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ABSTRACT

 

Clinical point-of-care (POC) diagnosis remains an open and challenging field of 

research worldwide in which the study of the mechanism and dynamics of protein 

molecule separation using electrophoresis is of considerable interest.  

The quality of a protein separation is strongly dependent on the separating matrix 

and conditions under which the electrophoresis is performed. This research is 

mainly focused on development of a novel separation matrix, based upon the self-

assembly of particles in a colloidal suspension, within a microfluidic chip.  

Several challenges were overcome in developing crystalline particle arrays that 

generate a porous material with pores smaller than 20 nm.   The effect of pore size 

on separation of proteins of differing molecular weight and size was then studied, 

and the mechanism of separation, which appears to change in the smallest size 

range, was explored. 
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CHAPTER 1                    

INTRODUCTION 

 

1.1 Introduction 

Protein separation is an indispensable technology for quantifying and identifying 

species present in complex sample mixtures. It is used for the discovery of protein 

biomarkers for diseases, development of protein related drugs and probing 

molecular aspects of life processes and disease and is an ongoing research field.1, 2 

The advent of miniaturization and the concept of total analysis systems (TAS)3 in 

1990 by Manz et al. and the following pioneering developments in the 

laboratories of Harrison4-7, Ramsey8-10 , Mathies11-13 and Whitesides14-16, has 

rendered the impact of this technology on life-sciences more significant due to the 

short analysis times, small amounts of samples and the ability to integrate and 

automate processes. Separation of these biological molecules with electrokinetic 

microfluidic chips has found numerous applications embracing clinical and 

pharmaceutical,17-21 food and agricultural22-25 as well as proteomic analysis.26-28 

Detection and quantifying urinary albumin protein, a well-known risk factor of 

diabetic nephropathy and cardiovascular disease18, diagnosis of different levels of 

head trauma19 and rapid detection of proteinaceous disease biomarkers29 are a few 
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exciting examples of the application of protein separation in human health 

sciences. 

In recent years there has been a growing interest30-36 in the coupling of protein 

separation by electrophoresis with mass spectrometry (MS) to accurately identify 

and characterize proteins in biological samples, which may present a very 

complex nature at low concentrations, or be available in very limited amounts. In 

contrast to MS, which has undergone pronounced advances since its emergence, 

the separation of proteins as the first stage of detection is still considered a 

bottleneck37, 38 in terms of challenges in separation performance and automation. 

Discrimination of different proteins exclusively by their size, using 

electrophoresis, is at the heart of protein separation technology. Amongst 

“invented-to-date” separation modes for protein electrophoresis in microfluidic 

chips, capillary gel electrophoresis (CGE) is perhaps the most popular 30 approach 

in which a gel or a polymer matrix is applied as the sieving media.39 Size 

fractionation of biomolecules has remained a dynamic research field due to the 

complex nature of analyte-matrix interactions, which is at the core of 

electrophoretic separations.40 Artificial sieving media have proven to give 

reliable, flexible and tunable structures that can be precisely engineered at micro 

and nano scales.41-49 Thanks to their ordered and well-characterized structures, 

they can indeed be reliably and readily employed for systematic studies of the 
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dynamics of biomolecules under nano-scale confinement, as well as for probing 

different bioseparation mechanisms. 

1.2 Motivations and Scope 

Study of the mechanism and dynamics of protein molecules during 

electrophoretic separation, in order to achieve high quality separations 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 

research is centered on developing the matrix. 

Previously, a microfluidic colloidal self-assemble (CSA) approach was developed 

in the Harrison group in order to make monomodal colloidal crystals (mCC) for 

applications as nanoporous media. The structure had an average pore size ranging 

from about 140 to 25 nm, demonstrating a proof-of-concept for DNA and protein 

separation.50-52 Applying the same approach later, the smallest achievable pore 

size was pushed to 15 nm in a systematic study of DNA dynamics in nanoscale 

confinement within mCCs.53 Here we are embarking on the fabrication of 

nanoporous media, as separating matrices, with smaller mean pore sizes ranging 

from 3 to 11 nm. Smaller pore sizes should enable higher quality separation of 

proteins demonstrated initially by Zeng et al.51 
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The first objective of this thesis is to explore a new microfluidic approach for the 

fabrication of binary colloidal crystals (bCC) made from mixtures of 

monodisperse particles with two distinct sizes. Several studies of mCC growth 

with different pore sizes were also performed in order to develop a new approach 

for the fabrication of silica bCCs featuring a pore size of 11 nm. The bCC 

structures were compared to mCC structure in terms of separation performance, 

and lattice structure. 

As the size of proteins in a sample mixture shrinks, the pore size needed to 

separate them will also shrink, since friction in the pores controls the separation 

and friction is enhanced when the pore size is close to the molecular scale. In 

attaining smaller pore sizes than 15 nm, the nano structure of the sieving matrix 

develops cracks and totally dried areas at the micro scale, which is quite 

detrimental to the separation. Fabrication of mCC and bCC structures that are 

totally free of the inherent micron sized cracks and air-invaded areas was the 

other major objective of this thesis. 

1.3 Colloidal Self-Assembly 

Self-assembly54, spontaneous organization of components of a system without 

human intervention, is an essential part of nanotechnology that can be applied to 

fabricate ensembles of nanoporous structures with engineered pore architecture 

and size distribution. This method can be recruited as a bottom-up55 approach, as 

shown in Figure 1-1, to assemble billions of individual molecules or nanoparticles 
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together, as building blocks, leading to the creation of three-dimensional 

compartments that feature a crystalline behavior. Figure 1-2 depicts the size 

spectrum where this spontaneous phenomenon can occur. Accordingly, self-

assembly can happen from atomic to macroscopic scales.  

In colloidal self-assembly (CSA), particles are used as mesoscopic building 

blocks to fabricate structures. Compared to standard fabrication techniques, like 

optical lithography, self-assembly offers a cheap, easy, faster and flexible route.56  

One of the most studied applications of colloidal crystals in the literature has been 

in photonics57, 58. 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.55 

An example of a colloidal crystal made in this study by using particles 30 nm in 

diameter is depicted in Figure 1-3. The colorful nature upon normal incidence of 

light is in fact proof of the crystalline nature of the structure. 

In a typical CSA process, particles undergo four phases, namely suspension, 

migration (towards the packing area), crystallization and drying/fixation. Each 

individual particle experiences different kinds of interactions until it is assembled 

at the crystallization point. The final fabricated structure is an overall result of a 

complex balance of these forces, attractive or repulsive, acting on each particle. It 

is noteworthy that the repulsive force between the assembled particles must be 
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strong enough to avoid local aggregations, i.e. caused by van der Waals forces, 

leading to amorphous structures. At the same time it must be small enough not to 

hinder the self-assembly process that tries to organize particles in a closed-pack 

style.55, 56 The quality of the final structure, particle deposition and colloidal 

suspension stability are all dependent on these colloidal forces.55, 59 

The advantages brought by these nanoparticle arrays, including narrow pore size 

distribution, tunable morphology, mechanical stability and capability of 

incorporation with microfluidics, make them an excellent candidate to be 

considered for a molecular-level study of sized-base bioseparation. 

1.4  Nanofabrication by Colloidal Self-Assembly 

Colloidal crystals have been the focus of numerous studies for about five decades 

in many different fields of science, including photonic technologies60-66, cancer 

studies67-72, tissue engineering73-78 and bioseparation50-53, 79. This interest is due to 

the unique and highly flexible structural properties colloidal crystals present at the 

nano scale and, most importantly, the ease of the fabrication techniques invented 

to date, which can enable their mass production.  

1.4.1.1 Fabrication of monomodal colloidal crystals 

One of the methods of fabricating colloidal crystals is the use of gravity to direct 

particles towards the crystalline locations.80 Miguez et al.81, 82  proposed a 

sedimentation approach for the assembly of 260 nm particles which was quite 

slow, taking weeks to complete the lattice. Mei et al.83 applied a centrifugation 
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method to hasten the fabrication process for silica particles of 200, 330 and 460 

nm in diameter, but the method was not reliable enough to ensure face centered 

cubic structures (fcc). In techniques based on sedimentation, crystallization occurs 

over a period of several days to weeks depending on the sedimentation rate, where 

particles are directed towards thermodynamically low energy locations forming 

layers of particles packed in a hexagonal fashion. 

Joannopoulos84 at 1998 proposed a vertical approach to nano-engineer a crystal 

made from silicon were the mCC of silica particles was used as a template. 

Followed by Jiang et al.85, to date, there have been different versions of this 

method adopted by several authors.86-89 In this method a microslide is vertically 

placed in a suspension solution of monodisperse particles. Evaporation of the 

solvent triggers the emergence of a meniscus at the solvent, particle and 

microslide interface where particles are deposited on the slide. Depending on the 

particle volume fraction, rate of solvent evaporation and the type of solvent 

used90, the thickness and the quality of the crystalline layer of particles could be 

easily controlled. This method suffers from the effect posed by the sedimentation 

phenomena when used with large particles. This problem has been solved in a 

method called isothermal heating evaporation-induced self-assembly (IHEISA)89 

by introducing a temperature gradient to make a convective flow to keep the 

sedimenting particles suspended. Silica particles of 635 nm, 850 nm and 1 µm 

were successfully self-organized in highly ordered multilayers of crystals in an 

hour. 
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Use of an external electrical field is another approach in which charged colloidal 

particles are directed towards crystallization sites via their electrophoretic 

mobilities and are compressed together, creating a densely packed lattice.91, 92 In a 

study by Wen et al.92 it was discovered that by tuning the ratio of the magnitudes 

of the magnetic and the electric field they are able to make crystals having either 

of the body centered tetragonal or face centered cubic (fcc) orientation.  

Monolayer and multilayer crystals of monodisperse silica particles have also been 

fabricated by the Langmuir–Blodgett method.93-96 In this method, ionic 

surfactants are used to make monolayers of floating particles that are transferred 

to the substrate via a vertical deposition approach.  It was found that the quality of 

the crystals could be tuned by different choices of surfactants, their concentrations 

and also the type of the solvent used. 

Wang and Gu97 proposed a new method that relies on a self-assembly of silica 

particles on the water-air interface. The surfaces of these particles were modified 

by physical adsorption of cationic surfactant or chemical grafting of alkyl chains 

with silane coupling agents. The surface modified particles were then transferred 

from an aqueous phase to an organic one where monolayers of silica particles 

could be achieved by adjusting the balance of hydrophobic/hydrophilic nature of 

the particles. These assemblies were capable of being transferred onto a substrate 

in a layer-by-layer fashion, making three dimensional lattices. 
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Recently several research groups have come up with new microfluidic approaches 

to grow colloidal crystals in a microchannel. High quality artificial opals grown in 

a microchannel was firstly achieved in late 1990’s 98-101 where colloidal self-

assembly was used to fabricate lattices that were later employed as templates for 

the fabrication of inverse structures, by dissolving the initial colloidal particles 

away. This method offers a reliable approach without use of any machinery 

however, it took a long time.  

An alternative method employed by Lee et al.102 was based on a centrifugal 

microfluidics, where the external strong body force produced by centrifugation 

facilitates particle assembly in a microfluidic channel in less than an hour. 

Furthermore, the centrifugal force accelerates flow of the solvent through the 

growing nanoporous lattice, accelerating the process of self-organization. 

Earlier a microfluidic approach was suggested103-105 that used nitrogen flow to 

push the colloidal dispersion towards the evaporation ports, where particles were 

held within the microfluidic cell when their sizes were larger than the size of the 

ports. Application of a hydrodynamic pressure, pressing the particles together, 

with a continuous sonication during the course of the CSA produced high quality 

crystals of particles within the confinement of the microfluidic chip. 

A convective mechanism for the production of two-dimensional closed packed 

and non-closed packed colloidal structures was suggested by Kumacheva et al.106 

In this approach a flow-driven crystallization in the confined geometry of a 
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microchannel was studied. It was found that the ratio of the width of the 

microchannel to the size of particles was the determining factor on the number 

and type of grown lattices. In another similar study by Yin and Xia107, capillary 

force and physical constraint of a microfluidic channel were combined to yield a 

generic approach for the self-assembly of particles into helical mesostructures 

with well-controlled functionalities. 

1.4.1.2 Fabrication of binary colloidal crystals 

Mixtures of suspended particles of two different sizes with appropriate size and 

number ratio can form colloidal crystals with various properties that cannot be 

attained in their monomodal counterparts. Changing the size and number ratio of 

the small to large particles can be used as a tuning tool to dictate the ultimate self-

organized lattice, giving great flexibility. 

Depending whether small and large particles are assembled at the same time or 

one-after-another renders the “invented-to-date” approaches into two major 

categories, namely a layer-by-layer (LbL) growth strategy108 and a one-stage 

approach. In a typical method of LbL the crystal is made by layers of large and 

small particles sequentially stacked on top of each other, leading to a three-

dimensional nanostructure. In this approach, the layer of the larger particle plays a 

template role for the consecutive layer of smaller particles, determining their 

ultimate locations upon assembly. However, in a typical one-stage method, a 

mixture of dispersed large and small particles is applied and the self-assembly 
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process simultaneously co-crystallizes large and small particles into a three-

dimensional structure. In the latter approach the applied small and large particles 

must have a specific number and size ratio, as otherwise the ordered property of 

the lattice will be sacrificed. 

Within the LbL category, controlled drying108, stepwise spin-coating109 and 

confined convective assembly86, 110 are the recently introduced techniques. In 

controlled drying, first proposed by Velikov and co-workers108, a vertical 

deposition method, described before, was adopted to deposit a layer of the large 

particles. Sequentially, using the same approach, smaller particles were deposited 

on the larger particles. The first layer plays a template role for the subsequent 

layer of smaller particles. These monolayers of particles array can be deposited 

until the desired thickness of the colloidal crystal is achieved. This novel 

technique is sluggish, giving 1-2 mm per day of growth, challenging its 

applicability compared to the rapid stepwise spin-coating approach of Wang and 

Mohwald109. 

In the spin-coating method, individual monolayers of large and small particles are 

deposited on a horizontal substrate by a centrifugal force in a very short time in a 

stepwise manner. This method was first introduced in the 1980’s by Deckman and 

Dunsmuir111, 112 for the rapid fabrication of monomodal colloidal crystals. To 

facilitate uniform coating, the substrate needs to be fairly wettable by the colloidal 

dispersion. In some cases, the substrate is coated with a layer of surfactant to 
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promote wetting. This method was recently employed by Sharma et al.113 to 

fabricate binary colloidal crystals of oppositely charged particles. They produced 

ordered bCCs with different structural stoichiometries (i.e. LS2 and LS6) by use of 

Triton X-100, a non-ionic surfactant, that, by absorbing onto the surface of the 

polystyrene particles, imposes steric barriers to reduce short-range electrostatic 

attractions, thus avoiding micron-sized aggregations and disordered bCCs. 

In another version of the LbL method, Kim et al 86, 110 used two vertical 

substrates, dipped into the colloidal dispersion, one of which is left static and the 

other one is moved upward. Hence colloidal particles are transported upwards, by 

an evaporation-induced convective flow, to the edge where the solvent evaporates 

away, leaving particles deposited at the meniscus location. By changing the 

colloidal volume fraction and lift-up rate they could manage to deposit two- or 

three-dimensional lattices of high quality.  

In a recent LbL method developed by Singh and co-workers114, a circular rubber 

ring is placed on the substrate, then a larger sized colloidal dispersion is injected 

into the space surrounded by the ring. Evaporation of the solvent initiated from 

the center point of the ring triggers crystallization of particles and entrainment of 

more particles due to an evaporation induced colloidal flow towards the 

crystallization zone, until all of the dispersion solvent content is evaporated, 

leaving colloidal particles crystallized on the substrate. A second layer of smaller 

particles is deposited on the previous layer, which acts as a template for the next 
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layer. This deposition procedure can be continued until the desired thickness of 

the bCC is achieved.  

Contact printing115, self-assembly at an interface116, horizontal deposition117, 

vertical deposition118, 119, use of oppositely charged particles and epitaxial growth 

with dielectrophoretic compression60 are all examples of the one-step category. In 

self-assembly at an interface, a mixture of the small and large particles is prepared 

with a specific number and size ratio. The bimodal mixture is then injected onto a 

substrate surrounded by water. The mixture is then spread on the substrate until it 

reaches the surrounding liquid phase, where upon the suspension experiences 

strong surface tension effects that cause it to disperse onto the water around the 

substrate. The bimodal mixture is then self-assembled on the surface of the water. 

In the horizontal deposition method introduced by Wang et al.117 a mixture of 

small and large particles is placed on the surface of a substrate. The dispersion 

phase spreads all over the surface of the substrate and stops at the edges. 

Evaporation starts from the edges and triggers colloidal crystallization after a 

certain amount of water has evaporated. This evaporation process induces flow of 

solvent, due to capillary action of the water bridges between the neighboring 

particles, bringing floating particles to the crystallization zone where they are self-

organized into closed-packed structures. By tuning the number ratio of small to 

larger particles, bCC structures of LS2 and LS6 could be fabricated in a fairly 

short amount of time. 
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The vertical deposition method118-121 applies the same method as was described 

before for the fabrication of mCCs except that a mixture of small and large 

particles is used. 

Recently van Blaaderen’s group122  has shown that oppositely charged particles 

can be self-assembled into various bCC configurations. They used Tetra-n-

butylammonium bromide (TBAB) salt to control the particle charges. At different 

salt ionic strengths, different crystals could be fabricated. 

Vermolen et al.60 could control the orientation of the bCC by applying an external 

electric-field gradient on a structured wall, also referred to as epitaxial growth, 

and obtained thick, oriented, pure NaCl crystal lattice structures. In this method 

the effect of gravity on separating the small and large particles were 

counterbalanced by applying an oscillating electric field of 30 V, which imposes a 

compression force on the dispersed particles between the two electrodes, self-

organizing them onto a substrate that has the epitaxial patterns directing the 

crystallization. 

1.5 Recent Trend in Protein Separation 

Today the most common mode of separation of proteins by electrophoresis is 

performed using polyacrylamide or agarose gel as sieving matrix. Considering the 

advantages brought by the microfluidic era, incorporation of the old technology to 

the miniaturized systems suggests many critical applications that could profit 

relevant bioanalytical research. This was demonstrated for the first time by 
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Effenhauser and his co-workers.123 Herr and Singh also performed a high 

performance separation of five proteins on a polyacrylamide gel in a microfluidic 

channel in less than 30 seconds, much faster than the conventional approach.39 

They studied the effect of pore size and electrical field strength upon the 

performance of separation. Oliver at al.124 performed the same kind of analysis 

and investigated the mechanism of protein separation at different gel 

concentrations. Nagata et al.125 investigated the reason for poor separation of 

SDS-denatured proteins during electrophoresis in a polymethylmethacrylate 

(PMMA) gel in a plastic microchip, then proposed an effective way for separation 

of three proteins in less than 20 seconds. In another study by the same research 

group the conditions of electrophoretic separation of proteins, ranging in 

molecular weights from 21.7-116 kDa, was optimized and separation was 

achieved in less than 10 seconds.  

With the advent of colloidal self-assembly, and the use of colloids for making 

structures with tunable narrow pore size distribution and flexible 

ordered/disordered morphologies, as opposed to what is attainable by use of any 

kinds of gel, bioseparation started a new trend.  

Zeng and Harrison51 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 
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within a few minutes, reliably and reproducibly. Based on the measured 

mobilities, a governing SDS-protein complex electromigration was diagnosed. In 

a recent study by Wirth’s research group38 lattices of silica particles of 330 nm 

was made in a microcapillary and used to investigate an electrochromatographic 

protein separation. The high efficiency achieved demonstrated the importance of 

homogeneity of the sieving media, and the potential for miniaturization and lab-

on-a-chip applications. In another study by the same research group126, the effects 

of the lattices of chemically modified silica particles of 900 nm, packed in a 

capillary, upon a field-free remobilization of three proteins were investigated. 

1.6 Fundamentals of Electrophoresis 

When two platinum electrodes are placed in an electrolyte and both are connected 

to a power supply, an external electrical field will be established. Any object that 

has electrical charge at the surface, like a protein molecule, moves with respect to 

the surrounding liquid electrolyte. This phenomenon, discovered by Reuss at 

1807, is called electrophoresis.  

Any charged object in an electrolyte, a solution with free ions, perturbs the 

distribution of ions in the surrounding solution and is equilibrated by a balance 

between electrostatic and Brownian forces. This re-distribution of ions forms an 

electrical double layer (EDL) as per Figure 1-4. The first layer is comprised of 

ions having opposite charge compared to the charges on the surface of the object. 

This immobile layer is called the Stern layer with a potential of Ψd. All other free 
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ions that are distributed beyond the Stern layer form a thicker layer that is called 

the diffuse layer. Between the Stern layer and the outside edge of diffuse layer 

there is a boundary before which all ions are immobile, the shear plane. The exact 

location is not defined. The electrical potential at this plane is called the 

electrokinetic or more commonly the zeta potential, ζ.127 

The thickness of the EDL, a property of the electrolyte solution, based on the 

Debye-Huckel equation can be estimated via the following equation  

2
 1-1

where  is the dielectric permittivity of the electrolyte solution,  is the 

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

calculated by ∑  with ,  and  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, , 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 proteins towards anode and the surrounding cations towards cathode. 

Hence there would be a hydrodynamic interaction between the object and its 

surrounding ions. The free solution electrophoretic mobility, of the charged object 

is defined as40 
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 1-2

where  is the velocity of the migrating object1. Based on the thickness of the 

EDL two limiting cases have been considered. First, when the EDL thickness is 

larger than the object, i.e. , the electric and viscous forces equilibrate 

each other; hence the mobility can be estimated via40 

 1-3

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

6  1-4

where  and  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. 

, can be estimated by40 

4
 1-5

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

regime the mobility is not dependent on particle size.  

                                                 

1 Consistent with the current literature in this field the free solution electrophoretic mobility will 
be referred to as simply the mobility. 
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1.7 Electro Osmotic Flow 

Flow of an electrolyte with respect to a charged stationary wall or porous media 

due to the application of external electrical field is called electro osmotic flow 

(EOF). In the case of microfluidics, the deprotonation of the silanol groups 

present at the surface of the PDMS, glass substrate and silica particles in the 

lattice, at pH > 2 of the running buffer, creates negative charge on the surface. As 

a result, during electrophoresis the electrical double layers that develop near these 

surfaces induce EOF of the electrolyte from anode to cathode. This EOF is mainly 

caused by the movement of hydrated cations, which are in excess compared to 

anions in the diffuse layer, imposing viscous drag and hence transporting the 

momentum onto the surrounding electrolyte solution. The mobility of EOF is 

estimated via 

ζ
 1-6

where ζ is the zeta potential and  and  are the viscosity and the dielectric 

permittivity of the solution, respectively. 

In electrophoresis within a negatively charged capillary, EOF is towards the 

cathode, opposing movement of a negatively charged SDS coated-protein towards 

the anode. Hence, the elution times of the analyte will be delayed. Since EOF is 

dependent on the zeta potential, different lattices made from different particles, 

which probably having different zeta potentials, present different levels of EOF. 
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Hence a systematic study of proteins migrations in different pore sizes might be 

challenging, since the mobilities of proteins are affected by two parameters, pore 

size and EOF.  

 Another disadvantage caused by the presence of EOF during electrophoresis is a 

change of the liquid phase hydrostatic head in the reservoirs of the microfluidic 

chip due to flow of buffer into or out of the reservoirs. This effect brings unequal 

liquid levels into the reservoirs of the chip, which causes flow due to differences 

in the hydrostatic heads present in the reservoirs. This flow has a parabolic 

laminar nature that incurs dispersion of the analyte due to the broad range in the 

velocities, which is tantamount to uncontrolled separation conditions.128 

Fortunately this problem is not significant except for run times exceeding several 

hours. 

The high surface-to-volume ratios created by the colloidal crystals in the 

microfluidic channel, and use of a running buffer with sufficiently high ionic 

strength to lower the zeta potential magnitude, suppresses EOF to a high extent. 

Another way of eliminating the EOF has been through surface treatments.129 

1.8 Size-Based Protein Separation 

Protein molecules 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). This first covers them with a 
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uniform negative charge invoked by SDS molecules that bind to the protein 

backbone on a basis of ~1.4  
 

; and secondly, destroys their unique native 

folded structure, giving flexible, more soluble structures that take random coil 

conformations.130-133 Figure 1-5 schematically depicts both native and SDS-

denatured states of a typical protein. As a consequence of denaturation, and 

electrophoresis in a buffer of concentrated more than 100 mM40, e.g. 356 mM in 

this study, the double layer surrounding a negatively charged SDS-protein 

complex will be suppressed to a few nanometers. Therefore the electrophoretic 

mobilities can be estimated via the Smoluchowski model, equation 1-5. 

Furthermore, the charge-to-mass ratios of different SDS-denatured protein 

complexes after the denaturation process will, regardless of their size, incur a 

constant charge-to-friction ratio and, hence, constant free solution electrophoretic 

mobility according to equation 1-5. When these globular objects move in the 

presence of an external electrical field with the same velocity, they cannot be 

fractionated, since they migrate with the same mobility. As a result, the medium 

has to be filled with a sieving matrix that imposes size-dependent steric 

interactions with the SDS-protein complexes, leading to separation based solely 

on their sizes. 

There have been many studies of DNA migration in a porous media, in contrast to 

SDS-denatured protein molecules that have not been studied on as deeply. 

However, the mechanism of protein separation at the molecular level in a sieving 
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matrix, i.e. colloidal crystal in this study, is reasonably described by the proposed 

migration mechanisms for the DNA separation since DNA molecules, like SDS-

protein complexes, have size-independent charge-to-mass ratio values124 and also 

SDS-protein complexes are flexible polymer chains131, 133, similar to what is 

believed to be the case for DNA molecules. 

Three different mechanisms have been proposed for the migration of DNA 

molecules through a confined geometry. These mechanisms are categorized 

according to the ratio of the radius of gyration, root-mean-squared of all the atoms 

in the molecule from the molecular center of mass134, and the pore size.  

The first mechanism considers the SDS-protein complexes as globular objects131, 

133 with a hydrodynamic radius smaller than the pore size of the colloidal crystal, 

which then migrate through the lattice without any conformational changes, c.f. 

Figure 1-6a. Based on this Ogston sieving model, the logarithm of the 

electrophoretic mobility of the SDS-protein objects are proportional to their 

molecular sizes. i.e. ln 135, 136. Fitting to this model identifies if it is the 

correct regime, and can be used to identify molecular weights with appropriate 

standards available. 

Within the Ogston regime no molecule with a size larger than the pore size would 

penetrate the sieving matrix. However, experimental evidence proves the 

opposite.124, 131, 133 Hence, there is another mechanism at work, the reptation of 

flexible thin objects formed by uncoiling the globular molecule. Accordingly, 
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molecules can still enter the lattice moving via a snake-like motion oriented along 

the electrical field, c.f. Figure 1-6b. In the reputation regime the logarithm of the 

mobility of the SDS-protein complexes is proportional to the logarithm of the 

molecular weights. i.e. ln ln . 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.137, 138  

By applying higher electrical voltages a biased reptation motion with stretching of 

the flexible chain occurs, shown in Figure 1-6c, rendering higher mobilities than 

the former case. In this regime the conformable globular complexes are turned 

into rode-like shapes with mobilities that do not follow the very low electrical 

field scenario. Lumpkin139 discovered that mobilities will be also governed by the 

magnitude of the electrical field. i.e.   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.137, 138 Figure 1-6c illustrates the concept 

that the existing coils along the body of the migrating chain are totally elongated 

due to the effect of higher field strength.  

1.9 Thesis Outline 

In the current chapter, a brief overview of protein separation technology and the 

motivation behind it is provided. Furthermore, objectives of this thesis and the 

literature review are discussed. 
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In chapter 2 an experimental approach for the study of the dynamic growth of 

monomodal colloidal crystals is suggested and used to probe macroscopic 

behavior of autonomous crystal growth phenomena of two different kinds of 

particle systems, polystyrene and silica. A mathematical model was adapted to 

better understand the underlying physics behind the microfluidic CSA approach. 

The model shows strong agreement with the experimental results for polystyrene, 

but fell well short of describing the growth behavior observed for the silica 

system. According to a hydrodynamic simulation of the microchip reservoir, and 

the particle number gradient captured from the SEM analysis, the poor agreement 

with the silica system was then attributed to the effect of sedimentation on the 

composition of the silica supply suspension. The model was modified via 

introducing an exponential factor on the characteristic time of the system. The 

exponential factor showed a decremental trend as particle sizes decreased. 

Inspired by the outcome of this study, binary colloidal crystals of polystyrene 

were made following the original approach, with specific particle number and size 

ratios. A periodic chip rotation strategy was proposed to counterbalance the effect 

of gravity during self-assembly of binary colloidal crystal of the silica system, and 

bimodal crystals were the grown. 

Chapter 3 embarks on fabrication of bCCs and mCCs having sub-20 nm scale 

porous structures. According to the initial observations, emergence of micro scale 

cracks and air-invaded spots were inevitable as the sizes of crystal building 

blocks, the assembling particles, shrank to 50 or 30 nm using the original 
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microfluidic CSA approach.51 The formation of cracks that then incur channeling 

phenomena excludes the sieving effect of the matrix. The origin of these cracks 

was believed to be bed shrinkage and hence build-up of internal stress, due to the 

capillary action during CSA, given the structure itself is adhered to the 

surrounding microchannel boundaries. Decreasing the speed of the CSA process 

was a huge alleviating factor in favor of avoiding cracks. The air-invasion 

problem is imposed due to faster diffusion of water at the drying front compared 

to its bulk transfer through the nanoporous structure. In fact, as the pore size 

shrinks to a few nanometers, e.g. 3 nm, the viscous resistance forces against its 

fluid transfer gets more serious; so much so that part of the structure becomes 

completely dried, as enough replenishing water cannot be transferred to 

compensate for the loss due to evaporation. These two problems were tackled by 

decreasing the water evaporation rate placing the microfluidic chip in an 

environment with controlled humidity. The electrophoretic mobilities of proteins, 

including trypsin inhibitor (MW: 20.1 kDa), ovalbumin (45 kDa) and bovine 

serum albumin (66 kDa), measured in the fabricated mCC and bCC described 

above, revealed an Ogston regime to be the governing separation mechanism 

during chip electrophoresis. Anomalous observations in the smallest sizes made 

with 50 nm particles suggest the onset of a reptation separation regime. 

Chapter 4 concludes the thesis by presenting the outcome of the project and a 

discussion over the envisaged future perspectives and plants.  
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Figure 1-1 Demonstration of the bottom-up approach. 

 

 

 

 

 

 

Figure 1-2 Classification of self-assemblies based on the size and nature of the building 

blocks as well as where it occurs. 
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Figure 1-3 Demonstration of Bragg diffraction phenomena featured by crystal of silica 

nanoparticles of 30 nm fabricated via colloidal self-assembly in this study. 
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Figure 1-4 Schematic view of a negatively charged protein immersed in an electrolyte. 

Below indicates the profile of the electrical potential illustrating the Debye length, κ-1, the 

zeta potential, ζ and different layers away from the surface of the complex. 
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Figure 1-5 Schematic representation of the structure of a native (left) and an SDS-

denatured protein (right).140 dh is the hydrodynamic diameter. 
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a) 

 

b) 

 

c) 

Figure 1-6 Different regime of migrations in the presence of an external electrical filed. 

a) Ogston regime b) Reputation without orientation c) Reputation with orientation. 
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CHAPTER 2

FABRICATION OF BINARY COLLOIDAL 

CRYSTALS ON A MICROFLUIDIC CHIP 

2.1 Introduction

Binary colloidal crystals (bCC) of submicrometer particles can be fabricated via a 

spontaneous process called self-assembly.
1-4

 These nanoporous structures offer 

different structural stoichiometries (i.e. LSx, where L and S stand for large and 

small, respectively, and x=1
5-7

,2
3, 5, 8, 9

,3
10

,4
5
,5

5
,6

9, 11, 12
,8

5
,13

3, 8, 13
 based on 

relative number ratio and size ratio of particles present in the initial colloidal 

dispersion.
10, 14, 15

) The bCC fabrication methods can be categorized into two 

major approaches, a layer-by-layer (LbL) growth strategy
10

 and a one-stage 

approach. In a typical LbL method, such as controlled drying
10

, stepwise spin-

coating
14

 and confined convective assembly
15

, the crystal is made by layering 

large and small particles sequentially on top of each other, leading to a 3D 

nanostructure. However, in a typical one-stage method, such as contact printing
16

,

self-assembly at an interface
12

, horizontal deposition
11

, or vertical lifting
17-19

, a 

mixture of dispersed large and small particles is applied, and the self-assembly 

process simultaneously packs large and small particles into a 3D structure. 
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Microfluidic approaches to these novel structures include the use of centrifugal 

forces as per Lee et al.
20

, electrocapillary forces in Shiu et al.
21

, Zhang et al.
22

 and 

Velev et al.
23

 works, continuous sonication in Gates et al.
24

, chemically induced 

factors in Park et al.
25

, confinement induced factors in Kumacheva et al.
26

 and 

epitaxial technique in Hoogenboom et al.
27

 work. In all of the abovementioned 

methods, monomodal crystals, made from only one particle size, are fabricated in 

a microfluidic chip. 

Recently the microfluidic colloidal self-assembly (CSA) approach has been used 

to fabricate monomodal colloidal crystals (mCC) of silica particles for systematic 

study of dynamics the of DNA and protein separation under electrophoretic 

conditions
28-32

, with the goal of achieving efficient on-chip bioseparation
33-35

. To 

the best of our knowledge, no microfluidic approach has been employed to 

fabricate bCCs on a microfluidic chip. Here we investigate the feasibility of 

making crack-free bCCs of polystyrene and silica particles in a microfluidic 

channel (100 mm × 20 mm × 14 mm) for the purpose of rapid creation of dense, 

nanoporous media featuring spatially long range order. The structural 

stoichiometries attained in this study ranged from LS2 to LS6 depending on the 

particle number ratio.  

Nanoporous structures with the above mentioned stoichiometries could not be 

made using silica particles. To understand this problem, a mathematical model to 

describe crystal growth during CSA is adapted from Dufresne et al.
36

, who studied 
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growth of lattices and emerging cracks in crystals made from silica nanoparticles. 

According to our optical microscopy observations, this model reproduced crystal 

growth of polystyrene system, but fell well short of predicting crystal growth of 

silica particles with qualitatively the same sizes.  

Based on the modified Dufresne model
36

, analysis of particle-particle interactions 

and a finite element hydrodynamic simulation of the flow, we ascribe the model 

deficiency to a hydrodynamically amplified effect of gravity on particle number 

density in suspension. Based on our findings, particle concentration increases near 

the microchannel inlet zone, where they are dragged by hydrodynamic viscous 

forces toward the moving particle compaction front. The Dufresne et al.
36

 model 

was then modified by an exponential term on the dimensionless time parameter, ,

that excellently captured the colloidal crystal growth of the silica system.  

The effect of hydrodynamically intensified sedimentation phenomenon was then 

counterbalanced with stirring generated by periodic chip rotation at specified time 

intervals, depending on particle sizes. LS2 bimodal crystals could be made with 

silica, however a higher number ratio than 2.5 was required in suspension in 

contrast to their polystyrene counterparts. Furthermore, no evidence of LS6

structures was observed at a number ratio of 4, as opposed to the polystyrene 

system. 
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2.2 Experiment 

2.2.1 Materials and Methods 

Aqueous suspensions of monodisperse polystyrene particles (750 nm in diameter, 

10% v/v, 356 nm in diameter, 10% v/v, 140 nm in diameter 10% v/v and 60nm in 

diameter, 1.25% v/v) were purchased from Polysciences (Warrington, PA). 

Colloidal solutions of silica particles (900 nm in diameter, 5% v/v, 540 nm in 

diameter, 5% v/v, 690 nm in diameter, 5% v/v, 310 nm in diameter, 5% v/v and 

150 nm in diameter, 5% v/v) were obtained from Bangs Laboratories (Fishers, IN) 

and their stock concentrations were taken to be accurate. All colloidal dispersions 

were used as-received for dilution to the desired concentrations. 

Binary colloidal dispersions were made by mixing aliquots of individual 

monodisperse colloidal solutions with specific volume fractions of particles to get 

the desired small to large particle number ratios, according to the following 

relation 

(2-1)

where  is number ratio,  and  are, respectively, volume fraction and diameter 

of particles. Subscripts S and L stand for small and large. Each colloidal 

dispersion was sonicated in an ultrasound bath (Branson 1200, Triad Scientific, 

NJ, USA) at room temperature for 30 minutes before use. To prepare bimodal 



44

dispersions, each individual colloidal suspension was sonicated separately before 

and after mixing. 

Pre-cleaned glass microscope slides (25 mm × 75 mm × 1 mm) were purchased 

from Fisherbrand, Canada, and treated with piranha solution, containing 

concentrated sulfuric acid (98%, Caledon Laboratories Ltd., Canada) and 

hydrogen peroxide (30%, Fisher Scientific, U.S.A.) (H2SO4:H2O2 = 3:1 v/v), 

overnight to oxidize their surface making them more hydrophilic. (WARNING! 

The above piranha solution reacts violently with organic materials and generates 

gas so should not be stored sealed. Handle with caution). 

2.2.2 Microfluidic Chip Fabrication 

The microfluidic devices were fabricated by a replica-molding process
37 

using

poly(dimethylsiloxane), PDMS, (Sylgard 184, Dow Corning, Midland, MI), as is 

schematically shown in Figure 2-1. The PDMS is prepared via vigorously mixing 

base elastomer and cross linker at a ratio of 10:1 and degassing for about an hour 

at room temperature. The liquid prepolymer was then cast against a master 

(designed in our group
38

 with the microfluidic features on its surface, then 

subsequently cured at 60 
o
C overnight. The PDMS chip was then peeled off the 

master and placed in a clean petri dish. A typical microfluidic chip area was about 

1.5 cm × 2.5 cm consisting a micro-channel (20 µm high and 120 µm wide) and a 

reservoir that was punched through at one end. The PDMS microfluidic chip was 

then cut at the cross area and rinsed with copious amount of ethanol, to remove 
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organic contaminants, and then with deionized water (Millipore Mili- : 18.2 

M .cm). Chips were then dried in an ultrapure nitrogen (Praxair, Inc., Canada) 

flow. A glass microscope slide, treated as described in the previous section, was 

rinsed with copious amount of deionized water and dried in ultrapure nitrogen 

flow. The PDMS chip was then placed on this substrate where it binds reversibly 

to the hydrophilic surface of the glass via van der Waals forces
39

. Lowering the 

total surface energy, this flexible PDMS chip forms a conformal seal to the 

reservoirs and micro-channels with the surface of the substrate as shown 

schematically in Figure 2-2a.  

2.2.3 Experimental Setup 

A schematic of the micrograph setup is depicted in Figure 2-3. Two 10× 

microscope lens (Olympus, Japan) were used as eyepiece and objective to focus 

the incident light into a digital camera (SONY DSC-W330, 14.1MegaPixels) with 

a 4× zooming capability. Images of the growing colloidal crystal were taken at 

different time instances and imported into ImgaeJ software
40

 for measuring the 

crystal length, , which are plotted versus time for further analysis. 

2.2.4 Crystal and Particles Characterization 

2.2.4.1 Scanning electron microscopy 

 The microscopic quality of the colloidal crystals was investigated using scanning 

electron microscopy (SEM, JEOL JSM-6010LA and LEO 1430) in secondary 

electron mode. Before taking SEM images, the PDMS molds were peeled off the 
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glass substrate very carefully, to avoid disturbance to the structures. To shield the 

silanol and oxygen atoms on the backbone of PDMS molecules at the mold 

surface from the silica, a  thick layer of gold was sputtered selectively on the 

microchannel walls of PDMS mold before crystal growth. A plastic tape mask 

was used to avoid coating the remaining PDMS surface. After successful PDMS 

mold removal, the crystal on the glass substrate was coated with a thin layer of 

gold (3-4 nm) via a sputtering system (Branson 1200, Triad Scientific, NJ, USA) 

before SEM analysis. Images were acquired using an electron accelerating voltage 

of 10-20 kV. 

2.2.4.2 Dynamic light scattering 

The particle size and polydispersity of the particles was examined by dynamic 

light scattering (DLS) measurements, using a Brookhaven BI-200SM Multi-angle 

instrument.  

2.3 Mathematical Model 

The mathematical correlation described by Dufresne et al.
36

 is derived here. The 

model was subjected to validation and analysis of crystal growth patterns in our 

system. As this model will later be subjected to further modifications, the details 

of the derivation are introduced here. 

As water evaporates at the drying edge and hence induces a macroscopic flow of 

liquid phase, migrating particles will consolidate at the compaction front. If they 
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form ideal closed-packed structures, their spatially averaged volume fraction will 

be 74%
41

. 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
42

, and delivers them at the compaction front. The 

carrying fluid itself flows through the already grown nanoporous lattice, which 

has a length of  . The fluid reaches the drying edge, where it evaporates at a 

specific rate based on the water concentration gradient and mass transfer 

coefficient at the local atmospheric conditions. The goal of this model is to 

estimate the rate the crystal length grows, i.e. .

The driving force behind the flow from the reservoir to the compaction front and 

from there to the evaporation front originates from the high negative pressure 

exerted by the nano-menisci formed by the fluid between the assembled particles 

at the drying edge. The other potential driving force would be the hydrostatic head 

posed by the column of the liquid phase in the reservoir. This head can be 

estimated by the following equation 

 (2-2)

where  is the density of the colloidal dispersion, assumed to be equal to water, 1 

g/cm
3
, due to the low volume fraction of particles,  is gravitational acceleration, 

9.8 m/s
2
 and  is height, estimated as 1 mm taking into account the diameter of 

reservoir, ~3 mm, and volume of colloidal dispersion injected, ~7 µL. The static 
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pressure of the liquid phase can be ignored compared to the atmospheric pressure 

as the hydrostatic head of the dispersion phase is very small.  

For a monodisperse particle system, the radius of curvature of the meniscus, ,

which is assumed to be a spherical-cap formed between the triangular pattern of 

assembled particles at the drying front
43

, is estimated as 15% of the radius of the 

particles.
36

 The liquid pressure inside can be estimated by
36, 44 

(2-3)

where  is the air/water surface tension, 0.07 N/m
45

 and  is the capillary 

pressure. The smaller the particles the larger the negative pressure experienced by 

the flow at the vicinity of the meniscus; i.e. ~370 atm for 50 nm spherical 

particles. Therefore, a pressure gradient, , will be established from the 

evaporation front to the compact front, which is  long as shown in Figure 2-4, 

driving the liquid phase through the nanoporous media with a rate calculated by 

Darcy’s law
46

(2-4)

where  is rate of fluid flow through the grown crystal,  is the dynamic viscosity 

of liquid phase and  is column permeability and can be estimated by the 

Carmen-Kozeny equation
46 

(2-5)
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where  and  are the particle volume fraction at the compaction front and the 

radius of particles, respectively. Different values of  have been reported, 

ranging from 0.52
43

 for a simple packed configuration to 0.74 for ideal face 

centered cubic (fcc)
11, 47

 and hexagonally closed packing (hcp)
48

 lattice structures. 

Values of 0.64 correspond to random hexagonal close packed (rhcp) packing
49, 50

.

The actual value is determined by the pace of the self-assembly process; whether 

or not particles have enough time to transit from disordered to ordered states
51

.

Using equations (2-2) and (2-3) the pressure gradient along the grown colloidal 

crystal length is determined via  

(2-6)

when zero pressure drop is assumed along the non-compacted region of the 

channel. Substituting this into equation (2-4) yields 

(2-7)

According to equation (2-7), particles will be delivered to the compaction front at 

a fluid flow governed by a balance between viscous resistance and capillary 

forces
36

. The longer the lattice the more viscous resistance the fluid experiences in 

migration through the bed and hence the slower the crystal growth due to slower 

particle delivery flux to the compaction front. 

At the evaporation front, water molecules saturate the surrounding air by an 

interchange process between the surface and the adjacent air. Since air at infinity 
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is not saturated, a concentration gradient is established that induces diffusion from 

the drying front to a distance where the concentration is considered as ambient, 

. This evaporating flux can be calculated by Fick’s law of diffusion
52

(2-8)

where  is the rate of evaporation,  is the mass concentration of water 

molecules, is the diffusion coefficient of water 

molecules in air molecules at ambient temperature, 20 oC and  is density of water 

vapor at ambient temperature
52

.

Equation (2-8) gives a rate of evaporation, in  unit, of water from a flat surface 

which is not the case at the evaporation front due to presence of the nano-menisci, 

which hinder the evaporation rate according to Kelvin’s law
36

(2-9)

where  is approximately 0.5 nm for water at room temperature
36

 and  is the 

evaporation rate at the drying front.

The overall colloidal sell-assembly process and hence the lattice growth is 

governed by two transport processes; namely evaporation at the drying front and 

transport of liquid phase through the nanoporous media due to capillary action. 

Depending on pore size, liquid viscosity, crystal length and ambient conditions 

either one of these processes can be the dominant factor determining the overall 
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mass leaving the system. To put this into mathematics, the contributions can be 

expressed as in-series resistances
36, 45

(2-10)

with  being the overall mass leaving the microfluidic chip. Replacing  and 

by their values from equations (2-7) and (2-9), respectively, gives 

(2-11)

With further arrangements we obtain 

(2-12)

Taking equation (2-7) into account, the  term in the above equation has 

length dimension and is called the characteristic length, , of the compaction 

region
36, 45

(2-13)

Accordingly, with the assumption of no air invasion into the crystal, small values 

of the  ratio indicate slow migration of flow through the nanoporous medium, 

which result in a lower evaporation rate at the drying front. Large values of ,

however, happen when the evaporation rate is the limiting step, as determined by 
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ambient humidity and temperature. Further arrangement of equation (2-12) yields 

a final expression of the total fluid loss from the microfluidic channel as 

(2-14)

Since  to  for virtually all the pore sizes studied here, the exponential 

factor was ignored for the rest of this analysis.

The total fluid loss from the microchannel, , results in loading a specific amount 

of dispersion from the reservoir into the microchannel to compensate for the loss 

of the liquid phase. As a consequence, a segment of the compensating dispersion 

moves a distance  towards the compaction front from its original location 

before the evaporative loss. At the same time, the compaction front grows a 

distance , directed towards the said fluid segment, due to particle supply 

brought by the dispersion segment, as depicted in Figure 2-4.

Since these two boundaries, compaction front and dispersion segment, move 

towards each other, the total displacement from the dispersion segment point of 

view is   which is equal to a total dispersion volume of ,

where  is the microchannel cross-sectional area. The amount of particle content 

in this fluid segment is  where  is the particle volume 

fraction in the dispersion. These particles have been delivered to the compaction 

area and cause it to grow a distance .
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Particle mass balance reads 

(2-15)

Further simplification and arrangement yields a relative dispersion volume to 

crystal volume of 

(2-16)

Hence, measuring  and  by optical microscopy per unit time, and knowing 

the volume fraction of particles in the sample dispersion the value of  can be 

determined.  

Taking into account the contribution of the overall mass leaving the system to the 

flow advancement from reservoir to the microchannel, Figure 2-4, we can write 

(2-17)

Replacing the  and  values by equations (2-14) and (2-16), respectively, and 

arrangement we obtain 

(2-18)

Further mathematical manipulation and simplification yields 

(2-19)
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In the above equation, the  term has dimensions of time. Hence the 

above equation can be simplified as

(2-20)

Where  is time constant and is characteristic time. During initial stages of 

the colloidal self-assembly, when , this equation can be estimated by its 

Taylor expansion, 

 (2-21)

where the terms after the first term can be ignored so that the lattice growth 

demonstrates a linear growth rate with respect to time at early times 

(2-22)

However, as time elapses and the bed grows, , the above expression can no 

longer be applied, and the growth rate will be proportional to the square root of 

time, , as is evident from the original equation. Overall, , is in fact the 

duration of the evaporation-limited regime.  

2.4 Results and Discussion 

Microfluidic colloidal crystal growth was initiated via injection of 7 µL of the 

colloidal dispersion in the reservoir and the microfluidic channel, schematically 

shown in Figure 2-2b. Particles were packed by evaporation induced self-



55

assembly in the microfluidic 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 2-6. 

Measured values of the diameters of some of the particles used in this study are 

plotted in Figure 2-7.

2.4.1.1 System of polystyrene particles 

On-chip growth of colloidal crystals of polystyrene particles of different 

diameters was investigated by the experimental approach described in section 

2.2.3. Particles used in this study include 750, 356, 140 and 60 nm in nominal 

diameter, according to the manufacturer. Particle concentrations were diluted with 

deionized water (Millipore Mili- : 18.2 M .cm) to 1.25% v/v from their 

original concentrations. The movement of the compaction front as observed by 

optical microscopy was recorded and plotted. 

Figure 2-8 exhibits SEM images of monomodal colloidal crystals of three 

different sizes. In most cases the lattices were destroyed upon PDMS mold 

removal, due to the stickiness of particles to PDMS surface. Two different 

mechanisms are believed to cause this problem
53

. The first mechanism is 

physisorption, with hydrogen bonding and van der Waals attractions, between the 

silanol groups on the particle surfaces and the oxygen atoms on the backbone of 

the PDMS molecule. The second mechanism is a chemisorption process that 
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involves formation of a chemical bond between residual silanol groups on the 

backbone of the PDMS molecule and the silanol groups on the surfaces of silica 

particles. The use of Au coating on the PDMS channels eliminated this problem. 

The long range hexagonal ordering of the polystyrene particles is evident from the 

top-down SEM images in Figure 2-8. Defects such as point vacancies, 

mislocations and misaligned lines can be seen, which are quite common in 

mCC.
49, 54-56

During lattice fabrication, growth of both face centered cubic (fcc) and 

hexagonally close-packed (hcp) morphologies are possible due to the very small 

difference in their free energies, which is calculated to be less than  per 

particle
54

, where  is thermal energy. In fact, the fcc-like structure has a lower 

free energy, and hence is more stable, than the hcp alternative
48

. Furthermore, 

structures with fcc stacking take a very long time to grow (about 10
3
 slower

49

representing one disadvantage related to their application. In fact, random close-

packed (rhcp) stacking is a consequence of rapidly grown colloidal crystals 

developing a mixture of hcp and fcc stacking that produces rhcp-planes
57, 58

.

Rhcp-planes are even more stable due to higher entropy gained by different 

colloidal assembly configurations suggested by this pattern of stacking.

Top-down SEM analysis does not provide enough information about the stacking 

pattern of the bulk crystal, therefore, the origin of defects in lattices studied here 

remains unknown. However, one of the reasons for the emergence of line-defects 
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is believed
54, 55

 to be the presence of stacking faults, inherent in rhcp stacking. 

Figure 2-9a-c depict hcp and fcc stacking in a layer-by-layer fashion and the 

contribution of the presence of both hcp and fcc to the emergence of line-defects 

in an mCC. 

The advancement of the compaction front, as observed by optical microscopy, is 

plotted in Figure 2-10a for different polystyrene particle sizes. No evidence of 

crack formation or air invasion into the lattice was observed during the course of 

crystal growth. Growth rates were analyzed according to predictions of section 

2.3, as discussed below. 

The first impression of the results in Figure 2-10 suggests that lattice growth of 

polystyrene follows a near-linear trend during initial stages of self-assembly, but 

as the length of the nanoporous media increases with time, a decreasing trend in 

the rate of growth is observed. According to Figure 2-10, the onset of the 

importance of viscous effects (flow through the porous media), hindering crystal 

growth, is deferred as particle sizes increase, which is in agreement with 

theoretical considerations of the model; c.f. equation (2-20). 

A curve-fit of the results to a power law, , shows a decrease in the 

exponential power from 0.76 for an average pore size of 116 nm to 0.66 for an 

average pore size of 9.6 nm. For pore sizes comparable to water molecule radii 

(i.e. ~0.3 nm) the only transport mechanism would be diffusion, which would 

show an exponential power value of 0.5
36, 44, 59

. Since our experiments gives a 
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large exponent it appears that fluid transport through these nanoporous lattices is 

governed essentially by the bulk motion of fluid and not diffusion. 

Dufresne et al.
36

 study of flow and fracture in nanoporous media shows larger 

exponential growth values of 0.87
36

 for 52 ± 6 nm diameter particles compared to 

the lower value of 0.66 for 62 nm particles in this study. This is probably due to 

the presence of micron size cracks, which are evident from the bright-field images 

in their target crystals.  In fact, cracks in the structure of a lattice allow for 

channeling phenomenon, which render the colloidal column less resistant to fluid 

flow and facilitate a higher crystal growth rate compared to the crack-free 

structures in this study.

As is evident in Figure 2-10a, the length of mCC grown after the same amount of 

time tends to decrease as particle size shrinks. Crystal of different particle radii 

grow with different trajectories, that can, however, be described by a global trend 

via scaling these data with fitted values of y0 and t0 from equation (2-20). Figure 

2-10b is a plot of scaled experimental data and the excellent correlation made by 

equation (2-20), shows this mathematical model is a reliable tool for further 

studies of colloidal crystal growth.

2.4.1.2 System of silica particles 

The analysis of crystal growth performed for the polystyrene system was repeated 

for dispersions of silica particles. Both monodiperse and bidisperse modes were 

subjected to these growth studies. Particle volume concentrations were the same 
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as the polystyrene systems, 1.25% v/v. For the bimodal studies, monodisperse 

colloidal solutions with two different particle sizes were mixed together, so that 

the volume fraction of the larger particles remained the same as in monodisperse 

studies (c.f. Table 2-1). 

In bimodal mode, evaporation induced colloidal self-assembly consolidates larger 

particles into either fcc or hcp stacking with two commonly formed interstitial 

spaces between larger particles, depending on the number and arrangement of 

neighboring particles
16, 60

. There are thus two primary types of interstitial space 

that can be occupied by the smaller particles in a bimodal structure, so long as the 

larger particles hcp or fcc lattice is maintained. A tetrahedral space is made if a 

fourth particle is placed on the upper region of the interstitial space made between 

three other particles forming a triangle pattern. 

However, placement of another three particles above the first three, rotated by 60
o

creates an octahedral interstitial space. These interstitial spaces will be occupied 

by locally available smaller particles in a bimodal structure, making the porous 

structure less permeable, due to smaller effective pore sizes, than for the 

monomodal structures. 
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Table 2-1- Bidisperse colloidal mixtures as used in this study. 

Small/Large 

particle sizes 

Size ratio Small/large 

Number 

ratio

Volume fraction of  

Nominal SEM DLS 

Larger 

particles 

Smaller 

particles 

150nm/900nm 0.167 0.165 - 

4 1.25% 

0.024% 

100nm/540nm 0.185 0.209 0.256 0.032% 

50nm/310nm 0.161 0.177 0.252 0.021% 

To avoid disturbing the fcc and hcp structure of the larger particles by the 

presence of smaller particles, giving rise to major defects, geometrical 

considerations necessitate size ratios be kept within specific values
8, 11, 16, 61-63

.

Consequently, the lower and upper size ratio limits for smaller particles placed in 

tetrahedral and octahedral spaces without disturbing the larger particle’s skeleton 

are calculated as  and ,  respectively
60

. According to Table 2-1, 

selected small to large size ratios, based on size values from the manufacturer and 

SEM analysis, are well below the upper limits; hence no major defects, caused by 

space limitations, were expected. However, DLS analysis predicts larger ratios as 

the particles size are measured a bit larger than their actual sizes due to the 

presence of the solvation layer around them in the dispersion. 

Figure 2-11a shows the growth of mCC for different silica particle sizes. 

Surprisingly, the growth behavior is quite different than what was observed for 

the polystyrene system. All silica mCCs studied show distinct increases in local
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growth rates, slope of the local tangent line to the growth diagram, as opposed to 

their polystyrene counterparts. 

A log-log plot of the time required to grow a crystal the whole length of the 

microchannel, 14 mm, versus particle sizes, is plotted in Figure 2-11b. For the 

silica system these values could be measured via optical microscopy. However, 

for the polystyrene system, the growth values had to be calculated based on the 

mathematical model because the growth times for this system were very long and 

hard to measure. According to Figure 2-11b, the total time, needed to grow a 

crystal as long as 14 mm, follows a downward trend with respect to particle size. 

This trend is seen for the polystyrene system as the porosity of the nanoporous 

lattice tends to decrease. However, mCCs of the silica system feature faster 

overall growth than polystyrene of similar particle size. For example an mCC of 

310 nm silica takes ~4.3 h to grow, whereas 356 nm polystyrene take ~23.2 h to 

grow to the same length, even with a larger porosity.  The same trend has also 

been observed for 690 nm silica with ~0.88 h, as opposed to 750 nm polystyrene 

with a duration of ~6.7 h. 

Binary colloidal crystal growth of silica particles showed qualitatively the same 

trend over time as their monomodal counterpart discussed above, as per Figure 

2-12. The growth duration results are plotted in Figure 2-11b, demonstrating 

modestly longer durations for bimodal dispersions compared to monomodal 
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dispersions, where no smaller particles exist. The trend is consistent with the 

formation of smaller pore size, which should lead to longer duration growth.

The model of Dufresne et al.
36

 cannot describe the growth behavior seen for silica 

at the volume fraction of the monomodal dispersions used in this study. The 

discrepant time dependent growth rate behavior could be captured by a 

modification of the Dufresne et al.
36

 model, by introducing an exponential factor 

to the dimensionless time parameter, 

(2-23)

The experimental data can be empirically modeled with coefficient of 

determination values fairly close to 1 (i.e R
2
 = 0.99) for the particle diameters 

studied in Figure 2-11a. The values of  are listed in Table 2-2. 

Table 2-2 - Values of   in the modified Dufresne et al. model, equation (2-23). 

system silica polystyrene 

[nm] 

900 690 540 310 750 356 140 62 

 2.5 1.4 1 

It is apparent from Table 2-2 that the effect of time constant, , is more 

pronounced with silica, as compared to polystyrene, even for particle diameters 

that are within the same order of magnitude for the two different materials.  
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Each particle experiences many interactions originated from van der Waals, 

electrostatic, stochastic Brownian, depletion, steric, contact, gravitational, 

buoyancy and hydrodynamic forces in its migration from the microfluidic chip 

reservoir to the microchannel and further to the compaction front where it is 

assembled into the structure. Taking into account the conditions of our 

experiments, of these forces, we conclude only the last two are significant. 

Gravitational and buoyancy forces 

One of the major physical property differences between the two materials that 

have not been accounted for in the Dufresne et al. model
36

 lies in the specific 

mass densities, i.e.  and  according to the manufacturer’s 

catalogue. This fact incurs higher downward terminal velocities for silica than 

polystyrene particles in the supply reservoir before they are dragged by flow into 

the microchannel. A combination of gravitational and buoyant forces acting on 

individual particles in the reservoir can be expressed as
64 

(2-24)

where,  and  are mass densities of a particle and surrounding medium, 

respectively, and  is the gravitational acceleration force vector. Figure 2-13 

shows the estimates of calculated force values acting on individual particles used 

in this study according to equation (2-24), based on the sizes and densities. Silica 

particles of sizes 690 nm and 310 nm experience almost an order of magnitude 

larger force compared to 750 nm and 356 nm polystyrene particles, respectively. 
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Since , the sign of these forces are the same as the gravity acceleration 

force vector, resulting in higher particle downward acceleration than polystyrene 

particles, commonly known as sedimentation. 

To better investigate the effect of particle density on crystal growth, a set of 

experiments on fabrication of bimodal lattices made from two different particle 

sizes was performed. These particle dispersions are made with silica having the 

same mass densities, but with three different nominal size ratios, 0.18, 0.32 and 

0.76.

For each bimodal size ratio, top-down SEM images of crystals were taken at two 

different locations from the end of the microchannel, 0.1 mm and 3.5 mm, shown 

in Figure 2-14a. The crystal morphologies seen at distance 3.5 mm is self-

assembled  minutes later than the crystal at 0.1 mm. The top-down SEM images, 

Figure 2-14b-d, were then analyzed with ImageJ
40

 software to enumerate small 

and large particles to calculate their relative populations versus size ratios, plotted 

in Figure 2-15. 

Apparently there is a gradient in the smaller particle populations, observed at both 

locations for every particle size ratio. Both particle number gradients approach 

their initial number densities in the reservoir, which is 4 (80% v/v). The 

morphology at 0.1 mm shows a volume fraction value closer to the reservoir value 

than is seen at 3.5 mm, which is formed a few minutes later. Furthermore, as 

particle size ratios shrink, leading to larger particle weight differences, the particle 
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number gradient is sharper. These results show that gravitational separation is the 

dominant force in affecting the particle relative number densities. In fact, 

gravitational force increases the local number density of large particles in the 

microfluidic chip reservoir before they are fed into the microchannel.   

Hydrodynamic drag force 

The hydrodynamic drag force exerted by the surrounding flowing fluid on the 

surface of individual particles migrates them
42, 65

 through streamlines from its 

initial location, upon injection of the dispersion into the reservoir, all the way to 

the microchannel inlet. In the microchannel particles follow parallel streamlines, 

which is the inherent property of laminar regimes in creeping flow, until they are 

delivered at the compaction front, forming close-packed structures. 

Streamline trajectories for a case of pure water, or extra dilute dispersion, were 

simulated in COMSOL Multiphysics 4.3 software (Burlington, MA).
66

 The results 

are plotted in Figure 2-16. This simulation is based on a no-slip boundary 

condition at the reservoir walls (PDMS and glass substrate), constant pressure at 

the surface of the dispersion and a constant average maximum velocity at the 

microchannel inlet, estimated from the initial stages of crystal growth.

Particle trajectories can be qualitatively predicted as they follow streamlines. Here 

we assume particles undergoing sedimentation do not cause any disturbance to the 

local flow hydrodynamics
67

.  As a consequence of different total fluid velocities 

at different reservoir locations, plotted in Figure 2-16b, particles experience 
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different magnitudes of drag forces. As is evident from the figure, at regions near 

the microchannel inlet the larger local velocity values drag particles more 

intensely than the rest of the reservoir. Based on particle size, densities, and also 

fluid dynamic viscosity, Stokes terminal velocities
68

 of particles are estimated and 

plotted in Figure 2-17a for both silica and polystyrene systems. It is clear that 

velocities of particles in the silica system are substantially affected by gravity 

compared to the polystyrene system, as the polystyrene terminal Stokes velocity 

values are almost immeasurable when plotted on the same scale as their silica 

counterparts.

Particles at the upper portions of the reservoir, which is more quiescent, have 

local velocities comparable to, or even larger than local fluid flow velocity values. 

Consequently, particles at the upper right gradually migrate and switch their 

streamlines as they sediment. Since, according to the fluid simulation, local fluid 

velocity increases on approaching the reservoir bottom near the microchannel 

inlet, particles reaching these zones may suddenly be grabbed by local flow into 

the microchannel. Thus, sedimentation can bias the local large particle number 

density toward higher values compared to smaller particles in the vicinity of the 

entrance to the microfluidic channel. This bias can indeed be amplified by flow 

hydrodynamics due to particles faster motions. Hydrodynamic separation 

amplification has been recently used and studied as a technique by Huh et al.
67
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The observed particle number gradient in the microchannel can also be attributed 

to the differences in the hydrodynamic drag forces posed on particle surfaces by 

the flowing medium, based on different particle diameters. However, it is worth 

noting that hydrodynamic drag force has a linear proportionality to particle size as 

opposed to the combined gravity-buoyancy forces that show a cubic 

proportionality as per equation (2-24). Hence, we conclude that the relative 

particle number density is decreased for smaller particles over time at zones near 

the bottom of the reservoir, where they are dragged into microchannel for silica 

system owing to larger than medium mass density values that gets intensified with 

cubic power of particle size. 

Permanent inversion of the microfluidic chip shows bCC crystal growth trends for 

silica that are quite similar to what is observed for the polystyrene system. Figure 

2-17b shows crystal growth trends observed for silica bCCs of different size 

ratios. Evidently, all of them demonstrate a downward trend for growth rate like 

the polystyrene system, but finally they stop growing after a specific amount of 

time. It can be seen that after 200 minutes, the bCCs of silica system have grown 

less than a millimeter for 150/900 nm and 100/540 nm and less than three 

millimeter for 50/310 nm. Whereas, in the case of a normally placed microfluidic 

chip, in which gravity and hydrodynamic drag forces act in the same directions on 

particles in reservoir, bCCs of the two former samples have grown 14 mm and the 

latter ~12 mm, according to Figure 2-12.  
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A close observation of reservoirs of two microfluidic chips placed normally and 

inversely is depicted in Figure 2-17c. Obviously, the inverted reservoir has 

developed two separated regions, a clear aqueous and a colloidal dispersion 

phase. The surface tension of the colloidal dispersion and PDMS surface prohibits 

motion of the dispersion phase away from the microchannel inlet, thus preventing 

air bubble leakage into the microchannel. 

For an inversely placed chip, the drag and gravity forces act on individual 

particles in opposite directions; i.e. hydrodynamic viscose drag force, posed by 

the local mobile aqueous phase, towards the microchannel and gravity away from 

it. Therefore, it is reasonable to conclude that settling velocities of silica particles 

outweigh drag force, because otherwise the two clear and dispersion phases would 

never be separated. Hence, crystal growth ceases after a short time, due to 

migration of particles away from the microchannel inlet. Figure 2-17d shows a 

bCC of 150 nm mixed with 900 nm particle. The brown color indicates a binary 

crystal at the left side and a gradual fading brown color towards right side 

indicates mCC of 150 nm crystals. Beyond this particle front there is a clear 

aqueous phase without particle supply. A movie of an inverted chip is available 

that shows flowing aqueous phase without particle supply, proving that crystal 

cease growth is not a result of a hydrodynamic equilibrium due to microfluidic 

chip inversion. Slower Stokes settling velocities for 310 versus 900 nm particles 

in fact incurs longer growth bCCs of 50/310 nm (< 3 mm) compared to 150/900 

nm (< 1 mm).  
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A direct result of hydrodynamically amplified particle sedimentation phenomenon 

is seen in bCC fabrication, where an exact ratio of the number density of small to 

large particles is needed to get the desired nano structure. To counterbalance this 

effect and restore the small to large particle number ratio to its initial value, upon 

dispersion injection in a supply reservoir, the reservoir was pipetted on average 

every 10 min, with the objective of mixing the dispersion content.   

This mixing experiment was performed for three bimodal dispersions and 

colloidal crystal growth was plotted against time as in Figure 2-18a-c. As was 

expected, crystal growth follows a similar trend as for the polystyrene system, 

presenting a completely different behavior than that observed in Figure 2-12. 

Using the modified form of the Dufresne et al.
36

 model, the growth rate of bCCs 

of the silica system can be reproduced within an acceptable error. The error may 

stem from insufficient stirring via pipetting, based on the size of larger particles. 

An exponential factor close to one was observed, similar to the polystyrene 

system, Figure 2-18c, for the mixture of 50 and 310 nm silica particles. In this 

case the larger particle’s tendency to sediment is much less than for the mixture of 

150 and 900 nm, Figure 2-18a. Apparently better mixing is needed for larger 

particles. 
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2.4.2 On-Chip Deposition of Binary Colloidal Crystal 

2.4.2.1 System of polystyrene particles 

Deposition of bCCs of polystyrene particles in a microchannel is performed by 

mixing a specific number density of small and large particles, with a specific size 

ratio. According to geometrical analysis, for smaller particles settle into 

tetrahedral and octahedral vacancies in the larger particle assembly without 

disturbing their structures, a size ratio of not larger than 0.2247 and 0.4142
60

 is 

required, respectively. Otherwise, due to insufficient space available for the 

smaller particles, a disordered nano porous material will result. Examples are 

depicted in Figure 2-14c and d, where bimodal lattices of silica particles with size 

ratios of 0.32 and 0.76 are self-assembled. According to dynamic light scattering 

results in Figure 2-19, polystyrene particle of 140 and 750 nm nominal diameters 

with a measured size ratio of 0.180 meet the aforementioned size ratio criteria. 

Scanning electron analysis also gave a size ratio of 0.183 that still confirms a final 

ordered structure from the geometrical point of view. 

Figure 2-20a shows structural details of the top layer of an LS2 structure formed 

with a number ratio of small to larger particles of 2.5. The crystal demonstrates a 

long range order with only one small particle filling the three-fold interstitial 

spaces of larger particles assembly. However, there are some small numbers of 

voids that are not occupied. Apparently presence of small particles has not 

distorted hexagonal closed packing of larger particles. Similar studies by others 
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show the same bCC structural stoichiometry at number ratios of 2
12

, 2.5
11

  or 

1.8
60

. There is also an evidence of a point defect caused by an imperfectly small 

750 nm particle. Furthermore, the SEM analysis reveals particle aggregations 

distributed at the surface of the LS2 crystal that are placed in locations other than 

the spaces between the larger particles.  This is probably due to the free space 

between the surface of the crystal and the PDMS wall that may be a few hundred 

nanometers long letting nano particles reaching the top of the crystal later than the 

instant when it is packed. 

An increase of number ratio from 2.5 to 9.8 resulted in a bCC with a long range, 

ordered LS6 structure, for which on average each individual larger particle is 

surrounded by six smaller ones, as shown in Figure 2-20b. Other studies have 

revealed that with smaller number density ratios (i.e. 4
12

, 3.9, 4.1
11

 or 3.43
69

, LS6

structures can still be achieved at the top layer of the crystal. Analysis of the 

interstitial space available to smaller particles without disturbing the larger 

particle assembly, reveals that with the size ratio of 0.2, there is enough space in 

octahedral and tetrahedral sites for respectively 8 and 1 smaller particles to be 

arranged
60

. The LS6 structure is more stable at the surface as opposed to bulk
11

,

hence the surface configuration might not be replicated in the bulk and there are 

probably 3D interstitial spaces that have not been fully occupied. However, by 

increasing the number ratio, more small particles are available to be 

accommodated in the bulk crystals so that every octahedral and tetrahedral space 

accommodates appropriate numbers of smaller particles. 
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According to the top-down SEM image in Figure 2-20b, with a number ratio of 

9.8, most interstitial spaces at the surface are occupied by three 140 nm particles, 

though some of them have been filled by less than three, and in some cases no 

smaller particles are present.  

By increasing the smaller particle number density ratio to 11.0, space restrictions 

become a determining factor in achieving an ordered structure. In fact, at the 

compaction front all locally available smaller particles cannot find enough 

octahedral and tetrahedral sites to arrange themselves in an ordered fashion, 

creating space limitations for the larger particles. The result is the disordered 

structure shown Figure 2-21. Clearly the hexagonal close packed orientation of 

the large particle has been shifted so much that the structure does not feature local 

short range order. Hence, in addition to keeping the size ratio within a specified 

range, the number ratio must also be kept within a certain range, in this case 2.5 < 

n < 11, to obtain a bimodal crystal with a long rage order. 

2.4.2.2 System of silica particles 

As shown in section 2.4.1.2, hydrodynamically intensified sedimentation of large 

particles incurs a lower small particle number ratio. As a result the required 

number ratio of 2.5 needed for an LS2 bCCs is not achieved. Therefore, a periodic 

chip rotator, shown in Figure 2-22a, was designed to invert the microfluidic chip 

regularly. The colloid suspension is thus repeatedly mixed, based on a pattern 

determined by a function generator. The apparatus is able to perform timed 180 
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degree rotations based on a specified-by-user time period. A plot of the chip 

angular position is depicted in Figure 2-22b for 15 s time intervals. 

This equipment can handle six microfluidic chips at the same time. Using this 

approach, bCCs of silica particles of 100 nm mixed with 540 nm with a number 

ratio of 4 were fabricated on a microfluidic chip. Particle sizes, as determined by 

DLS are plotted in Figure 2-23. According to this analysis the small and large 

particles are larger and smaller than their nominal sizes, respectively. This gives a 

size ratio of 0.251 that is a bit larger than what is expected to have an ordered 

binary structure; i.e. 0.225 based on geometrical analysis. However, SEM analysis 

determined a ratio of 0.209 that guarantees an ordered structure. Here 15 s was 

chosen as the time interval, being far faster than the 5 min interval used for the 

pipetted sample, so the rotation should counter the hydrodynamically amplified 

sedimentation phenomenon.  SEM images of a normally packed and a 

periodically rotated microfluisic chip are shown in Figure 2-24a and b, 

respectively. 

Figure 2-24a shows the binary colloidal crystal fabricated in a nonrotated 

microfluidic chip produced an almost monomodal crystal, rather than the binary 

lattice made by use of the chip rotator. This result is consistent with the 

mathematical and experimental analysis revealing an amplified influence caused 

by sedimentation of larger silica particle relative to smaller ones. 



74

An interesting point is that with a number ratio of 4, an LS2 structure was made 

on the surface of the silica structures, in contrast to the polystyrene system that 

showed an LS6 stoichiometry. This result may be due to the chosen time intervals 

for influencing of sedimentation. In an inverted chip, hydrodynamic viscous drag 

and gravity vectors point to opposite directions, with viscous drag proved to be 

the outweighing factor. However, in a normally placed chip these two vectors 

point to the same direction. This fact, in addition to the complex nature of charged 

colloidal hydrodynamics makes the reasoning and judgment quit difficult to 

decide upon appropriate time intervals, whether they need to be equal or not over 

the course of colloidal self-assembly and so forth.  

Hence a more careful analysis and numerical simulation of colloidal 

hydrodynamics in reservoir during colloidal self-assembly is necessary. 

2.5 Conclusions

Dynamic growth of monomodal and bimodal colloidal crystals of polystyrene and 

silica particles were studied both experimentally via optical microscopy and 

mathematically by Dufresne et al.
36

 model. The model was then modified through 

an exponential term imposed on the dimensionless time parameter to describe 

growth of silica lattices, employing a power law to capture the effect of 

sedimentation phenomena.  

Finally, a periodic chip rotator was designed and used to deposit heterogeneous 

bimodal crystals of silica in a microfluidic channel. The effect of chip rotation in 
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producing bCCs of silica featuring long range, ordered LS2 structures was 

discussed. Accordingly, LS2 structures of silica were fabricated at number ratios 

higher than those used by others.
11

 Numerical simulation of on-chip binary 

colloidal crystals is needed to better understand the complexities behind colloidal 

self-assembly phenomena in a microfluidic chip for the production of diverse 

bCCs with different structural stoichiometries. 

Binary colloidal crystals of polystyrene and silica particles were also deposited by 

a microfluidic approach. Ordered LS2 and LS6 and dense disordered structures 

were obtained for polystyrene system by increasing the small particle number 

ratio from 2.5 to 11.0.  
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Figure 2-1 Scheme for rapid prototyping of the cross-chip used in this study. 
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(a)

Glass

PDMS

Colloidal dispersion 

reservoir Evaporation 

end
Microfluidic

channel

(b)

Figure 2-2 The Microfluidic chip used in this study. a) Reservoirs and microchannel 

arrangements. b) Top and front views with sizes. 
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Figure 2-3 Schematic diagram of the setup for dynamic optical microscopy studies of 

colloidal crystal growth. 
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Figure 2-4 Definitions of the compaction front, colloidal dispersion and fluid segment 

locations relative to each other during colloidal self-assembly. The direction of the y-axis 

is shown at the top of the figure. 

Figure 2-5 On-chip bimodal colloidal crystal self-assembly. 
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Figure 2-6 Optical micrograph of crystal growth of 690 nm silica particles in 

microchannel as is evident by the difference in colors of crystal and the dispersion. The 

arrow shows the direction of the compaction front advancement. 

Figure 2-7 Measured values of the diameters of the particles used in this study by DLS 

and SEM. 
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a) b)

c)

Figure 2-8 Top-down SEM images of self-assembled structures of polystyrene particles 

a) 750 nm. b) 356 nm. c) 140 nm. Arrows indicate defects. 



82

a) b)

c)

Figure 2-9. Similarities and differences between hcp and fcc stackings. a) hcp stacking 

and its top view. b) fcc stacking and its top view. c) Presence of both hcp and fcc 

configuration at the same plane causing line-defects. Arrows indicate defects. 
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a) b) 

Figure 2-10 Microfluidic mCC growth behavior of polystyrene particles. a) Solid lines 

are y~ta functions. b) Scaled trajectories of the colloidal mCCs made from monodisperse 

polystyrene particle with different radii. The line is the correlation made by equation 

(2-20). In the labels, yc, y0 and t are crystal length, characteristic length and time, 

respectively.
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a)

(b) (c) (d)

Figure 2-14 Colloidal gradient along the microchannel. a) Schematic of the microfluidic 

chip and crystal along with two points of SEM analysis. b) bCC of 150/900 nm. c) bCC 

of 100/310 nm. d) bCC of 690/900 nm. The upper and lower rows demonstrate crystal 

surface morphologies at 3.5 mm and 0.1 mm respectively. 
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Figure 2-15 Particle number gradient at 0.1 mm and 3.5 mm away from the end of the 

microchannel.
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a)

b)

Figure 2-16  Analysis of flow and streamlines in the reservoir with COMSOL 

Multiphysics. a) Schematic of the microfluidic chip reservoir as implemented in 

COMSOL representing streamline trajectories of flow. b) Plot of the total flow 

velocities, i.e. , along the x axis at different y axis values. 
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a) b) c) 

Figure 2-18 bCC growth behavior of silica particles, number ratio=4. Effect of in-reservoir 

micromixing by a pipette done every 10 min. a) 150/900 nm. b) 100/540 nm. c) 50/310 nm. 

Triangles and circles indicating bCC’s made while the reservoir was not mixed and mixed, 

respectively.   
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a)

b)

Figure 2-19 Histograms of the polystyrene particle diameters from the DLS. a) 140 

nm ( =140.8 ± 12.24% nm). b) 750 nm ( =774.1 nm). 
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a)

b)

Figure 2-20 Top-down SEM images of ordered bCC of polystyrene particles of 750 nm 

and 140 nm. a) LS2 (n=2.5). b) LS6 (n=9.8). 
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Figure 2-21 Top-down SEM images of ordered bCC of polystyrene particles of 750 nm 

and 140 nm (n=11.0). 

a) b)

Figure 2-22 Periodic chip rotator. a) Schematic illustrating major composing parts. b) 

chip angular position as a function of time as performed by the periodic chip rotator; 

time interval between each inversion is 15 s. 
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a)

b)

Figure 2-23 Histograms of the silica particle diameters from the DLS. a) 540 nm 

( =523.2 ± 15.5% nm). b) 100 nm ( =131.6 ± 10.78% nm). 
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a) b)

Figure 2-24 Top-down SEM images of ordered bCC of silica particles of 540 nm and 

100 nm (n=4). a) Nonrotated chip. b) Rotated chip. 
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CHAPTER 3                                    

EFFECT OF PORE SIZE ON PROTEIN 

SEPARATION  

 

3.1 Introduction 

 Three-dimensional colloidal crystals fabricated via a colloidal self assembly 

(CSA)1 method provide nanoporous structures that offer a novel approach for the 

systematic study of the migration of biomolecules, i.e. DNA and proteins, under 

an external electrical field as a driving force2-12. Charged biomolecules can be 

separated based on their different molecular sizes. The smallest pore size made by 

CSA on a microfluidic chip has been about 25 nm, fabricated from a 

monodisperse silica particles of 160 nm, in diameter, in work done by Zeng and 

Harrison. 12 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.  

In this study, colloidal crystals with an average pore size ranging from 7 to 48 nm 

are fabricated on a microfluidic chip having a double-T configuration for the 
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injection and separation stages. 12 Challenges in the fabrication of these crystals 

include air-invasion and development of micro-cracks. The former problem leads 

to dry parts of the crystal which are difficult to wet again, leading to spots without 

any external field. The latter incurs channeling phenomena that hinder the 

separation quality achieved by the nanocrystal. These problems were addressed 

and solved by a new approach. 

Krypton porosimetry at 87 K was applied to characterize the mesoporous 

structure of the colloidal crystals fabricated in this study. A convenient sample 

preparation approach is developed to prepare enough colloidal crystal on a glass 

substrate for sorption analysis.  

Finally, three proteins, trypsin inhibitor (20.1 kDa), ovalbumin (45 kDa) and 

bovine serum albumin (BSA) (66 kDa), were selected for electrophoretic 

separation in an external field of 30 V/cm. Electrophoretic mobilities were 

measured at a variety of pore sizes ranging from 7 to 48 nm.   

3.2 Materials and Methods 

3.2.1 Reagents and Samples  

Aqueous suspensions of monodisperse silica particles (310 nm in diameter, 5% 

v/v, 150 nm in diameter, 5% v/v) were obtained from Bangs Laboratories 

(Fishers, IN) and uniform silica beads (100 nm in diameter, 2.8% v/v, 50 nm in 

diameter, 2.8% v/v) were received from Polysciences (Warrington, PA). Colloidal 
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dispersions of 30 nm silica (1.25% v/v) were purchased from Discovery Scientific 

(Kelowna, BC). All colloidal dispersions were used as-received. Binary colloidal 

dispersions were made by mixing aliquots of individual monodisperse colloidal 

solutions with specific volume fractions of particles to get the desired small to 

large particle number ratios. Each colloidal dispersion was sonicated in an 

ultrasound bath (Branson 1200, Triad Scientific, NJ, USA) at room temperature 

for 30 minutes before use. For bimodal dispersions, each individual colloidal 

suspension was sonicated separately before and after mixing.  

For denatured protein separation experiments, trypsin inhibitor (soybean, 20.1 

kDa), ovalbumin (chicken, egg, 45 kDa), bovine serum albumin (BSA) (66 kDa), 

fluorescein isothiocyanate (FITC), sodium dodecyl sulfate (SDS), 10  TBE 

buffer solution and mercaptoethanol were purchased from Sigma-Aldrich (St. 

Louis, MO). These proteins were labeled with FITC, according to the vendor’s 

manual, and their concentrations were about 0.01 mM after labeling. Aliquots of 

each individual FITC-protein solution were mixed with a 4× TBE solution 

containing 4% w/v SDS and 8% v/v mercaptoethanol as the reducing and anti-

photobleaching agent. The mixtures were heated to 85°C for about 5 minutes in a 

hot water bath in dark. The protein samples were then diluted with 4× TBE 

solution containing 0.1% w/v SDS as the running buffer and then mixed together 

for electrophoresis. Final concentrations of the proteins were 10-4 mM. 
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Pre-cleaned glass microscope slides, 25 mm × 75 mm × 1 mm, were purchased 

from Fisherbrand, Canada, and treated with piranha solution, containing 

concentrated sulfuric acid (98%, Caledon Laboratories Ltd., Canada) and 

hydrogen peroxide (30%, Fisher Scientific, U.S.A.) (H2SO4:H2O2 = 3:1 v/v), 

overnight to oxidize their surface making them more hydrophilic. (WARNING! 

The above piranha solution reacts violently with organic materials and generates 

gas so should not be stored sealed. Handle with caution). 

3.2.2 Microchip Fabrication 

The fabrication of the PDMS microfluidic chip is discussed in chapter 2. The size 

of a typical microfluidic chip was about 12 mm × 24 mm × 2.5 mm, embodying 

two microchannels crossing a third one with a depth of ~20 µm and a width of 

~120 µm proved by SEM observations.  The two former microchannels, 

perpendicular to the third one, are offset by about 120 µm. The PDMS 

microfluidic chip is shown in Figure 3-1. 

3.2.3 On-chip Colloidal Crystal Self-Assembly 

3.2.3.1 Monomodal colloidal crystals of microparticles 

Monomodal colloidal crystals (mCC) of 310 and 150 nm of silica particles were 

formed via injection of 5-7 µL of the sonicated colloidal dispersion into reservoir 

1, shown in Figure 3-1. The dispersion fills all microchannels by capillary action. 

Soon after that, the same amount of dispersion was injected in reservoirs 2 and 3 

and reservoir 4 was left empty. The hydrodynamic head of the colloidal 



105 

 

dispersion phase in the supplying reservoirs, 1-3, were kept the same. After a few 

seconds, evaporation of water from reservoir 4 triggers commencement of 

colloidal self-assembly, indicated by iridescent color advancing from the end of 

the microchannel away from reservoir 4. The inlets to reservoirs 1-3 were capped 

by thin pieces of plastic tape that prevent significant water evaporation that might 

leave the supplying reservoir dry.  

Depending on particle sizes, volume fractions and ambient conditions, on-chip 

colloidal self-assembly takes a few hours to complete. After completion of CSA 

and removal of all plastic tapes, colloidal dispersion contents of the supplying 

reservoirs were replaced with 5-7 µL solutions of 0.1% v/v SDS dissolved in 4× 

TBE, as the running buffer. The same amount of the solution was also loaded in 

reservoir 4. The microchip, with the running buffer in all reservoirs capped with 

thin pieces of plastic tape, was then placed in a petri dish with a small amount of 

water, keeping the PDMS microchip humidified enough to cease further water 

evaporation. The microfluidic chip was then used for protein separation by 

electrophoresis. 

3.2.3.2 Monomodal colloidal crystals of nanoparticles 

Fabrication of mCCs of 100, 50 and 30 nm diameter silica particles was 

performed via the same approach as discussed for larger particles. The colloidal 

dispersion injection sequence was the same, however, after the injection stage, the 

microfluidic chips were placed in a petri dish with a semi-controlled humidity, as 
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is depicted in Figure 3-2. The humidity was kept higher than ambient (i.e. 28%) 

by sprinkling water droplets inside the petri dish and restricting mass transfer of 

water molecules from the container to the surrounding atmosphere through four 

holes with a diameter of about 3 mm formed on the cap of the petri dish. After 

CSA completion, the petri dish cap was removed and the colloidal dispersions in 

the reservoirs were replaced with running buffer. All reservoirs were then again 

sealed with plastic pieces of tape and a cap without any holes was finally placed 

on the petri dish, allowing the chip to sit in equilibrium with the buffer solution 

overnight. The chip was then used for protein separation via electrophoresis. 

3.2.3.3 Binary Colloidal Crystal 

On-chip fabrication of binary colloidal crystal (bCC) was studied in chapter 2. In 

this study the same method of fabrication was used. Here, aliquots of colloidal 

dispersions of silica particles of 150 (5% v/v) and 30 nm (diluted to 0.16% v/v), 

in diameter, were sonicated separately for 30 min, mixed and sonicated again for 

another 30 min. The dispersion was injected in the microfluidic chip following the 

same sequence discussed for mCCs of microparticles. Soon after injection, the 

chip was placed tightly on the periodic rotator which inverted the chip every 15 s, 

as shown in Figure 3-3, for a period of 1.5 h. After the bCC packed the whole 

microchannel, the chip was removed from the chip rotator and was subjected to 

buffer solution injection, in the manner discussed for mCC of larger particle beds. 
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3.2.4 Instrumentation and Imaging 

FITC-labeled and SDS-denatured proteins were detected using a epifluorescence 

microscopy apparatus 12. The labeled proteins were excited with an expanded 488 

nm argon ion laser beam. Fluorescent emissions were then collected by a 40× 

objective and directed, via a mirror, to a 515 nm long-pass filter to select 

excitation and detection wavelengths. A high-sensitivity CCD camera, interfaced 

to the objective before the filter, was employed for the collection of images with a 

rate of 10 fps. Digitized images were then imported in and quantified by the 

image processing software, ImageJ. 13 An x-y-z translation stage was used to 

manually move the mounted microfluidic chip to the detection location. 

3.2.5 Crystal and Particle Characterization 

3.2.5.1 Scanning electron microscopy 

 The microscopic quality of the colloidal crystals was investigated using scanning 

electron microscopy (SEM, JEOL JSM-6010LA and LEO 1430) in secondary 

electron mode. Sample preparation for SEM is described in chapter 2. The same 

approach was used in this study. 

3.2.5.2 Dynamic light scattering 

The particle sizes and polydispersities of the particles were examined by dynamic 

light scattering (DLS) measurements, using a Brookhaven BI-200SM Multi-angle 

instrument.  
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3.2.5.3 Pore size analysis 

Pore size measurement of the bCC, fabricated in this study, was performed using 

a Quantachrome Autosorb 1MP instrument where krypton (Praxair, 99.999% 

pure) gas was chosen as adsorbate. To prepare bCC samples, another microfluidic 

chip, with different architecture, also designed in our group7 (c.f. Figure 3-4a), 

was used. The size of the square chamber, located in the middle of the chip, was 4 

mm × 4 mm, with a depth of 20 µm. This chamber was selectively sputtered with 

a thin layer of gold (Denton vacuum coater) prior to bCC fabrication. Other parts 

of the chip were masked-off using thin plastic tape, as depicted in Figure 3-4b and 

c.  

Since the internal diameter of the inlet to the sample holder of the Autosorb 

instrument was about 9 mm, the glass substrate had to be pre-diced prior to bCC 

fabrication. The substrate was cut with the pattern shown in Figure 3-4d, using a 

diamond touch dicing saw instrument. The cuts were chosen 0.5 mm deep to 

facilitate the post cutting stage that should incur any damage to the nanocrystal. 

The pre-diced substrate was washed following the approach described before. The 

PDMS chip was then placed on the pre-diced substrate with the middle chamber 

placed between two parallel lines of cuts as shown in Figure 3-4e.  

Binary colloidal dispersions of 150 and 30 nm were prepared following the 

procedure described in section 3.2.1. The bCC fabrication was initiated by 

injection of about 30 µL of the dispersion in reservoir 1. After the colloidal 
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dispersion filled the whole microfluidic chip by capillary action, reservoirs 2-5 

were also loaded with the same amount of dispersion, keeping the hydrodynamic 

level the same for all. Reservoirs 1-5 were then capped by thin pieces of plastic 

tape, prohibiting further water evaporation. Colloidal self-assembly started from 

reservoir 6, which was left empty, and proceed through 20 microchannels 

connected to this reservoir to the middle chamber and subsequently to all other 

parts of the microfluidic chip. 

After completion of CSA, the binary colloidal dispersions were removed from the 

reservoirs and the chip was left undisturbed for a final evaporation process, 

overnight, where the bCC was completely dried. The PDMS chip was then 

removed very carefully, to avoid any disturbance to the nanocrystal on the 

substrate, and the substrate was cut, gently, according to the pre-diced pattern. 

This process was repeated for 11 other samples to make enough bCC amounts for 

the krypton adsorption experiment. Figure 3-5 shows part of the predicted glass 

substrates with the sample bCCs on them.  

The samples were then loaded in a 9 mm ID bulb of the equipment for an 

outgassing process at ambient temperature, overnight, to release any volatile 

contaminants that might interfere with pore size analysis. The outgassing process 

was terminated after a less than 0.02 mmHg/min outgas pressure rise criterion 

was met. Soon after outgassing termination, samples in the sample holder were 
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transferred and sealed to the port, where they were subjected to krypton sorption  

analysis in an 87 K cooled bath of liquid argon (Praxair). 

3.3 Results and Discussion 

3.3.1 Colloidal Crystals of Silica Particles 

3.3.1.1 Monomodal colloidal crystals of microparticles 

SEM images of the crystals of microparticles fabricated in the microfluidic chip 

via evaporation induced self-assembly are shown in Figure 3-6. Crystals of 310 

nm silica particles, in Figure 3-6a, feature common defects including line defects, 

point defects and point vacancies. One of the origins of point defects is the 

presence of particles with sizes smaller than the dispersion mean size14. However, 

we expect many of the observed point vacancies arise from particle removal as 

the PDMS is peeled away for SEM sample preparation.  

The particle size polydispersity (PSP) of 310 nm particles are calculated based on 

the DLS measurements and the following equation15-17 

PSP%
σ
d

100  (3-1)

where d  is particle mean diameter and σ is standard deviation.  

 Mean size and polydispersity values of the particles used in this study as 

measured by SEM and DLS analyses are listed in Table 3-1 (standard deviation 

values are calculated at n=3). The particle sizes suggested by SEM are smaller 
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than measured by DLS. This difference can be attributed to the hydrodynamic 

shell formed around the hydrophilic surface of the particle, in solution18. 

From the SEM analysis, for 310 nm silica particles the polydispersity was 

calculated to be 6.95 ± 0.51%, which is smaller than the threshold value of 12% 

beyond which the nucleation barrier increases rapidly16, 19 and crystallization is 

believed to be suppressed16, 20. A range of 5 to 10%21, 22 and a value of 10%23 

(specifically for 500 nm colloids) has also been reported that resulted in 

amorphous structures. A larger polydispersity of 15.75 ± 1.33% is calculated for 

the 150 nm silica particles used in this study. The SEM of the packing of these 

particles, in Figure 3-6b, reveals nearest-neighbor hexagonally closed-pack 

structures sporadically distributed throughout the top-down view, but little long 

range order is observed, in contrast to the crystal of 310 nm particles. These two 

particle systems were packed with the same crystallization conditions of ambient 

temperature, humidity, and particle volume fraction, with a dispersion medium of 

the same nature. In fact polydispersities, specifically larger than 8%24-26, are 

reported to have a detrimental effect on the ordering quality of the colloidal 

crystals27-35. Therefore, the more amorphous structure of the 150 nm particles is 

most likely due to their more polydisperse nature. The mechanism by which the 

crystalline structure of the lattice is influenced by polydispersity is complex in 

nature and depends on detailed size distribution of the particles.16, 36-38  
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In addition to the co-existence of hcp and fcc as a potential contributor to the 

emergence of stacking faults in this study, discussed in section chapter 2, line 

defects in the mCC of 310 nm can also be attributed to the polydisperse nature of 

this colloidal dispersion. This is consistent with the systematic study of the effect 

of polydispersity on the density of structural defects, in Gates and Xia14  and also 

Paquet et al.38, where the increase of guest particles concentration, with different 

diameters, leads to greater line defect density in their structures. 

Table 3-1 - Diameters of silica particles as measured by SEM and DLS. 

Manufacturer SEM DLS 

 [nm]  [nm] SPD%  [nm] SPD% 

310 311.24±16.46 6.95±0.51 361.07±11.78 46.08±2.21 

150 145.99±5.37 15.75±1.33 143.20±0.40 13.37±4.07 

100 100.00±0.93 7.32±0.41 131.6±0.92 10.78±7.09 

50 55.21±4.48 10.48±1.27 91.00±0.42 28.56±2.51 

30 26.79±2.58 9.64±0.01 29.43±0.19 17.51±4.97 

3.3.1.2 Monomodal colloidal crystals of nanoparticles 

Fabrication of crystals of nanoparticles has been attempted before by several 

authors by different approaches. 35, 39, 40 Here crystals of 100, 50 and 30 nm are 

fabricated in the microfluidic channels, shown in Figure 3-1, via the approach 

described in the materials and methods section. Figure 3-7 depicts top-down SEM 

images of 100, 50 and 30 nm particle beds. 
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As is expected from the polydispersity value of 100 nm silica particles, i.e. 7.32 ± 

0.41%, which is well below the threshold of 12%, the mCC of these particles 

features long range hexagonal order, apparent in Figure 3-7a. Point vacancies are 

minor and line defects cannot be distinguished in this image of the surface of the 

crystal. The middle part of the image, where sample preparation caused removal 

of a monolayer of particles, shows a second layer of the crystal, proving a highly 

ordered orientation of the nanoparticles beneath. Nanoparticles in this layer 

follow the same pattern of particles in the first layer starting at the north side of 

the removed region, providing evidence of order in other layers in the bulk of the 

crystal below the surface. 

According to Table 3-1, the mean diameter of 50 nm silica particles has been 

measured as 55.21 ± 4.48 nm with a polydispersity value of 10.48 ± 1.27%.  

Accordingly, it is expected that mCC of these nanoparticles do not have a long 

range structural order. The SEM of the mCC of these particles in Figure 3-7b 

presents a polydisperse distribution that hinders hexagonal closed-pack 

orientation. The same packing behavior is also seen for silica nanoparticles of 30 

nm diameter, in Figure 3-7c. The polydispersity values of these nanoparticles 

were measured as 9.64 ± 0.01 according to the SEM analysis. 

Figure 3-8 shows the radial distribution function (RDF) calculated based on the 

image analysis of the top-down SEM images of the nanoporous media. RDF 

embodies information regarding long range interparticle organization9, 41-43 and is 
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used as a geometrical characterization of the mCCs of 310, 150, 100, 50 and 30 

nm based on their top-down SEM images. The center coordinates of the particles 

were measured in ImageJ13 software and used to calculate the RDFs. Furthermore, 

local structural order of the structures were captured by global orientational order 

parameter9,  ψ, and are shown for each structure in Figure 3-8. 

For an ideal hcp or fcc crystal the RDF features numerous peaks with high 

magnitudes, as is depicted in Figure 3-8a, hence it can be used as a reference to 

judge upon the structural order of the nanoporous media made in this study. 

Crystals of 310 and 100 nm, especially 310 nm particles, show structural order, 

based on the magnitude and number of sharp peaks in their RDF plots. However, 

RDFs of the nanoporous structures of 150, 50 and 30 nm do not have as many 

peaks as the model reference crystal and also the magnitude of their peaks is quite 

shallow.  

Huang and Pemberton40 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 this study. However, their particles of 38 ± 12.8% nm, showed 

qualitatively the same structural defect density as in this study for particles of 30 

nm, even with a lower volume fraction of the particle. A lower volume fraction 

favors increased structural order. 40 Hence it can be concluded that polydispersity 

values higher than 8% reduce the lattice order, as pointed out by Jiang et al. 24 
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Two major challenges with the fabrication of mCCs of nanoparticles were the 

formation of micro-cracks developed during the course of CSA and development 

of totally air-invaded areas. Cracks could be easily observed via optical 

microcopy as their sizes are on the order of a few micrometers, and there is a 

difference between their refractive indexes and the surrounding wet mCC. In 

addition, air-invaded regions are distinguishable by differences in the Bragg 

diffraction phenomena in the reflection mode during optical microscopic analysis. 

Cracks in the body of the nanoporous media serve as preferential pathways for 

biomolecules during separation. For separation to occur proteins must migrate 

through the porous network of the lattice, rather than the cracks. The presence of 

air-invaded spots in the nanoporous lattice hinders the electrical field strength and 

its consistency along the bed during protein separation. The absence of an 

external electrical field, incurs inconsistency in the measured mobilities of the 

analytes. It is very difficult to re-introduce liquid into the dried regions. 

As the void area of the growing nanoporous lattice shrinks with smaller particle 

sizes, the viscous resistance against the transfer of water increases. Hence, at an 

extreme, water diffusion in the surrounding air at the evaporation edge happens 

faster than water transfer through the nanocrystal to compensate for the loss-by-

evaporation. As a consequence, air starts invading the crystal, causing the surface 

of the packed silica particles to become completely dried. 
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Figure 3-9 shows a bright-field image of the colloidal self-assembly of 30 nm 

silica particles in the main microchannel. As is evident, there are three cracks 

starting from the channel outlet invading into the microchannel. During the initial 

stages of CSA, the tips of these cracks follow the compaction front at about 70 

µm distant, however at later times, the distance increases to about 250 µm. Cracks 

follow the compaction front with a different velocity than the compaction front 

itself at various time instances. Usually, crack length follows a stepwise 

increasing pattern with respect to time; namely, a crack might not grow for a short 

period of time, whereas the compaction front travels in a continuous pattern. The 

same crack growth behavior has been seen in studies of fracture in colloidal 

dispersion subjected to drying.44, 45 

The origins of cracks and their growth pattern is still an open subject for 

research46. However, according to recent findings46-50, water drainage due to 

capillary action at the drying edge, which keeps the bed wet, tends to shrink the 

crystal. On the other hand, the lattice is cemented to the glass substrate at one side 

and to the PDMS chip at three other sides, through chemisorption and 

physisorption phenomena between the silanol groups51, as shown schematically in 

Figure 3-10. As a consequence of this misfit, a dynamically growing internal 

stress is imposed that will be released, after a threshold value is met, by cracking 

the crystal apart. This crack propagates when the energy released by its formation 

exceeds the surface energy. 48, 49 



117 

 

Figure 3-11 shows three propagating mico-cracks of a 30 nm silica colloidal 

crystal by optical microscopy in reflection mode. According to this observation, 

the three cracks and the two microchannel walls are, on average, spaced vertically 

and equally by about 29.61 ± 1.93 µm throughout the microchannel length whole. 

There are also areas where water has evaporated creating air-invaded regions. 

These regions, that are brighter than other regions in Figure 3-11, can also be 

observed to grow tangent to the cracks, which confirms cracks to be preferential 

pathways for water to evaporate faster than other areas. 

To prohibit crack formation and growth, the spacing between cracks has to be 

increased to values greater than the microchannel width; i.e. 120 µm in this study. 

Based on the mathematical model of Allain and Limat48, two contributors to the 

spacing between cracks are the flux of water content and the crystal thickness that 

is determined by the channel height. Accordingly, at a lower value of water flux, a 

higher value of spacing is expected. Since the microchannel geometry was fixed, 

to attain higher value of crack spacing the flux of water was decreased simply by 

placing the microfluidic chip, with the ongoing CSA, in a humidified 

environment, as described in section 3.2.3.2. By increasing the surrounding 

humidity the driving force for mass transport from the evaporation front to the 

surrounding environment is decreased; hence the flux of water is decreased. 

Therefore, the crack spacing is increased and no further cracking was seen in 

optical micrographs of crystals of 30 and 50 nm particles. 
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Another major advantage of growing crystals of nanoparticles in an environment 

with higher than ambient humidity is that air-invasion does not occur. In fact by 

lowering evaporation rate, the CSA rate will be mainly governed by evaporation 

rate rather than water flow through the nanoporous media, as opposed to the 

original approach where the later was dominant.  

According to the optical microscopic analysis in this study, no evidence of air and 

crack invasion was found in the mCCs of 100 and 50 nm crystals fabricated in a 

humidified environment. 

3.3.1.3 Binary colloidal crystals of nanoparticles 

A binary colloidal dispersion of 150 and 30 nm was dried on the microfluidic chip 

via the approach discussed in chapter 2. A top-down SEM image of this crystal is 

shown in Figure 3-13a. No evidence of LS2 structure is apparent on the surface of 

the crystal. In the previous chapter it was shown that with a number and size ratio, 

small to large particles, of, respectively, 4 and 0.2, these structural stoichiometries 

can in fact be achieved on a microfluidic chip. However, for a mixture of 150 and 

30 nm with the same number and size ratios within the same microchannel, the 

surface morphology of the lattice does not show an ordered binary crystal. 

It is not surprising that the structure does not present a long range order taking 

into account the polydispersity value of 15.75 ± 1.33 for the 150 nm particles, 

which produce an amorphous structure.  
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To better analyze the bulk structure, the crystal was grown on a pre-diced glass 

substrate to facilitate cutting the 1 mm thick glass substrate. The PDMS chip was 

gently removed and the substrate was cut very gently to minimize any disturbance 

to the nanostructure. SEM of the cross-sectional area of the same kind of sample 

as Figure 3-13a, in Figure 3-13b, shows a higher number of 30 nm particles that 

are, on average, distributed uniformly throughout the structure. The cross 

sectional area is very disturbed however, as shown the inset of Figure 3-13b, there 

are still traces of LS2 structure that can be seen within the skeleton of the larger 

particles. This observation suggests that LS2 nanostructures are more 

thermodynamically stable for the inner layers of the structure than the top most 

one, when formed by CSA in a PDMS chip. 

According to the geometrical calculation, presented in Appendix A, with the 

assumption of a spherical pore, the smallest pore size achievable by doping 150 

nm silica particles with the 30 nm, is 10.88 nm. Krypton porosimetry at 87 K is a 

sensitive and reliable method to characterize the mesoporous nature of these 

structures52, for surface areas as low as 0.05 m2. Recently it has been applied to 

measure the surface area and the pore size distribution of mesoporous silica films 

made by the glancing angle deposition (GLAD) technique in Kruase et al.53 Based 

on the sample preparation approach introduced in section 3.2.5.3, a mesoporous 

structure of the 150 and 30 nm particles was subjected to krypton adsorption. An 

isotherm of krypton adsorption at 87 K was obtained from a pressure of 10-4 to 
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0.9950 (adsorption cycle) po where po is the pressure when krypton starts 

solidifying at 87 K. 

Pore size distribution was determined by the Quantachrome software (v1.52, 

2006) by analyzing the adsorption isotherm and is plotted in Figure 3-12. 

Porosimetry studies were performed first on glass substrates without the bCC 

samples on them, to characterize the substrate porosity. The results are shown in 

Figure 3-12a.  

As can be seen, the pore size distribution diagram features five sub-10 nm peaks 

corresponding to the porous nature of the glass substrates. However, when the 

same analysis was repeated for the same type of glass substrates with the sample 

bCCs, of 150 and 30 nm, another peak at 16.23 nm emerged, Figure 3-12b, which 

is attributed to the mesoporosity nature of the colloidal structure. This value 

however is about 49% larger than 10.88 nm, determined by theoretical 

calculations. The broadness of this peak is probably due to the presence of defects 

that invade the structures during the final evaporation stage.  

Figure 3-14 shows the pore size distribution of the mCCs of 100 nm silica 

particles. These crystals were etched from the substrate and gently put into the 

equipment sample holder. According to these results, a majority of the pore sizes 

in the distribution is distinguished as sub-10 nm, we believe this result is 

attributable to the particle porosity, rather than the mCC itself. Geometrical 

considerations place the mean pore size of this mCC in the range of 15 nm. Figure 
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3-12b shows the 150 and 30 nm particle mixture composed of silica that has 

internal pores in the sub-10 nm range. Since no lattice sized pores are seen in 

Figure 3-14, it may be that the density of pores in the 100 nm particles far exceeds 

the density of lattice based pores, as their signal is not observed. 

In the next sections, the protein separation studies performed on the different 

colloidal crystals with different mean pore sizes, fabricated here, will be 

discussed. 

3.3.2 Separation of SDS-Denatured Proteins 

3.3.2.1 Injection and separation schemes 

Injection and separation of proteins was performed on microfabricated PDMS 

chips shown schematically in Figure 3-1. Plug shaping54, 55 was used to minimize 

band broadening during sample loading5 by applying +29 V at sample reservoir 

(2) against the waste reservoir (3) kept grounded. Buffer (1) and buffer waste (4) 

reservoirs were also kept grounded to make a “shaped” injection plug, shown in 

Figure 3-15a.  

Sample loading was given enough time to ensure a high intensity sample plug for 

later analyte detection.  

A home-made electrical relay system was used to switch from injection to 

separation mode. Voltages at buffer waste and buffer reservoirs were switched to 

+45 V and ground, respectively, while +29 V was applied at the two other 
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reservoirs, sample and sample waste, to create a “push-back” process, avoiding 

further sample leakage. No evidence of a turbulent regime was distinguished upon 

switching, due to charging current flow, which would contribute to band 

broadening5. As shown in Figure 3-15b, the sample amount in the microchannels, 

leading to sample and sample waste, were effectively pushed back by the +29 V. 

The three fluorescing bands captured by the digital CCD camera about 3.5 

minutes after switching time, correspond to the separation of free dye, FITC-

ovalbumin (45kD) and FITC-BSA (66kDa) are shown in Figure 3-15c. 

These applied voltages for the push-back and separation stages were chosen 

according to an electrical chip simulation using PSpice Schematics software 

(v9.1)56. In this simulation, each microchannel was taken as an electrical 

resistance with a magnitude dependent on the channel cross-section, length and 

the material trapped within it, i.e. packed particles and a running buffer. The 

subtle changes in the geometry of the walls of the microchannels that might affect 

the current and voltage values are ignored. Assuming that the buffer and the 

colloidal crystal are in equilibrium after a fairly long period of storage overnight, 

all microchannels should have the same type of material, hence any heterogeneity 

in contribution to the electrical resistance was ignored. Taking into account that 

all the microchannels have the same cross-section area, 120 µm × by 20 µm, it is 

concluded that the only contributor to their differences of electrical resistance is 

their lengths. Therefore, the values of the resistances were chosen as factors of the 

microchannels length values.  
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Based on simulation results, the selected voltage scheme for the separation mode 

results in the voltage of +24 V for the double-T area. Accordingly, with a voltage 

of +45 V in the buffer waste reservoir, 7 mm away, the external electrical field 

strength should be about 30 V/cm. Furthermore, the simulation revealed that the 

electrical current flowing from the sample and sample waste channels are directed 

toward the double-T area. Therefore negatively charged SDS-denatured protein 

would migrate away from the double-T area, which confirms the desired push-

back. To keep the field strength within a targeted value, the channel lengths, i.e. 

reservoirs locations, and the voltage scheme for the injection and separation were 

kept the same for all the protein separation experiments in this study. 

One important issue regarding the PDMS chip has been its nanoporous 

structure57, which imposes further evaporation of water molecules from its bulk, 

including the microchannels. In fact, further evaporation of water from the PDMS 

may concentrate the running buffer leading to crystallization of salt in the 

interstices of colloidal crystal inside the microchannels. Higher background 

imposed by light scattering, smaller than expected pore sizes and disturbance of 

the crystalline pattern of the nanolattice are some foreseeable major consequences 

affecting separation quality and quantification caused by salt crystallization.  

Weight of the PDMS chip that has been transferred from the humid petri dish to 

the weighing station at ambient conditions was measured every 6 minutes. Values 

of the current minus the initial weight were plotted against time in Figure 3-16a. 



124 

 

A demonstration of the apparent water loss of a PDMS chip on a glass substrate 

during electrophoresis is also shown in Figure 3-16b after 10 minutes. To 

considerably minimize evaporation of the water content, a blanket of humidified 

paper tissue were wrapped around the peripheral and upper region of the PDMS 

chip in such a way not to disturb electrode arrangements and make any short 

electrical connection between them in the four reservoirs. This blanket was 

periodically kept humid by injection of a few micro litters of water during 

electrophoretic separation. 

3.3.2.2 Measurements of the electrophoretic mobilities 

The mobilities of SDS-denatured FITC-labeled proteins for all experimental sets 

in this study were measured 4 mm away from the double-T location injector. This 

measured mobility is not the free solution electrophoretic mobility calculated by 

equation 1-5, because this measured mobility includes the frictional effects of the 

crystal structure. After observing injection, the detector was then located at the 

separation detection point. Analytes where detected in a sequence corresponding 

to their molecular weights. The PDMS microfluidic chips surface used in this 

study were native, without further treatment prior to analysis. 

To reduce the siphoning effect and equalize electro osmotic flow rates throughout 

the device, the particle bed was grown throughout the device. 

According to Figure 3-17a, nanoporous crystal of 310 nm silica particles, 

presenting an average pore size of 48 nm, do not resolve the three expected peaks 
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effectively. Nonetheless, a minor peak of free dye is observable at about 3.4 

minute, though it is not baseline resolved. However, with a smaller lattice pore 

size of 23 nm in the mCC of 150 nm, the separation does discriminate between 

labeled SDS-protein complexes based on their molecular weights, as can be 

clearly seen in Figure 3-17b. With an average smaller pore size of 11 nm, in the 

case of 150 nm mixed with 30 nm silica particles, more differentiation in the 

elution times of the proteins was observed, these proteins are better baseline 

resolved, as by comparing Figure 3-17b and c. 

Separation of trypsin inhibitor (20.1 kDa) and BSA (66 kDa) in an mCC of 310 

nm particles, Figure 3-18a, however, revealed that these larger particles afford 

resolution of peaks for proteins that are 46 kDa different in molecular weight, 

even when proteins ovalbumin (45 kDa) and BSA (66 kDa) with only 21 kDa 

difference could not be separated, Figure 3-17a. Furthermore, similar to Figure 

3-17c, baseline resolution with a longer peak-to-peak distance results from the 

separation in 11 nm pore size of the bCC, as per Figure 3-18b. 

These separation results at the same external field strength suggest that the 

separation of these three proteins is actually based exclusively on their 

hydrodynamic sizes58 and the pore structure of the crystal. 

Figure 3-19 shows the measured mobilities of trypsin (20.1 kDa), ovalbumin (45 

kDa) and BSA (66 kDa). As is evident, all proteins show a downward trend in the 

electrophoretic mobilities, as the average pore size of the nanoporous media 
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shrinks. An interesting feature of these results is the rate at which these mobilities 

collapse. As the protein molecular weight increases it shows a sharper decrease 

with pore size compared to its counterparts in the same pore size regime. This 

behavior in protein migration through the nanoporous crystal can be described by 

a protein and pore size argument. 

Hydrodynamic radii of denatured proteins have been studied by several authors. 

59-61 Based on a pulsed field gradient NMR approach, recently Wilkins et al. have 

proposed the following empirical model for the calculation of the hydrodynamic 

radii of denatured proteins61 

R . 2.21 1.07 N . . (3-2)

where N is the number of residues in the polypeptide chain. According to the 

predictions of this equation the diameter of the proteins applied in this study is 

shown in Table 3-2. The hydrodynamic diameter is the diameter of a spherical 

particle that has the same diffusion coefficient as the protein molecule.62 

The standard deviations in the Table 3-2 are calculated based on different 

arrangements of the plus and minus signs in equation (3-2). BSA (66 kDa), with 

the largest hydrodynamic size shows a steeper decrease in its mobilities from 48 

to 11 nm of the pore size than trypsin inhibitor (20.1 kDa), that is not as affected 

through the same pore size spectra.  
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Table 3-2 - Hydrodynamic diameter of the SDS-denatured proteins studied here as 

estimated by equation (3-2) 

Protein 
Molecular  

weight [kDa] 
 

Number of amino 
acid residues 

Hydrodynamic 
diameter [nm]  

from equation (3-2) 

trypsin inhibitor 20.1 181 8.60 ± 4.94 

ovalbumin 45 385 13.24 ± 7.67 

BSA 66 585 16.83 ± 9.80 

The mean hydrodynamic size values listed in the above table suggest that protein 

separation will be governed by Ogston sieving63 in mCCs with an average pore 

size of 48 nm to 15 nm, which is larger than the studied protein sizes. However, 

reptation, or at least transition to it, might be a factor in the 15 nm (nominal) pores 

of the mCC and 11 nm (nominal) pores of the bCC. This conclusion is consistent 

with small angle neutron scattering (SANS) studies that these SDS-denatured 

proteins are flexible64, 65 globular particles with a random coil orientation of the 

polypeptide chain that has been unfolded during heat and SDS denaturation 

process. 66, 67 Without this random coil flexibility, these proteins could not be 

electrokinetically injected, separated and detected. However, as is evident from in 

Figure 3-17c and Figure 3-18b, the peaks of ovalbumin (45 kDa) and BSA (66 

kDa), for an average pore size of 11 nm, indicate that they have been injected into 

the structure even if the structure pore size is smaller than their hydrodynamic 

sizes.  

The band broadening, specifically for the FITC in Figure 3-17c, is a major 

consequence of the longer injection time that in fact has contributed to the 
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diffusion of the sample analyets before separation resulting in a broader sample 

plug and hence fluorescent peaks. Also a contributor to the broader band of 

ovalbumin (45 kDa) and BSA (66 kDa), in Figure 3-17c, and also trypsin (20.1 

kDa), in Figure 3-18b, might be a more sensitive molecular weight discrimination 

capability of the bCC in ready capturing heterogeneously FITC-labeled proteins 

within the same molecular regime, as it has smaller pore size.68 

Figure 3-20 is an electropherogram of a separation performed on mCCs of 50 nm 

silica particles, that based on geometrical calculations provides an average pore 

size of 7.7 nm. According to this highly reproducible result, there are three peaks 

that can be distinguished. Based on the previous results, the first sharp and tall 

peak can be assigned to the free dye, FITC. This peak also shows up about 1.4 

minutes earlier than the other mCCs which is probably due to lower EOF in this 

nanostructure. The other peaks may correspond to ovalbumin (45 kDa) and BSA 

(66 kDa). However, surprisingly their electrophoretic mobilities are higher in this 

experiment than in larger particle beds. The nominal pore size of 7.7 nm, in a 

structure of 50 nm particles, is smaller than the hydrodynamic sizes of these 

proteins, according to Table 3-2. It can be concluded that protein separation may 

be governed by reptation in this bed. In this regime proteins have higher 

mobilities as they travel through the structure, recruiting a rode-like shape that 

incurs less friction than when they have a globular shape. The poor separation 

resolution might be due to the less difference in electrophoretic mobilities in the 

rode-like motion regime through the structure.   
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3.4 Conclusions 

Micro-crack and air-invaded free monomodal colloidal crystals of micro and nano 

particles were fabricated based on a microfluidic approach. Based on the analysis 

of the mathematical crack models presented to date, developments of the micro-

cracks are assigned to the rate of dispersant (water) evaporation at the evaporation 

edge. It was found that with fixed channel geometry, micro-crack development 

can be ceased by decreasing dispersant evaporation during CSA. In fact, by 

decreasing the evaporation rate, the micro-crack spacing can be increased. 

Therefore, from a threshold value onward the spacing are higher than the 

microchannel dimension and hence no opportunity for a crack to be initiated and 

grow.  

The problem of air-invasion was serious in the mCCs of 30 and 50 nm particles 

because as the mean pore sizes shrink the viscous resistance acting against the 

dispersant flow increases. Therefore with the evaporation rate of the dispersant to 

the ambient environment, that was higher than the transport of the replenishing 

dispersant through the bulk of the nanoporous media, the parts of the crystal 

closest to the ambient conditions start getting completely dried.  

Nanoporous structures of 150 doped with 30 nm particles and crystals of 100 nm 

particles were subjected to sorption analysis, based on the adsorption of krypton 

in 87 K, to better understand their mesoporous structures. According to these 

analyses it was concluded that the applied micro- and nanoparticles are highly 
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porous with a size ranging from 1 to 10 nm. However, the pore size distribution of 

the colloidal crystal itself, as a porous media, did not reveal useful information 

probably due to the low amount of crystal samples dictated by the difficult sample 

preparation procedure. Furthermore, since the final stage of evaporation incurs 

inevitable cracks and structural defects, sorption porosimetry reveals very broad 

peaks that are not reliable to judge about the effective pore size of these crystals. 

This was shown for a bCC of 150 and 30 nm particles. The peak was distributed 

from a value of about 5 to 185 nm while a peak of 11 nm is expected from this 

analysis. 

Table 3-3 summarizes the results of protein separation along with the suggested 

separation regimes. 

Table 3-3 - Summery of the protein separation results at different pore sizes 

Particle 
size 
[nm] 

Structure pore size 
[nm] Separation results 

Separation 
Regime 

nominal measured 

310 48  
• 45 and 66 kDa not resolved 
• 20 and 45 kDa resolved 

Ogston 150 23  • 45 and 66 kDa resolved 

100 15.5  
• 45 and 66 kDa resolved 
• 20 and 45 kDa resolved 

30/150 10.5 ~16 
• 45 and 66 kDa resolution increased 
• 20 and 45 kDa resolution increased 

Transition 
to reptation 

50 7.7  • A transition to reptation regime is 
suggested 

Reptation 
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Figure 3-1 A schematic presentation of the microfluidic chip. 

 

 

Figure 3-2 Schematic diagram of the microfluidic approach for the fabrication of the 

mCCs of sub-100 nm silica particles, micro-crack and air-invaded free. 
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Figure 3-3 Diagram of a microfluidic chip angular position as imposed by the periodic 

chip rotator. 
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a) 

 

b) 

 

c) 

 

 

d) 

 

 

e) 

 

 

 

f) 

 

 

Figure 3-4 Images of sample preparation process. a) the PDMS chip. b) A PDMS chip 

sputtred with gold with plastic tapes to mask-off desired regions. c) PDMS chip with the 

plastic tapes peeled-off. d) The pre-diced glass substrate. e) PDMS chips with 

selectively sputtered gold regions on a pre-diced glass substrate. f) Colloidal crystals 

deposited on a glass substrate after the PDMS chips were successfully peeled-off. 
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Figure 3-5 Photo of the colloidal crystals on the cut glass substrates prepared for 

porosimetry. 

 

a) b) 

 

Figure 3-6 Top-down SEM images silica microparticles. a) 310 nm. b) 150 nm. 
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a) 

 

b) 

 

c) 

 

Figure 3-7 Top-down SEM images of silica nanoparticles. a) 100 nm b) 50 nm c) 30 nm 
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a) b) 

c) d) 

e) f) 

Figure 3-8 Profile of the radial distribution function of the colloidal crystals, g(r). a) 

Ideal hexagonally closed-packed (ψ=1). b) 310 nm (ψ=0.93±0.015). c) 150 nm 

(ψ=0.72±0.04). d) 100 nm (ψ=0.86±0.01). e) 50 nm (ψ=0.42±0.06). f) 30 nm 

(ψ=0.65±0.06). 
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Figure 3-9 Micrograph of a PDMS microchannel and the mCC of a 30 nm silica 

particles growing with the three just emerged micro-cracks. 

 

PDMS

GLASS

HO-Si

O O O...
...

3HC-Si-CH3

3HC-Si-CH3

3HC-Si-CH3

HO-Si

Figure 3-10 Demonstration of the mechanisms of silica adhesion to the surface of 

PDMS chip and the glass substrate. 
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Figure 3-11 Bright-field micrograph of mCC of 30 nm silica particles in a microfluidic 

PDMS channel. Three parallel growing micro-cracks and air-invaded regions near the 

channel outlet are shown. 

 

a) b) 

Figure 3-12 Pore size distribution as measured and calculated by sorption analyzer. a) 

clean unused glass substrate. b) bCC of 150 and 30 nm. 
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a) 

 

 

b) 

 

Figure 3-13 SEM images of bCC of 150 and 30 nm silica particles. a) top view. b) 

cross-sectional view. 
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Figure 3-14 Pore size distribution as measured and calculated by sorption analyzer for 

mCCs of 100 nm silica. 

 

a) 

 

b) 

 

c) 

 

 Figure 3-15 Schematic of protein separation as observed in CCD camera; injection, 

push-back and separation. a) Injection b) Push-back c) Separation (the three peaks are, 

from left to right, free dye, ovalbumin (45 kDa) and BSA (66 kDa)). 
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a) 

 

b) 

 

 

 

Figure 3-16 PDMS chip water loss versus time. a) Weigh of PDMS chip compared to 

its initial value. b) Photo of a drying PDMS chip with dried and still wet regions. 
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a) 

 

b) 

 

c) 

 

Figure 3-17 Electropherograms of FITC, ovalbumin (45 kDa) and BSA (66 kDa) 

separation at 30 V/cm as observed at 4 mm. a) mCC of 310 nm. b) mCC of 150 nm. c) 

bCC of 150 and 30 nm. 
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a) 

 

b) 

 

Figure 3-18 Electropherograms of FITC, trypsin (20.1 kDa) and BSA (66 kDa) separation 

at 30 V/cm as observed at 4 mm. a) mCC of 310 nm. b) bCC of 150 and 30 nm. 
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Figure 3-19 Plot of mobilities of different proteins at different pore sizes at 30 V/cm. 

 

Figure 3-20 Electropherograms of FITC, ovalbumin (45 kDa) and BSA (66 kDa) 

separation at 30 V/cm as observed at 4 mm in an mCC of 50 nm silica particles. 
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CHAPTER 4                                 

CONCLUSION AND FUTURE WORK  

 

4.1 Concluding Remarks 

This thesis has focused on fabricating nanoporous colloidal crystals with an 

average pore size smaller than 20 nm in a microfluidic chip for the purpose of 

protein separation. The primary goal was to making these structures by mixing 

silica colloidal particles of two different sizes and then investigation of the effect 

of their pore sizes on the quality of a protein separation experiment. Below, is a 

summary of the concluding remarks gained through the study in this thesis. 

1. Colloidal self-assembly of a mixture of two particle sizes with appropriate 

size and number ratio is proved to be a flexible approach to engineer pore 

size of a porous colloidal structure at nano scale. 

 

2. Based on the studies of optical microscopy of crystal growth, particle 

density has a profound effect upon the growth behavior of the colloidal 

crystal in a microfluidic channel. Particles made from silica (specific 

density ≈ 2) behave quite different than particle made from polystyrene 

(specific density ≈ 1). Silica crystals grow faster than their polystyrene 
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counterparts at the same solution and ambient conditions. According to 

hydrodynamic analysis of the flow in the microfluidic chip reservoir and 

SEM analysis of the morphology of the crystals in the microchannel, the 

different growth behavior was attributed to sedimentation of silica 

particles in the reservoir that affects their volume fractions during the self-

assembly process. Sedimentation phenomenon changes the stoichiometry 

of the bimodal crystal as it changes the large and small local particle 

number ratio that has to be a constant value during the fabrication process. 

 

3. To fabricate a structurally ordered binary crystal in a microfluidic chip, the 

small to large particle size and number ratio must be within a specific 

range determined by geometrical consideration. To get a crystal with a 

structural stoichiometry of LS2 a small to large particle number ratio of 2.5 

for the polystyrene and a ratio of 4 for the silica system are needed. For 

the later, a periodic chip rotation is necessary to counterbalance the effect 

of gravity. The small to large particle size ratio must be within 15 to 22% 

of the larger particle diameters to avoid any disturbance to the skeleton of 

the larger particles. Increase of smaller particle volume fraction leads to 

LS6 structures and further increase is destructs the ordered organized large 

particles assembly. 
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4. As the particle diameter approaches sub-100 nm ranges, emergence of 

micro-cracks and air-invaded areas is inevitable. Therefore it is 

recommended to keep the ambient condition humidified during the 

colloidal self-assembly process which slows the assembly process down 

and avoids internal stress build-up and keeps the crystal wet enough. 

 

5. The quality of particles as the building blocks in terms of polydispersity 

and sphericalness is the ultimate determining factor on the quality of the 

resulting structure. Polydispersity values more than 8% give disordered 

structures. Dynamic light scattering and scanning electron microscopy are 

two reliable tools for determining polydispersity values. 

 

6. In-situ determination of the structure pore size and distribution is 

recommended through the krypton adsorption porosimetry at 87 K. This 

type of analysis may give broad and larger than theory pore sizes that are 

probably due to structural defects inherent in the structure. These defects 

are caused by the developed mechanical stress during the final evaporation 

process. Since the particles showed porous nature, enough amount of 

sample crystal must be prepared for the analysis to get strong and reliable 

signals that correspond to the porosity of the crystal not the particles. 
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7. Separation of trypsin (20.1 kDa), ovalbumin (45 kDa) and bovine serum 

albumin (66 kDa) proteins showed that at a nominal pore size of 45 nm, 

only trypsin can be separated and the other two have the same 

electrophoretic mobilities. However, with a nominal pore size of 11 nm in 

the case of binary structures made from a mixture of 150 and 30 nm 

particles, all the three proteins could be successfully separated as their 

nominal hydrodynamic sizes were comparable to the nominal pore size of 

the sieving media. 

 

8. Ovalbumin (45 kDa) and bovine serum albumin (66 kDa) proteins in 

structures made from 50 nm diameter particles migrated with higher 

mobilities and poorer separation resolution than the previous structures 

with larger pore sizes. Since the pore size of these structures is nominally 

smaller than the hydrodynamic radiuses of these proteins, we suggest that 

reputation might be the governing regime at this scale of pore and protein 

size. 

4.2 Future Work 

The research reported herein should be considered as an initial step toward the 

development of a technology for protein separation that can be commercialized 

and tailored to clinical and proteomic applications. The idea of doping larger 

particle structures with the smaller particles to achieve an enough flexibility to 
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engineer the architecture of the self-assembled structure at nano scale was 

investigated and proved to be feasible and novel. Based on the experience of this 

study, a few recommendations are made below. 

1. Reliable characterization of the colloidal crystal is an important factor in 

the investigation of the effect of pore size on the protein separation 

efficiency. In chapter 3, the krypton porosimetry was employed to 

measure the size and distribution of the pores in colloidal crystals. The 

result showed that this method needs a large amount of crystal sample and 

is prone to the structural defects inherent in the body of the crystals 

originated from the evaporation stage. Therefore, an approach for the 

drying of the samples that avoids these defects is also recommended. 

 

2. Sample preparation has proved to be a critical stage in the characterization 

procedure. PDMS removal in achieving the structure for the 

characterization is the first stage that might disturb the delicate 

nanostructure underneath. Therefore use of a thin layer of Au sputtered on 

the surface of PDMS before the crystal assembly is recommended. 

Furthermore, non-destructive characterization methods that rely on 

probing the structural features without any further preparation would be 

preferred. 
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3. The sizes of SDS-protein complexes are subject to large uncertainties and 

is still an open research field. Therefore a reliable and accurate method for 

the measurement of their sizes and also probing their structural shapes is 

necessary. Dynamic light scattering can be a reliable method in achieving 

this goal. With the accurate values of the protein sizes and shapes, 

separation mechanism can indeed be reliably studied at a molecular scale. 

 

4. Results of protein separation achieved in chapter 3, indicated peak 

broadening at small pore sizes that is undesirable for an efficient 

separation. According to these results, optimization of the conditions of 

electrophoretic separation is necessary. This includes buffer pH, ionic 

strength and the geometry of the microfluidic chip at the injector part and 

also the initial protein denaturing step. 

 

5. Based on our separation experiments, the colloidal crystals of particles 

smaller than 100 nm showed structural instabilities at high field strengths 

that are necessary for a faster and efficient protein separation. An 

approach for the fabrication of more robust crystals is therefore 

recommended. 
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APPENDIX A Theoretical pore size in an LS2 

structure 

The pore size of an LS2 structure was calculated based on a geometrical model 

shown in Figure A-1. Here the objective is to calculate the value of r', the radius 

of the largest circle, the target circle, that can be embodied within the interstices 

of the larger (shown in gray) and smaller particle (shown in dark gray). 

 

Figure A-1 Schematic of the geometrical model for the calculation of the theoretical 

pore size in a LS2 structure 

The distance of the centroid of the small particle to the point where two larger 

particles touch each other can be calculated via the Pythagorean theorem 
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2  A-1

where R and r are the radiuses of larger and smaller particles, respectively. 

Following the same theory for distance of the centeroid of the target circle to the 

touch point of the larger particles yields 

2  A-2

Now the radius of the target circle can be calculated by subtracting the a and b 

lengths 

 A-3

Replacing equations (A-1) and (A-2) into (A-3) and squaring terms at both sides 

of the equal sign yields 

√ ^2 2 √ ^2 2  A-4

Further algebric manipulation gives the following quadratic equation 

4 4 2 0 A- 5

that has the following two roots  

4 2 4 2 4 4
2 4

 A- 6

which can be further simplified as 

4 2 √16 32
2 4

 A- 7

where the smallest root was acceptable, geometrically, as the pore size. 
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