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Abstract

This thesis reports a facile method to stabilize colloidal self-assembled (CSA) 310
and 50 nm nanoparticles packed in microchannels for high speed size-based separation of
denatured proteins. Silica nanoparticles, self-assembled in a network of microfluidic
channels, were stabilized with a methacrylate polymer prepared in situ through
photopolymerization. The entrapment conditions were investigated to minimize the effect
of the polymer matrix on the structure of packing and the separation properties of the
CSA beds. Scanning electron microscopy (SEM) shows the methacrylate matrix links the
nanoparticles at specific sphere-sphere contact points that improves the stability of the
CSA structure at high electric fields (up to at least 1,800 V/cm) and allows fast and
efficient separation. The optimized entrapped CSA beds demonstrated better separation
performance than similarly prepared on-chip CSA beds without the polymer entrapment.
Polymer entrapped CSA beds also exhibited superior protein resolving power. The
minimum resolvable molecular weight difference of proteins in the polymer entrapped
CSA bed is 1-2 kDa comparing ~9 kDa for the native silica CSA bed without polymer
entrapment.

The method and the processes required to photograft charged monomer to 310
nm silica nanoparticle surface for native protein separation is described. Photo-initiated
polymerization enabled coating the nanoparticles in microfluidic devices. The surface
chemistry was then tailored to fit the specific application by subsequent photografting of
the surface. This coating strategy allows a fast and robust wall coating with controlled

surface chemistry and surface biocompatibility. The results indicate that the coatings are
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quite effective in reducing protein adsorption, compared to a native silica particle packed

bed.
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CHAPTER 1: INTRODUCTION

1.1 Background and motivations

The study of proteins and their function is central to understanding both cells and
organisms. Methods for efficient separation and purification of proteins are of utmost
importance in diagnostics, chemical biology, proteomics, and genomics ' . Micro total
analysis systems (UTAS), also known as “lab-on-a-chip” technology, has been
developing rapidly since its introduction in the early 1990s *. Microfluidics, generally
defined as the science and technology of manipulating small amounts of fluids (10” to
10" L), has been a keystone idea for the miniaturization of analytical devices and
systems, and it offers opportunities to develop new separation methods and materials.
The miniaturization and the concept of total analysis systems (TAS) initiated in 1990 by
Manz et al. *. Works of Harrison 578, Ramsey 97“, Mathies 12714, and Whitesides 77
developed the concept to achieve short analysis times, small amounts of samples and the
ability to integrate and automate processes. These efforts have rendered the impact of this
technology on life-sciences more significant. Separation of these biological molecules
with electrokinetic microfluidic chips has found numerous applications embracing
clinical and pharmaceutical, "' food and agricultural ***° as well as proteomic and
metabolomics analysis 2*2".

Numerous micro-/nanofabricated nanoporous sieving matrices have been studied

as alternatives to randomly structured gels for size based separations of biomolecules >~
1



37 These rigid, fabricated sieving structures have long-term stability compared to gels,

which are typically prepared fresh for each analysis, and provide a means to improve the
efficiency and speed of separation. Micro-/nanofabrication of sieving matrices, however,
requires sophisticated time consuming procedures, such as electron beam lithography and
deep reactive ion etching, and result in two-dimensional architectures, all of which
impedes their applications on a routine basis.

Separation beds formed by colloidal self-assembly (CSA) of nanoparticles
provide a means to make porous networks for on-chip size based separation of proteins
and DNA ***. The pore size of the sieving matrix in CSA is determined by the size of
the nanoparticles, and can be tuned to maximize separation performance for a given

biomolecule, as demonstrated by Zeng and Harrison *°.

However, high speed and
efficiency require high electric fields, which native silica particle beds cannot withstand.
In this thesis we employ a combination of CSA particle beds with organic polymer
entrapment of the particles for stabilization, fabricated using low resolution soft-
lithography, to produce a highly efficient sieving media within the interstitial particle
space. The procedure offers an alternative to polyacrylamide (PA) gels and to

nanofabricated post structures, yielding a highly efficient sieving matrix for size based

electrophoretic separation of proteins.



1.2 Motivations and scope

Achieving high quality electrophoretic and electrochromatographic separation of
protein suitable for commercial, clinical and point-of-care (POC) diagnosis is an open
and challenging field of research worldwide. The quality of a protein separation is
dependent on the separating matrix, the conditions under which the electrophoresis is run
and the properties of the molecule being separated. This thesis is focused on stabilization
and functionalization of the matrix. Previously, a microfluidic colloidal self-assemble
(CSA) approach was developed in the Harrison group for DNA and protein separation
3841 However, high speed and efficiency requires high electric fields, which native silica
particle beds cannot withstand. Here we report the polymer entrapment of CSA beds
composed of 540, 310, and 50 nm silica particles. The photo-polymerization of porogenic
methacrylates is fast, uncomplicated and more versatile than other methods ***. This
report demonstrates the technique works with smaller particles and pore structures than
have been employed in the past **. Given the wall-coating characteristics of porogenic
polymers in extremely small dimensions, the method is ideally suited to stabilization of
smaller particles. Furthermore, introducing a second photografting step allows
immobilization of various surface functional groups in photolithographically defined

patterns, which can be selected to control electroosmatic flow (EOF), separation of intact

proteins, and prevents protein adsorption on the packed particles.



This thesis is organized as described below:

Chapter 2 discusses a method of polymer entrapment of CSA beds,
characterization methods and parameter optimization. The characterization methods are
divided into imaging and nonimaging techniques. Scanning Electron Microscope (SEM),
Energy Dispersive X-Ray Analysis (EDX), Time-of-Flight Secondary Ion Mass
Spectrometry (TOF-SIMS), and Transmission electron microscopy (TEM) are imaging
techniques. Measuring the EOF and joule heating within the entrapped self-assembled
colloidal arrays is also discussed, as are nonimaging characterization. Fast and
reproducible detection of fluorescein was utilized to demonstrate the feasibility of using
the entrapped CSA bed as a stable bed at high field.

In chapter 3 we are focused on the separation performance of a wide range of
proteins masses from 6.5 to 660 kDa, using polymer entrapped nanosieve CSA beds. The
polymer entrapped CSA bed was evaluated in terms of plate height (H) vs migration rate
of trypsin inhibitor by varying the applied electric field and the data fitted to the classical
Van Deemter equation *°. The effects of electric field intensity, particle size, and
detection length on separation efficiency were studied. In addition, the separation
mechanism, presumed to be Ogston sieving, and the feasibility of molecular weight
determination are discussed. The results presented here demonstrate the flexibility and
high reproducibility of this entrapped CSA bed methodology for protein separation across
a wide size ranges.

Chapter 4 reports the photografting of entrapped CSA bed with [2-
(methacryloyloxy) ethyl] trimethylammonium chloride (META) monomer which is

positively charged, and with sulfobetaine methacrylate (SBMA) as a zwitterionic
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monomer. The experimental processes of the surface photografting, characterization, and
application of surface devices for separating of acidic and basic intact proteins, are
described in this chapter. The results show the improved separation efficiency of these
proteins compared to non-grafted surfaces of HEMA on CSA beds.

An in situ study of crack formation with 50 nm silica nanoparticles used in the
packing process is discussed in chapter 5. The packing procedure was optimized, and the
50 nm silica particle bed entrapped by HEMA coating provided better separation
efficiency than native 50 nm silica beds. We show that an electric field of 1250 V/cm can
be used for protein separation, which is a big improvement compared to previous work
with 50 nm particles.

Chapter 6 concludes the present progress of this work, discusses some future
perspective and presents initial data obtained with real sample applications.

Before we move on, a brief review of recent trends in protein separation,
separation matrixes and the applications, separation principles and fundamental, and

methods of surface characterizations are presented to facilitate discussions.

1.3 Recent trend in protein separation

Proteins, complex biopolymers composed of amino acids, are the most important
biomolecules. Acting as enzymes, enzyme substrates and inhibitors, hormones, receptors,
structural units, antigens, antibodies, drugs, and toxins, they play a vitally important role
in all living organisms *’. By incorporating older technologies with advantages brought
by microfluidics concept many important biochemical analysis method could benefit **.

This was demonstrated for the first time by Effenhauser and co-workers *°. In that work,
5



they reported the first successful application of polyacrylamide gel electrophoresis in
micromachined planar glass structures *. A high performance separation of five proteins
on a polyacrylamide gel in a microfluidic channel was performed by Herr and Singh .
Such a separation was done in less than 30 seconds, which is much faster than the
conventional approach. They studied the effect of pore size and electrical field strength
upon the performance of separation.

Nagata et al. °' demonstrated an effective method for separating proteins using
polymethyl methacrylate (PMMA) microchips. Their method effectively utilized reversed
flow (EOF) as counter flow to electrophoretic migration of proteins using dynamically
SDS-coated PMMA microchips. High-speed (6 s) separation of proteins and peptides up
to 116 kDa was successfully achieved using this system.

A two-dimensional microfluidic system is reported for protein separations
combining isoelectric focusing (IEF) and SDS-PAGE, employing in situ
photopolymerized PA gels °>>. In an alternate approach to the microchannel array used
in that work, a microchamber was fabricated to support 2-D protein separations
(Figure 1-1) >*. Spatially distinct PA gels were formed by photopatterning; one for IEF

with immobilized pH gradient and another for sizing of focused proteins.
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Figure 1-1. Design and operation of gel photopatterning for microchamber
2D electrophoresis (2DE). (a) Etched glass microdevice features
microchamber flanked by channels for sample loading and electric field
control. (b) The device houses contiguous PA gel regions with distinct
chemicophysical properties to define the IEF and PAGE separation axes. (c)
Operation procedure of micro-2DE (Reprinted with permission from T.
Augusto et al. 5*. Copyright 2013, ©American Chemical Society).

Colloidal self-assembly and the use of colloids is used for making structures with
tunable narrow pore size distribution and flexible ordered/disordered morphologies. This
is opposed to what is attainable by use of any kind of gel and resulted in moving
bioseparation research in another direction. Zeng and Harrison ** showed for the first
time that a colloidal crystal can be fabricated in a microfluidic channel via CSA using
silica particles of 160 nm diameter. The sieving matrix with an average pore size of about
25 nm, was used to separate five proteins with molecular weights ranging from 20.1 to

116 kDa within a few minutes, reliably and reproducibly. Based on the measured



mobility, a governing SDS-protein complex electromigration was diagnosed. Wirth’s
group stabilized CSA silica nanoparticles in a glass microcapillary and used their beds to
investigate electrochromatographic protein separation. They achieved a plate height of 50
nm for native proteins by electrochromatography *2. They also modified 350 and 500 nm
silica particles with a brush layer of polyacrylamide for size based separation of SDS

denatured proteins. Plate heights of 400 nm were obtained in that work >°.

1.4 Separation matrix

The separation matrix is one of the most important functional elements in
microfluidic applications. The separation matrix in microfluidics can be divided into
several categories, like organic gel, monolith polymer, micro/nanoparticles, and

micro/nanomachined structures.

1.4.1 Gel

Electrophoresis traditionally has been performed in anti-convective media, such
as polyacrylamide or agarose gels. A gel-based sieving matrix can be largely categorized
into crosslinked gels and non-crosslinked gels *°. Crosslinked gels have a well-defined

gel pore structure (Figure 1-2) .



Figure 1-2. SEM image of macroporous polyacrylamide gel network
(Reprinted with permission from F. Plieva et al. 57 Copyright © 2006, Royal
Society of Chemistry).

The pore size strongly depends on total monomer (%T) and crosslinker
concentration. Polyacrylamide gel is the most widely used crosslinked sieving matrix.
Because of extremely high viscosity, the gels are usually polymerized inside the capillary
1338 or microchannels **°%*7%_ Gels also provide hydrodynamic resistance, to eliminate
cross flow, and to balance pressure between channels 3. However, conventional gels
suffer from some common disadvantages such as long analysis times, low efficiencies,

low mechanical strength, high swelling ratio, and low tolerance for strong inorganic

solvents and extreme pH *%7,

1.4.2 Monolith polymer and confinement effect

In the early 1990s a macroscopic rigid porous monolith (Figure 1-3), prepared in

situ by a thermally initiated polymerization process was introduced ®. A number of

9



applications were explored, including HPLC and CEC from small molecules, chiral

6871 Monolithic capillary columns are

compounds, proteins, peptides, and nucleic acids
attractive alternatives as a sieving matrix , with benefits from the absence of retaining
frits, low backpressure, and fast mass transfer 273 The monoliths can be classified as
polymer monoliths, silica monoliths, and organic—silica hybrid monoliths. Polymer
monoliths are widely used as stationary phases, with advantages of facile preparation by
polymerization of monomers in a porogenic solvent, high chemical stability over a wide
pH range, and ease of modification with various functional groups . Organic polymer-
based monolithic columns, such as polystyrenes, polymethacrylates, and polyacrylamides
have good stability to pH and are easy to prepare and tune the surface chemistry '* .
Free-radical polymerization, especially thermally initiated or photoinitiated
polymerization, is conventionally used to prepare polymer monoliths, with suitable

75,78

functional monomers and cross-linker monomers being chosen . Most polymer

monoliths are based on styrene-divinylbenzene and/or methacrylate copolymerization.

10



Figure 1-3. SEM images of organic-silica hybrid monolith (Reprinted with
permission from Z. Zhang et al. 74, Copyright © 2006, Royal Society of
Chemistry).

One of the methods of polymerization is based on photoinitiated free radical
polymerization. In free radical polymerization, a photoinitiator absorb lights and
undergoes homolytic decomposition in an excited state to produce free radicals. As an

example, benzoin decomposing under UV exposure can be described as follows ":

11
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The subsequent polymerization the radical initiator follows the path indicated below:
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Figure 1-4. Mechanism of free radical polymerization, where R is radical

and M is monomer.

In the free radical mechanism of radiation curable systems, light absorbed by
a photoinitiator generates free-radicals which induce cross-linking reactions of a mixture
of functionalized oligomers and monomers to generate the polymer *. The mechanism

which is shown in Figure 1-4 includes three basic steps: initiation, chain propagation,
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and chain termination. The three steps are depicted in the scheme where R’ represents the
radical that forms upon interaction with radiation during initiation, and Mis a
monomer. The active monomer that is formed is then propagated to create growing
polymer chain radicals. In photocurable materials the propagation step involves reactions
of the chain radicals with reactive double bonds of the monomers. The termination
reaction usually proceeds through combination, in which two chain radicals are joined
together, or through disproportionation, which occurs when an atom (typically hydrogen)
is transferred from one radical chain to another resulting in two polymer chains.

Porous polymer monoliths have been prepared by photoinitiated polymerization
of butyl methacrylate (BMA) and ethylene glycol dimethacrylate (EDMA) monomers in

1 8. Suzhu Yu and coworkers ' showed porosity of the

porogenic solvent of methano
porous polymers is mainly dependent on porogen concentration. Pore size of the porous
polymers is greatly affected by UV intensity, fraction of initiator, fraction of crosslink
agent, and porogen solvent concentration. A higher fraction of porogenic methanol will
result in porous polymers with higher porosity and larger pore size; a higher fraction of
initiator, EDMA crosslinker as well as higher UV intensity usually leads to the formation
of polymers with smaller pore size.

The classical mechanism of pore formation that occurs during the polymerization
process depends on the type of porogen used for the reaction. In the process, the solvent
is a better solvating agent for the monomer than the polymer. Therefore, the initiated
nuclei are precipitated and enlarged by their continuing polymerization and by capturing

other branches. Finally, nuclei are associated into clusters by polymer chains that

crosslink the near nuclei, and the cluster remains dispersed within the inert solvent. The
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interconnected matrix becomes reinforced by crosslinking, which leads to the final
porous polymer network. The solvent remains trapped in the voids of the crosslinked
polymer *.

The physical and chemical properties of monolith polymers can be readily tuned
by adjusting the polymerization mixture composition. Figure 1-5a shows SEM images of
the morphological evolution of porous polymer monoliths within capillaries, when
controlled by scaling limits associated with the containment volume. When the ratio of
the capillary’s diameter to the pore size of the bulk monolith is less than 5,
photopolymerized structures evolve to a single polymer layer on the wall surface. The
SEM image in Figure 1-5b shows a fairly smooth polymer film thickness of 260 nm
formed on the wall of a 7 um deep microchannel. The thickness of the polymer layer can

be tuned by adjusting the monomer concentration ™.
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Figure 1-5. (a) The morphological evolution of porous polymer monoliths
within conduit controlled by scaling limits. As a ratio of spatial scaling to
bulk monolithic pore size decreases, the material becomes more porous and
sparse. At the ratio of less than 5, a uniform polymer coating with thickness
in the range of hundreds of nanometers is obtained. (b) Microfluidic chip
layout and cross-sectional SEM view of microfluidic channel with 260 nm
thick polymer coating. (c) Depiction of photopatterning a HEMA layer, then
photografting with versatile surface chemistries in a microfluidic channel
(Reprinted from M. He et al. 83, Copyright (2012), with permission from
Elsevier).

1.4.3 Micro/nanomachined structures

In the early 1990s, the group of Austin * pioneered the use of microfabricated

post arrays to replace the gel matrix for DNA analysis. Since then, a variety of
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micro/nanofluidic structures have been developed that utilize different separation

mechanisms.

Figure 1-6. a) A 10um thick monolith column microfabricated by reactive
etching on quartz microchip based liquid phase chromatography,
(Reprinted with permission from B. He et al, 8% Copyright © 2006, Royal
Society of Chemistry). b) An array of micropillars made by replication from
a PDMS mold(Reprinted with permission from T Rosqvist et al. 85 Copyright
© 2002 Elsevier Science B.V. All rights reserved). c) Super-hydrophobic
surfaces are designed and microfabricated. These comprise silicon
micropillars arranged to form a regular hexagonal motif; the devices are
therefore modified to incorporate, throughout the substrate, a pattern of
holes, conveniently aligned with the pillars 8°.
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Figure 1-6 presents typical micrometer sized structures of different geometries,
produced by plasma etching on quartz **, imprinting in a PDMS substrate *, and a silicon

1.  used a nanocolumn fabricated structure for liquid

micropatterned structure *°. He et a
chromatography for separation of nonretained and retained rhodamine 123 at 1700 V/cm
in a 4.5 cm column length. Plate heights in these columns were typically 0.6 pm in the
nonretained and 1.3 pum in the retained modes of operation. They concluded that
micromachining provides a route to high efficiency micro- and nanovolume liquid
chromatography columns that is simpler and probably more reproducible than the
conventional packed column approach. The technical limitations of nanolithography,
such as very high cost, tedious fabrication steps, and challenges in fabrication for
practical application still impede the applications of micron and sub-micron

lithographically patterned separation columns **’.

1.4.4 Colloidal Self-Assembly (CSA) and stabilization

Spontaneous organization of monodispersed micro or nanoparticles is termed
colloidal self-assembly (CSA). Self-assembled colloidal crystals have a relatively simple
fabrication process and produce a crystalline or poly-crystalline three-dimensional
structure. The hexagonal close packed lattice formed by CSA creates a lattice of pores
with a highly tortuous pathway that will lead to frequent collision between analytes and
particle surfaces. The pore size of CSA structure is around 15% of the particle size,

which is the radius of narrowest tunnel surrounded by three adjacent spherical

particles (Figure 1-7). A simple 2D mathematical model, shown in Figure 1-7, was used

to calculate the pore size, with r = (1/ (Cos 30°)-1) R=0.154 R.
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Figure 1-7. Structure of Pore size calculation.

This uniquely ordered porous structure has attracted interests in the fields of
separation **. Self-assembled colloidal lattices have been employed to probe Brownian

88,89

diffusion and electrophoretic migration of confined single biopolymer molecules.

One of the most studied applications of colloidal crystals in the literature has been in
photonics *°, °'. When the sizes of particles become comparable to the wavelengths of
light, they strongly interact with it, confining and controlling photons of a specific
wavelength. Hence propagation of light of a given wavelength can be blocked by the
organized structure of particles in a lattice. The advantages brought by these nanoparticle
arrays, including narrow pore size distribution, tunable morphology, mechanical stability,
and ability to incorporate within microfluidics, make them an excellent candidate to be
considered for sized-based separation of sodium dodecylsulfate (SDS)-protein
complexes. However, their CSA beds are stable only at a low voltage (~300 V/ cm). Due

to bonding by van der Waals forces and/or hydrogen bonds, the immobilization of the

CSA bed is relatively weak, so the beds are not able to withstand a high voltage. High
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voltages are the key factor improving the separation efficiency in CE and
electrochromatography so better stability is needed **.

A number of groups have attempted to stabilize CSA nanostructures for high
performance separations for both on-chip and glass capillary based separations. Wirth’s
group stabilized CSA silica nanoparticles in glass capillaries using a horizontal
polymerization technique, achieving a plate height of 50 nm for native proteins using
1,400 V/em in electrochromatography ** and 400 nm for size based separation of SDS

. Gong et al. * integrated a nano-film into a three-layered

denatured proteins
microfluidic device, serving as a frit to confine the nanoparticles in the microchannels,
and showed the separation of fluorescein and 5-carboxyfluorescein by applying 125
V/em, but did not report separation performance. These methods of CSA immobilization
can be complicated, so alternative thermal approaches have been sought ***. Park et al.
* used a hot embossing machine to thermally bond a cyclic olefin copolymer plate onto
an on-chip CSA silica nanocrystal to “immobilize’ the CSA. They demonstrated high
speed capillary electrochromatography (CEC) of amino acids at ~1,300 V/cm. Liao et.

al. *?

reported the use of thermal stabilization of CSA for on-chip separation of
fluorescein isothiocyanate (FITC) labeled peptides and amino acids. In that work they
achieved 500 nm plate heights for FITC using applied field strength of 1,000 V/cm, and
reported crack free structures. Preventing crack formation in CSA beds during drying, a
necessary consequence of thermal curing, is known to be challenging *"*', so an

alternative approach to stabilization would be valuable for achieving a high yield of

functional devices from a fabrication run.
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The use of organic polymers to overcome column instability in frit-less capillary
columns packed with microparticles for CEC and HPLC separations has been reported **~

% and polymers are explored here as a route to stabilizing sub-micron particle beds.

* and Oleschuk > groups used in situ polymerization of methacrylate

Remcho *
polymers to entrap 3 — 5 pum stationary phases in glass capillaries to overcome column
instability for fritless CEC and HPLC separations. They showed that by using a
minimum amount of organic polymer the interstitial spaces remain free for liquid flow.
Harrison et al. previously reported that when the ratio of an open microchannel’s size to
the pore size of a bulk porogenic polymer system is less than 5, a single polymer layer
forms on the wall surface, instead of a porous monolith column in the channel *. The
interstitial space between particles in CSA structures (e.g. ~47 nm pore size for 310 nm
silica nanoparticles) is well within the range where confinement leads to surface coatings
instead of porous monoliths, when working with porogenic methacrylate compositions.
Consequently, these same porogenic methacrylates are well suited to stabilizing CSA

nanoparticles by photopolymerization in situ to coat the walls and bind the particles,

without forming other structures within the interstitial space of the particles.

1.5 Photografting

The photografting of solid surfaces with layers of polymers has become a very

important technique used in areas such as microelectronic packaging, biochips, or pH

100,101

sensitive membranes . Surface photografting enables the introduction of specific

properties derived from the grafted layer, while also preserving the bulk and structural

102
10

properties of the underlying materia . Figure 1-8 illustrates the proposed grafting
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process. Initially, only a limited number of polymer chains grow from the surface '. As
the polymerization continues, the degree of branching increases, since grafting also
occurs via H-abstraction from the already grafted chains. While the density of chains
increases, cross-linking becomes increasingly prevalent, and finally, a dense, cross-linked
polymer network is formed. Considering the nature of the grafting reactions, forming a
polymer layer cross-linked via intermolecular termination reactions of the branched
polymer chains, the cross-linking density must clearly depend on the distance between

the individual chains '®.

Figure 1-8. Schematic representation of the growing polymer chains during
photografting with increasing irradiation time from (a) to (c)193.

An appealing approach involves the packing of a microchannel with particles, as
this significantly increases the available surface area and enables the introduction of

specific chemistries into the device. Moreover, grafting of a particle surface could

104-106 107

considerably increase the functional capabilities . Zheng and coworkers
demonstrated poly(SBMA) grafted gold surfaces are highly resistant to protein
adsorption. They showed that the polymer layers prepared all have excellent protein-
resistant properties, with thickness ranges between 5 and 12 nm. Frechet and other
research groups used the photografting technique to create axial gradient functionality for

103

multi-enzyme reactions and pH gradient separation He et al. demonstrated
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photografting of SBMA onto HEMA coated surfaces for use in CE ®. They showed CE
separation of a FITC-BSA digested with the microchip, with 15 resolved peaks.
Compared to the results for neutral HEMA coated channels, SBMA grafted HEMA
coated channels gave longer retention times and more resolved peaks under the same

conditions, indicating better separation ability 8

1.6 Electrophoresis of proteins

1.6.1 Fundamentals of Electrophoresis

Figure 1-9 illustrates schematically the most general model for an electrical
double layer, where the surface charge is negative and a layer of some ionic and nonionic
species in the solution is specifically absorbed on the surface. Such specific absorption is
not just due to Coulombic interactions, but is mainly resulted from chemical affinity of
ionic species to the solid surface (Delgado et al. '®). Outside the layer of specifically
absorbed ions, counter ions (cations) are attracted by the negatively charged surface due
to the Coulombic force only. Based on the model shown in Figure 1-9, the plane located
at x = B is called the inner Helmholtz plane (IHP) with no water of hydration and the
plane at x = B4 is called the outer Helmholtz plane (OHP), in which the ions are hydrated.
The IHP is the plane cutting through the center of the adsorbed species. The OHP is the
plane cutting through the counter ions at their position of closest approach. The region
between x = 0 and x = 4 is often named the Stern layer, or the compact part of the double
layer. The portion extending from x = B4 1s called the diffuse layer or the diffuse part of
the double layer. The concentration of counter ions in the diffuse layer decreases as the

location moves away from the surface. The plane located at x = B is called the shear
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plane (SP). The well-known zeta potential is defined as the potential difference between
this plane and the bulk solution. In general, SP is not co-planar with the OHP. At the
shear plane, it is assumed that the viscosity of the liquid medium jumps discontinuously
from infinity in the Stern layer to a finite value in the diffuse layer. The shear plane is the
boundary that separates the EDL into a mobile part and an immobile part. For the sake of
convenience, the zeta potential { is taken to be equivalent to the potential at the OHP in

most circumstances, i.e. ¥g=¢'%.

[HP OHP Diffuse double layer
B By B

¥
P

Bulk solution
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-

Figure 1-9. Schematic illustration of electric double layer (EDL) of a
negatively charged surface, filled circles are H20 and others are ions or
surface charge.
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The thickness of the EDL, a property of the electrolyte solution, based on the

Debye-Huckel equation can be estimated via the following equation

1-1
) € k,T
k™l = |——
2e?]

Where € is the dielectric permittivity of the electrolyte solution, ky, is the Boltzmann

constant and e is the elementary charge. The ionic strength, I, is calculated by

m 1-2

1
I = E Ziz n;
=1

i
with z;, n; and m being valence, density of the ith ion and total number of ions,

respectively. When a negatively charged object immersed in an electrolyte is subjected to

an external electrical field, E, both the object and its surrounding cloud of ions start to
move towards the electrode that has the opposite type charge. i.e. negatively charged ions
towards anode and the surrounding cations towards cathode. Hence, there is a
hydrodynamic interaction between the object and its surrounding ions. The free solution
electrophoretic mobility of the charged object is defined as ''°

1-3
u =

==

where V is the velocity of the migrating object "1 Based on the thickness of the EDL two

limiting cases have been considered. First, when the EDL thickness is larger than the
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object, i.e. k=1 > R, the electric and viscous forces equilibrate each other; hence the
] g q

mobility can be estimated via ''°:

_0 1-4
H=7F

where Q is the total charge and f is the friction coefficient calculated by

f = 6mmR 1-5

where 1 and R are the viscosity of solvent, and radius of the object respectively. The
second limiting case includes the Smoluchowski model, the mobility for the case when
the Debye length is very thin compared to the object size, i.e. k™! « Ry, can be
estimated as ''*:

_€py ok7? 1-6
T on Amp

where ¢, and o are the surface potential and charge density, respectively. In this regime

the mobility is not dependent on particle size.

1.7 Electroosmotic flow (EOF)

Electroosmotic flow (EOF) is the bulk movement of an aqueous solution along a
stationary solid surface, which has an electrical double layer (EDL) as illustrated in
Figure 1-9 ', The flow results from applying an electric field in the presence of free

ions and the charged surface at the solid-liquid interface. The surface charge attracts
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counter ions from solution, creating an electric double layer at the interface. The field
parallel to the surface mobilizes anions to the anode and cations to the cathode. Since the
negative surface is immobile, this creates a net flow of cations and solvent in the double
layer towards the anode. In the solution bulk, the motion of anions and cations cancel
each other, so only the double layer region outside the plane of shear (Figure 1-9) creates
the electroosmotic flow. Once an external electric field is applied, charged species start to
migrate along the field due to an electrostatic force, F. In addition, the double-layer is
also dragged by an electrostatic force, F,, in the direction opposite to the particle motion,
and the bulk solvent exerts a frictional force, F¢ (Figure 1-10). The apparent velocity
comes from the balance of the three forces. Electrophoretic mobility, p is the ratio of the
velocity with respect to an applied electric field. Viscosity and laminar flow effects then
generate a plug flow of solvent in the bulk of the fluid. The mobility of EOF can be
expressed as:

€¢ 1-7
UgoFr = —

while the velocity of EOF can be expressed as ''*:

14 1-8
Vgor = —E

where € is the dielectric constant, 77 is the solution viscosity, { is the zeta potential and E
is the electric field strength. The solution ionic strength and the surface charge have a
profound influence on the zeta potential. Consequently, EOF is always strongly

dependent on these two parameters.
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Figure 1-10. Electrophoresis of a negatively charged particle in an
electrolyte solution with negatively charged substrate, anions and cations
are shown.

A unique characteristic of EOF in the capillary is the flat profile of the flow, as shown in
Figure 1-11a. Since the driving force of the flow is uniformly distributed along the
capillary there is no pressure drop within the capillary, and the flow is nearly uniform
throughout. The flat flow profile is beneficial since it does not directly contribute to the
dispersion of solute zones. This is in contrast to that generated by an external pump
which yields a laminar or parabolic flow due to the shear force at the wall (Figure 1-11b).
The figure shows that the flow rate drops off rapidly at the wall. This quiescent solution
layer is caused by friction against flow at the surface. Since this layer extends a short way
into the solution, it is relatively unimportant to the overall separation process . Another
benefit of the EOF is that it causes movement of nearly all species, regardless of charge,

in the same direction.
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EOF Laminar flow

Figure 1-11. Flow profile and corresponding solute zone.

1.8 Size-based protein separation

Natural proteins are heteropolymers composed of covalently bonded amino acid
residues. They are ubiquitous and essential for living organisms ». Proteins have
different electrical charges and unique native shapes determined by hydrogen,
hydrophobic, and disulfide linkages of different branches on the backbone the protein.
They are denatured in the presence of heat and/or a detergent, such as sodium dodecyl
sulfate (SDS). As a chaotrope, SDS binds to both native and denatured proteins, and
unfolding is driven by the higher affinity for the denatured state ''°. The mode of SDS
binding to proteins 3 s according to the concentration of surfactant: whether at the level
of sub-CMC (critical micelle concentration) or beyond. At sub-CMC concentrations, SDS
monomers bind to proteins by predominantly hydrophobic interactions, causing unfolding
of the tertiary structure, and at concentrations higher than the CMC, the micelles nucleate

113

on the hydrophobic patches of the protein chain driving, it to expand (Figure 1-12) .

The driving force for the expansion emanates from charge—charge repulsion between the
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micelles and between the micelles and anionic side chains of the protein. Bhuyan showed
that highly denatured and negatively charged cytochrome c interacts with SDS,
suggesting that the interactions are hydrophobic in nature, and the effect is expansion of
the chain '"*. Above the CMC the micellar rosettes on the protein chain deposited by
cooperative aggregation of SDS monomers give the complex a necklace-like look ''*. As
shown in Figure 1-12 the ‘‘necklace model’’ for SDS-protein interaction has two
versions: in one, the hydrophobic patches along the protein chain act as nucleation sites

for micelle growth, and in the other, the protein wraps around the micelles.

Figure 1-12. Structural models for protein-surfactant complexes. (a)
Surfactant molecules cover the denatured protein chain forming a rod-like
micelle; (b) Surfactant micelles are decorated by the denatured protein; (c)
Micelles are formed along the denatured protein forming a necklace like
structure.

The separation mechanisms of gel electrophoresis are not yet understood fully at
the microscopic level *"'""''". Depending on the relative size of the macromolecule
(radius of gyration, Ry) compared with the gel pore size (a), three basic separation
mechanisms have emerged to explain how flexible linear macromolecules migrate
through a gel medium. These models are Ogston sieving (R,/ a < 1), entropic trapping

(Ry/ a =1) and reptation (R,/ a > 1) (Figure 1-13).
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1.8.1 Ogston sieving

In Ogston sieving, the macromolecule is smaller than the gel pores. Because
R4/ a < 1, the molecule moves rather freely through the gel matrix (Figure 1-13a). The
molecule adopts a random coil and is not influenced by the surroundings, except through
friction. The concept of Ogston sieving has been studied extensively by Rodbard and
Chrambach using Ogston’s calculation for the pore-size distributions in random arrays of

118

geometrically idealized obstacles ~*°. The Ogston sieving process has been suggested as

59,113,117

an electric-field-driven partitioning process . Based on the Ogston sieving model,

the logarithm of the electrophoretic mobility of the SDS-protein objects are proportional

to their molecular sizes. i.e. Inp o< —M %1%,

1.8.2 Entropic trapping

Entropic trapping applies when R;/a =1 and the conformation of the flexible
macromolecule must deform or fluctuate to pass through the gel medium (Figure 1-13b).
The molecule’s coil shape changes to fit through the pores, with an entropic energy
penalty. In the entropic trapping regime the logarithm of the mobility of the SDS-protein
complexes is proportional to the logarithm of the molecular weights. i.e.Iny « —In M.
Hence a log-log plot of mobilities versus molecular weights should have a negative unit

slope at the limit of very small electric field strength '**'*!,

1.8.3 Reptation

Reptation can be envisioned as a long linear flexible macromolecule occupying

multiple pores, threading its way through the gel in a snake-like fashion (Figure 1-13c)
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12 Lumpkin ' discovered that mobilities will also be governed by the magnitude of the
electrical field. i.e. u = % + bE? where b is a function of the mesh size of the lattice

network, charge and segment length of the migrating species and E is electrical field

strength '2°.
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Figure 1-13. Different sieving regimes: gel electrophoresis (top) versus
artificial nanofluidic sieves and filters (bottom). (a) Ogston sieving
mechanism, (b) Entropic trapping mechanism, and (c) Reptation
mechanism. Circles are posts or immobile gel structures.
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1.9 Separation efficiency

The basis of separation in electrokinetic separation is either the difference in
electrophoretic mobility of ions under an applied field, chromatographic interaction with
a stationary phase, or a combination of both. The basic equation proposed by Gidding '**

to calculate the theoretical plates can be used to determine efficiency in electrokinetic

separation. The number of theoretical plates, N, can be obtained by

v (! 2 1-9
-(5)

where [ 1is capillary effective length, and can be related to the height equivalent to a

theoretical plate (HETP), H, by

l 1-10
H= (N)

Under ideal conditions (small injection plug length and no solute-wall
interactions) the sole contribution to solute-zone broadening in CE can be considered to
be longitudinal diffusion along the capillary. Radial diffusion across the capillary is
unimportant due to the plug flow profile. Thus, the efficiency can be related to the

molecular diffusion term in chromatography ®. That is

_ 2DIL 1-11

where D is the diffusion coefficient of solute. Substituting equation 1-11 into equation

1-9 yields a fundamental electrophoretic expression for plate number
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M VDI pe El 1-12
~ 2DL 2D

From equation 1-12, the reason for the application of high fields is evident. This
follows simply because the solute spends less time in the capillary at high field and has
less time to diffuse. In addition, this equation shows that large molecules such as proteins
and DNA, which have low diffusion coefficients, will show less dispersion than small
molecules.

The theoretical plate number can be determined directly from an

electropherogram, using, for example,

" 2 1-13
N=5.54< )

where t is migration time and W/, is temporal peak width at half height. Resolution of

sample components is the ultimate goal in separation science. Resolution is most simply

12
defined as '*°:

— Z(tz - tl) 1-14
wi; + W,

where t is migration time and W is baseline peak width. The resolution of two

components can also be expressed with respect to efficiency. Equation 1-15 °® shows that
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there is a square root relation between resolution and voltage. The voltage must be
quadrupled to double the resolution.

1-15

1
1/2
V2 (Bx) (D (m+ :uEOF))

R =
4
Separation by electrophoresis is based on differences in protein velocity in an electric

field. The velocity of a protein can be given by equation 1-16:
V= tgppE 1-16

The electric field is simply the quotient of the applied voltage and channel length
(in V/em). The mobility, for a given protein and medium, is a constant which is
characteristic of that protein. The mobility is determined by the electric force that the
protein experiences '*°.

The resolution of two proteins in a separation depends on two factors; peak

sharpness and selectivity, as indicated in equation 1-17.
L
H At
4 t
where the term L is the separation length and H is the plate height, which is proportional

to peak variance. The equation shows that the smaller the value of H, the sharper the

peak. The term At/t describes the selectivity for the two components being separated,
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where At is the difference in migration time of the two components and ¢ is their average
migration time. Equation 1-17 shows that improvements in resolution could come from
increased length %2 On the other hand, it is important that the sample plug length be
minimized during the injection. If the length is longer than the dispersion caused by
diffusion, efficiency and resolution are sacrificed '**'*. However, when the ratio of
injection plug length to the total length of the microchannel is decreased by increasing the

detection length, the efficiency and resolution are improved.

1.10 Surface chemistry characterizations techniques

In the following part the different characterization methods which were employed

in this thesis are discussed.

1.10.1 Energy Dispersive X-Ray Analysis (EDX)

Energy Dispersive X-Ray Analysis (EDX) also referred to as EDS or EDAX, is
an x-ray technique used to identify the elemental composition of materials '*. The EDX
technique detects x-rays emitted from the sample during bombardment by an electron
beam to characterize the elemental composition of the analyzed volume. Features or
phases as small as 1 pm or less can be analyzed. When the sample is bombarded by the
SEM's electron beam, core electrons are ejected from the atoms. The resulting electron
vacancies are filled by electrons from a higher filled electronic state, and an x-ray is
emitted to balance the energy difference between the two electronic states. The x-ray

energy is characteristic of the element from which it was emitted. Because electrons do
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not penetrate very far into a material, this method gives a surface and near surface
analysis.

The EDS x-ray detector measures the relative abundance of emitted x-rays versus
their energy. The detector is typically a lithium-drifted silicon, solid-state device. When
an incident x-ray strikes the detector, it creates a charge pulse that is proportional to the
energy of the x-ray. The charge pulse is converted to a voltage pulse (which remains
proportional to the x-ray energy) by a charge-sensitive preamplifier. The signal is then
sent to a multichannel analyzer where the pulses are sorted by voltage. The energy, as
determined from the voltage measurement, for each incident x-ray is sent to a computer
for display and further data evaluation. The spectrum of x-ray energy versus counts is

evaluated to determine the elemental composition of the sampled volume '*°.

1.10.2 Time-of-Flight Secondary Ion Mass Spectrometry (TOF-SIMS)

SIMS provides elemental, chemical state, and molecular information from
surfaces of solid materials. In SIMS the surface of the sample is subjected to
bombardment by high energy ions. This bombardment leads to the ejection
(or sputtering) of both neutral and charged (+/-) species from the surface (Figure 1-14).
The ejected species may include atoms, clusters of atoms and molecular fragments. A
time-of-flight analyzer is used to measure the exact mass of the emitted ions and clusters.
From the exact mass and intensity of the SIMS peak, the identity of an element or

molecular fragments can be determined "*°.

36



—= ||

c
e spectral
emitter N S analysis
=
N 2 |
pulsing w
/ L
|.... s
focusing
detector - —
\ transport optics imaging
raster\ , extractpr
target electron
) flood gun  gputter depth
profiling

Figure 1-14. Sketch of the functional principle of a ToF-SIMS instrument
and options for surface and bulk analysis of solid catalyst samples by (1)
mass spectrometric analysis of surface borne secondary ions, (2) imaging of
the lateral distribution of secondary ions, and (3) sputter depth
profiling130.

1.10.3 X-Ray Photoelectron Spectroscopy (XPS)

The XPS technique is used to investigate the chemistry at the surface of a sample.

B! Photons

The basic mechanism behind an XPS instrument is illustrated in Figure 1-15
of a specific energy are used to excite the electronic states of atoms on and below the
surface of the sample. Electrons ejected from the surface are energy filtered via a
hemispherical analyser (HSA) before the intensity for a defined energy is recorded by a
detector. Since core level electrons in solid-state atoms are quantized, the resulting
energy spectra exhibit resonance peaks characteristic of the electronic structure for atoms

at the sample surface. While the x-rays may penetrate deep into the sample, the escape

depth of the ejected electrons is limited. That is, for energies around 1400 eV, ejected
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electrons from depths greater than 10 nm have a low probability of leaving the surface

without undergoing an energy loss event, and therefore contribute to the background

signal rather than well-defined primary photoelectric peaks '*2.
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Figure 1-15. Schematic of XPS instrument.

1.10.4 Transmission electron microscope (TEM)

TEM operates on the same basic principles as the light microscope but uses
electrons instead of light. The TEM uses electrons as a light source, and their much
shorter wavelength gives resolution a thousand times better than with a light microscope
133 Tt is possible to resolve objects to the order of a few angstroms. The possibility for
high magnifications has made the TEM a valuable tool in medical, biological, and
materials research. Successful sample preparation depends on the kind of sample under
examination and its structural details, and the methods do not work to the same extent for
all morphological types. Therefore, to perform a full structural determination it is often

necessary to apply several complex sample preparation techniques '**.
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1.11 Conclusion

A brief review of recent trends in protein separation, separation matrices and their
applications, separation principles and fundamentals, and methods of surface
characterization are presented above. In the following chapters, we will focus on the
polymer entrapment technique for stabilization of CSA beds, and photografting methods
to modify the surface chemistry of the beds. Characterization of the polymerization and
surface modification is performed using the methods described above, and the

performance of the materials for separation is examined in detail.
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CHAPTER 2: ENTRAPPED SELF ASSEMBLED COLLOIDAL
ARRAY NANOPARTICLE AND CHARACTERIZATION'

2.1 Introduction

Methods for efficient separation and purification of biomolecules are of utmost
importance in diagnostics, chemical biology, proteomics, and genomics '°. The
dominant separation method is polyacrylamide gel -electrophoresis of sodium
dodecylsulphate denatured proteins (SDS-PAGE), in slab or capillary format. Numerous
micro-/nanofabricated nanoporous sieving matrices have been studied as an alternative to

2737 These rigid,

randomly structured gels for size based separations of biomolecules
fabricated sieving structures have long-term stability compared to gels, which are
typically prepared fresh for each analysis, and provide a means to improve the efficiency
and speed of separation. Micro-/nanofabrication of sieving matrices, however, requires
sophisticated, time consuming procedures, such as electron beam lithography and deep
reactive ion etching, and results in two-dimensional architectures, all of which impedes
their applications on a routine base. In this work, a combination of colloidal self-
assembly (CSA) of particle beds, with organic polymer entrapment for stabilization and
low resolution soft-lithography is employed to produce a highly efficient sieving media
within the interstitial particle space. The procedure offers an alternative to

polyacrylamide gels and to nanofabricated post structures, yielding a highly efficient

sieving matrix for size based electrophoretic separation of proteins.

! Aversion of this chapter is in-press in Electrophoresis, 2016
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The method of polymer entrapment of a CSA bed, characterization based on
imaging/non-imaging techniques, sample injection, and sample detection optimization are

discussed in this chapter.

2.2 Materials and Methods

2.2.1 Reagent and Sample

Uniform silica nanoparticles were obtained from Bangs Laboratories (Fishers,
IN). Benzoin, methanol, 2-hydroxyethyl methacrylate (HEMA), and ethylene
dimethacrylate (EDMA), and fluorescein dye, were purchased from Sigma-Aldrich
Canada (Oakville, ON). BODIPY 493/503 (4,4-difluro-1,3,5,7,8-penta methyl-4-bora-
3a,4a-diaza-s-indecene) was from Molecular Probes (Eugene, OR). (4x TBE
(Trisaminomethane Borate Ethylenediaminetetraacetic acid), 0.1% w/v Sodium Dodecyl
Sulfate (SDS)) was used as a running buffer and fluorescein dye was diluted with running
buffer to concentration of 10”7 M. Deionized water with resistivity of 18 MQ (Milli-Q
UV Plus Ultra-Pure Millipore System, Milford, MA) was used to prepare all reagents and

samples. Solutions were passed through a 0.22 um pore size filter before use.

2.2.2 Microchip fabrication

Figure 2-1 shows the sketch of the polydimethylsiloxane (PDMS) microfluidic
device fabricated following standard soft lithography procedures ** to give a device with
a depth of 10 pm and width of 100 um. The sample inlet and outlet channels had an

offset equal to 100 pm (a double-T injector). The buffer and injection channels were

41


https://www.google.ca/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&sqi=2&ved=0ahUKEwif3eXli5nOAhVPwWMKHQ_lAXgQFggbMAA&url=https%3A%2F%2Fen.wikipedia.org%2Fwiki%2FEthylenediaminetetraacetic_acid&usg=AFQjCNFcDRb2RuoFju_Oiw_hf4Zx4zoldA&bvm=bv.128617741,d.cGc

4 mm long and the separation channel was 15 mm long. A positive photoresist master
(AZ-4620, Clariant Corp., and Charlotte, NC) was UV patterned on a 4-in. silicon wafer.
Negative PDMS replicas were made by pouring a 10:1 mixture of PDMS base (Sylgard
184, Dow Corning, Midland, MI) with the curing agent over the wafer, followed by
curing at 60 °C overnight. PDMS replicas were removed from the master and reservoir
holes were punched to access channels. All devices were assembled by sealing PDMS
replicas to clean glass slides. The PDMS and glass were washed and rinsed with ethanol

and double distilled water, then dried with nitrogen gas before sealing.
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a) Prepare positive mold

b)  Pour PDMS pre-polymer and curing at 60 °C overnight

c) Peel off the PDMS layer

d) Cut PDMS and Punch holes following by adhere to glass slide

Figure 2-1. Schematic illustration of one-dimension microchip assembly.
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Aqueous commercial suspensions of silica nanoparticles (Table 2-1) were
ultrasonicated for 10 min prior to use, and were used without any other modification or
treatment to form the on-chip colloidal self-assembly structures, following the protocol
described by Zeng and Harrison *®. A 10-15 pL colloidal suspension was injected into
reservoirs 1, 2, and 3 shown in Figure 2-2. The aqueous solution fills the channels
spontaneously, forming a liquid meniscus at the outlet of the channel in reservoir 4. Once
all channels were filled, reservoirs 1, 2, and 3 were covered with a PDMS piece to
prevent solvent evaporation. Reservoir 4 was left open so that evaporation induced

colloidal growth within the channels (Figure 2-2).

Table 2-1. Particle sizes and dispersions used for packing the 1D chip.

Particle size (nm) Dispersion (nm)
50 +10
310 +40
540 +60
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Colloidal
suspension

PDMS Evaporation

T Glass

Buff:
Buffer s

Self assembled
colloidal array

Figure 2-2. Schematic illustration of colloidal self-assembly in a one-
dimensional separation microchip, a) colloidal particle suspension was
injected into the reservoirs 1, 2, and 3, b) the reservoirs containing
suspension were covered to prevent evaporation while reservoir 4 was left
open to induce the packing while the chip was kept in a covered petri dish,
c) After packing, reservoirs were filled with running buffer and the chip
was used for separation. Greater wetting of glass verses PDMS gives a tail
at the reservoir edge.
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2.2.3 Instrumental setup

Samples were loaded from reservoir 2 by applying an electric field to reservoir 3
with other reservoirs grounded, which forming a shaped injection plug. Separation was
performed under different DC electric fields with a “pull-back™ voltage applied to
reservoirs 2 and 3 to prevent sample leakage from the sample reservoir. A laser induced
epifluorescence detection system with a 488 nm Ar' laser was used to monitor analyte
signal 0.8 cm-1.3 cm away from the injection point. A detailed description of the

detection system can be found in '*° and the setup is shown in Figure 2-3 .

a)

-

Time

Figure 2-3. Chip structure and experimental setup. a) A PDMS chip on a
glass slide. b) Chip design and reservoirs. c) Injection, the picture on the
right is the fluorescent image at the crossing region. d) Separation, the
right image is the intensity profile from fluorescent imaging signals 136.
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Fluorescein dye, FITC (fluorescein isothiocyanate )-labeled and SDS-denatured
proteins were detected using an epifluorescence microscope apparatus. The labeled
proteins were excited with an expanded 488 nm argon ion laser beam. Fluorescent
emissions were then collected by a 40xobjective and directed, via mirrors, to a 530+£30
nm band-pass filter to select excitation and detection wavelengths. After passing an 800
um pinhole, the light intensity is detected by a photodetection device that is
a photomultiplier tube (PMT). The data was collected by custom designed software using
Lab view (National Instrument) and was analyzed with Origin (OriginLab Corporation).

Figure 2-4 shows the experimental setup for protein detection.

Z
4 Y DC Power
| /,/ Supply
Xe v | \
Objective (40X)
505 Dichoric 488 Argon
mirror Laser
: PMT j
Mirror
530 nm
band -pass
filter

Figure 2-4. Epifluorescence microscopy setup diagram, the chip was
mounted on XYZ stages.
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Secondary ion mass spectrometry (SIMS) using ION-TOF IV (Ion-TOF GMBH)
analysis of the CSA columns was performed at the Centre for Surface Engineering and
Science (ACSES). Prior to these analyses, both native and polymer entrapped silica CSA
beds were air dried, and the PDMS covers were peeled off. TOF-SIMS images were
obtained using a TOF-SIMS IV instrument (ION-TOF GmbH, Germany). Bi+ ions were
used as analytical source, operated at 25 kB in a static mode. The imaging areas were

sputtered with O2+ ions, operated with 2 kV at different interval times.

2.2.4 Separation voltage calculation

While the voltage applied in reservoir 3 and 4 is zero (ground), voltages are
applied to reservoir 1 and 2 for separating proteins. In order to calculate the electric field
used for separation, calculation of the voltage at the intersection of the chip is essential.

All four channels can be modeled as a simple network of four resistors, as

illustrated in Figure 2-5.

v-i
\..TJ
R R'al R
Vi—y WN—ooY,

Figure 2-5. Equivalent circuit for intersection of four channels with
controlled potential.

48



The current in each channel and the potential at the intersection are expressed

using Kirchhoff’s rules, such that:

13211+12+I4 2-1

(V4_V])+(V1_V])+(V2_V])_ﬁ 2-2
R, Ry R, R3

V, Ry RyRs + ViR, RsR, + Vs, Ry RsR, 23

vV, =
) " RyR3R, + R, R3R, + Ry RyR, + Ry RyRs

In general, the potentials V; and V, can have any polarity. For this size based
protein separation study V| was always negative and V, always positive. V3 and V4 both
were zero when the voltages were applied for separation. The resistances R R, Rs, and
R, are proportional to the equivalent channel lengths 7.

The value of the intersection voltage V; means that the separation voltage is about

9% less than the total applied from reservoir 1 to 4. All the separation electric fields are

calculated using the intersection voltage given by equation 2-3.
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2.3 Results and Discussion

2.3.1 Stabilization of the CSA structure and confinement effect

In order to entrap the CSA nanoparticles in the microchannels, monomer was
introduced into the CSA beds, followed by in situ photopolymerisation. When the ratio of
an open microchannel size to the pore size of a bulk porogenic polymer system is less
than 5, a single polymer layer forms on the wall surface, instead of forming porous

. . . 83
monolith columns, as can be seen in Figure 2-6 ™.

Polymerfilm layer Deformed structure Regular porous structure
(ratio < 5) (5 <ratio< 10) (ratio > 10)

: I l {
1 pm 10 pm 50 pm 100 pm

Figure 2-6. The morphological evolution of porous polymer monoliths
within conduit controlled by scaling limits. As a ratio of spatial scaling to
bulk monolithic pore size decreases, the material becomes more porous and
sparse. At the ratio of less than 5, a uniform polymer coating with thickness
in the range of hundreds of nanometers is obtained. (Reprinted from M. He
et al. 83 Copyright (2012), with permission from Elsevier).

A 2-hydroxyethyl methacrylate (HEMA) monomer was employed for entrapment.

This is due to its biocompatibility, and its excellent stability against hydrolysis in alkaline

138,139

solution . Figure 2-7a show the schematic procedure of the entrapment method. The

monomer solution was prepared using various amounts of HEMA, along with EDMA
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and the free radical photoinitiator, benzoin, and the porogenic solvent, methanol. The
function of the progenic solvent is (1) to dissolve all monomers and the initiator to form a
homogeneous solution and (2) to control the phase separation process during
polymerization in order to achieve the desired pore structure '*°. Methanol was found to
be suitable for the stabilization of the CSA bed, due to producing a large pore size
polymer network '*° . An optimized monomer solution was comprised of 0.5% (v/v) of a
mixture of HEMA and EDMA (30%:70%, v:v), the free radical initiator benzoin (1 wt%
benzoin per weight of monomer) in 99.5% of the porogenic solvent, methanol. We used
HEMA and EDMA (30%:70%, v:v) given the high reproducibility obtained with this
composition ratio, as reported in previous work '*®. Other compositions tested included
0.01%, 0.05%, 5% and 10% (v/v) monomer mixture in methanol. The mixtures were
purged with nitrogen for 5 min to remove dissolved oxygen prior to introduction into
microchannels. In addition, free radical based polymerization in the PDMS device has
been problematic due to the oxygen permeability of the PDMS substrate. To address this
issue a 6 mm thick PDMS layer was used. A PDMS layer thickness < 3 mm did not result
in stable polymerized CSA beds. The monomer solution was then pipetted into all
reservoirs and voltage was applied to the reservoirs to drive the monomer solution
through the channels, with the advancement of the monomer followed by monitoring the
fluorescence of BODIPY added in the monomer solution. The time and voltages needed
for the monomer solution to fill all the channels were optimized for different particle

sizes and are listed in Table 2-2.
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UV light

Photopolymerization Detection

Figure 2-7. Schematic illustration of a) monomer solution preparation, b)
photopolymarization, and c) detection of colloidal self-assembly silica
nano-particles in one- dimensional separation microchip.

Table 2-2. Optimized voltage and time for loading the monomer solution
into the microchannels.

Particle size Voltage (V/cm) Time (min)
690 nm 76.5 6.6
540 nm 61.5 8.2
310 nm 53.8 10.4
150 nm 23 25
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Once the monomer mixture reached all reservoirs, the device was placed on a UV
Transilluminator equipped with six 15-W 312-nm tubes (model TS-312R, Spectroline,
Spectronics corp., Westbury, NY) for 5-30 min for photopolymerization, as shown in
Figure 2-7b. The polymer entrapped particles were then flushed with methanol/water
(1:1 v/v) to remove un-reacted reagents. The methanol/water mixture in the reservoirs
was replaced with the running buffer and the device was left to equilibrate for 20 min
prior to use. Finally, the HEMA-EDMA polymer (Figure 2-8a) '*' coated the surface of
the silica particles and glued the particles in the contact point without blockage the pores

(Figure 2-8b). Using these steps, pores were available for protein separation.
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Figure 2-8. Schematic illustration of entrapment colloidal self-assembly in
a one- dimension separation microchip, a) photopolymerization reaction
141 and b) native entrapped silica particles

2.3.2 Characterization of polymerization steps

2.3.2.1 Effect of monomer concentration and polymerization time

We optimized the coverage of the CSA structure with the HEMA/EDMA polymer
layer within the device illustrated in Figure 2-2, by varying the concentration of monomer

solution and the polymerization time. It has been shown that these two parameters are
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important in fine tuning the thickness of a polymer coating for on-chip separation **. For
a fixed amount of monomer solution, the photopolymerization time was increased from 5
to 30 min, in 5 min increments. The SEM image shown in Figure 2-9a shows that
polymer “webs” form at the particle-particle contact points, holding the nanoparticles
together. No obvious change is seen at the particle surface for polymerization times up to
15 min. Further increasing the polymerization time (>15 min) did not increase the
stability of the bed, as characterized by the electric field. Thus, 15 min UV illumination
time was used to prepare polymer entrapped, ordered, colloidal nanoparticle beds.

High resolution scanning electron microscopy (SEM) images were taken at the
National Institute for Nanotechnology using a Hitachi S-5500 scanning electron
microscope. Figure 2-9 shows SEM images of silica CSA beds entrapped with varying
amounts of monomer. As the concentration of the monomer was increased from 0.01% to
10% (v/v) voids were observed in the ordered structure, probably due to the higher
thickness of the coating on the particles that pushed them further apart. A monomer
composition of less than 0.5% resulted in a polymer that formed only at the nanoparticle
surfaces in the form of webbing. This polymerization glues the particles together without
disturbing the ordered colloidal self-assembly, so it was used for the following
experiments.

The impact of the monomer solution concentration on the crystalline structure
was also studied by calculating the average orientational order parameter (y) from SEM
images of HEMA-entrapped particles collected from different areas of the beds. The
degree of order varied with the polymer concentration, as quantified by y, which is given

by '** as:
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1 exp(6if) 2-4
V= N_pz 6

Where N, is the total number of particles, B is the angle between a line joining
nearest neighboring particles and an arbitrary reference axis, and i is the imaginary unit.
Figure 2-10 shows a plot of the average v as a function of the logarithm of monomer
concentration. y approaches unity for a perfect hexagonal order and approaches zero for

12 The self-assembled bed of 310 nm native silica

fully random configurations
nanoparticles is highly ordered with y = 0.93 and the lattice order of the beds were not
disturbed with monomer concentrations of < 0.5% (Figure 2-10). The pores in the lattice

structure also remained open. However, when the monomer concentration was increased

to 5% and 10%, the lattice structure was less ordered.
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Figure 2-9. SEM images of 310 nm silica particle beds formed by colloidal
self-assembly entrapped with photopolymerized methacrylates present at
a) 0.5% monomer solution, b)5% monomer solution, and c) 10% monomer
solution. Images were taken by peeling off the PDMS following
photopolymerization.
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Figure 2-10. Plot of the average orientational order parameter (W)
observed for beds vs logarithm of monomer solution concentration% during
photopolymerization, error bars were smaller than the plot symbols.

2.3.2.2 Effect of monomer concentration on electric field stability of packed beds

Figure 2-11 shows that cracks form in a nature silica bed when the electric field
was raised to about 300 V/cm. Five chips were prepared and stabilized with 0.01%,
0.05%, 0.5%, and 5% of monomer solution, using the same reaction conditions.
Figure 2-12 shows the effect of monomer concentration on the electric field stability of
native and entrapped silica nanoparticles. Cracks formed only at much higher voltages
when using polymer entrapment in the bed. It was observed that increasing the monomer
concentration from 0% to 0.5% resulted in increasing the electric field stability of the
bed. However, at 5% concentration the stability dropped, probably due to increased

disorder in the bed encouraging its fragmentation.
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Figure 2-11. Image of cracks forming in 310nm native silica particles CSA
bed in separation channel at about 320V /cm.
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Figure 2-12. The monomer% vs. Electric field stability.

2.3.3 Characterization techniques of entrapped self-assembled colloidal array

The entrapped CSA bed was assessed based on imaging and non-imaging
techniques. The imaging techniques include scanning electron microscope (SEM)
imaging, energy dispersive X-Ray analysis (EDX) analysis, time-of-flight secondary ion
mass spectrometry (TOF-SIMS), and transmission electron microscopy (TEM) imaging.
Electroosmotic flow (EOF) measurements, joule heating measurement and florescence

dye electrophoresis are non-imaging techniques that were used for characterization.
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2.3.4 Imaging techniques
2.3.4.1 SEM imaging

Monodisperse suspensions of 310 nm silica particles were used to fabricate
ordered packed structures inside the separation channel in the microfluidic device. The
packed bed was then entrapped with photopolymerized monomer solution (0.5%). SEM
images of these structures revealed homogenous, ordered, packed structures where the
pore size is around 15% of the particle size, which is the radius of the narrowest tunnel
surrounded by three adjacent spherical particles. For SEM observation, packed chips
were dried completely and the PDMS layer was peeled off before sputtering with an Au
metal layer. The bed was then coated with Au to improve the SEM resolution. It was
found that the Au coating did not affect the crystalline structure of particles, based on
some runs performed on high quality SEM instrumentation that do not require Au
coating. Using the self-assembly approach and monodisperse particle suspensions,
uniform ordered structures were fabricated. The top view and side view of the stabilized
beads in a channel are shown in Figure 2-13 as an example, resembling the extreme order

of micro-fabricated arrays that are made by nano-lithography.

60



——— — % =0 -
SEI 50kV  X8,000 1um WD 12.0mm of A s 50KV X20,000

Figure 2-13. SEM images of 310 nm silica particle beds formed by colloidal
self-assembly entrapped with photopolymerized methacrylate present at
0.5% monomer solution, gold coated, a) side view and b) top view.

2.3.4.2 Energy Dispersive X-ray spectroscopy (EDX) analysis

Energy Dispersive X-ray spectroscopy (EDX)is an analytical technique
for elemental analysis or chemical characterization of a sample '*. It relies on interaction
of some source of X-ray excitation from a sample, and an energy analyzer. For EDXS
analysis, a Zeiss EVO SEM with LaB6 electron source, equipped with a Bruker energy
dispersive X-ray spectroscopy system was used. This system has a resolution of ~100
nm. Data was obtained from the CSA bed when a specific region of a channel was
scanned by SEM without any sputtering with Au metal. The EDX analysis was achieved
from a native silica CSA bed and an entrapped silica bed to evaluate polymerization
within the CSA beds. The PDMS layer was peeled off right before analysis and the data
was obtained from three different portions of the bed.

From the EDX data, the presence of carbon atoms in the polymer entrapped beds
(Figure 2-14a) was observed, but not in the native silica beds (Figure 2-14b) consistent

with polymerization between the nanoparticles.
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Figure 2-14. Electron diffraction x-ray spectroscopy (EDXS) data of
polymer entrapped on-chip CSA particles (a) and native silica on-chip CSA
particles (b); particle diameter 310nm, monomer solution 0.5%
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2.3.4.3 Secondary lon Mass Spectroscopy (SIMS) analysis

TOF-SIMS is an acronym for the combination of the analytical technique SIMS
(Secondary Ion Mass Spectrometry) with Time-of-Flight mass analysis (TOF), (TOF-
SIMS) is a very sensitive surface analytical technique, well established for many
industrial and research applications '**'**. The technique provides detailed elemental and
molecular information about the surface, thin layers, and interfaces of the sample '**. The
SIMS data indicated that the C,HsO functional group of HEMA is present for up to 90
min of sputtering time on HEMA entrapped particle beds. Under the SIMS conditions,
the milling rate was 10 nm/min and thus a depth of 900 nm (equivalent to three particles
deep) was etched, confirming that the entrapped beds are robust and deeply permeated by
HEMA. In contrast, the native silica particles were removed under the milling beam
within minutes, due to the accumulation of electrostatic charge overwhelming the weak

adhesive forces of the native silica structure (Figure 2-15).
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(a) Polymer entrapped CSA bed (b) Native silica CSA bed

Figure 2-15. a) photopolymerization network and C;Hs0 functional group,
b) the analyzed area, Secondary ion microscopy (SIMS) data of (a) on-chip
polymer entrapped CSA silica particles following 90 min of sputtering.
Clearly Si and C:Hs0 functional groups from the entrapping polymer are
visible. (b) on-chip native Si CSA particles following 30min of sputtering.
The Si particles were disrupted and removed from the microchannel after
30 min of sputtering.

64



2.3.4.4 Transmission Electron Microscopy (TEM) analysis

A Transmission Electron Microscope (TEM) utilizes energetic electrons to
provide morphologic, compositional and crystallographic information on samples .
TEM produces a high-resolution, black and white image from the interaction that takes
place between prepared samples and energetic electrons in the vacuum chamber '*’. TEM
only works with samples made thin enough to be transparent to electrons, at a distance of
the order of 50-70 nm. To be able to view the native and entrapped particle bed by
electron microscopy, the first stage in preparing was fixation, which is one of the most
important and most critical stages. The CSA bed was air dried, the PDMS layer was
peeled of and, embedded in an epoxy resin and kept in an oven for 4 hours.

After embedding the resin, block was then thin sectioned by a process known as
ultramicrotomy. Sections of 50-70 nm thickness were collected on metal mesh “grids”
and observed in the TEM. Sectioning the sample allows looking at cross-sections through
samples to view internal (ultra)structure.

The TEM images obtained from native and entrapped silica nanoparticles shown
in Figure 2-16.

The native silica nanoparticles were not stable during sectioning, and very few
particles are seen. While the entrapped silica nanoparticles were stable enough to give
TEM images, the sectioning process appears damage to the badly crystalline structure. As
a result, we conclude the monomer solution penetrated deeply into the under layer of
silica nanoparticle in the form of webbing, gluing the particles together. However, the

structural damage means good quality/lattice images could not be obtained.
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(a) Native silica CSA bed (b) Polymer entrapped CSA bed

Figure 2-16. Transmission Electron Microscopy (TEM) data of (a) on-chip
native Si CSA particles, 310nm, (b) on-chip polymer entrapped CSA silica
particles, 0.5% monomer solution, 310nm.

2.3.5 Non-Imaging techniques

2.3.5.1 Electroosmotic flow (EOF) measurement

Electroosmotic flow (EOF) is the bulk flow of liquid in the microchannel and is a

consequence of the surface charge on the silica nanoparticles '**. The -OH groups of
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silica nanoparticles can be deprotonated and cause EOF in a CSA bed. The EOF results
from the effect of the applied electric field on the solution double-layer formed in
solution at the surface of the particles. EOF can have numerous disadvantages with
regard to analysis time, efficiency, and resolution. One way to circumvent this issue and
quench the EOF in size-based separation of biopolymers is to use a high ionic strength
buffer ****'*_ Also, EOF can be controlled by modification of the silica particle surface
by means of dynamic coatings (that is, buffer additives) or by polymer coatings '**'*'.
Coatings can increase, decrease, or reverse the surface charge and thus change the EOF
198199 "The neutral hydrophilic HEMA entrapping polymer film should suppress the EOF
in a CSA bed *. In this research EOF was measured by using migration time of a neutral
dye (BODIPY) in three chips. Figure 2-17 shows a plot of electroosmotic flow mobility
vs different concentrations of TBE buffer. The EOF mobility decreased along with
increasing buffer concentration, because higher concentration and ionic strength confers a
lower zeta potential and compresses the electrical double layer. The figure indicates that
the EOF generated from polymer entrapped silica CSA beds is ~2x10™ cm? v sec”
(RSD=4.1%, n=3 beds) when using 4x and 5x TBE toward cathode. This EOF is
relatively small and not sufficient to maintain stable electrokinetic flow for many
applications, for which >10" cm? v’ sec” is preferred. Thus, 4x TBE was used for
protein separation in our systems. Figure 2-17 also shows a three times reduction in EOF

when the CSA was entrapped with the polymer web compared to native beds. This is

consistent with burying the charged functional groups in a polymer coating.
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Figure 2-17. Electroosmotic flow (EOF) of polymer entrapped and native
silica CSA beds as a function of buffer concentration, pH = 8.3, measured
from observed mobility of BODIPY; 310nm silica particles in 10mm long
bed, entrapped with photopolymerized 0.5% monomer solution, E =
100V/cm.

2.3.5.2 Joule heating measurement

The heat generated by the passage of electrical current is called Joule heat. The
temperature increase depends on the power generated and is determined by conductivity
of the buffer, the capillary dimensions, and the applied voltage. Significantly elevated
temperatures occur when the power generation exceeds the dissipation rate 2. The main
advantage of performing electrophoresis in a narrow-bore microchannel is a reduction in

the effect of Joule heating, which has traditionally limited electrophoretic techniques '>°.
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Heating is problematic since it can cause nonuniform temperature gradients, local
changes in viscosity, and subsequent zone broadening. While the theoretical equations for
efficiency and resolution advocate the use of as high an electric field as possible, Joule
heating ultimately limits the benefit of this approach, regardless of capillary dimensions
and temperature control.

Joule heating was measured in a single microchannel, by increasing voltage while
the current was measured. The same running buffer (4xTBE) which was used for protein
separation was employed here to measure for a Joule heating effect. A plot of electric
field vs current shows a linear relationship for up to a tested electric field of 1,800 V/em
(Figure 2-18). This result indicates high performance can be expected in these columns
without the risk of Joule heating, so no significant band broadening should arise from

Joule heating effects.
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Figure 2-18. Plot of current vs electric field, with photopolymerized 0.5%
monomer solution, using 4x TBE buffer (pH 8.3).
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2.3.6 Characterization of injection time and separation voltage

2.3.6.1 Injection optimization

The injection system on a microfluidic chip is an important factor in the sample
handling process, and its characteristics help determine the efficiency and quality of the
separation. Also, a difference in conductivity of sample and running buffer can result in
sample stacking or electromigration dispersion. This will affect the peak shapes and
height. Therefore, the running buffer was always used to dilute the sample.

Here, the injection quality in devices entrapped with HEMA polymer and the
effect of injection voltage and time were studied on a fluorescein dye peak. From the
fluorescein dye peak, it was clear that the injection is indeed geometrically defined
(Figure 2-19). The fluorescein dye sample was injected to the separation channel by
keeping the constant field of 140 V/cm and changing the time (Figure 2-19a). Also, the
dye was injected with constant time 10 sec and different voltages as can be seen in
Figure 2-19b. Optimized injection time and voltage were 15 sec and 140 V/cm,

respectively.
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Figure 2-19. Electropherogram of fluorescein dye at different injection
time and electric field, E= 1150V/cm, with a packed bed length (Ld) 5mm

with photopolymerized 0.5% monomer solution, using 4xTBE buffer (pH
8.3).
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The fluorescein dye peak obtained at different detection lengths along the
separation channel was used to confirm that the entrapment technique is homogeneous
along the microchannel. Figure 2-20a, b, and ¢ show the fluorescein peaks at detection
lengths of 5, 8, and 12 mm. It can be seen that the migration time increases as the
detection length increases. The migration time increased from 8.7 sec to 20.05 sec when
the detection length increased from 5 to 12 mm. A plot of detection length vs migration
time is shown in Figure 2-21. The plot demonstrates a good linearity (R* = 0.997)
between detection length and migration time. As a result, the CSA bed was stabilized

along the entire bed and any desired length can be used for separation.
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Figure 2-20. Electropherogram of fluorescein dye at E= 1095 V/cm, with a
packed bed length (Ld) of a) 5, b) 8, and c)12mm with photopolymerized
0.5% monomer solution, using 4x TBE buffer (pH 8.3).
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Figure 2-21. Plot of detection length vs migration time for fluorescein dye
device used: R?=0.9919 310 nm silica particle CSA in 18mm long bed
entrapped with photopolymerized 0.5% monomer solution, using 4x TBE

buffer (pH 8.3).

Figure 2-22 shows electropherograms of fluorescein dye at a detection length (Ld)
of 13 mm, using different electric field strengths. The fluorescein dye peaks became
sharper as the electric field increased, because there was less time to diffuse and the
migration time decreased. The figure also shows that the polymer entrapped column can
withstand electric fields up to 1,800V/cm, which is significantly high compare to native

silica beds with no entrapment, for which ~320 V/cm is the limit.
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Figure 2-22. Electropherogram of fluorescein dye at increasing field
strength, 310nm silica particle CSA in 18mm long bed entrapped with
photopolymerized 0.5% monomer solution, using 4x TBE buffer (pH 8.3),
(Ld) of 13 mm.
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Figure 2-23 illustrates the apparent mobility obtained for fluorescein dye at a
separation length (L;) of 13 mm, using different electric field strengths. The apparent
mobility is constant in an elevated electric field, which confirms that the bed was stable
and useful at high voltages up to 1800V/cm.

Also the %RSD was 0.4% for the fluorescein migration times calculated from five
replicate runs at E= 956 V/cm and detection length (L;) of 5 mm, as shown in
Figure 2-24. This RSD shows the entrapped bed has good reproducibility for the next

step in our study, which is protein separation.
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Figure 2-23. Plot of apparent mobility (pnapp) vs electric field for fluorescein
dye device used: 310nm silica particles CSA in 13mm long bed entrapped
with photopolymerized 0.5% monomer solution, using 4x TBE buffer (pH
8.3).
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Figure 2-24. Reproducibility of fluorescein dye peak at multiple run, E=
956V /cm, with a packed bed length (Ld) 5mm with photopolymerized 0.5%
monomer solution, using 4x TBE buffer (pH 8.3)
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2.4 Conclusion

The CSA bed was stabilized using photopolymerization of methacrylates and the
entrapped bed was assessed with different techniques of imaging and non-imaging. The
results show that the entrapment of CSA silica nanoparticles in microfluidic devices
results in a highly stable crystalline structure. These structures are fused together with
minimal amounts of organic polymer in a web-like formation. Photopolymerization of
methacrylates is a rapid, facile fabrication method for the stabilization of sub-micron
scale CSA particle beds, retaining a high degree of order and packing quality upon
polymerization. This polymer entrapment technique improved the stability of the CSA
structure at high electric fields (up to at least 1,800 V/cm) allowing fast and highly

efficient separation performance.
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CHAPTER 3: ENTRAPPED SELF — ASSEMBLED COLLOIDAL

ARRAY NANOPARTICLE FOR SIZE BASED PROTEIN SEPARATION2

3.1 Introduction

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) has
traditionally been used as the primary method for size-based protein separations under
denaturing conditions ®®. SDS binds to polypeptide chains (1.4 g of SDS/1 g of protein),
resulting in similar charge densities and constant mass-to-charge ratios. Hence, an
electrophoretic separation of these SDS-protein complexes can be achieved in a sieving
medium based on the size "**'.

In this chapter, we focus on the performance of polymer entrapped, ordered,
colloidal nanoparticle beds as a sieving medium for purpose of size based protein
separation. The effect of electric field, particle size, detection length, and mass resolution

are discussed. High molecular weight separation, molecular weight determination and

reproducibility of entrapped CSA bed are also explained.

* A version of this chapter is in-press in Electrophoresis, 2016.
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3.2 Materials and methods

3.2.1 Reagents

Uniform silica nanoparticles 310 and 540 nm in diameter were obtained from
Bangs Laboratories (Fishers, IN). Benzoin, methanol, 2-hydroxyethyl methacrylate
(HEMA), and ethylene dimethacrylate (EDMA), aprotinin (6.5 kDa), ribonuclease A
(13.7 kDa), lysozyme (14 kDa), trypsin inhibitor (soybean, 20.1 kDa), ovalbumin
(chicken egg, 45 kDa), and bovine serum albumin (BSA) (66 kDa) were purchased from
Sigma-Aldrich Canada (Oakville, ON). (4% Tris ((hydroxymethyl)aminomethane),
Borate, EDTA (Ethylenediaminetetraacetic acid) (TBE), 0.1% w/v SDS), pH 8.3, used as
a running buffer. Deionized water with a resistivity of 18 MQ (Milli-Q UV Plus Ultra-
Pure Millipore System, Milford, MA) was used to prepare all reagents and samples.
Solutions were passed through a 0.22 um pore size filter before use. BODIPY 493/503
(4,4-difluro-1,3,5,7,8-penta methyl-4-bora-3a,4a-diaza-s-indecene) was from Molecular

Probes (Eugene, OR).

3.2.2 Sample preparation

All proteins (Table 3-1) were individually conjugated with fluorescein
isothiocyanate (FITC) following the Sigma-Aldrich labelling protocol °*'*". A solution
of at least 2 mg/ml of protein in 0.1 M sodium carbonate buffer, pH 9 was prepared. For
each 1 ml of protein solution 50 pl of FITC solution (dissolved 1 mg in 1 ml DMSO) was
added very slowly, in 5 ml aliquots, while gently and continuously the stirring protein

solution. After all the required amount of FITC solution was added, the solutions were
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incubated in the dark for 8 hours at 4 °C. The labelled proteins were passed through a
Sephadex G25 column to remove the free FITC. The filtered FITC-labelled protein
solutions were stored in the dark at -20 °C until use.

In order to denature the proteins, aliquots of FITC-labelled protein solutions were
mixed with the same volume of buffer (4x TBE buffer, 4% w/v SDS, 8% v/v 2-
mercaptoethanol), then incubated at 85 °C for 5 min. Before separation, denatured
proteins were diluted with running buffer (4x TBE, 0.1% w/v SDS) to a final
concentration of 10°-10”7 M. Deionized water having a resistivity of 18 MQ (Milli-Q UV
Plus Ultra-Pure Millipore System, Milford, MA) was used to prepare all reagents and

samples. Solutions were passed through a 0.22 pum pore size filter before use.

Table 3-1. Proteins and their molecular weights used for separation.

Protein Molecular weight (kDa)
Aprotinin 6.5
Ribonuclease A 13.7
Lysozyme 14
Trypsin Inhibitor 20
Ovalbumin 45
BSA 67
3-galactosidase 116
Myosin 223
Thyroglobulin 330, 660
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3.2.3 Stabilization of the CSA structure

Briefly, an optimized monomer solution was comprised of 0.5% (v/v) of a
mixture of HEMA and EDMA (30%:70%, v:v) the free radical initiator benzoin (1 wt%
benzoin per weight of monomer) in 99.5% of the porogenic solvent, methanol. More
details have been discussed in section 2.3.1. Other compositions tested included 0.01%,
0.05%, 5% and 10% (v/v) monomer mixture in methanol. The device was
photopolymerized with a UV lamp. The polymer entrapped particles were then flushed
with methanol/water (1:1 v/v) to remove un-reacted reagents. Finally, the methanol/water
mixture in the reservoirs was replaced with the running buffer and the device was left to

equilibrate for 20 min prior to use.

HEMA Coated

Silica Particles %

Assembly PDMS

o 7 Glass slide

Figure 3-1. Schematic of the microfluidic chip with double T-injector
for one-dimensional separation, utilizing a porous separation media
formed by colloidal self-assembly of 310 nm diameter silica particles.
Channels are 10 um deep and 100 um wide, in PDMS, mounted on a
glass microscope slide.
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3.2.4 Separation and fluorescence detection

4xTBE buffer (pH 8.3), with 0.1% v/v SDS, was used as a running buffer. The
running buffer was always used to dilute the sample to prevent electromigration
dispersion. The polymer entrapped CSA beds were first equilibrated by applying 100
V/em until the current through the channels became static. A schematic of the
microfluidic chip is shown in Figure 3-1. Samples were loaded from reservoir 2 by
applying an electric field of 180 V/cm for 30 s to reservoir 3, with other reservoirs
grounded to form a shaped injection plug. Separation was performed under different
electric fields with a “pull-back™ voltage applied to reservoirs 2 and 3 to prevent sample
leakage from the sample reservoir. A previously (section 2.2.3) described laser induced
epifluorescence detection system with a 488 nm Ar+ laser '>® was used to monitor analyte

signal 0.8 cm - 1.3 cm away from the injection point.

3.3 Results and Discussion

The polymer entrapped CSA bed was evaluated in terms of plate height (H) vs
migration rate of trypsin inhibitor, by varying the applied electric field. The protein peaks
narrowed quickly as E was increased (Figure 3-2a). The small peak migrating prior to
trypsin inhibitor is an impurity. A plot of the migration rates of the protein as a function
of applied electric field showed a linear relationship (Figure 3-2b). Figure 3-2¢ shows a
plot of plate height vs analyte migration rate, after subtracting the band broadening
contribution from the injector '*°. Data was fitted to the classical Van Deemter equation
(equation 3-1).
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H=A+= + CU 3-1

where A depends on the quality of the column packing, B accounts for longitudinal
diffusion, and C expresses the effect of mass-transfer resistance in both the stagnant and
stationary phases. The H-U curve therefore features a minimum, corresponding to the
optimum plate height.

The most significant component is the inverse dependence on velocity, indicating
diffusion driven dispersion is dominant. A minimum value of H is seen at ~ 0.3 mm/s
migration rate, which corresponds to 670 V/cm. This point was taken as the starting point
for high performance separation, yielding H ~200 nm (5 x 10° plates/m) for trypsin
inhibitor. When data points corresponding to migration rates of 0.087 to 0.425 mm/s were
fitted to a B/Ucurve, it gave 0.106/v with an R* = 0.96, where U is the analyte migration
rate. At the highest fields evaluated (>1,600 v/cm), H increases with field and migration
rate. This effect may arise from Joule heating, although the data in Figure 3-2a and the
current plot indicate the thermal contribution to dispersion is very minor. Resistance to
mass transfer, arising from non-specific adsorption induced band broadening, offers a
more likely explanation for the linear rise in plate height at higher migration rates. A fit
to the classical Van Deemter equation '®’ is not ideal, even with the highest migration rate
data omitted from the fit, but the results show an electric field dependence similar to that
reported in the literature *>>101:162,

A fit of equation 3-1 up to 0.425 mm/s gives a value for the A term that is nearly

zero and a negligible value for C. However, a fit to the full data set gives a negative value
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for A and a value for C of 0.83. This behavior has been reported previously, but not
discussed in detail **. It implies a CU term in which C has an onset velocity.

When the colloids are not close-packed (i.e., if there is a crack), then the proteins
tends to migrate along the crack rather than through the interior of the crystal ** %63,
This destroys the separation as it introduces significant radial heterogeneity in the
mobility, creating catastrophic band broadening as well as providing a sieve-free path. On

the other hand lattice defects and structural disorder cause band broadening, and

contribute to the terms in the Van Deemter equation.
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Figure 3-2. a) Migration rate (u) of trypsin inhibitor vs electric field,
packed bed length (Ld) = 9 mm. b) Electropherogram of trypsin inhibitor at
electric fields of 110, 220, 440, 1330, and 1600 v/cm, La = 9 mm. The small
peak eluted before trypsin inhibitor is an impurity peak. c) Plot of plate
height vs trypsin inhibitor migration rate (e®) fitted to a B/u curve (solid

line) resulted in a B value of 0.106, R? = 0.96 fit to data from v = 0.087 to
0.425 mm/s.

3.3.1 Effect of electric field on separation

Figure 3-3 shows electropherograms of a mixture of four FITC-labeled SDS
denatured proteins: aprotinin (MW 6.5 kDa), trypsin inhibitor (MW 20.1 kDa),
ovalbumin (MW 45 kDa), and bovine serum albumin (BSA) (MW 66 kDa) detected at a
separation length (Ld) of 13 mm, using different electric field strengths (345, 488, 963,

1081, 1199, and 1436 V/cm). The four proteins migrate through from the 310 nm CSA
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bed with a migration time that increases with molecular weight; aprotinin was detected
first and BSA was detected last, as determined by injecting each protein separately.
Baseline separation of all species was accomplished, as shown in Figure 3-3. As
the electric field increased, the peaks were sharper, and the separation time decreased to
32 s, while the resolution improved. Figure 3-3 shows that the polymer entrapped
column can withstand electric fields up to 1,450 V/cm, which is significant compared to
native 310 nm silica particle beds with no entrapment, for which ~300 V/cm is the limit

before the bed is disassembled.
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Figure 3-3. Electropherogram of (a) 1-aprotinin (6.5 kDa), 2-trypsin
Inhibitor (20 kDa), 3-ovalbumin (45 kDa), and 4-BSA (66 kDa) at
increasing field strength, with a packed bed length (Lq) of 13 mm.
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The resolution between aprotinin (6.5 kDa) and trypsin inhibitor (20 kDa)
improved two times when the voltage increased about four times, consistent with the
equation 1-15.

Figure 3-4 shows apparent mobility (app) Vs electric field intensity for aprotinin
(6.5 kDa), trypsin inhibitor (20 kDa), ovalbumin (45 kDa), and bovine serum albumin
(BSA, 67 kDa). The apparent mobility is constant at elevated electric field for four

proteins, which confirms that the CSA bed was stabilized properly.
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Figure 3-4. Plot of apparent mobility (uapp) vs electric field for aprotinin
(6.5kDa), trypsin inhibitor (20kDa), ovalbumin (45kDa), and bovine serum
albumin (BSA, 66kDa); device used: 310 nm silica particles CSA in 13 mm
long bed entrapped with photopolymerized 0.5% monomer solution, using
4x TBE buffer (pH 8.3).
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3.3.2 Molecular weight determination

Based on the Ogston sieving model, the logarithm of the electrophoretic mobility
of the SDS-protein complexes are proportional to their molecular size i.e. log p o —M .
Fitting results to this data identifies the separation mechanism, and can be used to
identify molecular weights with appropriate standards. Figure 3-6 shows the plot of the
logarithmic electrophoretic mobility of four proteins as a function of their molecular
weight. A linear least squares fit to the data shows good linearity (R*=0.986), indicating
that the separation mechanism resolves proteins upon the basis of size *°. This result is
consistent with Ogsten theory, and it can be used for molecular weight determination of
unknown proteins.

As an example, the peak of ribonuclease A with molecular weight of 13.7 kDa at
E= 810 V/cm, and L; = 12 mm was obtained (Figure 3-6). The log mobility of the peak
was calculated and the molecular weight interpolated based on the plot in Figure 3-5a.

The plot predicts a molecular weight of 14.2+0.3 kDa which differs by 0.5 kDa from 13.7

kDa.
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Figure 3-5. Mobility vs (a) molecular weight of aprotinin (6.5 kDa), trypsin
inhibitor (20 kDa), ovalbumin (45 kDa), and BSA (67 kDa) and (b) log
molecular weight of aprotinin (6.5 kDa), trypsin inhibitor (20 kDa),
ovalbumin (45 kDa), and BSA (66 kDa) in a 310 nm particle polymer
entrapped CSA bed, error bars are smaller than the plot symbols.
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Figure 3-6. Electropherogram of ribonuclease A (13.7 kDa), in a 310 nm
particles polymer entrapped CSA bed, at E= 810 V/cm, Lq = 12 mm.
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3.3.3 High molecular weight proteins separation

Many high molecular mass proteins (MW>100 kDa) are known to be involved in
transcription related to cytoskeleton, defense, and immunity in higher eukaryotic
organism '**. Since these high molecular weight proteins would be targets for genomic
therapeutics, efficient separation and purification techniques are required '®. Protein
biomarkers are a measurable indicator of a specific biological state, particularly one with
relevant to the risk of contracting a disease, or the presence and stage of a disease '*°.
Some high molecular weight proteins such as myosin heavy chain (200 kDa), dystrophin
(400 kDa), or thyroglobulin (330 kDa) are responsible for diseases and represent good
targets for proteins cannot be separated properly by SDS-PAGE "' In the past 20
years, there have been many attempts to optimize the composition of protein separation
matrices to enhance the electrophoretic resolution of high molecular weight proteins
using polyacrylamide or agarose polymers ''*'"*. Gel electrophoresis is a useful tool for
protein separation. However, using this method with large proteins in not easy, because
protein migration is very limited even in large porosity gels, which are also mechanically
unstable and require long separation times ''*.

A gel with low percentage of acrylamide is typically used to separate large
proteins, but the gel becomes extremely weak and difficult to handle '®’. We examined
the stabilized CSA bed to separate some high molecular weight proteins. Such proteins
are also separated in the same entrapped beds, although longer injection times are
required to obtain good peak sizes, resulting in some loss of separation efficiency.

Separation of a mixture of four high molecular weight FITC-labeled SDS

denatured proteins is shown in Figure 3-7. Protein mixtures consisting of ovalbumin
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(MW 45 kDa), BSA (MW 67 kDa), B-galactosidase (MW 116 kDa), and myosin (MW
223 kDa), were separated at 1,450 V/cm, using a 50 s sample injection at 180 V/cm.
These four proteins were separated based on their sizes in less than 60 s. Figure 3-8
demonstrates separation of another high molecular weight protein mixture, comprised of
BSA (MW 67 kDa), myosin (MW 223 kDa), and thyroglobulin (330 and 660 kDa), using
a polymer entrapped 310 nm CSA silica bed length of 13 mm at an applied electric field
intensity of 1300 V/cm. The results demonstrate separation of high molecular weight

SDS denatured proteins in the entrapped beds.

Fluorescence intensity (au)
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Figure 3-7. Electropherogram of SDS denatured (1) ovalbumin (MW 45
kDa), (2) BSA (MW 66 kDa), (3) [s-galactosidase (MW 116 kDa), and (4)
myosin (MW 223 kDa), obtained with a polymer entrapped 310 nm CSA
silica bed length of 13 mm at an applied E of 1450 V/cm. Sample was
injected for 50 s at 180 V/cm.
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Table 3-2. Peak resolution of SDS denatured ovalbumin (MW 45 kDa), BSA
(MW 66 kDa), s-galactosidase (MW 116 kDa) and myosin (MW 223 kDa).

Molecular weight (kDa) 45-66 67-116 116-223
Peak resolution 0.97+0.02 3.08+0.03 2.75+0.02
1
) 3
g, 2
E 4
0 50 100 150 200 250

Time(sec)

Figure 3-8. Electropherogram of SDS denatured (1) BSA (MW 67 kDa), (2)
myosin (MW 223 kDa), (3,and 4) thyroglobulin (330 and 660 kDa) obtained
with a polymer entrapped 310 nm CSA silica bed length of 13 mm at an
applied E of 1300 V/cm. Sample was injected for 70 s at 180 V/cm.

3.3.4 Mass resolution

Resolution of sample components is the ultimate goal in separation science. Peak
resolution can be calculated by equation 1-14. The use of the high electrical field results

in short analysis times, high efficiency, and improved resolution, as the shorter separation
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time gives narrower peaks. To characterize the resolving power of the polymer entrapped
CSA beds, the minimum resolvable molecular weight difference (R) was estimated using
R= AM/Rs, where AM is the mass difference and Rs is the resolution between two peaks.
Figure 3-9 shows a near baseline separation of two proteins whose AM is 0.6 kDa,
ribonuclease A (MW 13.7 kDa), and lysozyme (MW 14.3 kDa) over 8 mm separation
length at an electric field strength of 1,380 V/cm. A plate height was obtained for
ribonuclease A of 56 nm. From the Figure, R is estimated as 1-2 kDa, which is superior
to what has been reported in the literature for size based separation of SDS denatured
proteins using on-chip CSA (R = 9 kDa) ** and using on-chip gel/polymer matrix (R =
4.1 and 5.8 kDa) *"'".

Peak resolution, efficiency and speed of analysis are greatly improved for the
polymer entrapped beds compared to literature values reported for on-chip analysis of
similar proteins using native CSA beds **. The greatly improved speed of analysis (~ 30
sec) vs ~16 min required to separate four similar proteins by Zeng and Harrison ** using
the same 310 nm silica particles, 1s due to the high electric field applied on the polymer

entrapped CSA bed.
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Figure 3-9. Electropherogram of 1- ribonuclease A (13.7 kDa), and
lysozyme (14 kDa), in a 310 nm particle polymer entrapped CSA bed at E=
1255 V/cm, La = 8 mm.

3.3.5 Effect of Particle Size on Resolution Efficiency

Efficient sieving- based protein separation in the CSA bed requires small pore
size. The pore size of the packed particles is 15% of the particle sizes. Smaller pore sizes
should provide higher quality in separation of proteins, as initially demonstrated by Zeng
et al. **. Figure 3-10a,b demonstrate separation of four SDS-denatured proteins using two
different particle sizes. Four proteins of 14-67 kDa were separated in a matrix of 540 nm
silica particles (81 nm pore size) with E=1440V/cm, and a detection length of 13 mm.
The resolution was 2.3 between the 6.5 and 20 kDa proteins and 1.5 between the 20 and
45 kDa, proteins respectively.

Figure 3-10b exhibits the greatly improved separation efficiency using 310 nm
silica particle array with pore size of 46 nm. Four proteins were baseline resolved. The
resolution between 6.5 kDa and 20 kDa improved to 5.6, also the resolution between 20
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kDa and 45 kDa improved to 2.7. Employing smaller particles packed bed produces
smaller pore size as a sieving matrix, so the efficiency of the separations is improved as a

result.
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Figure 3-10. Electropherogram of (a) aprotinin (6.5 kDa), trypsin Inhibitor
(20 kDa), ovalbumin (45 kDa), and BSA (66 kDa, E=1440 v/cm, L= 13 mm.
a) 540nm, b) 310nm particles.
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3.3.6 Effect of detection length on resolution efficiency

Figure 3-11 demonstrates separation of four SDS-denatured proteins using 6 and
13 mm detection lengths. Four proteins of 6.5-67 kDa were separated in matrix of 310
nm silica particles with E=1440 V/cm and a detection length of 9 and 13 mm. The
resolution between trypsin inhibitor (20 kDa) and ovalbumin (45 kDa) improved from 1.2
to 2.8. Therefore, increasing the detection length results improved resolution (equation 1-

17). A plate height as low as 93 nm obtained for lysozyme.
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Figure 3-11. Electropherogram of (a) lysozyme (6.5 kDa), trypsin Inhibitor
(20 kDa), ovalbumin (45 kDa), and BSA (66 kDa), E= 920 V/cm, 310 nm
particles (Laq) of (A) 6mm (B) 13mm.

3.3.7 Reproducibility of CSA bed fabrication

Reproducibility of bed fabrication and performance is critical for routine

analytical use, and can also provide a diagnostic of the bed condition. The fabrication and
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polymer entrapment of the CSA structures was monitored by visual inspection for cracks
and by electrokinetic injection of a single FITC-labeled protein multiple times,
monitoring migration time changes. This was done for over 35 devices. Devices were
deemed functional when visually free from cracks and the migration time of the protein
was within 11% of average. The device yield when applying these criteria was 87%.
The reproducibility of the polymer entrapped CSA bed performance was assessed
through the %RSD of the migration times of the four proteins separated (Figure 3-12). A
polymer entrapped CSA bed was readily used for a week to separate four proteins,
multiple times a day using E =1,100 V/cm. In contrast, the native silica particle CSA bed
was not stable for even one day, due to the movement of particles in electric field. The
%RSD of the protein migration times varied from 0.3% to 0.5% (n=4) in one day and <
0.83% over a period of 7 days (n=28). The apparent mobility of the proteins in a given
polymer entrapped CSA bed remained constant (Figure 3-4), with %RSD in the range of
2.2 - 4.7%, demonstrating the stability of the entrapped bed. The overall %RSD of
migration time from chip-to-chip within a single fabrication run was 4.3% (n=3 beds),

demonstrating reproducible packing and entrapment behavior.
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Figure 3-12. Electropherogram of (a) aprotinin (6.5 kDa), trypsin Inhibitor
(20 kDa), ovalbumin (45 kDa), and BSA (66 kDa) at four replicate runs,
E=1100V/cm, (Lq) of 13 mm.

3.3.8 Performance comparison

The 56 nm plate height (Table 3-3) observed for SDS denatured protein is 35
times better than that previously reported for size based separation of SDS-denatured
proteins in an on-chip CSA bed or polymer/gel matrix **°, 120 times better than using
microparticle packed on-chip columns for acetonitrile denatured proteins '*°, 200 times
better than for CEC of native proteins in polymer monolith columns '"®, 35 times better

77 and 10 times better than

than SDS denatured proteins in gel-filled microchannels
highly optimized SDS capillary gel electrophoresis '’*. The efficiency is 8.5 times better

than the reported value for much smaller and less complex amino acids and peptides
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using thermally immobilized CSA on-chip **, and 7 times better than other polymer

stabilized CSA beds for SDS denatured proteins **.

Table 3-3. Plate height calculated for separated proteins.

Proteins Aprotinin Lysozyme Ribonuclease A  Trypsin  Ovalbumin BSA

inhibitor

H 250 nm 93 nm 56 nm 200nm  600nm 1 um
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3.4 Conclusion

The entrapment of CSA silica nanoparticles in microfluidic devices as presented
here results in a highly stable crystalline structure fused together with minimal amounts
of organic polymer in a web-like formation. Photoplymerization of methacrylates is a
rapid, facile fabrication method for the stabilization of sub-micron scale CSA particle
beds, retaining a high degree of order and packing quality upon polymerization. This
polymer entrapment technique improved the stability of the CSA structure at high electric
fields (up to at least 1,800 V/cm) allowing fast and highly efficient separation
performances. For a separation length equals 13 mm, plate numbers of more than 106/m,
with associated plate heights around 56 nm were observed for SDS denatured proteins.
The study demonstrates the potential of CSA nanoparticles beds in microchips for ultra-
fast separations, and the ability to separate close molecular weight proteins (AM = 0.6
kDa) in such short separation lengths will be valuable for biomolecular separations in

microfluidic devices.
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CHAPTER 4: PHOTOGRAFTING OF CHARGED MONOMERS ON
HEMA COATED NANOPARTICLE BEDS FOR NATIVE PROTEIN

SEPARATION

4.1 Introduction

Three-dimensional colloidal crystals fabricated via a colloidal self-assembly
(CSA) ** method provide nanoporous structures that offer a novel approach for separation
of the biomolecules, i.e. DNA and proteins, under an external electrical field as a driving

39,43,45,158,179-183
force 7

. The development of microfluidic devices for analytical and
bioanalytical chemistry has, in the last there decades, led to ground breaking advances in
terms of the speed of analyses, the resolution of separations and the automation of
procedures ¥+,

However, nonspecific protein adsorption to the silica surface is a major concern in
protein separation and causes lower efficiencies '*"'**'*°_ Even a small amount of protein
adsorption on a surface can lead to unwanted fouling '”’. Figure 4-1 demonstrates the
surface of a protein is not homogeneous. It may have hydrophobic, hydrophilic, cationic,
and anionic patches at the same time. Furthermore, the distribution of these different

patches on the protein surface and even in the protein structure are greatly affected by

environmental factors such as pH, ionic strength, temperature, interaction with small
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organic molecules, and so on. Protein adsorption can be the result of electrostatic,

hydrogen bonding, charge-transfer, and/or hydrophobic interactions '*°.

Cationic
Patch

Hydrophilic
Patch

Hydrophobic
Patch

Anionic
Patch

Figure 4-1. Schematic diagram of a model protein with heterogeneous
surface.

Protein adsorption is largely due to negatively charged deprotonated silanol
groups of the native silica surface. Sorption of proteins onto the surface of silica particles
can cause poor reproducibility, band broadening, and reduced efficiency. Variation in
EOF caused by adsorption is severe problem. In order to minimize protein adsorption,
numerous approaches have been studied, including the use of extreme pH "', neutral or
charged polymer coating such as [2-(methacryloyloxy) ethyl] trimethylammonium
chloride (META) ¥, polyethylene glycol (PEG) 1927194 zwitterionic %, and high ionic

197

strength additives Photografting onto synthetic polymers as a means of changing

198

polymer properties was pioneered by Oster and Shibata in the late 1950s . Later a rapid

and efficient photografting technique using benzophenone as a hydrogen abstracting

photoinitiator was developed by Ranby '***%.
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The strategy of further modifying a polymer coating by photografting is fast and
efficient, requiring less time and less complication than the atom transfer radical
polymerization method *, enabling the immobilization of various surface functional
group. Here we used META monomer, which is positively charged, and sulfobetaine
methacrylate (SBMA) as a zwitterionic monomer for photografting to 2-hydroxyethyl
methacrylate (HEMA) coated silica nanoparticles. An important characteristic of SBMA
is the fact that it has both positively and negatively charged units within the same
monomer side chain. SBMA maintains overall charge neutrality, and because of the
hydrophilic surface, possesses excellent anti fouling properties. As a result, SBMA
reduces nonspecific adsorption of proteins.

This chapter describes the experimental processes of surface photografting,
characterization, and application of surface grafted HEMA coated silica nanoparticles by

META and SBMA monomers.

4.2 Materials and methods

4.2.1 Samples and reagents

The initiation, 4-(dimethylamino) benzophenone, SBMA, and META were
purchased from Sigma-Aldrich Canada (Oakville, ON). The other reagents were

previously listed in section 3.2.
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4.2.2 Sample preparation

Proteins (Table 4-1) were individually conjugated with fluorescein
isothiocyanate (FITC) (section 3.2.2, chapter 3). Before separation, intact proteins were
diluted with running buffer (4x TBE) to a final concentration of 10®-107 M. Deionized
water having a resistivity of 18 MQ (Milli-Q UV Plus Ultra-Pure Millipore System,
Milford, MA) was used to prepare all reagents and samples. In some cases, acetonitrile
was added to the running buffer, while to change the buffer pH 0.1 M HCI or 0.1 M

NaOH were added. Solutions were passed through a 0.22 um pore size filter before use.

Table 4-1. Proteins and their molecular weights, and pls used in this

chapter.
Proteins Molecular weight (kDa) pl
cytochrome ¢ 12 10.2
Ribonuclease A 13.7 9.3
Lysozyme 14 11
Trypsin Inhibitor 20 4.6
a-chymotrypsinogen 25.6 7
BSA 67 4.9

4.2.3 Chip preparation

Briefly, an optimized monomer solution was comprised of 0.5% (v/v) of a

mixture of HEMA and EDMA (30%:70%, v:v) the free radical initiator benzoin (1 wt%
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benzoin per weight of monomer) in 99.5% of the porogenic solvent, methanol. The

photopolymerization steps are explained in detail previously (section 2.2.2).

4.2.4 HEMA coated META photografting silica nanoparticles procedure

For photografting of positively charged monomer on the surface of HEMA coated
silica particles the optimized monomer solution of META 1% v/v, methanol 66% v/v,
water 33%, and 4-(dimethylamino) benzonphenone 0.2 wt% was prepared. Once all the
channels were filled with the monomer solution, the chip placed on a UV
Transilluminator equipped with six 15-W 312-nm tubes (model TS-312R, Spectroline,
Spectronics corp., Westbury, NY) for 5 min for photografting. The photografted particle

bed was then flushed with methanol/water (1:1 v/v) to remove un-reacted reagents.

4.2.5 HEMA coated SBMA photografting silica nanoparticles procedure

In this thesis for photografting of SBMA on the surface of HEMA coated silica
particles the optimized solution, consisting of SBMA 0.5% v/v, methanol 36.8% v/v,
water 62.6%, and 4-(dimethylamino) benzonphenone 0.2 wt% was prepared. Once all the
channels were filled with the SBMA monomer solution the chip was placed on a UV
Transilluminator equipped with six 15-W 312-nm tubes (model TS-312R, Spectroline,
Spectronics corp., Westbury, NY) for 5 min for photografting. The photografted particles

were then flushed with methanol/water (1:1 v/v) to remove un-reacted reagents.
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4.2.6 Separation and Fluorescence Detection

The methodology of separation and fluorescence detection is similar to what

explained in section 3.2.4.

4.3 Results and discussion

4.3.1 Electrochromatography of native proteins on HEMA coated CSA bed

The applicability of neutral, hydrophilic HEMA coating for the separation of
native protein was investigated. Separation of two native proteins, trypsin inhibitor and a-
chymotrypsinogen, negatively charged in 4xTBE, 40% ACN (acetonitrile), pH=9.0 was
performed. ACN was added to the running buffer to reduce nonspecific adsorption of
proteins on HEMA surface.

Figure 4-2 shows electrochromatograms of two separated proteins at two different
electric field strengths. An RSD of 0.41% in migration time was obtained for 3 runs.
Runs in native silica particle beds gave broad, poorly reproducible peaks. The results
indicate that the coating is quite effective in reducing protein adsorption compared to a
native silica particle packed bed. However, proteins are denatured in the presence of
acetonitrile 2°'. To avoid the use of organic solvents and reduce non-specific adsorption
on HEMA we have examined surface grafting to adjust the surface chemistry. Surface
grafting may allow us to separate native proteins in CSA packed beds without denaturing

the proteins.
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Figure 4-2. Electro-chromatogram of trypsin inhibitor and a-
chymotrypsinogen, E=1700 V/cm, and 1350 V/cm, 4xTBE, 40% ACN,
pH=9.0, L=7 mm, 310 nm particles, 0.5% HEMA.

4.3.2 META monomer solution composition characterization

The chip was prepared and the bed was stabilized and coated with HEMA based
on the developed method (Figure 4-3a). Usually, benzophenone has been used as a
photoinitiator for photografting, combined with the functional monomer and solvent.
Benzophenone absorbs UV light, forms free radicals and abstracts hydrogen from the
substrate surface. The radical formed on the surface adds to monomer in solution, leading
to grafted chains (Figure 4-3b). The composition of monomer mixture and their

performance quality are listed in Table 4-2. Solutions consisting of META 1% v/v,

112



methanol 66% v/v, water 33%, and 4-(dimethylamino) benzonphenone 0.2 wt% were
used as the optimized mixture for photografting.

Table 4-2. Monomer solution compositions used for META grafting HEMA
coated 310 nm CSA bed.

META% Methanol% Water% Performance
0.2 66.54 33.26 x
1 66 33 v
5 63.4 31.6 x
10 60 30 X
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Figure 4-3. Schematic illustration of (a) HEMA coating of colloidal self-
assembly in a one dimension separation microchip and (b) photografting of

META on HEMA coated particle.
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4.3.3 Characterization of META photografted Particles

4.3.3.1 X-ray Photoelectron Spectroscopy (XPS) Characterization of Photografted META

Silica particles

Figure 4-4 shows the XPS spectra for HEMA coated silica particles and META
grafted HEMA coated silica particles. The PDMS layer was peeled off before the analysis
and the glass slides were cut to the smaller size to fit the sample holder. The XPS N 1s
spectrum (Figure 4-4b) consists of one noisy peak component between 397 and 401 eV,
associated with the amine quaternary ammonium cations (N(CH3); ") in the side chains of
META ' . Some photoreactions that can make other species of N, local environment
differences and surface charging might be reasons for observing a broad peak. This peak
was not observed in HEMA coated particles. We conclude the HEMA coated particles

were grafted successfully with positively charged META polymer.

U w H ”"‘ "‘“ | |
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Figure 4-4. XPS N1s high resolution scan of (a) HEMA coated silica
particles (b) 1% META grafted 0.5% HEMA coated silica particles.
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4.3.3.2 Fourier transform infrared spectroscopy (FTIR) Characterization of Photografted
META silica particles

We used surface infrared spectroscopy to characterize the META photograted
HEMA coated silica particles. The FTIR spectra of HEMA and META grafted HEMA
are shown in Figure 4-5. The chips were prepared using the same conditions except for
the photografting step. The first spectrum shows the functional groups of HEMA coated
silica particles and the second shows the functional groups of META grafted HEMA
coated silica particles. All the functional groups of the polymer are assigned **>. The
bands around 3017 cm™ and 1431 cm™ are assigned to CHj stretching and bending
vibration in N (CH3)'3, which confirms META is grafted on to the HEMA coated silica

particles.
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Figure 4-5. Infrared spectroscopy of (a) HEMA coated silica particles, and
(b) HEMA-META coated silica particles.

4.3.3.3 Electroosmotic flow (EOF) measurement

The negative charge that the native silica capillary surface expresses over a wide

pH range is also problematic in the separation of positive charged molecules such as
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basic proteins, owing to electrostatic interaction. Therefore, the EOF must be suppressed
or even reversed by shielding or altering the surface functionality to improve separation
efficiency. The EOF caused by surface charge is mainly controlled by adjusting the pH of
the running buffer or the additive’s concentrations. Because these changes of the running
buffer conditions significantly affect the conformation or charges of the protein analytes
or the viscosity of the running buffer, it can be difficult to independently control the
separation behavior and EOF mobility '*°. Therefore, when dynamic coatings (that is,
buffer additives) impact the analytes being studied it may necessary to use covalent
coatings. These coatings can increase, decrease, or reverse the surface charge and thus the
EOF ¥ 2% The neutral hydrophilic HEMA entrapping polymer film should also suppress
the EOF in the CSA bed **.

The EOF was measured by using neutral (BODIPY) dye’s migration time in three

chips. The EOF mobility was determined according to the following formula:

Lq Lt
tmV

HEoF = 4-1

where Lg is the effective microchannel length L; is the total microchannel length, t,, is
the migration time of a neutral marker, and V is the applied electric field. Figure 4-6
shows that the EOF generated from polymer entrapped silica CSA beds is ~ 2x10” cm? v’
'sec! (RSD=4.1%, n=3 beds) toward cathode when using 4x and 5x TBE. Because
META monomer is positively charged we expect to see a reverse EOF (toward anode) *.
The results indicate that not all of the silicate groups on the particles are shielded after
HEMA coating, and that the META additive is just enough to neutralize the surface, but

not revers flow.
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Figure 4-6. Electroosmotic flow (EOF) of HEMA coated silica CSA and META
grafted silica CSA beds as a function of buffer concentration, pH = 8.3,
measured from observed mobility of BODIPY; 310 nm silica particles in 10
mm long bed, entrapped with photopolymerized 0.5% HEMA and
photografted with 1% META monomer solution, E = 100 V/cm.

4.3.4 Native Proteins Separation by META grafted HEMA coated silica CSA

We realized that the META monomer grafted on the surface of HEMA coated
silica particles should give better separation for positively charged, native proteins. The
separation of two different positively charged protein mixtures was attempted.
Figure 4-7 shows electropherograms of a mixture of two FITC-labeled native proteins:
cytochrome ¢ (pka= 10.2), and ribonuclease a (pka=9.3) detected at a separation length

(Lg) of 8 mm, using HEMA coated particles and META grafted HEMA coated particles.
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The META gave positively charged sites on the polymer branches and both proteins were
positively charged at the separation pH of 8. Buffers with pH of 6 and 4 were also tested,
but photobleaching of the FITC was substantial, therefore the intensity and sensitivity of
the protein peaks significantly dropped. The two proteins migrate through the CSA bed
based on their charge and size; ribonuclease was detected first and cytochrome ¢ was
detected second, as determined by injecting each protein separately. Figure 4-7 shows
that the resolution of the two proteins improved compared to a HEMA coated particle
bed. The separation efficiency of these proteins was not good with the HEMA coated
surface, presumably due to nonspecific adsorption. But when the surface was grafted by
META the adsorption of positively charged proteins to the surface was apparently
reduced. Also, the migration time of proteins changed when the META grafted particles
were used for separation, due to the reduced EOF. The plate heights given for the native
proteins are given for both HEMA coated and META grafted silica particle beds in

Table 4-3.

a b

Fluorescence intensity (au)
Fluorescence intensity

0 20 40 60 80 100 120 140 20 75 30 35 10 5 30
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Figure 4-7. Electrchromatogram of cytochrome c¢ (pka=10.2), and

ribonuclease A (pka=9.3), E= 480 V/cm, L= 8mm HEMA coated 310 nm
particles (a), HEMA -1%META grafted 310 nm particles (b).
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Table 4-3. Plate heights calculated for separated native proteins on HEMA
coated and META grafted surface.

HEMA HEMA/META

Cytochrome ¢ 154 pm 0.9 pm

Ribonuclease A 307 pm 3.6 um

Electropherograms of a mixture of two FITC-labeled native proteins, cytochrome
¢ (pka= 10.2), and ribonuclease a (pka=9.3) detected at a separation length (L,) of 13
mm, using different electric field strengths is shown in Figure 4-8. The proteins were
separated in less than 15 s, at high field. The peaks get sharper and the resolution
improved from 0.79 to 1.1 when the electric field increased from 840 to 1820 V/cm.
Figure 4-8 shows that the META grafted HEMA column can withstand electric fields up

to about 1820 V/cm.
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Figure 4-8. Effect of electric field (HEMA-1%META), E= 840- 1820 v/cm.

Figure 4-9 indicates the migration rate versus elevated electric field for
cytochrome c¢ (pka=10.2), and ribonuclease a (pka=9.3). There is a good linearity
relationship between migration time and electric field, which indicates the stability of the

column at high voltages.
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Figure 4-9. Electric field versus migration time, a) cytochrome c (pka=

10.2), and b) ribonuclease A (pka=9.3).

The peak resolution can be improved by increasing detection length. Figure 4-10

shows the effect of separation length on peak resolution of two basic separated proteins
cytochrome ¢ (pka= 10.2), and ribonuclease a (pka=9.3), L= 8 mm, 13 mm. The peak
resolution improved from 0.9 to 1.05 when the detection length increased from 8 to 13
mm, although the diffusion of these two proteins increased and caused broader peaks. No

significant improvement on plate heights was observed.
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Figure 4-10. Effect of separation length, electropheromatogram of
cytochrome c (pka= 10.2), and ribonuclease A (pka=9.3), E= 480V/cm, a) L=

8mm, b) L=13mm.
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The reproducibility of the META entrapped HEMA- CSA bed performance was
assessed through the percent relative deviation (%RSD) of the migration times of the two
proteins (Figure 4-11). A RSD of 0.5% was obtained for 8 replicate runs. The best plate

height of 550 nm was achieved for cytochrome c.

Fluorescence intensity

Time (s)

Figure 4-11. Electropheromatogram of cytochrome c (pka= 10.2), and «
ribonuclease (pka=9.3), E= 1400 V/cm, L= 8mm, 8 runs. H= 550 nm, 0.5%
RSD.

4.3.5 SBMA monomer solution composition characterization

Many hydrophilic surfaces can reduce protein adsorption. However, these
surfaces are often not sufficient to prevent the undesirable adhesion of cells, bacteria, or
other microorganisms ***. One of the classes of materials that have been widely
investigated for their nonfouling properties are zwitterionic polymers. Zwitterionic

polymers are distinguished by the presence of both a negatively and positively charged
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moiety within their pendant groups. This characteristic has been shown to contribute to

protein adsorption resistance. A number of zwitterionic polymers have been investigated

205,206 207-209
2

for their nonfouling properties including phosphorylcholine , carboxybetaine

. 107,210,211
and sulfobetaine '°7**

. This resistance to nonspecific protein adsorption makes the
polymer a candidate for separation applications where irreversible fouling is problematic.

The focus of this investigation is on poly (sulfobetaine methacrylate)
(polySBMA), whose monomer structure is shown in Figure 4-12. Surfaces coated with
SBMA have been shown to have excellent resistance to nonspecific protein adsorption
1% The chip was prepared and the bed was stabilized and coated with HEMA based on
the developed method. To photograft SBMA on the surface of HEMA coated silica
particles, different compositions of monomer solution were tested (Table 4-4). The

optimized solution, consisting of SBMA 0.5%v, methanol 36.8%v, water 62.6%, and 4-

(dimethylamino) benzonphenone 0.2 wt% was used as a monomer solution mixture.

Table 4-4. Monomer solution compositions used for SBMA grafting HEMA
coated 310 nm CSA bed.

SBMA% Methanol% Water% Performance
0.2 37 62.8 X
0.5 36.8 62.6 v
5 35 60 X
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HEMA coated silica SBMA SBMA grafted silica

Figure 4-12. Schematic illustration of photografting of SBMA on HEMA
coated particle.

4.3.6 Characterization of SBMA photografted Particles

4.3.6.1 EDX analysis of SBMA photografted surface

Since we could not detect the sulfonyl functional group by FTIR analysis, EDX
analysis was employed. For EDX analysis, a Zeiss EVO SEM with LaB6 electron source,
equipped with a Bruker energy dispersive X-ray spectroscopy system was used. This
system has a spatial resolution of ~100 nm. SEM imaging was used to identify the bed
region studied. We also evaluated HEMA coated silica CSA beds and beds following
SBMA photografting using EDX analysis, to confirm the photografting of SBMA on
HEMA coated particles. From the EDX data, the presence of the sulfur atom on the
SBMA grafted HEMA particles, but not in the HEMA coated particles (Figure 4-13),
confirms SBMA was grafted on the HEMA coated nanoparticles. To confirm that the
sulfur signal is from the grafted surface a control was done. The SBMA monomer was
introduced without any subsequent photopolymerisation, and then flushed with methanol
and water. The EDX signal for S on the non-grafted bed was much lower than for the

photografted bed, demonstrating that the surface was successfully grafted with SBMA.
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Figure 4-13. Electron diffraction x-ray spectroscopy (EDX) data of HEMA
coated on-chip CSA particles (a) and SBMA/HEMA silica on-chip CSA
particles (b); particle diameter 310 nm, monomer solution 0.5%.
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4.3.7 Protein Separation by SBMA grafted HEMA coated silica CSA

Figure 4-14 shows two proteins injected individually to the SBMA grafted CSA
bed, to determine the order of migration. Figure 4-15 shows two proteins separated on
HEMA and on SBMA grafted beds. The SBMA grafted beds gave longer retention times
and better peak resolution for trypsin inhibitor and BSA under the same conditions. The
higher efficiency for trypsin inhibitor, in particular, sharpens the peak substantially, and
causes peak height reversal for the two components compared to the HEMA surface. The
EOF of 3.5 x 10° ¢cm*/Vs at pH 8.3 was measured by using neutral dye (BODIPY)
migration time. The zwitterionic functional group of SBMA, and the higher EOF, may
contribute to longer separation time. A plate height of 170 nm was obtained for trypsin
inhibitor and 484 nm for BSA on SBMA surface, which shows the significant efficiency
improvement compared to HEMA surface (Table 4-5).

Jiang et al. covalently bonded a sulfobetaine-type zwitterionic polymer onto the
surface of fused silica capillary with a detection length of 40 cm and achieved an
efficiency of 4.3 x 10° plate/m in 30 min **. Also an average plate height of 2.5 pm is
reported by Mei *°. In other work a plate height of 0.6 pm was obtained for native protein
separation on a capillary coated with SBMA '*°. Our results give a plate height of 170
nm, which demonstrates the feasibility and versatility of the HEMA coating strategy

SBMA photografting for microfluidic based protein separation.
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Figure 4-14. Electropheromatograms of trypsin inhibitor, and BSA, L=4mm.

129



0 20 40 60 80 100 120 140 160 180 200
Time (s)

0 20 40 60 80 100 120 140 160 180 200
Time (s)

Figure 4-15. Electropheromatograms of FITC-labeled trypsin inhibitor and
BSA separated with (a) HEMA coated and (b) SBMA grafted on HEMA
coated silica particles. Conditions: 4xTBE buffer (pH 8.3). Separation
voltage is 700 V/cm and detection was made at 7 mm.
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Table 4-5. Plate heights calculated for separated native proteins on HEMA

coated and SBMA grafted surface.

HEMA HEMA/SBMA
Trypsin 3.3 pm 170 nm
inhibitor
BSA 1.1 pm 484 nm
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4.4 Conclusion

This chapter describes the methods required to photograft HEMA coated CSA
beds by META and SBMA functional polymers. Photo-initiated polymerization enabled
coating the nanoparticles in microfluidic devices, and the surface chemistry was then
tailored to fit the specific application by subsequent photografting of the surface. This
coating strategy allows a fast and robust wall coating with controlled surface chemistry
and surface biocompatibility. In both acidic and basic protein separations, appropriate

polymer coating and grafting layers showed a good efficiency and reproducibility.
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CHAPTER 5: ENTRAPPED 50 NM SILICA PARTICLE SELF
ASSEMBLED COLLOIDAL ARRAY, CHARACTERIZATION, AND

SEPARATION

Numerous studies describe successful self-assembly of particles <200 nm
35164212213 byt relatively few reports describe self-assembly of three-dimensional
colloidal arrays of silica particles *'*. Cracks occurring in the colloidal packing of small
particles <150 nm process typically divide a colloidal crystal film into single crystalline
domains of several micrometers size. The best efficiency for protein separation based on
a sieving mechanism is obtained when the size of the proteins is close to the pore size of
the media *®. The pore size small as 25 nm made by CSA on a microfluidic chip
fabricated from monodisperse silica particles of 160 nm, in diameter, in work done by
Zeng and Harrison **. Based on their studies of proteins, ranging in molecular weight
from 20.1 kDa to 116 kDa, Ogston sieving was diagnosed to be the governing separation
mechanism in a 1-D, DC external field strength of 30.9 V/cm. Also, a bidisperse structure
with 10.5 nm pores (7% of the size of the larger particles) has been used for protein

213 In that study, colloidal crystals with an average pore size ranging from 7 to

separation
48 nm were fabricated on a microfluidic chip having a double-T configuration for the
injection and separation stages *'. Two proteins, trypsin inhibitor (20 kDa), and bovine
serum albumin (BSA) (66 kDa), were separated by electrophoresis in a field of 30 V/cm.

But the separation efficiency was limited in both studies ***' because of electric field

strength limited by bed stability.
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In this chapter, we report an in situ observation of crack formation with 50 nm
silica nanoparticles in the packing process. The packing procedure was optimized and
crack free CSA beds were obtained. Then the bed was stabilized with an optimized
entrapment method. Finally, highly efficient separations were obtained for protein
separation. We selected aprotinin, lysozyme, and insulin as model proteins to evaluate

electrophoretic separation in a maximum external field of 1250 V/cm.

5.1 Materials and methods

5.1.1 Reagents

Uniform silica nanoparticles 50 nm in diameter (5% w/v, 10% dispersion) were
obtained from Bangs Laboratories (Fishers, IN). Benzoin, methanol, 2-hydroxyethyl
methacrylate (HEMA), and ethylene dimethacrylate (EDMA), aprotinin (6.5 kDa),
ribonuclease A (13.7 kDa), insulin (5.8 kDa), and lysozyme (14 kDa) were purchased
from Sigma-Aldrich Canada (Oakville, ON). (4x TBE, 0.1% w/v SDS) used as a running
buffer. Deionized water having a resistivity of 18 MQ (Milli-Q UV Plus Ultra-Pure
Millipore System, Milford, MA) was used to prepare all reagents and samples. Solutions

were passed through a 0.22 pum pore size filter before use.
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5.1.2 Sample preparation

Proteins (Table 5-1) were individually conjugated with fluorescein
isothiocyanate (FITC) following the Sigma-Aldrich labelling protocol, and stored at 4 °C
in the dark until use. In order to denature the proteins, aliquots of FITC-labelled protein
solutions were mixed with the same volume of buffer (4x (tris borate EDTA) TBE buffer,
4% w/v SDS, 8% v/v 2-mercaptoethanol), then incubated at 85 °C for 5 min. Before
separation, denatured proteins were diluted with running buffer (4% TBE, 0.1% w/v SDS)
to a final concentration of 10®-107 M. Deionized water having a resistivity of 18 MQ
(Milli-Q UV Plus Ultra-Pure Millipore System, Milford, MA) was used to prepare all
reagents and samples. Solutions were passed through a 0.22 um pore size filter before

use.

Table 5-1. Proteins and their molecular weights used in this chapter.

Protein Molecular weight (kDa)
Insulin 5.8
Aprotinin 6.5
Lysozyme 14
Trypsin inhibitor 20.1
Ovalbumin 45
BSA 67

135



5.1.3 Separation and Fluorescence Detection

4xTBE buffer (pH 8.3), with 0.1% v/v 2-mercaptoethanol and 0.1% w/v SDS,
was used as a running buffer. The polymer entrapped CSA beds were pre-run by applying
100 V/cm until the current through the channels became static. Samples were loaded
from reservoir 2 by applying an electric field of 180 V/em for 30 s to reservoir 3, with
other reservoirs grounded, to form a shaped injection plug. Separation was performed
under different electric fields with a “pull-back” voltage of zero applied to reservoirs 2
and 3, to prevent sample leakage from the sample reservoir. A previously described laser
induced epifluorescence detection system with a 488 nm Ar+ laser was used to monitor

analyte signal 0.8 cm - 1.3 cm away from the injection point.

5.1.4 Chip preparation

Aqueous suspensions of 50 nm silica nanoparticles (5% w/v) were centrifuged for
13 min, different amounts of methanol were added, and then suspensions were
ultrasonicated for 20 min prior to use. The on-chip colloidal self-assembly was performed
following the protocol described by Zeng and Harrison *®. Briefly, a 10 - 15 pL colloidal
suspension was injected into reservoirs 1, 2, and 3 (Figure 5-1). The aqueous solution
fills the channels spontaneously, forming a liquid meniscus at the outlet of the channel in
reservoir 4. Once all channels were filled, reservoirs 1, 2, and 3 were covered with a
PDMS piece to prevent solvent evaporation. Reservoir 4 was left open so that

evaporation induced colloidal growth within the channels (Figure 5-1).
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Colloidal )
suspension Evaporation

Figure 5-1. Schematic illustration of colloidal self-assembly in a one-
dimension separation microchip, (Reprinted with permission from Y. Zheng
et al. 38 Copyright 2007, ©American Chemical Society).

5.1.5 Stabilization of the CSA structure

Briefly, the monomer solution was prepared using various amounts of HEMA,
along with EDMA and the free radical photoinitiator, benzoin, and the porogenic solvent,
methanol. An optimized monomer solution was comprised of 0.09% (v/v) of a mixture of
HEMA and EDMA (30%:70%, v:v) the free radical initiator benzoin (1 wt% benzoin per
weight of monomer) in 99.9% of the porogenic solvent, methanol. Other compositions
tested included use of 0.01%, and 0.2% (v/v) monomer mixture in methanol. Once the
monomer mixture reached all reservoirs, the device was placed on a UV for 5-30 min for

photopolymerization.
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5.2 Results and discussion

With small particles the crack formation problem is severe. To understand the
issue, we first review the CSA process within a microchannel. Figure 5-2 shows that as
water evaporates at the drying edge it induces a macroscopic flow of liquid phase,
resulting in migrating particles that consolidate at the compaction front. If they form ideal
closed-packed structures, their spatially averaged volume fraction will be 74% %, Beyond
the compaction front the particle volume fraction reduces to its initial volume fraction in
the dispersion phase. The crystalline region advances smoothly as the flowing fluid

brings particles at a specific flux, dependent on the local particle volume fraction *'°

, and
delivers them to the compaction front. The carrying fluid itself flows through the growing
nanoporous lattice, which has a length of y. At the fluid reaches the drying edge, it

evaporates at a specific rate based on the water partial pressure gradient and mass transfer

coefficient arising from the local atmospheric conditions.

Plastic Tape

Evaporation

Figure 5-2. On-chip bimodal colloidal crystal self-assembly.
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During evaporation, strong particle wetting prevents the intrusion of air into the
colloidal crystal bed. Evaporation at the drying edge and fluid flow through the compact
region are the two mechanisms that determine the overall fluid transport. Initially the
compact region presents negligible resistance to flow. Thus, the evaporation rate is
constant and limited by diffusion of vapor from the drying surface *'’. As the compact
region grows, the increasing resistance limits the supply of water and thus the
evaporation rate >'’. This increasing resistance effect is much larger for smaller particles
to flow because of the smaller pore size *'®. Air penetrates into the bed due to slower
water flow which dries the bed and introduces stress in the bed that results in crack
generation.

When 5% aqueous suspensions of 50 nm silica particles were used for packing,
the cracks began to form in the separation channel close to reservoir 4, which was left
open to induce the packing as illustrated in Figure 5-3a. The time needed for smaller
particles to pack is much longer than for larger particles. As a result the bed dries while
the packing occurs. Organic solvents can accelerate the evaporation rate and as a result
cause a faster transport and faster packing rate. In this way, cracks may not have enough
time to form. To address the issue, methanol solvent was added to the colloidal
suspension to accelerate the packing. To further control the drying the chip was kept in a

humidity chamber during packing (Figure 5-4).
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Figure 5-3. Micrograph of a PDMS microchannel and the CSA of a 50 nm
silica particles growing with micro-cracks a) 5% colloidal suspension used
for packing b) 25% methanol added to colloidal suspension.
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Water and methanol droplet

Figure 5-4. Schematic diagram of the microfluidic approach for the
fabrication of the 50 nm silica particles.

Figure 5-3b demonstrates that when 25% v:v methanol was added to the aqueous
suspensions of 50 nm silica nanoparticles (%5 w/v) the organic solvent helped produces a
crack free packing.

Although we used methanol to accelerate colloidal crystal growth and avoid crack
formation, the growth stopped at the double-T intersection on the chip, and it took a long
time reach the intersection. Hence the colloidal suspension was removed from the
reservoirs 1, 2, and 3 and replaced by aqueous suspensions of 150 nm silica nanoparticles
(5% wi/v). This approach allowed packing of all the channels in a faster, more effective
way, producing the structure shown by cartoon in Figure 5-5. The larger pore size has the

benefit of fastest protein transport during sample loading, as well.
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Figure 5-5. Schematic presentation of the microfluidic chip. Colloidal
gradient along the microchannel. Schematic of the microfluidic chip and
crystal along with two different particle sizes.

A more detailed study of the effect of adding methanol to the particle suspension
was then performed. Microfluidic colloidal crystal growth was initiated via injection of
10 pL of the colloidal dispersion in a reservoir and microfluidic 10 um channel. The
advance of the compaction front was observed via the inherent difference between the
indices of refraction of the regions with high volume fraction of packed particles
compared to the dispersion regimes which have lower particle volume fraction, as
depicted in Figure 5-6. The results in Figure 5-7 show that as the length of the
nanoporous media increases with time, a decrease in the rate of growth is observed. On
the basis of the Dufresne et al. '’ model, the dynamic growth of the structure can be
correlated with two parameters, the length, y, and time, t. The length, y, represents the
crystal length at which the rate of transport of water through the compacted region now
controls the rate of evaporation and hence the rate of crystal growth. Using the analysis of
Dufresne et al., *'" a curve-fit of the growth—time curve to a power law, y ~ t °, shows a
decrease in the exponential power as a result of methanol% (Figure 5-7). Data shown in
Figure 5-7 were fitted to a y ~ t * function. When the methanol percentage increased the

rate of packing increased and the function increased. For example, when 0% methanol
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was added to the colloidal suspension the function was 0.62 which is comparable to
previous work *' and increased to 0.76 for 25% methanol. Figure 5-7 makes it very clear

methanol substantially speeds up growth of the particle beds.

Figure 5-6. Optical micrograph of crystal growth of 50 nm silica particles
in microchannel.

7 A
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5 y ~t%76  25% Methanol
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é 3 y ~t%73  10% Methanol
=~ 3 -

5 | *
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Figure 5-7. Microfluidic crystal growth behavior of silica naoparticles. a)
Solid lines are y~t? functions.
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5.2.1 Characterization of stabilized 50 nm particles CSA structure

A HEMA/EDMA polymer mixture was photopolymerized in the 50 nm particle
beds to stabilize the structure at high voltage. Table 5-2 illustrate the voltages that could
be achieved at different monomer concentration. It was observed that increasing the
monomer concentration from 0% to 0.09% resulted in increasing the electric field
stability of the bed. The stability decreased for 0.2%, presumably due to the increasing
coating thickness, which disrupted the lattice and made it easier for particles to be

mobilized by the field.

Table 5-2. The monomer% vs. and Electric field stability.

Monomer%o Electric field stability
0 30 V/ecm
0.01 520 V/em
0.09 1250 V/em
0.2 1080 V/em

5.3 Characterization of Colloidal Crystals of 50nm Silica Particles

Suspensions of 50 nm silica particles with 0, 10, 25, and 50% methanol were used
to fabricate ordered packed structures inside the separation channel in the microfluidic
device. The packed bed was then entrapped with monomer solution (0.09%). SEM

images of these structures revealed they were not highly ordered. For SEM observation,
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packed chips were dried completely and the PDMS layer was peeled off before sputtering
with an Au metal layer. Using the self-assembly approach and monodisperse particle
suspensions, uniform ordered structures are fabricated for particles > 150 nm. The
structures of top view of the separation channels are shown in Figure 5-8 as an example.
Adding 25% methanol to the colloidal suspension did not appear to significantly change
the order of the structure, compared to 0% methanol *'° (Figure 5-8a,b). The SEM image
of 0% methanol was captured from the crack free area of the bed and the chip kept in the
humidity chamber and packed for longer time than 25% methanol.

Figure 5-8c,d shows the stabilized 50 nm particle packed bed after stabilization
with a 0.09 monomer solution. The images show no obvious changes in crystalline
structure. It was feasible to obtain images from a wide area of the chip compared to a
native packed bed. During SEM imaging we found that the native silica particles move
and it was hard to focus the ion beam, but after stabilization we did not see this issue. As
a result of these observations we settled on using 25% methanol added to the colloidal

suspension to accelerate the packing and avoid visible cracks formation, followed by

stabilization of bed by 0.09% HEMA/EDMA monomer solution.
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Figure 5-8. SEM images of self-assembled structures of 50 nm silica
particles a) 50 nm, 25% methanol. b) 50 nm, 0% methanol from 215, and
c,d) stabilized 50 nm, 25% methanol, 0.09% HEMA/EDMA monomer.

Ali et al. *'* calculated the radial distribution function (RDF) based on the image

analysis of the top-down SEM images of the nanoporous media (Figure 5-9). RDF

142,219,220

embodies information regarding long range interparticle organization and is used

as a geometrical characterization of the CSA of 310 and 50 nm particles based on their

215

top-down SEM images “°. The center coordinates of the particles were measured in

ImagelJ software and used to calculate the RDFs. Furthermore, local structural order was
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captured by the global orientational order parameter 142 y. Results and are shown for

9 215 Crystals of 310 nm shows structural order based on the

each structure in Figure 5-
magnitude and number of sharp peaks in their RDF plots. However, RDFs of the
nanoporous structures of 50 nm do not have as many peaks as the model reference crystal
and also the magnitude of their peaks is quite shallow. In current study the same trend
was observed for 310 and 50 nm nanoporous structures based on SEM images and the
value of y obtained.

Huang and Pemberton’s *'* studies of sub-100 nm silica particles showed better
structural order for 53 £+ 9.5% nm than that fabricated in this study for 50 nm. The
polydispersity in their studies was lower, 9.5%, compared to the value of 10.48 + 1.27%
in 2>, Hence it can be concluded that polydispersity values higher than 8% reduce the
lattice order, as pointed out by Jiang et al. **'. In this work we used 50 nm silica particles

with same polydispersity of 10.48 + 1.27% as in *'°. The higher polydispersity means that

the lattice order was reduced.
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Figure 5-9. Profile of the radial distribution function of the colloidal
crystals, g(r). a) Ideal hexagonally closed-packed (¥=1). b) 310 nm
(V=0.93%20.015). c) 50 nm (Y=0.42%0.06) 215,

5.4 Separation of SDS-Denatured Proteins

Native 50 nm silica nanoparticle packed beds are stable at a low voltage (<30 V
/em) due to the existence of van der Waals forces and/or hydrogen bonds. An
electropherogram of SDS denatured ovalbumin (45 kDa) and BSA (66 kDa) separation at
30 V/cm as observed at 4 mm in an CSA of 50 nm silica particles is shown in Figure 5-10
213 The peaks are broad, separation is slow (300 s), and the separation efficiency is not

good.
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Figure 5-10. a) Electropherograms of FITC, ovalbumin (45 kDa) and BSA
(66 kDa) separation at 30 V/cm as observed at 4 mm in CSA of 50 nm silica
particles 215,

The stabilized beds were studied with various analytes. Figure 5-11a shows
electropherograms of fluorescein dye at a detection length (L;) of 2 mm, using different
electric field strengths. The fluorescein dye peaks become sharper the electric field
increases as expected. The figure also shows that the polymer entrapped column can
withstand electric fields up to 1250V/cm, which is significantly higher than native 50 nm
silica beds with no entrapment, for which ~30 V/cm is the limit **. The electric field
versus migration rate is shown in Figure 5-11b, showing reasonable linearity up to 1250
V/em. At 1300 V/cm the migration rate increased, showing the bed cannot tolerate more

than 1250 V/cm.
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Figure 5-11. a) Electropherogram of fluorescein dye at increasing field
strength, 310nm silica particle CSA in Zmm long bed entrapped with
photopolymerized 0.09% monomer solution, using 4x TBE buffer (pH 8.3),
(La) of 13 mm.b) b) plot of electric field vs. migration time.
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Figure 5-12a shows electropherograms of a mixture of two FITC-labeled SDS
denatured proteins: aprotinin (MW 6.5 kDa) and trypsin inhibitor (MW 20.1 kDa)
detected at a separation length (L;) of 3 mm and electric field of 1250 V/cm. The protein
migration times increase with molecular weight, as determined by injecting each protein
separately. Ready baseline separation of insulin (MW 5.8 kDa) and lysozyme (MW 14
kDa) SDS denatured was accomplished in less than 6 s for the separation conditions
shown in Figure 5-12b: separation length (L;) of 5 mm, electric field 1000 V/cm. Plate

heights of 90 nm and 72 nm were achieved for insulin and lysozyme, respectively.
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Figure 5-12. a) Electropherograms of aprotinin (6.5 kDa) and trypsin

inhibitor (20 kDa)-SDS denatured separation at 1250 V/cm, Lqa = 3 mm, 50

nm CSA stabilized with 0.08% HEMA/EDMA.b) Electropherograms of

insulin (5.8 kDa) and lysozyme (14 kDa)-SDS denatured separation 1000

V/cm, Lqa =5 mm, 50 nm CSA stabilized with 0.09% HEMA/EDMA.
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To evaluate the stabilized 50 nm particle beds and comparing the result to
previous work, BSA (66 kDa) was used. Figure 5-13 shows only BSA peak after
immobilization of particles, BSA peaks get sharper and detected in 20 sec. The plate
height of 38.3 pm is calculated in *' for BSA and plate height of 1.4 pm was obtained in
this work. The smaller plate height shows that the separation efficiency has been

improved.
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Figure 5-13. Electropherograms of BSA (66 kDa) separation at 615 V/cm,
Ls =3 mm, 50 nm CSA stabilized with 0.09% HEMA/EDMA.
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5.5 Conclusion

Crack free 50 nm CSA packed beds were obtained and the process of packing was
discussed. Beds stabilized using photopolymerization of methacrylates were assessed
with SEM imaging. The entrapment of CSA silica nanoparticles in microfluidic devices
results in a highly stable structure, however SEM shows the crystallinity is not high. This
polymer entrapment technique improved the stability of the CSA structure at high electric
fields (up to at least 1,200 V/cm) allowing fast and highly efficient separation of SDS-
denatured proteins with a plate height of 72 nm. The plate height of 93 nm achieved for
same protein on 310 nm stabilized bed which shows separation efficiency improvement
on stabilized 50 nm silica bed. Photopolymerization of methacrylates is a rapid, facile

fabrication method for the stabilization of sub-micron scale CSA particle.
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CHAPTER 6: CONCLUSION AND FUTURE WORK

6.1 Summary of the thesis

The colloidal self-assembled (CSA) bed was stabilized using photopolymerization
of methacrylates and the entrapped bed was assessed with different techniques of imaging
and non-imaging. The results showed that the entrapment of CSA silica nanoparticles in
microfluidic devices results in a highly stable crystalline structure. These structures are
fused together with minimal amounts of organic polymer in a web-like formation.
Photopolymerization of methacrylates is a rapid, facile fabrication method for the
stabilization of sub-micron scale CSA particle beds, retaining a high degree of order and
packing quality upon polymerization. This polymer entrapment technique improved the
stability of the CSA structure at high electric fields (up to at least 1,800 V/cm) allowing
fast and highly efficient separation performance. The results presented demonstrate the
flexibility and high reproducibility of this entrapped CSA bed methodology for protein
separation across a wide size range. For a separation length of 13 mm, plate numbers of
more than 10%/m, with associated plate heights around 56 nm were observed for SDS
denatured proteins. The study demonstrates the potential of CSA nanoparticles beds in
microchips for ultra-fast separations. The ability to separate close molecular weight
proteins (AM = 0.6 kDa) in such short separation lengths will be valuable for

biomolecular separations in microfluidic devices.
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Chapter 4 described the method and the processes required to photograft HEMA
(2-hydroxyethyl methacrylate) coated CSA beds by META ([2-(methacryloyloxy) ethyl]
trimethylammonium chloride) and SBMA (sulfobetaine methacrylate) functional
polymer. Photo-initiated polymerization enabled coating the nanoparticles in microfluidic
devices, and the surface chemistry was then tailored to fit the specific application by
subsequent photografting of the surface. This coating strategy allows fast, robust, wall
coatings with controlled surface chemistry and surface biocompatibility. The surface was
characterized by energy-dispersive X-ray spectroscopy (EDX), X-ray photoelectron
spectroscopy (XPS), and IR spectroscopy. In addition, electroosmotic flow was measured
for both (META and SBMA) grafted surfaces. In both acidic and basic protein
separations, the appropriate polymer coating and grafting layers showed good efficiency
and reproducibility and improved separation of native particles compared to HEMA
coated particle beds.

A 50 nm CSA bed was also stabilized using photopolymaerization of
methacrylates and the entrapped bed was assessed with SEM imaging and by separation
performance. This polymer entrapment technique improved the stability of the CSA
structure at high electric fields (up to at least 1,200 V/cm) allowing fast and highly
efficient separation performance.

To summarize, this thesis represents a facile method of entrapment and
functionalization of CSA silica nanoparticle beds for size based and native proteins
separation. This fast, simple, and robust technique of entrapment allows new applications

in academic communities and industry.
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6.2 Future work

6.2.1 Quantitative impurity analysis of monoclonal antibody size heterogeneity on

microfluidics chip

The characteristics of physical, chemical, or biological properties of a protein
product depend on their manufacture, and require specification and measurement in order
to ensure the desired product quality. These properties are called Critical quality
attributes (CQAs) ¢’. Recombinant monoclonal antibody (rMADb) fragments, aggregates,
and host cell impurities are potential CQAs monitored during clinical and commercial
manufacture to ensure patient safety and product efficacy ®’. Among them, monoclonal
antibodies (MAb) have become the most rapidly growing class of biopharmaceutical

22 Therefore, developing robust analytical methods for monitoring CQAs is

products
crucial to control quality throughout the product lifecycle ©’.

The major drawbacks of conventional SDS-PAGE are its inconvenience in data
analysis, the irreproducibility associated with the staining/ destaining steps used in
analyte detection, the use of toxic reagents, and high mobility variability. In addition,
mechanical instability of gel at high electric field results in a long separation time and
low separation efficiency. Replacement technologies to monitor CQA would be
beneficial.

The emerging technique of capillary electrophoresis (CE) and microfluidics show
many advantages over classical SDS-PAGE including on-column direct UV or
fluorescence detection, automation, enhanced resolution and reproducibility, and accurate

223

quantification of proteins and molecular weight determination “°. UV absorbance is a
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common detector in CE-SDS; however, the sensitivity is low due to the short optical path
length across the capillaries. Hunt and Nashabeh *** demonstrated that precolumn
labeling of recombinant protein products with 5-carboxytetramethylrhodamine
succinimidyl ester (5-TAMRA.SE) and laser-induced fluorescence (LIF) detection can be
used for CE-SDS analyses as a replacement for silver-stained SDS-PAGE to detect low-
level impurities and MAD size variants and to determine lot-to-lot consistency.

There is a potential to apply our stabilized CSA bed of 310 and 50 nm silica
nanoparticles to develop a method for monitoring potential CQAs (process and product
impurities) as they relate to size heterogeneity of therapeutic proteins. By reducing
disulfide linkages, the method detects light chain (LC), heavy chain (HC), and HC
glycosylation (Figure 6-1). Therefore replacing a polymer matrix with stabilized silica
nanoparticles CSA in microchannel can improve the current resolving power of CE-SDS

and can be developed into a commercial IgG Purity/Heterogeneity assay.

Intact Ab

N Y/
\\_(7/

DTT

o
",

& / D

2xLight chain 2xHeavy chain

Figure 6-1. Schematic illustrations of antibody fragment generation by DTT
(dithiothreitol) reduction.
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Figure 6-2 shows electropherogram separations of non-reduced (a) and reduced
(b) forms of IgG sample on our chip with stabilized 310 nm particle packed bed. The

samples were labeled with fluorescein isothiocyanate (FITC).
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Figure 6-2. Electropherogram separations of nonreduced (a) and reduced
(b) of IgG sample stabilized 310 nm particles.

The preliminary experiment demonstrates the possibility of employing the
stabilize CSA bed for separation and detection of IgG fragmentations. Key to the success
of this method relies on optimization of sample prep and fluorescent derivatization
parameters. As future work the labeling parameters need to be optimized, such as
choosing a suitable dye, dye-to-protein (D/P) ratio, labeling temperature and time. In
addition we need to ensure detection limits suitable for low-level impurities. Also we
should explore if better separation will be obtained by using a stabilized 50 nm CSA bed.
After the optimization studies are completed and a thorough understanding of the method
is obtained, validation studies will be performed according to the guidelines of the

International Committee on Harmonization (ICH).
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6.2.2 Trypsin digestion and peptide separation on chip

Peptide mass mapping is one of the routine methods that is commonly used to
determine both protein identity and posttranslational modifications 2 The method
typically involves the digestion of the protein of interest by a proteolytic enzyme, e.g.
trypsin, in free solution, followed by Mass identification of the resulting peptides. The
most commonly method is using free solution protein digestion, the reaction time is
typically 24 hours **°. The immobilization of trypsin enzyme on the solid surface can
accelerate this process. The HEMA coated silica nanoparticle beds can be an ideal solid
support for trypsin immobilization because of its large surface area, permeability,
hydrophilic nature, chemical, and mechanical stability. Also, the small pore sizes mean
mass transfer to the enzyme should be rapid.

The schematic of the proposed chip is show in Figure 6-3. The protein is injected
from reservoir 2 and will be digested in the channel on the trypsin enzyme immobilized
particle surface. The peptides are injected into the separation microchannel, in which the
particles are functionalized with SBMA. Finally the outlet of chip will be coupled to

mass spectrometer for identification.
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Figure 6-3. Schematic of 1D-chip for enzymatic digestion and peptide
separation.

In general, possible real applications of entrapped CSA silica particle beds were
discussed as future works. This includes quantitative impurity analysis of monoclonal

antibody, fast trypsin digestion and peptide separation on chip.
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