control and 3.2
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mg/ml CSMP was observed. Although inhibition occurred, it was not complete, due
to the suboptimal, neutral pH of the environment. The bacteria, following aggrega-
tion, were able to retain significant if not total viability. It is likely that the minimally
charged chitosan was not completely effective in compromising both inner and outer

membranes of the gram-negative bacteria.
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Figure 4.2: Growth of cells following treatment with different concentrations of CSMP.
DI represents deionized water and values of 0.8 and 3.2 represent the concentration
of CSMP in mg/ml prior to serial dilution.

In a study by Helander et al.[57], a minimum concentration (250 ppm) of molecular
chitosan in solution was required to observe reproducible increases in outer membrane
permeability of E. coli, while higher concentrations are needed for lethality (2000-5000
ppm or higher). In the work of Fernandes et al.[38], solutions of molecular chitosan
with a minimum concentration of 5.0 mg/ml were needed for lethal action on an E. coli

population inoculated at 105 CFU/ml. Similarly, in this study, we observe chitosan
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to sensitize the bacterial membrane to an additional treatment (electroporation) at

concentrations below bactericidal levels (0.8 to 3.2 mg/ml)

4.5 E. coli inhibition: combination of CSMP and

electric field

Following the serial dilution experiments of CSMP, the synergistic effects of small sus-
tained electric fields and chitosan were investigated using a similar method. Deionized
water was used in place of chitosan to explore the effects of small electric fields that
alternated at 60Hz for a period of two minutes. Fields of 50 V/cm and 100 V/cm
were investigated. Two representative plates used in the cell counts are shown in
Figure 4.3. When comparing the acquired plate images, it is important to note the
dilution used to create each plate. All plates in these experiments were countable.
Plates created using less diluted bacteria samples for deionized water controls, for ex-
ample, consistently grow as a lawn with indistinct colonies. The multiple plates were
counted to estimate viable cells. As shown in Figure 4.4, the electric field effect of
50 V/cm inhibited more bacteria (37% colony survival), compared to chitosan alone
(58% colony survival). In the confined geometry of the cuvette, an electric field of
100 V/em significantly reduced the colony survival rate. Over 98% of the bacteria
were removed, a reduction in viability that almost spanned two orders of magnitude.
Given the result that 100 V/cm substantially promoted bacteria inhibition, it was

desirable to increase the effectiveness of this treatment using CSMP. A combined
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Figure 4.3: Colony forming units formed following overnight incubation after subse-
quent treatment with deionized water or CSMP at 100V /cm. The left pane illustrates
a representative result obtained after treating cells with deionized water only with
dilution factor of 1:100,000, the right pane shows survived colonies after chitosan
treatment with dilution factor of 1:1000.

treatment was performed at low chitosan concentration (0.267 mg/ml during electric
field treatment). This concentration was sufficient, however, to increase cell inhibi-
tion by another order of magnitude (over 99.9% of bacteria removed), a significant
difference from the cell inhibition experienced using 100 V/cm electric field alone.
This notable increase in cell death strongly supports the hypothesis that the two dif-
ferent treatments are able to act in synergy, significantly altering the inner and outer
membrane of E. coli. The presence of chitosan causes flocculation of bacteria keeping
them in close contact with chitosan particles. Once the electric field is applied, elec-
troporation of the membrane enhances the inhibition effect of chitosan, and reduces
bacteria viability by almost three orders of magnitude. The efficiency of chitosan in-

hibition was enhanced by increasing concentration. This effect, illustrated in Figure
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Figure 4.4: Cell colony counts after electroporation, chitosan introduction, or both.
Electrical potentials of 5V and 10V applied across a 1 mm gap correspond to electric
field strengths of 50 V/cm and 100 V/cm, respectively. The OV CSMP data set was
performed in triplicate, but the error bar is not visible on the chosen scale. The
vertical axis contains a logarithmic scale.

4.5, shows that a 50 V/cm electric field is effective when combined with significant
chitosan concentrations, where the viable population is reduced by approximately
a factor of four at 3.2 mg/ml chitosan. Only a much smaller effect was observed
previously at 50 V/cm with 0.267 mg/ml chitosan (Figure 4.4). Inhibition was also
observed to be more consistent when chitosan was used in conjunction with electric
fields. The results shown in Figure 4.5 suggest that further reduction in the applied

electric field below 100 V/cm is possible as the chitosan concentration increases.
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Figure 4.5: Comparison of electroporation treatment alone and combined treatment of
electorporation and CSMP at high concentration. Final CSMP concentrations of 3.2
mg/ml were able to increase the inhibition effect of electroporation. Electroporation
with electric field strengths of 50 V/cm were used.

4.6 E. coli inhibition: Colony growth results

Figure 4.6 illustrates the various potential colony growth types observed following
overnight incubation of a small quantity of cells that were exposed to the treatments.
An uncountable lawn is shown in Figure 4.6A, where a 1:1,000 dilution yielded a
large number of viable bacteria following treatment with 50 V/cm electric field and
chitosan (5V applied to the cuvette). Were this plate countable, it would signify a
CFU /ml value on the order of that observed using 100 V/cm with particles (103-104).
The number of colonies observed in Figure 4.6A agrees well since the dilution factor
used to create this plate is a 1:100 dilution of Figure 4.6B. Although the population

values for bacteria treated to only electric fields were less consistent, when particles
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were introduced results were highly reproducible. Clearly, a smaller population of
viable bacteria remains after the combined treatment of 50 V/cm electric field and
1.6 mg/ml chitosan (Figure 4.6B) compared to that remaining after the electric field
alone at 50 V/cm (Figure 4.6E) or after the control treatment (Figure 4.6F), where

the three plates are all displayed at the same dilution of 1:100,000.

Figure 4.6: Viable colonies following various treatment combinations involving CSMP
and 50 V/cm electroporation. Panes (A-C) depict cells that grew following combined
treatment with 50 V/cm sustained electric field and 1.6 mg/ml CSMP. The respective
dilution factors were: (A) 1:1,000, (B) 1:100,000, and (C) 1:10,000. (D) and (E)
experienced electroporation only and had dilution factors of 1:1,000 and 1:100,000
respectively. The control treatment using deionized water and no electroporation
appears in frame (F). This control plate was created from bacteria that were diluted
by a factor of 1:100,000.
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4.7 Conclusions

The results presented here shows that microbial inhibition methods can be signifi-
cantly improved through the synergistic utilization of two charge-dependent methods
that affect the cell membrane layers of gram-negative bacteria. Although chitosan
did not significantly inhibit bacteria alone, presumably due to the neutral pH envi-
ronment used, the combination of CSMP and a sustained electric field was success-
ful in reducing bacteria viability by 2-2.5 orders of magnitude. The incorporation
of CSMP was successful in reducing the voltage necessary to inhibit a significant
number of bacteria. Previous work demonstrates the potential for highly cationic
biopolymers to enhance microbial inhibition and separation. In this study, significant
numbers of gram-negative E. coli bacteria were flocculated and inhibited using highly
cationic chitosan particles, small sustained electric fields of 100 V /cm or less, or both.
Electroporation techniques were able to inhibit approximately 98.0% of the bacteria.
This result, obtained using a modified electroporation cuvette, was improved through
the incorporation of small concentrations of CSMP. This mixture was so effective
that approximately 99.9% of the original bacteria were prevented from growing in a
nutrient-rich medium. This value is encouraging and strongly supports the assertion
that small geometries with low electric fields or moderately sized geometries with
slightly more applied energy can be utilized to inhibit unwanted microbes effectively
when used in conjunction with biopolymeric particles. Finally, this work provides
confirmation of the feasibility of biopolymeric particles for incorporation into new

treatment methodologies for pathogenic microbe control. Numerous gram-negative
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bacteria, including the often-mentioned Shiga-toxin producing Escherichia coli (e.g.
E.coli O157:H7), could be prevented from spreading in contaminated food if biopoly-
meric inhibition methods are applied. Although the potential for such treatments
is substantial, application of this treatment is likely limited to gram-negative bacte-
ria with relatively high concentrations of negatively-charged ions and proteins near
the cell wall. The present research would be enhanced by future studies with dif-
ferent strains of bacteria, investigations into biopolymeric flocculation as a method
of sanitization, and encapsulation of biocompatible proteins that are delivered to the
aggregates subsequent to flocculation. This valuable research provides insight into the
mechanisms, optimal conditions and future potential of the synergistic antimicrobial

action of electric fields and biopolymeric particles.



Chapter 5

Effect of surfactant adsorption on

the electrokinetic properties of

poly methylmetcarylate(PMMA)

5.1 Abstract

Control of EOF in microfluidic devices is essential in applications such as protein/DNA
sizing and high-throughput drug screening. With the growing popularity of poly(methyl
methacrylate) (PMMA) as the substrate for polymeric-based microfluidics, it is im-
portant to understand the effect of surfactants on EOF in these devices. In this
article, we present an extensive investigation exploring changes in EOF rate induced
by SDS, polyoxyethylene lauryl ether (Brij35) and CTAB in PMMA microfluidic cap-
illaries. In a standard protein buffer (Tris-Glycine), PMMA capillaries exhibited a

cathodic EOF with measured mobility of 1.54 4+ 0.1(x107*C'm?/V.s). In the pres-
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ence of surfactant below a critical concentration, EOF was independent of surfactant
concentration. At high concentrations of surfactants, the electroosmotic mobility was
found to linearly increase/decrease as the logarithm of concentration before reaching
a constant value.With SDS, the EOF increased by 257% (compared to buffer), while it
was decreased by 238% with CTAB. In the case of Brij35, the electroosmotic mobility
was reduced by 70%. In a binary surfactant system of SDS/CTAB and SDS/Brij35,
addition of oppositely charged CTAB reduced the SDS-induced EOF more effectively
compared to nonionic Brij35. We propose possible mechanisms that explain the ob-
served changes in EOF and zeta potential values. Use of neutral polymer coatings
in combination with SDS resulted in 50% reduction in the electroosmotic mobility
with 0.1% hydroxypropyl methyl cellulose (HPMC), while including 2% poly (N,N-
dimethylacrylamide) (PDMA) had no effect. We also investigate the effect of sur-
factant chain length and concentration on the electro-osmotic (EO) mobility induced
by three cationic surfactants cetyltrimethylammonium bromide (CTAB), tertrade-
cyltrimethylammonium bromide (TTAB), and dodecyltrimethylammonium bromide
(DTAB) in PMMA microcapillaries. The presented EO measurements provide a
simple and rapid method for characterization of surface hydrophobicity through ad-
sorption of surfactants. The EO mobility as a function of concentration shows three
regimes. First, at very low concentrations below 0.002mM the mobility is constant
and approximately equal to the value obtained with the surfactant-free electrolyte
(ImM KCI). Next, the EOF reverses and mobility increases linearly with surfactant
concentration. Finally, the mobility reaches a plateau at a concentration well below

critical micelle concentration (CMC), 0.2mM CTAB, 0.5mM TTAB and 2mM DTAB
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and decreases at the vicinity of CMC. Our results show that the rate of change in mo-
bility with respect to concentration is a linear function of chain length and increases
with longer chain surfactants. In addition, we deduce the magnitude of Van der Waals
or cohesive energy between the adsorbed alkyl chains from the EO mobility values.
For the alkyltrimethyl ammonium surfactants adsorbed on the hydrophobic surface
of PMMA, this energy was found to be 0.114KT, smaller than the reported value
for ionic surfactants adsorbed on a hydrophilic surface. These results will potentially

contribute to the development of PMMA-based microfluidic devices.

5.2 Introduction

Miniaturized microfluidic devices have significantly improved the field of detection
and separation of analytes. The tremendous potential of microfluidics has been ob-
vious since the first application in a variety of biochemical analyses[52]. Miniaturiza-
tion provides a number of advantages including minimum sample consumption, fast
analysis and automation allowing for development of high demand portable point
of care devices (POC). Despite revolutionary achievements in the field of microflu-
idics, research into development of cheaper and more sensitive devices is underway.
Recently, the focus has shifted to polymeric microfluidic platforms which are easier
to manufacture[150], cost effective[35]and more flexible in design and fabrication[65].
The most common materials for plastic chip fabrication are poly(methyl methacry-
late) (PMMA), polycarbonate (PC), poly(dimethyl siloxane) (PDMS) and poly(ethylene

terephtalate glycol) (PETG). However, control of electroosmotic flow (EOF) has
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proven challenging in these substrates [94]. Despite a large volume of publications on
EOF and its origin, the surface properties and the electrical double layer (EDL) at the
polymer surface remain poorly understood[93]. Therefore, a fine adjustment of EOF
is necessary to achieve high resolution separation in electrophoresis systems. Numer-
ous coating techniques for controlling EOF and preventing nonspecific interaction of
analytes with the channel surface have been developed. Among these methods are
external electric fields[53], pH adjustments[84], high concentration of ionic salts[45]
and covalent and dynamic wall coating[59, 85]. Polymer and surfactant coating is
the most attractive technique for suppression or reversal of EOF due to low cost,
simplicity and versatility[60, 120, 55].

Transparency and excellent electrical and mechanical properties[11] make PMMA
the most popular polymer for chip fabrication. At neutral and alkaline pH, PMMA
exhibits a negative zeta potential (-10mV to -20mV)[71, 37]. Both hydrogen bonding
and Van der Walls forces have been reported as the possible mechanism of surfac-
tant adsorption to PMMA surface[37, 30]. Little work has been done on measuring
EOF mobility and understanding the surface chemistry of PMMA coated with sur-
factants. Even though surface modification by polymers and surfactants have been
investigated in PMMA microchips [29, 94, 95, 160], a detailed explanation on the
effect of surfactant on EOF at different concentrations has not been presented. More-
over, to the best of our knowledge, the effect of mixed surfactants (ionic/non-ionic)
or a surfactant and a neutral polymer on EOF has not been reported yet. In this
paper, we present electroosmotic flow measurements in PMMA microfluidic capillar-

ies, using dynamic coatings of surfactants. Three surfactant systems are considered:
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anionic (SDS), cationic (CTAB) and non-ionic (Brij35). We also show the results
obtained using binary surfactant systems SDS/CTAB and SDS/Brij35. Addition-
ally, we focus on electroosmotic flow reduction for the purpose of protein microchip
electrophoresis, where the concentration of SDS is above the critical micellar con-
centration (~8mM). Finally, the effect of Hydroxypropyl Methyl Cellulose (HPMC),
Poly (N,N-dimethylacrylamide) (PDMA) and a non-ionic surfactant(Brij35) on EOF
under protein electrophoresis conditions are studied. Adsorption of additives such
as surfactants, added on purpose or present as impurities, significantly affects the
EK properties by altering the surface charge density. The induction of charges on
the surface has a profound effect on EOF. Hence, significant effort has been directed
toward understanding the adsorption mechanism of surfactants at the solid-liquid
interface. This includes surface modification in microfluidic devices for suppression
of EOF or reduction of analyte adsorption[6, 94]. Even though surfactant adsorp-
tion can be directly characterized by techniques such as atomic force microscopy[83],
ellipsometry[16], surface plasmon resonance[19], and neutron reflectivity[103], EK
properties such as surface potential(zeta potential) and electro-osmotic(EO) mobility
can be used as an indirect measurement of surfactant adsorption. Despite extensive
research on surfactant adsorption at the solid-liquid interface[5, 87], there is a lack of
fundamental understanding on the effect of surfactant concentration and structure on
the EOF mobility in microfluidic channels or capillaries. In addition, a great volume
of research has focused on the adsorption of ionic surfactants on hydrophilic surfaces.
With the advent of polymeric (hydrophobic) microchips as substitutes for glass based

devices, a fundamental understanding of surfactant induced EOF in these devices is
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needed. Only a couple of studies examined the EO mobility as a function of surfactant
concentration in PMMA devices. A significant volume of literature focused on the
surface modification for the adjustment of EOF in microfluidics[94, 29]. To this end,
more fundamental insights are needed to understand this mechanism in systems of
surfactant with different structures. To the best of our knowledge, no study has been
performed on understanding the effect of surfactant chain length and concentration
of cationic surfactants on the EO mobility in PMMA microcapillaries. Adsorption
of surfactants on silica shows an increase in surface excess and a shift of adsorption
isotherms to lower concentrations with longer chain surfactants[43, 139]. However,
despite few studies, a clear understanding of the effect of chain length on EK prop-
erties has not been presented. Comparing zwitterionic surfactants of different chain
lengths (C16 and C12), constant EO mobility was observed below CMC with a small
difference ( 20%) in the mobility of the two surfactants above CMC13. In another
study comparing the EO mobility of non-ionic Tween surfactants(C12, C16, C18)
above CMC, maximum mobility was reported with C16, with no correlation between
the chain length and mobility[134]. Although these studies show a small difference in
mobility values, others reported a more pronounced change. The effect of chain length
of cationic surfactants(C10 to C18) below CMC on zeta potential of quartz showed
a shift to lower concentrations with longer chain surfactant[122]. This observation
is consistent with the reported shift in adsorption isotherm to lower concentration.
Although concentrations at and above CMC were not studied, the authors concluded
that significant changes in zeta potential occurs at concentrations well below CMC. In

another report, comparing EO mobility of cationic surfactants(C16, C14, C12) below
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and above CMC, a plateau in mobility was observed at 10% CMC with no difference
above this point[131]. we compare the adsorption of three cationic surfactants of alkyl
trimethylammonium bromides with different chain length on a hydrophobic surface of
PMMA microcapillary. A wide concentration range below and above CMC has been
selected in order to compare the differences in mobility values and also investigate
the effect of CMC on the mobility. Based on the experimental data we present a
correlation between the EOF mobility and the surfactant concentration. In addition
we determine the magnitude of Van der Waals or cohesive energy between surfactant
chains as the interaction between the adjacent chains facilitates the adsorption of
more molecules on the PMMA surface. Considering the growing popularity of poly-
meric based microfluidic platforms, our results can be applied to investigate the effect
of surfactants on EO mobility in these systems.

Molecular structures of the polymers and surfactants are given in Figure 5.1.

5.3 Materials and Methods

5.3.1 Materials and Reagents

Sodium dodecyl sulfate(SDS), cetyltrimethylammonium bromide (CTAB), tetrade-
cyltrimethylammonium bromide (TTAB), dodecyltrimethylammonium bromide (DTAB),
potassium chloride (KCl), hydroxypropyl methyl cellulose(HPMC) (viscosity of 2%
aqueous solution at 20°C, 4060 cP) and Tris-Glycine buffer 10X (diluted to 1X, pH

= 8.4) were purchased from Sigma-Aldrich (St.Louis, MO, USA). Polyoxyethylene
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Figure 5.1: Chemical structures of surfactants, PMMA, PDMA and polymer used as
a coating material.

lauryl ether (Brij35) (with 3% water) and Rhodamine B were obtained from Fisher
Scientific (Pittsburgh, PA, USA). PDMA (MW:229000) was purchased from Polymer
Source (Montreal,QC, Canada). PMMA capillaries (id/od 180/360 pum + 5%)were
purchased from Paradigm Optics (Vancouver, WA, USA). Aqueous solutions were pre-
pared using ultra pure DI water (Elga Lab Water, Marlow, UK). All chemicals were
used as received. Solutions of single and mixed surfactants/ polymer were prepared
in Tris-Glycine buffer (25mM Tris and 192mM Glycine) and incubated on a shaker
(Innova 4080 incubator shaker, New Brunswick Scientific) overnight at room tem-

perature. After incubation, all the solutions were filtered using 0.2um polypropylene

syringe filters (VWR,Radnor, PA; USA) and degassed.
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5.3.2 Instrumentation and Method

Microfluidic capillaries were first primed with the buffer by inserting one end of the
capillary in the reservoir. As buffer filled the capillary due to surface tension, the
other end was placed into the second reservoir (Figure 5.2). Care was taken to avoid
the formation of air bubbles within the capillary. Both reservoirs (1ml volume) and
the PMMA capillary(l; = 12e¢m) were filled with the same solution. Rhodamine B
(0.2 M) was added to one of the reservoirs, and the platform was placed on the stage
of an inverted fluorescence microscope, Nikon Eclipse TE2000 with yellow fluores-
cence filter(540-580nm excitation range). The detection point was set at the middle
of the capillary(l; = 6¢m). Two platinum wires connected to the high voltage power
supply equipped with current monitoring were placed in the reservoirs. Capillaries
were pre-equilibrated for 5 minutes with the same solution by switching voltage con-
figuration, directing the flow from the reservoir with no marker to the other. The
pr-equilibration step was performed to establish near steady state conditions between
the capillary wall and the bulk solution. This step also removes any transients due to
inhomogeneities on the capillary wall. Equilibrium was achieved when no significant
changes in the current(£0.14A) were observed. The volume of the displaced fluid
was not significant enough to create any measurable hydrostatic pressure difference.
Finally, EOF measurements were performed under a constant voltage of V' = 1500V
at room temperature. The data was collected at 1 Hz as a plot of PMT signal versus
time, by monitoring the migration time of the neutral marker, Rhodamine B. The

arrival time of the marker was considered at the position where PMT signal reached a
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constant value. Fach measurement was repeated three times with a new capillary. In
order to compare theoretical and experimental current, the conductivity of surfactant

solutions (bulk) was measured with a Vernier probe.
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Figure 5.2: Schematic of the EOF detection platform. Microfluidic PMMA capillary
(length 12 cm, i.d. 180um) connected between two reservoirs. Microscope detection
system consists of HV power supply (voltage 1500 V), microscope optics, excitation
lamp and photodiode. Detection point was located at 6 cm. The migration time of
the neutral dye is taken at the point where the photomultiplier (PMT) signal reaches
a steady value.

5.4 Surface chemistry of PMMA

EOF measurements were first performed in Tris-Glycine buffer with 25mM Tris and
192mM Glycine. This combination provides pH value of 8.4 higher than isoelec-

tric point (pl) of most proteins, making Tris-Glycine a common buffer in protein
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electrophoresis[47, 102]. EOF mobility (i.,) is given by:

(5.1)

where wu., = lg/t is the measured electroosmotic velocity and £ = V/I; is the
applied electric field. A constant electric field of was applied in all experiments.
The migration time of the marker in the buffer was measured to be 3125 seconds,
resulting in a EOF mobility of 1.54 4+ 0.1(x10™*) ¢m?/V.s. The positive value of
mobility suggests that PMMA surface attains a net negative charge in the presence
of Tris-Glycine buffer at 8.4 pH. The source of the acquired charge can be attributed
to the adsorption of the buffer ions (Tris and Glycine) on the inner capillary wall.
If the surface of PMMA is completely uncharged, the mechanism of the adsorption
is governed by hydrophobic interactions only, which results in low electroosmotic
mobility for the buffer as a mixture of ionic compounds. However, in case of slightly
charged PMMA surface, depending on the ratio of charged to hydrophobic sites, there
will be a contribution of ionic interactions between buffer ions and the PMMA surface.
Mobility values within the same range as in Tris-Glycine buffer 1.3 £ 0.4(x107%)
em?/V.s [9] and 1.68 £ 0.08(x10™*) cm?/V.s, pH 6.93 have been reported in PMMA
in a phosphate buffer[31].

In the presence of the electric filed, the electromigration current is given by:

[ =cAE (5.2)
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where o is the bulk conductivity and A is the cross sectional area of the capillary.
Here, we have assumed that the net current is generated from bulk motion of ions. The
bulk conductivity of buffer solution was measured to be 462 + 5u.S/cm resulting in a
theoretical current of 14.7+ 1A for a capillary of cross sectional area 2.54 x 10~4cm?.
This value agrees well with the measured value of 13.4 £0.3uA. We believe a slightly
higher theoretical value resulted from the 5% uncertainty in the capillary diameter

(180 £ 9um).

The thickness of EDL for symmetric electrolytes is given by:

eKpT \'"°

K= (Wgw) (5.3)

where n., is the ionic number concentration in the neutral electrolyte, Z is the
electrolyte valency, e is the electric charge, ¢ is the electric permittivity of the solvent,
K is the Boltzmann constant and 7 is the absolute temperature. Considering n., =
1.31 x 102¢ m=3 and ¢ = 7.08 x 107'2 C'//V.m for Tris-Glycine buffer, Eq 5.3 results
in EDL thickness k = 0.066 nm. Under this condition, where the EDL thickness is
significantly less than the capillary radius, the contribution of the surface conductance
is negligible[64]and the bulk conductance can be used directly in the electric current
calculations. Considering a thin double layer, Eq 5.2 represents the electromigration
current. The electroosmotic mobility for an infinitely thin double layer is expressed

by Helmholtz-Smoluchowski equation as:
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where ( is the zeta potential of the PMMA surface and 7 is the viscosity of the
buffer. Using this equation our experiments shows that the zeta potential of PMMA
capillary walls in Tris-Glycine buffer is —21.8 £ 0.1 mV at 25°C. Here, the measured
viscosity and the relative permittivity of the buffer are 1cP and 80 respectively. The
change in viscosity is negligible for the concentrations of surfactants used in this
study. After establishing the base mobility value in the buffer, we then performed
experiments to understand the surfactant induced electroosmotic low in PMMA cap-

illaries.

5.5 Effect of ionic and non-ionic surfactants

The effect of surfactant coating on EOF in a PMMA capillary was studied in the
presence of ionic (SDS,CTAB) and non-ionic (Brij35) surfactants. Adsorption or in-
teractions of surfactants to the surface directly affects the rate of EOF by changing
the net surface charge density. The concentration range for each surfactant was varied
in order to cover a range below and above the bulk Critical Micelle Concentration
(CMC) of the surfactant in Tris-Glycine buffer. For each concentration three indepen-
dent measurements were performed. Surfactant CMC values in Tris-Glycine buffer
were determined fluorometrically using a hydrophobic dye (Sypro Orange, Ex/Em
470/570). CMC was detected at a concentration where a sudden jump in fluorescent
signal was observed, suggesting the formation of micelles where the dye molecules
reside within the micelles and exhibit higher fluorescent signal. Figure 5.3 shows the

measured Huorescence as a function of surfactant concentration. Based on data ob-
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tained in Figure 5.3, the CMC values for SDS, CTAB and Brij35 are estimated to be

4mM, 0.3mM and 0.1mM, respectively.
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Figure 5.3: Critical micelle concentration (CMC) determination of the surfactants.
The fluorescence signal is normalized with respect to maximum and minimum values.
Sypro orange concentration was constant at 5x.

5.5.1 Effect of negatively charged ionic surfactant: SDS

Figure 5.4 shows the effect of SDS concentration on ., in a PMMA capillary. The
electroosmotic flow exhibits three distinctive regions[79]. In region A, where SDS
concentrations are less than 0.005mM, the EOF mobility remains constant at p., =
1.740.2(107* ¢m?/V.s which is in the same range as the mobility of the buffer. The
negative zeta potential of the PMMA surface obtained with buffer only suggests that
there is a tendency for the adsorption of the negative ions to the PMMA surface. This

means that SDS molecules can compete with the negative buffer ions in adsorption to
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the surface. However, in region A where SDS concentration is significantly less than
buffer ions, there is minimum interaction between SDS molecule and the surface. As
the SDS concentration increases beyond 0.005mM, a transition from region A to region
B occurs, where SDS monomers can be arranged in opposite direction, minimizing the
repulsion between the head groups and increasing the number of molecules adsorbed
to the surface. The linearity of p., with the logarithm of SDS concentration in region
B suggests that, upon adsorption of SDS hydrophobic tails onto the surface, all the
shielding of the negatively charged head group is performed by the diffused portion
of the double layer[70]. Since the length of the hydrophobic tail (1.7nm) is larger
than the EDL thickness ( 0.066 nm, in presence of SDS in buffer), the diffused layer
is expected to become slightly thicker even with a monolayer of SDS molecules. In
the limit of ¢ > KpT/e = 51 mV, the dependence of zeta potential on the mobile

ion concentration can be approximated as:

¢ =a+blog(c) (5.5)

where ¢ and b are constants and c¢ is the concentration of the adsorbed ion.
Given that EOF mobility is related to zeta potential(Eq 5.4), zeta potential varies
in region B between -26mV and -78mV. Even though this range is not much greater
than 51mV, Eq 5.5 agrees well with our experimental data with ¢ = 2.7 mV and
b = 5.8 mV/log(mM). This observation is consistent with the reported values in the
litrature[71]. This linearity is not valid in region A with low surfactant concentration

and region C where the surface is saturated with the surfactant molecules. It is
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believed that surfactant molecules in region C' can form hemimicelle[42, 79] or a
bilayer[13] on the surface. The mobility plateaus at ., = 5.5 £ 0.2(107* ¢m?/V.s
which is 257% higher than that observed in pure buffer. It is important to note that
this plateau is reached at a concentration below the measured bulk CMC of 4mM (as
shown in Figure 5.4).

The experimental and theoretical currents for different concentrations of SDS are
also shown in Figure 5.4(inset). The measured bulk conductivity increased linearly
with increasing concentration which is supported by increasing current in Figure 5.4.
The agreement between experimental and theoretical current values suggests that the

role of surface conductance is negligible compared to the bulk conductance.

w

F -8

(4]

Mobility[x10™*cm?/v.S]
(%]

CurrenT[uA]

-
T T

10° 10° 102 10" 10° 10' |
10* 10° 102 10" 10° 10'
SDS[mM]

Figure 5.4: Effect of SDS on EOF in PMMA microcapillaries. The inset shows the plot
of theoretical and experimentally measured current values. Error bars are obtained
from three independent experiments.
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5.5.2 Effect of positively charged ionic surfactant: CTAB

Figure 5.5shows the effect of CTAB concentration on ., in a PMMA capillary. As
for SDS, the adsorption of CTAB on the surface exhibits three distinctive regions
with similar behavior in each region. In region A, where CTAB concentration is less
than 0.005mM, the EOF mobility remains constant at j., = 1.6340.2(107* em?/V.s.
Comparing this mobility with buffer mobility, there is minimum interaction between
CTAB molecules and the PMMA surface in region A. As the concentration of CTAB
increases beyond 0.005mM, the transition from region A to region B occurs. In region
B, the electroosmotic flow decreases and finally reverses to an anodic EOF, due first to
neutralization and then, to the formation of a positive charge layer near the surface.
The EOF mobility decreases linearly with the logarithm of CTAB concentration. The,
zeta potential varies in this region between -35mV and +70mV. Once again Eq 5.5
agrees well with our experimental data with a = 1.7mV and b = -140.5mV /log(mM).
The rate of decrease of EOF with increase in CTAB concentration is much higher
than the rate of increase observed with increase in SDS concentration, suggesting a
faster adsorption rate of CTAB hydrophobic tails. Compared with the EDL thickness
(0.066 nm) observed in pure buffer solutions, the length of CTAB hydrophobic tail
(2.06nm) is much larger; hence the diffused layer thickness is expected to change even
with a monolayer of CTAB molecules. Adsorption of CTAB changes the net charge of
the diffused layer on PMMA from negative to positive (negative slope), and reverses
the direction of EOF at approximately 0.01mM. The critical concentration (0.01mM)

for transition from cathodic to anodic EOF is expected to depend on pH and the ionic
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properties of the buffer. This transition has been achieved at a higher concentration
of CTAB in silica(0.5mM)[67]. An order of magnitude lower value obtained in PMMA
can be explained by the difference in the mechanism of adsorption of CTAB on these
surfaces. CTAB concentrations greater than 0.05 mM (region C') result in a constant
EOF with mobility, 238% higher than that of the buffer. In comparison to CMC value
of CTAB(0.3mM), the constant mobility achieved at 0.05mM supports the formation
of bilayers or hemimicelle structures on the PMMA surface, below CMC. The good
agreement between theoretical and experimental current values (Figure 5.3, inset)

further shows the negligible effect of surface conductance.
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Figure 5.5: Effect of CTAB on EOF in PMMA microcapillaries. The inset shows
the plot of theoretical and experimentally measured current values. Error bars are
obtained from three independent experiments.
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5.5.3 Effect of non-ionic surfactant: Brij35

As shown in Figure 5.6, the effect of Brij35 on p, in PMMA capillary shows a similar
trend as SDS and CTAB at low concentrations. In region A, at concentrations below
0.0005, fie, Temains constant at pe, = 1.75 + 0.1(x107*) em?/V.s. However, unlike,
CTAB, the decrease in EOF mobility is more gradual with Brij35. It is important
to note that even though Brij35 is non-ionic, Eq 5.5 fits the data in region B, with
a = 0.000lmV and b = —4 x 107* mV/log(mM). The rate of change of EOF with
increasing Brij35 concentration is quite small. In this region, the zeta potential varies
between -19.5mV and -6.32 mV. Unlike SDS or CTAB no clear plateau region C' was
observed with Brij35. It is possible that even higher concentrations of Brij35 are
required to achieve a constant . Since the length of the hydrophobic tail (7.5 nm)
is two orders of magnitude larger than EDL thickness( 0.066 nm), the adsorption
of a Brij35 molecule will not significantly alter the charge distribution of EDL. The
exact mechanism for the reduction of EOF with Brij35 is unknown. We can only
hypothesize that the shielding of the surface charges by Brij35 molecules can result in
minimizing the surface charge density and possibly reducing the EOF mobility. The
mechanism of reducing p., by Brij35 can possibly be explained by a replacement of
buffer ions with Brij35 molecules, at higher concentrations, which can provide a mod-
erate shielding of charges and hence reduce . The effect of Brij35 in suppressing EOF
in silica or PDMS substrates has been already reported[134, 22]. As for SDS and
CTAB, the mechanism of nonionic surfactant adsorption to a hydrophobic surface

such as PMMA is expected to be dominated by hydrophobic interactions between
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the hydrocarbon tail of the surfactant the PMMA surface; however, non-ionic sur-
factants with a polyoxyethylene(POE) chain are able to create hydrogen bonds with
the PMMA surface[115], making the adsorption more effective. As expected with a
non-ionic surfactant, the theoretical and experimental currents remain approximately

constant (Figure 5.6, inset).
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Figure 5.6: Effect of Brij35 on EOF in PMMA microcapillaries. The inset shows
the plot of theoretical and experimentally measured current values. Error bars are
obtained from three independent experiments.

5.6 Effect of mixed surfactants

Although the phase diagrams of SDS/CTAB and SDS/Brij35 systems are unavailable
in Tris-Glycine buffer, it is expected that the addition of associating counter or neu-
tral molecules will alter the aggregation morphology (micelles, vesicles or bilayer).

Hence, mixtures of the cationic and anionic surfactants affects the adsorption be-
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havior of individual surfactants which results in changes in electroosmotic flow[143].
After establishing the individual effect of each surfactant on electroosmotic mobility
in a PMMA capillary, we investigated the combined contribution of surfactants in
a binary system of anionic/cationic and anionic/non-ionic. Since the protein sizing
is performed using denaturing concentrations of SDS (~8mM), we used a constant
concentration of SDS at 0.5mM above which p., was measured to be constant (Figure
5.4). The concentration of CTAB and Brij35 were varied as in the single surfactant
case. Figure 5.7 shows no significant change in the magnitude of p., with CTAB at
concentrations below 0.05mM. This suggests that in the mixed CTAB/SDS solution
with 0.5mM SDS (10 times higher than CTAB), SDS is dominant in the adsorption
into the surface charge layer. As the concentration of CTAB increases, the interaction
between the two oppositely charged surfactant results in the neutralization of SDS
molecules and the reduction of . Finally, at ~0.5mM, where equal numbers of SDS
and CTAB molecules are present i, is reduced to 9.6 x 107> C'm?/V.s. Electroos-
motic mobility is further reduced as the concentration of CTAB increases above the
SDS concentration, and is finally reversed as CTAB becomes the dominant surfactant
adsorbed to the surface. In case of SDS mixed with Brij35, p., remains constant at
low Brij35 concentration and is slowly reduced with increasing concentration above
2.5 x 1073 mM. Unlike CTAB, addition of Brij35 reduces the electroosmotic mobility
at much lower concentrations. However, even at a concentration higher than SDS,
the addition of Brij35 does not reduce the mobility as effectively as CTAB at equimo-
lar concentration with SDS. This can be explained by a comparison between the

geometry of SDS and Brij35 molecules (Figure 5.1). Both molecules have the same
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hydrophobic chain length consisting of 12 carbon atoms. However, with the addition
of 23 polyoxyethylene (POE) groups, Brij35 is a much larger molecule. This is more
evident when considering the surface area of each surfactant molecule. Using the ag-
gregation numbers of each surfactant (in water) the surface areas of Brij35 and SDS
were calculated as 1.9nm? and 0.57nm? respectively[63]. The surface area of a CTAB
molecule is 0.66nm? which is within the same range as SDS. Thus, for SDS-CTAB

mixture geometry does not significantly affect the adsorption mechanism.
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Figure 5.7: Effect of mixed surfactants on EOF in PMMA microcapillaries. For
each data point the concentration of SDS was fixed at 0.5mM. The inset shows the

experimental current.

The current profile for the mixed surfactant system is given in Figure 5.7(inset). As
expected, the current remains approximately constant in the case of non-ionic Brij35.
Addition of CTAB at concentrations below 0.5mM has negligible contribution to the

current, however, a sudden jump in the current is observed above 0.5mM(at 2mM
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CTAB+0.5mMSDS), where the concentration of CTAB is 4 times SDS.

The decrease in cathodic EOF is more pronounced(~60%) with Brij35. At a
constant concentration of SDS, mixed SDS/Brij35 micelles should become increasingly
less ionic as the concentration of nonionic surfactant increases. Reduction in EOF
mobility can be the result of both increasing hydrophobicity and viscosity of the

mixed micelles.

5.7 Effect of neutral polymers

Poly dimethylacrylamide (PDMA) has been widely used in gel electrophoresis as
both a sieving matrix and a coating reagent for EOF suppression on silica and PDMS
substrates[69, 34, 145]. Concentration of PMMA as the separating matrix is opti-
mized according to the size of proteins between 2% to 4%(w/v). Even though the
suppression in EOF has been achieved in the literature, the absolute value of EOF
mobility and the degree of suppression have not been reported. Protein separation
in PDMA gels has been performed in a PMMA microchip, using a variety of methyl
cellulose (MC) compounds as EOF suppressor[123, 124, 125, 97, 144]. In these stud-
ies, the concentration of MC was varied from 0.01 to 1%(w/v). Due to an increase
in viscosity, filling the capillaries is challenging with higher concentrations of MCJ[31].
We performed EOF measurements using 2% PDMA in the buffer solution. As shown
in Figure 5.8, for 0.5mM SDS, fi, is suppressed by ~60% and ~90%, with 2%PDMA
and 0.1% HPMC respectively. At 8mM SDS, PDMA has no effect on ,,, while

HPMC reduces jie, by 50%. We also performed experiments to quantify the effect
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of mixed surfactant solution at 8mM SDS concentration, using Figure 5.7 as a refer-
ence. As shown in Figure 5.7, the greatest reduction in EOF is achieved when the
mole fraction of SDS is ~0.66 with Brij35 and 0.5 with CTAB. Solutions of SDS
at 8mM with CTAB and Brij35 were prepared with the same mole fraction. How-
ever, only SDS/Brij35 could be filtered with a 0.2 pm filter. This is possibly due to
the formation of large mixed SDS/CTAB micelles at these particular concentrations.

Addition of 4mM Brij35 had a similar effect as 0.1% HPMC in reducing by 50%.

T T T T
6 Lo - T =l
A A .
7 5 *
2
NE 4 .
o ]
o
- u
! ®
4
2| u
82 T
] A SDS Only
= = 2% PDMA
® 0.1%HPMC |
@ » 4mM Brij 35
0 N 1 i | M 1 i 1 L
0 2 4 6 8 10
SDS[mM]

Figure 5.8: Effect of HMPC, PDMA and Brij35 mixed with SDS on EOF mobility in
a PMMA microcapillary.

5.8 Effect of surfactant structure: chain length

In order to study the effect of surfactant chain length on the electrokinetic properties

of PMMA, we compare the adsorption of three cationic surfactants of cetyltrimethy-
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lammonium bromide (CTAB), trimethylammonium bromide (TTAB),and dodecyltrimethy-
lammonium bromide with similar head group structure and various chain length. So-
lution of surfactant were perepared in 1mM KCI(pH ~8.4) as the electrolyte. A wide
concentration range below and above CMC has been selected in order to compare the
differences in mobility values and also investigate the effect of CMC on the mobility.
Baseline mobility was determined for surfactant-free electrolyte, with average flow
velocity at ue, = 0.18+0.1 mm/s. A cathodic EO mobility (flow of positive ions) was
observed at room temperature, indicating a slightly negatively charged PMMA sur-
face with the surfactant free solution. Under this condition the surface potential was
calculated ¢ = —21.3 £ 0.4 mV (using water viscosity 0.001 Pa.s), which was smaller
than the conditional thermal scale of 51.4mV. The diffusion time of the fluorescnet
marker is neglected due to a much larger diffusion time compare to the experimental
time scale. Surfactants were chosen based on alkyl chain length, as the only difference
in structure. The chain length of CTAB with 16 carbons, TTAB with 14 carbons and
DTAB with 12 carbons is 2.18, 1.67 and 1.42 nm respectively[113]. First, we measured
the critical micelle concentration (CMC) of each surfactant in 1mM KCI as shown in
Figure 5.9. The CMC of CTAB, TTAB and DTAB was measured at 1mM, 3.5mM
and 15mM respectively. The CMC values are in good agreement with the reported
values in water[91]. Compare to water at room temperature, no significant difference
in the viscosity of surfactant solutions was observed.

The electromigration current was measured for each surfactant solution using Eq
5.2 and is presented in Figure 5.10. The current [ is directly proportional to the

bulk conductivity, which increases with concentration or number density of the sur-
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Figure 5.9: Critical micelle concentration (CMC) determination of the surfactants.
The fluorescence signal is normalized with respect to maximum and minimum values.
Sypro orange concentration was constant at 5x.

factant ions. The degree of counterion micellar binding has a direct effect on the
electromigration current. The interaction between positively charged micelles of the
surfactants and negatively charged chloride and bromide ions can be evaluated with
respect to the counterion association constant f. This constant is defined as the ratio
of postmicellar to premicellar slope from the plot of bulk conductance versus the sur-
factant concentration[91]. Figure 5.10 inset shows that f linearly decreases with the
chain length. This observation agrees well with the reported trend in literature[91].
A higher number of counterions was observed with the shorter chain DTAB, resulting
in an increaser in current compare to CTAB and TTAB.

The measured EO mobility as a function of surfactant concentration is shown in

Figure 5.11. The mobility curve comprises of three distinctinc regions. The first region
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Figure 5.10: Experimental currents measurements. The inset shows the counterion
association constant with respect to chain length n..

is characterized by a constant mobility value similar to the surfactant free solution.
The second region is the linear region where increasing surfactant concentration first
neutralizes the PMMA surface charges by reducing the mobility to zero and then
reverses the surface charge, resulting in negative mobility values. Finally, the third
region corresponds to a plateau in mobility. At this point the PMMA surface is
saturated with surfactant molecules and addition of more surfactant has no effect on
the mobility.

The saturation point is observed at 0.2mM CTAB, 0.5mM TTAB and 2mM
DTAB, below the bulk CMC. At low concentrations from 0.0005mM to 0.002mM
cathodic EOF was observed with CTAB and TTAB. For DTAB the cathodic range
was extended to 0.005mM. At 0.0lmM and above all surfactants showed an anodic

EOF. The magnitude of EO mobility stays approximately constant with all three
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Figure 5.11: The effect of surfactant concentration on EO mobility in a PMMA
microcapillary. Solid lines were added to guide the eye. Conditions: 1mM KCI, pH
8.5 at 25°C. Constant Voltage:1500 V.

surfactants from 0.0005mM to 0.002mM. Beyond 0.002mM, EO mobility is first re-
duced compare to ImM KCI (surfactant free solution) and finally reaches zero at
0.0028mM, 0.0042mM and 0.008mM with CTAB, TTAB and DTAB respectively.
The magnitude of zeta potentials at the studied concentration range varied from
18.64mV to 76.84mV with CTAB, 20.06mV to 69.21mV with TTAB and 20.48mV
to 63.56mV with DTAB. The trend observed in Figure 5.11 is in a good agreement
with the reported adsorption isotherms of these surfactants[4]. The mobility values
are shifted to lower concentrations as the chain length (hydrophobicity) increases.
The longest chain CTAB displays higher mobility values, suggesting an increase in
adsorption with longer chain length. A valuable insight from Figure 5.11 is that at

concentrations above CMC, all the mobility curves show a sudden decline. This could
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be attributed to either the smaller diffusion coefficient of the micelles compared to
monomers (CTAB: 5.5 x 1071%m? /s TTAB: 5.73 x 107 m? /s, DTAB: 6 x 107'%m?/s
and 8.36 x 1071'm?/s for the micelles)[4] or the slow kinetics of micellar rearrange-
ment to the adsorbed structures at the surface[49]. The mobility data indicates that
the degree of binding of counterions to the micelles can be another reason for a drop
in the mobility. This possibility can be supported by comparing the rate of mobility
reduction (ducrap/dc = 0.52, durrap/de = 0.34, duprap/dec = 0.31) with surfactant
concentrations, which is most pronounced with CTAB showing the minimum coun-
terion association (Figure 5.10 inset). Our data suggests that, in the linear region,
the mobility slope increases with the chain length n., with n > 1. This correlation is

presented in Figure 5.12 as:

— —05n, +3.1 5.6
dlog(c) 0-5mc + (5.6)

5.9 Estimation of cohesive energy of adsorption

Adsorption of the hydrophobic chain of surfactants is assisted by the hydrophobic
interactions between the adjacent alkyl chains. This effect becomes significant above
a certain concentration at which the zeta potential (or mobility) increases signifi-
cantly. The adsorption density I'[moles/cm?] in the inner Stern-Grahame plane is

given as[40]:
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Figure 5.12: Variation of the slope of the mobility curve as a function of alkyl chain
length. The inset shows the linear portion of the mobility curve plotted with loga-
rithmic scale of concentration. Solid lines represent linear fits.

M) (5.7)

F:Qm"exp< T
B

where ¢, r and z are the concentration, the radius and the charge of adsorbed ion
respectively, and n. is the number of carbons in the alkyl chain. F' is the Faraday
constant and ( is the potential at the plane of adsorbed counter ions. The first term
in the exponential accounts for the electrostatic contribution and the second term
accounts for the cohesive or Van der Waals energy ¢ per mole CH2 adsorbed. This
energy is associated with the removal of the alkyl chain from the aqueous solution
and its adsorption at the solid-liquid interface. If the potential after the association

of alkyl chains is extrapolated to zero, then Eq 5.7 deduces to[122, 90]:
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With the assumption of adsorption density at ¢ = 0 being independent of chain
length, the natural logarithm of the concentration of alkyl surfactant ions at ( = 0
is a linear function of the alkyl chain length with a slope equal to ¢/KgT. Our
results show that for alkyltrimethyl ammonium bromides (C12 to C16) adsorbed
on the hydrophobic surface of PMMA the Van der Waals energy is approximately

0.114KgT as shown in Figure 5.13.
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Figure 5.13: Variation of the concentration of alkyltrimethyl ammonium bromides at
zero-mobility as a function of alkyl chain length.

A value of 0.97KgT and 0.68 KT was reported for the adsorption of alkylammo-
nium acetates (C10 to C18) on quartz and alkyltrimethyl ammonium bromides (C8
to C16) on lysozyme[90] respectively. The reduction of the Van der Waals energy is

likely due to the hydrophobic surface of PMMA facilitating the adsorption of alkyl



92

chains through hydrophobic interactions.

5.10 Mechanism of surfactant adsorption on PMMA

In order to explain the adsorption mechanism of the surfactants to PMMA surface, it
is important to understand the surface chemistry of PMMA. At neutral and alkaline
pH, PMMA exhibits a negative zeta potential with values ranging from -10mV to
-20mV in 10mM KCI[140, 37]. The origin of the surface charges is argued to arise
from the adsorption of hydroxide ions due to the enhanced autolysis of water at the
hydrophobic surface and is independent of anions in the electrolyte solution[10]. Both
hydrogen bonding and Van der Waals forces (hydrophobic interactions) have been re-
ported as the possible mechanism of surfactant adsorption on PMMA surface[37, 30].
Even though PMMA is hydrophobic, the direction of EOF confirms that its surface
is slightly negative and electrostatically attracts K ions as shown in figure 5.14(a).
Due to the existence of surface charges and the hydrophobic nature of PMMA, both
electrostatic and hydrophobic interactions contribute to the adsorption of surfactant
molecules. At low concentrations (constant mobility), surfactant monomers are ei-
ther electrostatically adsorbed with the positive head group or hydrophobically with
the hydrophobic chain(Figure 5.14(b)). The orientation of the adsorbed molecules
changes from parallel to vertical[2], as the concentration increases, allowing for for-
mation of a packed monolayer at the surface (Figure 5.14(c)). This corresponds to
the linear region of the mobility curve. The exact orientation of surfactant molecules

at saturation point of the surface is debatable. This point corresponds to a plateau
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in mobility curve. It is speculated that surfactants form hemimicelles, or bilayers
at saturation concentrations[8, 5, 96](Figure 5.14(d)). It is important to note that
this saturation occurs at concentration below the bulk CMC of the surfactants. Cor-
relations between surfactant adsorption and surface charges have been studied on
hydrophilic silica[44]. It was shown that at low electrolyte and low surfactant con-
centration the surface charge and adsorption isotherms are almost identical. This
observation suggests that at monomeric concentrations (below CMC) the adsorption
of each surfactant molecule imparts a single charge on the surface. At concentrations
above the charge compensation point (ccp) where the substrate surface charges are
neutralized by the adsorption of surfactants, no significant change in surface charge
was observed whereas the adsorbed surfactant concentration continued to increase[5].
It is speculated that the increase in adsorption is facilitated by formation of a bilayer
through the hydrophobic interactions between the chains. In this configuration, the
additional surfactant molecules are adsorbed with the head groups in the opposite di-
rection (towards the surface) of the formerly adsorbed chains. Given that the surface
charge is influenced by the orientation of charged head groups towards the solution,
even though more surfactant molecules are adsorbed by their head groups away from
the solution, there is no contribution to the surface charge. Based on this result, it
can be concluded that the adsorption of surfactants at low concentrations is governed
by electrostatic adsorption, however at higher concentrations the driving force is hy-
drophobic interactions. In comparing the adsorption of CTAB, TTAB and DTAB,
the degree of hydrophobicity is the driving force and increases with chain length.

This is evident by lower CMC values obtained with longer chain surfactants due to
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an increase in the aggregation force. The effect of increased hydrophobicity is also
confirmed by the displacement of the adsorption isotherms to lower bulk concentra-
tions with longer chained surfactants[5]. This trend was also shown with our results
shifting the mobility values to lower concentrations with increasing chain length. The
electrolyte counterions do not directly contribute to the adsorption mechanism. How-
ever, they change the curvature of the adsorbed hemimicelles by charge screening and

reduction of electrostatic repulsion between head groups[129].
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Figure 5.14: (a) Electro-osmotic flow in KCl electrolyte.(b) Monomeric surfactant ad-
sorption through electrostatic and hydrophobic interactions.(c¢) Transition from dilute
to packed surfactant monolayer at higher concentrations.(d) Formation of hemimi-
celles above critical micelle concentration (CMC).



95

5.11 Conclusions

EK properties at the solid-liquid interface are greatly influenced by the adsorption
of surfactants and thus can be utilized in understanding the adsorption mechanism.
In studying the effect of surfactant charge, our results show that ionic and non-ionic
surfactant act oppositely by increasing and decreasing EOF respectively. Surface sat-
uration occurs at a concentration much smaller than the bulk CMC. For SDS and
CTAB, increase in the charge density at the surface results in higher EOF mobilities.
In the case of Brij35, EO mobility is reduced due the shielding of PMMA charges
by Brij35. In binary surfactant systems of SDS/CTAB and SDS/Brij35, the concen-
tration of SDS was kept constant at the saturation point (0.5mM). We showed that
addition of an oppositely charged surfactant such as CTAB significantly reduces EOF
at equimolar concentration by neutralization of charges. In comparison to CTAB, ad-
dition of Brij35 to SDS does not suppress EOF as effectively, but it reduces EOF at
concentrations less than CTAB. We also presented the result of PMMA capillary coat-
ing with neutral polymers PDMA and HPMC, focusing on 8mM SDS concentration
used in microchip analysis and showed that HPMC at 0.1% reduced EOF by 50%
where 2% PDMA had no effect. Furthermore, addition of 4mM Brij35 to 8mM SDS
solution had a similar effect as 0.1% HPMC in suppressing EOF by 50%. Considering
the effect of chain length, we have demonstrated that the adsorption of cationic alkyl
bromide surfactants on the hydrophobic PMMA surface follows three main steps as
a function of concentration. In the first step, adsorption of low concentration sur-

factants neutralizes some of the negative surface charges on the PMMA surface and
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decreases the magnitude of the mobility. As more surfactant molecules are adsorbed,
the surface charge changes from negative to positive, reversing the direction of EOF
from cathodic to anodic. The magnitude of EOF mobility increases linearly with
concentration in the second step of the adsorption model. Finally, at higher concen-
trations, the surface is saturated by formation of hemimicelles which is marked as the
third step in the adsorption model. It is important to note that surface saturation
occurs below the bulk CMC. In addition, a slight decrease in mobility is observed
above CMC due to either lower diffusion coefficient of micelles compare to monomers
or the rearrangement of micelles to form hemimicells at the surface. As zeta poten-
tial and EO mobility are closely related under the applied experimental conditions,
EO mobility values can be used to measure the Van der Waals energy between the
alkyl chains of the surfactants. Based on our experimental results, this energy is less
than the reported values in the literature, possibly due to the hydrophobic nature of
PMMA surface. Comparing EO mobility values of three alkyltrimethyl ammonium
bromide surfactants with different chain length, we showed that the mobility curve
is shifted to lower concentrations with longer chain length as the hydrophobic inter-
actions between the surfactant chain length and PMMA surface are enhanced. More
importantly, EO mobility increases linearly with the chain length. Finally, our work
highlights the effect of surfactant structure on EO mobility in PMMA microcapillaries
and can be used in understanding the electrophoretic separation of biomolecules in

polymeric based microfluidic devices.



Chapter 6

Dispersion of a semi-infinite
suspension plug under oscillatory

flow

6.1 Abstract

We have investigated the dispersion of a semi-infinite suspension plug of particles
inside a capillary, subjected to an oscillatory flow. The plug is created inside a vertical
capillary filled with particle-free fluid. The transient growth of the suspension front
is measured at the end of each oscillation cycle. The dispersion of the plug is studied
at three volume fractions(¢) 1%, 24% and 42% and at different strain amplitudes(~y)
ranging from 0.7 to 5.4. Our experimental results show that the plug extension
significantly increases after the first cycle. However, the growth is more gradual and

follows a linear trend for the following consecutive cycles. In comparing the effect of
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¢, particles at ¢ = 1% display a reversible behavior even at high strain amplitudes.
The transition to an irreversible state occurs at smaller v = 1.7 for ¢ = 42%, versus
v = 2.4 for ¢ =24%. In addition the extension of the plug is more pronounced with

¢ = 42% at higher v values (0.4 to 0.8) compared to ¢ = 42%(0.3-0.4).

6.2 Introduction

Dispersion of a plug of biological cells/particles in microfluidic devices is an important
area of research. Many applications such as cell sorting and particle synthesis con-
sist of multiple steps in which the plug is diluted by addition of necessary reagents
or buffers. Further dilution minimizes the detection intensity, as the sample con-
centration/cell number is often limited. In addition, the dispersion is enhanced in
microscale geometries, due to the effects of channel walls and the hydrodynamic in-
teractions between the particles. To this end, the design of a dilution channel that
limits the dispersion of the plug is crucial in microfluidic fabrication. Non-Brownian
particles in a concentrated suspension experience a time-dependence rheological re-
sponse as a result of hydrodynamic interaction between particles in low Reynolds
number regimes. Among these responses is the irreversible particle migration in a
suspension under non-homogenous shear flow, first observed in the pioneering work
of Gadala-Maria and Acrivos and later by Leighton and Acrivos[41, 75]. The existence
of this phenomenon has been acknowledged in various flow systems such as pressure
driven flow between flat plates, cylindrical tubes and between rotating, concentric

cylinders[72, 105, 80, 17] and in oscillatory flow of suspensions[106]. Understanding
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the non-hydrodynamic particle interaction provides significant insights in modeling
rheology of suspensions and the nature of particle migration. Due to the importance
of this class of fluids in chemical, biological and industrial application, numerous
theoretical and experimental studies have been directed towards understanding the
dispersion of suspension fluids[46, 86, 117, 153]. These studies show that the onset of
irreversibility strongly depends on the initial conditions, such as the volume fraction
and the strain amplitude. Even though valuable insights have been obtained from
numerous experimental and simulation studies, the significant volume of these studies
have focused on fully populated suspensions[17, 46, 62, 104, 28, 39]. To the best of
our knowledge, no study on the dispersion of a semi-infinite suspension plug has been
reported. This class of suspension plug mimics the mixing of suspension solution with
the clear fluid(particle free) on a microchip, at the cross section of the two channels.
The dispersion of the suspension plug can be minimized in an oscillatory flow versus
constant flow in one direction. In this paper, we study the transient dispersion of a
semi-infinite suspension plug in an oscillatory flow inside a capillary filled with the
clear fluid. We focus on the transient effects by minimizing the entry length of the
plug in order to analyze the short scale behavior of the plug. This phenomenon is
studied at three suspension volume fraction(1%, 24% and 42%) under different strain

amplitudes.



100

6.3 Experimental Method

Spherical paramagnetic particles (Spherotech Inc.) with 100um +10 diameter and
1.58g/cc(Figure 6.1A) density were suspended in a solution consist of DI water and
poly(ethylene glycol-rar-propylene glycol) monobutyl ether(UCON lubricant 50-HB-
5100, Sigma-Aldrich), with 170 cP viscosity measured at room temperature (22°C) by
a rheometer(AR 2000, TA instruments). A glass capillary (1.16mm ID, 10cm length)
was vertically secured in place and connected to a programmable syringe pump(PhD
2000, Harvard Apparatus) at the top. The pump was programmed with continuous
infuse/refill cycles, generating a sinusoidal flow wave. Figure 6.1B shows the position
of a tracer particle subjected to a continuous flow cycle with @ = 20ul/min and 40
sec time period(T"). The experimental values are in a good agreement with the fitted

sine curve.
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Figure 6.1: A: Paramagnetic spheres(10x Obj). B: Particle position as a function of
time. Condition: @ = 20ul/min, T=40 sec.

The capillary was filled with clear fluid(particle-free) with a small meniscus at
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the bottom. This end was immersed in the suspension solution. The suspension
was drawn into the capillary until a visible parabolic profile was observed. The semi-
infinite suspension plug was then subjected to a continuous oscillatory flow at different

strain amplitudes. Figure 6.2 shows the schematic of this set up.

Syringe pump

Light source l.

Figure 6.2: The glass capillary is connected to the syringe pump at one end, while
the other end is placed vertically in the suspension solution. The semi-infinite plug is
subjected to oscillatory flow for the duration of half period(T/2) in each direction at
a set flow rate. Images are taken with a CCD camera at the end of each oscillation
cycle.

6.3.1 Image Analysis

The capillary is positioned between a CCD camera(6.5X, 2.23mm field of view) and
an illumination source. Images of the suspension front were taken at the end of each
oscillation cycle. The plug length was determined after processing the images by

Image J(Figure 6.3).
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Figure 6.3: Image analysis by measuring the plug extension at the maxima of the
parabolic profile. Ly and L, are plug length at ¢ = 0 and ¢ at the end of one cycle. D
is the capillary diameter.

6.4 Theory

The flow rate is quantified with a dimensionless Peclet number as the ratio of shear

induced to Brownian motion:

6mnya’
Pe = 6.1
T KT (6.1)

where n is the fluid viscosity, 7 is the shear rate, a is the particle radius, Kp is
Boltzmann constant, and T is the absolute temperature.

For flow inside a capillary, average shear rate is defined as:

T (6.2)

where Ug is the bulk flow velocity, and R is the capillary radius. Strain amplitude
is given as v = %, where 7T is the oscillation period.

The required distance(L)for a fully developed flow for shear-induced particle mi-

gration can be estimated as[17]:
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L R?

whereR is the capillary radius, anda is the particle radius.

6.5 Results and Discussion

Suspension of particles were prepared at three volume fractions¢ = 1%, 24%and42%.
The high viscosity of the solution(170 cP) resulted in a settling velocity of ~ 10~8mm/s.
The large Peclet number calculated under the applied experimental conditions(~
10")Eq. 6.1 ensures that the shear induced motion is dominant. Therefore, the
Brownian diffusion of the particles can be neglected. After forming a visible sus-
pension meniscus inside the capillary (~ 4mm from the capillary entrance), the
semi-infinite plug was subjected to forward and backward flow in a continuous cy-
cle. The dynamics of plug extension was analysed at different strain amplitudes
ranging from v = 0.7 — 5.4. Furthermore, the results were compared at equal
strain amplitudes v = 2.7 obtained by varying flow rate or time periods, using Eq.
6.2(Q1 = 10ul/min, Ty = 20sec and Q2 = 20ul/min,To = 10sec). Flow rates of
10gl/min and 20ul/min were chosen to ensure Stokes flow condition where Reynolds
number Re < 1. The distance for fully developed flow was estimated by Eq.6.3 as
L = 7.8mm, for capillary radius R = 0.58mm and particle radius a = 0.05mm. The
suspension plug was formed at ~ 4mm of the capillary entrance, shorter than the
length required for a fully developed flow.

At a dilute concentration, ¢ = 1%, a clear parabolic profile is not observed inside
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the capillary. The average displacement of the particles is presented in Figure 6.4 in
terms of dimensionless numbers, L/D, and N, where L is the plug length, D is the
capillary diameter and N is the number of cycles. L is normalized by subtracting the
initial length(Lg). At small ¢, there is no significant change in the position of the
particles at different strain amplitudes due to minimum hydrodynamic interactions
between the particles. Therefore, the postilion of the particles remained reversible

even by increasing the strain amplitude.
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Figure 6.4: Average position of particles at ¢ = 1% at different strain amplitudes.
The average shear rate varies from 0.3s7! to 1.1s7!, corresponding to 5ul/min, T =
10 sec to 20ul/min, T = 20 sec. N is the number of cycles, L is the plug length and D
is the capillary length. Two sets of data for v = 2.7 was obtained by varying the flow
rate and time period. The astrict shows the resulting strain amplitude at 20ul/min
and T = 10.

A clear parabolic profile of particles was observed at higher ¢. Figure 6.5 shows
the transient growth of the suspension front at 24% volume fraction. At the end of the
first cycle there is a significant increase in plug extension for each . This could be the

result of the entry effect induced by the particles or the viscous fluid. The transport
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of the particles from the large geometry to a confined capillary creates a pressure
gradient. As a result, more particles are drawn into the capillary. However, a gradual
linear increase in the plug extension is observed after the first cycle at v > 1.4. At
v = 0.7 — 1.4, the position of the plug remains approximately reversible. However,
the plug transition to an irreversible state is archived at higher volume fractions
by a gradual increase in plug length. In an study by Metzger and Butler[86], the
extension of a cloud of particles in a clear solution was studied under periodic shear
flow. They have reported that at ¢ = 30%, a cloud of particles with 200um diameter
shows reversible behavior even at v = 6. In comparison, our results show that the
transition to an irreversible states occurs at v = 2.7 for a semi-infinite plug. The
confinement of the plug by the capillary wall and the entry effects could contribute
to this difference. In comparing the two equal strain amplitudes at v = 2.7, a good
agreement between the results shows that the plug behavior is only influenced by the
stain value, independent of how the strain is defined by tuning either the flow rate or
time period.

In order to further investigate the effect of volume fraction on the dispersion of the
plug, we studied the dispersion of the plug at ¢ = 42%. Plug extension was enhanced
due to increasing the interactions between the particles at higher concentration as
shown in Figure 6.6. Compare to ¢ = 24%, the plug transition to an irreversible
state occurs at smaller v = 1.4. The extension of the plug increases by increasing +,
however the growth in length is more significant compared to ¢ = 24%. The plug
extension after the first cycle for 2.7 < v < 5.4 at ¢ = 24% varies from ~ 0.3 — 0.4,

whereas this range increases to ~ 0.4 — 0.8 at ¢ = 42%. This irreversible behavior
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Figure 6.5: The transient growth of the semi-infinite suspension plug at 24% volume
fraction at different strain amplitudes. The average shear rate varies from 0.3s7! to

1.1s71, corresponding to 5ul/min, T = 10 sec to 20ul/min, T = 20 sec. N is the
number of cycles, L is the plug length and D is the capillary length.

was also reported by[86], for a cloud of particles at ¢ = 40%.

At low strain amplitude the parabolic profile of the suspension front is persevered
during the oscillations, as shown in Figure 6.7 A for the case of 42% volume fraction
at 2.72 strain amplitude. However at higher strain amplitudes this profile is not
maintained at v > 5.4. Figure 6.7 B and C show the shape of the plug at v = 6.8
and v = 8 respectively.

Figure 6.7 shows that the transition between a full parabolic profile to when this
profile is not maintained occurs at v = 6.8. In a concentrated suspension, under
Poiseuille flow a flux of particles towards the capillary wall is generated by particle
stresses and pressure. At high strain amplitudes, by reversing the flow direction,

particles which have migrated towards the capillary wall flow with at smaller velocity

and change the plug profile.
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Figure 6.6: The transient growth of the semi-infinite suspension plug at 42% volume
fraction at different strain amplitudes. The average shear rate varies from 0.357! to
1.1s71, corresponding to 5ul/min, T = 10 sec to 20ul/min, T = 20 sec. N is the
number of cycles, L is the plug length and D is the capillary length.

6.6 Conclusions

The transient(short time scale) dispersion of a semi-infinite plug in an oscillatory flow
was studied in a clear fluid inside a capillary. Our results show that the dispersion
is enhanced by at higher volume fractions. This is evident by an increase in plug
extension from ¢ = 24% to ¢ = 42%. Furthermore, the plug displays an irreversible
behavior by increasing . This was observed at by v = 1.4 at ¢ = 42%, whereas the
transition occurred at higher strain amplitude, v = 2.7 for ¢ = 24%. Strain amplitude
can be tuned by changes in the flow rate or the time period of oscillations. A good
agreement between the result obtained at equal v = 2.7, measured at different flow
rates(10pul/min and 20ul/min) shows that the dispersion of the plug is a function
of the magnitude of the strain amplitude, regardless of how this value is set. At

1% volume fraction, no significant change in the position of the particles indicates
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Figure 6.7: Profile of the suspension plug at cycles 2, 5 and 10. A : v = 2.7, B:
v = 5.6 and C: v = 8 for suspension with ¢ = 42%.

a reversible behavior even at higher strain amplitudes. This is due to minimum
hydrodynamic interactions between the particles. As the volume fraction of particles
increases (24% and 42%), a linear growth in the suspension front is observed with a
significant increase in the plug length at the end of the first cycle. This observation
can be attributed to the entry effects due to the particle-particle interactions or the
high viscosity of the fluid. Our results show that the dispersion of a semi-infinite
plug is a function of volume fraction(¢) and the strain amplitude(y). However, the

dispersion is also affected by the capillary wall effects and the short entrance length.
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Chapter 7

Conclusions

The advantages of miniaturization and integration by microfluidics, as powerful ana-
lytical tools, are well established including speed, atomization, parallelization, porta-
bility and small sample volume. However, compared to conventional macroscale de-
vices, fluid behavior is significantly different in small geometries. In microscale, fluid
transport is governed by viscous forces, interfacial effects and diffusion. Therefore,
understanding and controlling these effects is essential for improving the design and
optimization of microfluidics.

The integration of protein electrophoresis on a microchip has allowed for rapid
analysis of multiple samples. However, quantification of proteins based on the flu-
orescence intensity has not been achieved in the current designs. Furthermore, no
optimum SDS concentration after dilution of protein—surfactant complex has been
established. In electrophoresis, SDS is added at saturation(above CMC) in order to
first unfold the protein coil and then create a constant charge to mass ratio where the

structural differences in protein structure can be neglected. A hydrophobic fluorescnet
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dye is added to the protein-SDS complex in order to detect the fluorescent contri-
bution of the protein, without the ability for parallel quantification. We hypothesize
that quantification of proteins can be archived by tuning the properties of the fluores-
cent dye. Towards this goal, in chapter 2 we analyzed the interactions of protein-SDS
complex at different concentrations, using sypro orange as the hydrophobic fluores-
cent dye. The presented results showed that the protein peak height(fluorescence
intensity) correlates with protein concentration if the dye quantum yield is constant.
Optimum SDS concentration was found at 3mM(below CMC), where there are no
free SDS micelles in the solution. At this concentration only bound micelles con-
tribute to the overall fluorescence. Furthermore, a fluorescence model was proposed
based on the interaction of dye with free and bound SDS micelles and was in a good
agreement with the experimental results. Finally, the effect of addition of CTAB, as
a cationic, more hydrophobic surfactant was studied. This is important as CTAB
can be used in surface modification of microfluidics in order to reduce the undesir-
able effects of electroosmotic flow(EOF). Our results showed that protein peak was
shifted to 4mM SDS by addition of CTAB at mole fractions above 0.1. At lower con-
centrations(0.5mM and 0.9mM), CTAB did not affect the dynamics of protein-SDS
interactions and can be safely added in protein electrophoresis for dynamic surface
modification. In chapter 2, we established that even though SDS binds to proteins
with a constant stoichiometry, dye molecules behave differently with protein bound
surfactant micelles. This means that the quantum yield of the dye and its fluorescence
intensity varies with protein structure. Therefore, in the current designs the dye is

added merely as a marker in detecting the protein peak without any correlation with
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the sample quantity. A variety of fluorescent dyes should be studied in order to find
an optimum dye for separation and quantification of proteins.

Even though microfluidic protein electrophoresis has been long established for
separation of proteins, it can be used for detection of certain protein targets when
combined with another analytical tool such as immunodepletion. The combination of
these two techniques in comparison to the conventional tools such as Western blot, al-
lows for parallel detection and quantification of multiples samples in orders of minutes
versus hours or even days. In chapter 3, we presented a rapid and simple method for
parallel detection and quantification of proteins by a combination of microchip elec-
trophoresis and immunodepletion. First, the target is isolated using magnetic beads
coated with an antibody against the target. After collecting the beads, the super-
natant and the untreated sample(control) are simultaneously analyzed on a protein
microchip electrophoresis. The target was detected by the depleted band visible on
the electrophoresis gel. Quantification was achieved parallel to detection using the
electropherograms(area under peak). Even though, analysis time is significantly im-
proved in detecting the target compared to conventional detection techniques, this
method is limited by factors such as concentration of the target, non-specific binding
of other proteins present in the sample, and the concentration limit of the Bioan-
alyzer device. The target protein can not be detected if its concentration is much
smaller than other proteins in the solution or has similar molecular weight as other
proteins present due to the overlap of protein peaks. Sample treatments such as pre-
concentration or isolation of target by antibody-antigen techniques can significantly

improve the limitations of low concentration when used prior to the analysis by this
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method.

Mild and low cost bacterial treatment is essential in minimizing bacterial contam-
inations in food products. To this end, bio compatible polymers such as chitosan can
be safely utilized in combination with other mild treatment techniques such as low
voltage pulsed electric field. In chapter 4, we explored the synergistic effect of chitosan
microparticles(CSMP) with a low voltage pulsed electric field in inhibiting FE.coli as
a gram-negative bacteria. Chitosan as a positively charged polymer exhibits antibac-
terial properties by flocculating and inhibiting gram-negative bacteria at acidic pH.
Short, high-voltage pulses on the nanosecond time scale is another effective method
in bacteria inhibition when fields greater than approximately 16 kV/cm is applied.
We showed that these techniques can be applied synergistically in order to provide a
mild, low energy and bio compatible method for inactivating bacteria at neutral pH
and lower intensity of electric field(100V/cm). These results can be applied in de-
veloping antibacterial methods for fresh and fresh-cut produce where low energy and
bio compatible techniques are required. As a continuous study we hypothesise that
the electric field can be eliminated by enhancing the efficiency of chitosan particles
through addition of antibacterial peptides(lysine)that can be linked to the surface or
encapsulated in these particles.

In recent years, polymeric devices have gained increasing attention as substitutes
for glass microchips, mainly due to low cost. However, the surface charges of poly-
meric materials is not well known compare to glass substrate. One of the main
challenges is the control of electoosmotic flow(EOF) which is a function of surface

charges. Dynamic coating by surfactants provides a simple and low cost method for
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surface modification and control of EOF. In chapter 5, we studied the influence of
adsorption of surfactants on the electrokinetic properties of poly methylmethacry-
late(PMMA )as a polymeric substrate for microchip fabrication. Our results showed
that adsorption of neutral surfactant and polymers such as Brij35 and hydroxypropyl
methyl cellulose(HPMC) significantly reduces the electroosmotic mobility in a PMMA
microcapillary. Due to the neutral nature, Brij35 and HPMC can be safely added in
dynamic coating of plastic microchips in protein electrophoresis with minimum influ-
ence on the dynamics of SDS-protein interaction. In exploring the effect of surfactant
chain length, the kinetic of adsorption of surfactants on a hydrophobic substrate such
as PMMA increased by chain length(hydrophobicity). Based on the presented results,
we hypothesize that non-ionic(neutral) surfactants with a long chain length are the
most effective additives for surface modification of polymeric microchips, allowing for
performing the electrophoresis of proteins on polymeric devices. These results are not
limited to PMMA, and can be applied to other optically clear polymers such as poly
carbonate(PC) or poly dimethyl siloxine(PDMS).

Apart from the electrokinetic interactions, fluid transport in microfluidic is in-
fluenced by interfacial interactions. Dispersion of suspension particles is of special
interest in biological applications such as cell sorting and sizing where a plug of cells
is analyzed on a microfluidic chip. Multiple dilution steps integrated on a microchip
for addition of specific reagents significantly affect the concentration of the cell plug
by minimizing the detection sensitivity. To this end, a fundamental understanding
of the dispersion behavior of a suspension plug is needed for an optimum design of a

microchip where minimum reduction in concentration of a sample plug is desirable.
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Even though numerous experimental and simulation studies have investigated the
dispersion of a fully populated suspension of particles, no study on the dispersion
of a plug or semi-infinite plug of particles has been reported. Moreover, the effect
of channel wall and the entry length on the dispersion of a suspension plug in a
microchannel needs to be addressed. In chapter 6 we investigated the transient dis-
persion of a semi-infinite suspension plug of particles in a continuous oscillatory flow
as a function of strain amplitude(y) and suspension volume fraction(¢). Compared
to a continuous unidirectional flow, oscillation of the plug in a forward and backward
motion can significantly reduce the rate of dispersion inside the channel. Our results
showed that the dispersion of a suspension plug can be minimized in an oscillatory
flow by reducing the strain amplitude(small flow rates) or the concentration of the
cell plug inside a microchannel. Therefore in design of dilution channels, minimum
reduction in concentration of a plug of particles can be achieved in an oscillatory flow

at low shear rates and volume fractions.



Appendix A

Dispersion of a suspension plug

formed by magnetic sweeping

A.1 Experimental Method

Spherical paramagnetic particles(Spherotech Inc.) with 100pum £10 diameter were
suspended in Newtonian fluid composed of DI water with lmg/ml bovine serum
albumin(BSA), Potassium iodide(KI, 8M) and polyethylene glycol(UCON lubricant
50-HB-5100, Sigma-Aldrich). The mixture has a viscosity of 2.95 cP as measured in
room temperature (22°C) by a rheometer(AR 2000, TA instruments). KI was added
to match the density of the solution with the particles. A glass capillary (1.16mm
ID, 10cm length) connected to a 3-way valve was filled with the particle-free fluid
using a syringe pump (PhD 2000, Harvard Apparatus). The direction of the flow
was switched to the suspension fluid and magnets where placed around the capillary

to form a plug inside the filled capillary by capturing the particles. The plug was
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oscillated by programming the pump with continues forward and reverse direction
for a preset number of times. The displacement of the particles can be approximated
to an oscillatory square wave. The volume fraction of the plug was determined by
comparing the volume of captured particles and comparing that with the volume of
the formed plug. Figure A.1 shows the schematic of the experimental set up. The
magnets where then removed, and the flow direction was switched to the clear fluid

(particle-free).

Oscillating

magnet

Syringe

Figure A.1: The apparatus consists of a 3-way valve connected to particle-free syringe
pump, suspension syringe pump, and the capillary.

A.1.1 Image analysis

The plug length is calculated by the grayscale profile of the plug image in Image J as
shown in Figure A.2. The capillary is placed horizontally between the camera(CCD,

6.5X optics and 2.23mm field of view) and the illumination source.
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Figure A.2: Determination of the plug width by grayscale in Image J. The grayscale
profile corresponds to the line chosen at the middle of the plug.

A.1.2 Formation of force chains by magnetic sweeping

In a concentrated suspension, particles can form networks of force chains[20]. Under
this condition, the particles are in direct contact and even the lubrication films around
them can not prevent this contact. Particles in this sate act as solid and resist
dispersion even at a high shear rate. Our experimental results showed that magnetic
sweeping facilitates the formation of these force chains. The response of the plug
to the shear flow was significantly minimized. Based on these observations, it was
established that the magnetic set up cannot be used in studying the dispersion of a
plug of particles. In Figure A.3 the plug extension by time is shown for two volume
fractions 33% and 53%. The extension is defined as L/Lg, where Lq is the plug length

at t = 0. The volume fraction is calculated by the volume of the beads captured
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divided by the total volume of the plug formed.
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Figure A.3: Plug extension by time for two volume fractions 33% and 53% at various
strain amplitudes.
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