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The emerging field of nanotechnology strictly requires the micro-scaling of the 

available separation technology and the design of novel devices for separations of 

molecules of interest. The separation of proteins and nanoparticles is challenging due 

to their relatively large size, non-specific adherence to surfaces and instability in 

many solvents.  

 

This dissertation presents the synthesis and characterization of novel stationary 

phases for use in separations of proteins or nanoparticles in both capillary and 

microchip formats.  



 

In order to separate blood proteins with high specificity, a DNA aptamer selected for 

α-thrombin was employed as an affinity component of the stationary phases. Silica 

surfaces and organic monoliths were modified with the aptamer via an azlactone 

linkage and have demonstrated highly efficient separations of thrombin from a 

mixture in the microscale. The high efficiency of the protein separation (HETP = 276 

µm, RS = 1.7) is comparable with macroscale results using antibodies as the affinity 

factor.  

 

Novel hybrid inorganic-organic polysilsesquioxane stationary phases were 

synthesized by way of  surfactant templated polymerization of bridged alcoxy-silyl 

ethane monomers, in presence of sodium hydroxide. The novel materials were 

successful in size exclusion separation of polystyrene standards with molecular 

diameters of 0.3-2.4 nm. A hybrid inorganic-organic polysilsesquioxane sorbent also 

proved useful for small scale separations of triphenyl phosphine protected gold 

nanoparticles, based on a sorptive mechanism instead of a size exclusion mechanism. 

Polysilsesquioxanes were easily synthesized in-situ inside fused silica capillary 

columns and PMMA microchip channels in order to facilitate integration with a 

micro-reactor. 

 

The novel stationary phases proved efficient for separation of proteins and 

nanoparticles in the micro-scale format and can further be utilized for online 

purification and separation of these difficult compounds. 
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Synthesis and Characterization of Novel Stationary Phases for Small 
Scale Liquid Chromatographic Separations of Proteins and 

Nanoparticles 
 

Chapter 1. General introduction 
 

1.1 Dissertation outline  

Separations of proteins and of gold nanoparticles are challenging for a variety of reasons, 

including a complex matrix in biological fluids for proteins samples, or the lack of 

standards for Au nanoparticles. This dissertation describes methods to overcome these 

drawbacks by chromatographic separations on novel stationary phases. This dissertation 

is organized as follows: 

 

The goal of Chapter 1 is to introduce the procedures used for synthesis of novel organic, 

hybrid and affinity stationary phases. An overview of the analytical methods for 

characterization of the new chromatographic supports focuses on theoretical aspects of 

the methods, information obtained and instrumentation used. 

 

The second chapter describes the synthesis of stationary phases with an aptamer 

functionality for affinity separation of a blood protein, α – thrombin and provides a 

review of aptameric stationary phases previously used in liquid chromatography. An 

aptamer specific for α – thrombin (5’-amine -GGT-TGG-TGT-GGT-TGG-3’) was 

attached on glass and fused silica capillary surfaces via an azlactone linker. The success 

of functionalization was investigated via a fluorescent assay for thrombin. An organic 
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monolith with azlactone functionality was also modified with the thrombin aptamer 

inside fused silica capillaries. SEM images of the monolith provide information on 

porosity and uniformity of the monolith. 

 

Chapter 3 treats the characterization of the aptameric stationary phases synthesized in 

chapter 2 to determine feasibility for affinity liquid chromatography applications. A 

thrombin extraction on a PDMS/microchip was performed. OT-LC and CEC separations 

of thrombin from mixtures were performed in fused silica capillary format. Aptameric 

monoliths were characterized by frontal affinity chromatography and microLC in fused 

silica capillary. 

 

In Chapter 4 the synthesis of novel hybrid organic – inorganic polysilsesquioxane 

materials is described. The synthesis was performed in batch mode and in-situ inside  

PMMA microchip channels and capillaries. A new in-situ precipitation method was 

employed for in-situ casting of fast precipitating polysilsesquioxanes inside fused silica 

capillary columns. A review of the use of these hybrid materials in liquid 

chromatography is also included in this chapter. 

 

In Chapter 5 the use of a polysilsesquioxane material (BTME0018) for separation of 

nanoparticles is investigated. The suitability of this material is characterized by GPC of 

polystyrene standards and Tanaka test for silanol activity. Separated gold nanoparticles 

were characterized by TEM, UV- Vis spectroscopy and X-ray diffraction crystallography. 
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Chapter 6 summarizes the findings of the research on development of novel stationary 

phases for separation of proteins and of gold nanoparticles and suggests further research 

directions. 

 

1.2 Synthesis of stationary phases 
 

1.2.1 Organic monoliths 
 
A monolith is a continuous material rod which is porous and uniform. Organic monoliths 

are a good alternative to particulates because they can be easily synthesized in situ 

directly in the column, without the need of high pressure and do not require retention frits 

once attached to a pretreated chromatographic column wall [1,2].  

 

The synthesis mixture for organic monoliths typically contains one or more mono-

functional monomers that provide the polymer backbone after polymerization, a 

difunctional monomer (a crosslinking agent) to define a tridimensional network, a 

polymerization initiator (either a UV initiator or thermal initiator) for reaction initiation, 

and a porogenic solvent, miscible with the monomer solution, not containing a 

polymerizable group, used to template porosity [3, 4].  

 

In this dissertation an organic monolith was synthesized for use as a support for aptamer 

molecules. Aptamers are covalently attached to the monolith surface via an azlactone 

linker available in the monolith polymeric structure. The polymerization mixture 

consisted of monomers 2-hydroxyethyl methacrylate, 2-vinyl-4,4-dimethylazlactone (the 
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former needed to provide the azlactone functionality) and ethylene-glycol dimethacrylate 

(the crosslinking agent),  1-decanol as porogenic solvent and 2,2’-azoisobutyronitrile 

(AIBN) as a polymerization initiator. Molecular formulas of monomers are presented 

below in Figure 1. 

 

 

Figure 1. Molecular structures of the monomers used for organic monolith synthesis. 

 

1.2.2 Hybrid organic – inorganic polysilsesquioxanes 
 
Polysilsesquioxanes are hybrid organic-inorganic silicon containing  polymers. 

Polysilsesquioxanes have certain advantages over organic and inorganic materials, 

because they are resistant at high pressures and temperatures, in most solvents and at 



 
 

5

extreme pHs and have a silanol inactive surface relative to silica materials [5]. They are 

easily synthesized in- and ex-situ.  

 

The synthesis of polysilsesquioxanes follows a route similar to sol-gel synthesis of 

silicate materials, except that the monomer contains an organic bridge between two or 

more multifunctional silyl groups, hence the dual organic – inorganic structure. A typical 

polymerization mixture for a porous polysilsesquioxane contains one or more hybrid 

monomers, a catalyst, a pore template and a solvent [6].  

 

Properties of the polysilsesquioxanes can be adjusted by varying the synthesis conditions. 

The type and concentration of catalyst dictates the reaction speed. The type of monomer 

dictates the polymer framework composition, surface hydrophobicity and the mechanical 

properties. Pore size and shape and particle morphology can be template using different 

surfactants with different concentrations. Polymer particle size is also dictated by the 

reaction temperature and by the curing time [7]. 

 

In this dissertation synthesis of polysilsesquioxanes is described. The polymerization 

mixtures contained a monomer with an ethyl bridge (1,2 - bis(trimethoxysilyl)ethane or 

1,2 - bis(triethoxysilyl)ethane), a basic catalyst (NaOH) and a surfactant 

(cetyltrimethylammonium chloride) in aqueous  solution (Figure 2). 
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Figure 2. Chemical structures for the monomers and surfactant used for synthesis of 
polysilsesquioxane materials.  
 

The goal of the research was to synthesize stationary phases for nanoparticles separations 

that are easily integrated online with a microreactor. To achieve these goals, spherical 

and mesoporous polysilsesquioxane materials were synthesized at low temperature and in 

a short amount of time. The varied polymerization parameters were the type of monomer, 

the concentrations of the polymerization mixture components and the curing time.   

 

1.2.3 In situ vs ex-situ synthesis 
 
Traditional solid stationary phases consisted of spherical particles packed inside columns 

usually from a slurry using high pressures. The packing process is also time consuming 

due to special measures taken to ensure uniform packing and lack of voids in the column, 
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such as avoiding large pressure bursts. The packing process is more challenging inside 

capillary columns due to the smaller diameter of the column compared with HPLC 

columns [8, 9]. Moreover, retention frits made of a different material are needed to 

contain the stationary phase inside the column. 

 

Precipitation in-situ involves introduction of the polymerization mixture in liquid form 

inside the column, capping the ends of the column and exposing the column to 

polymerization initiating conditions (such as high temperature or UV irradiation) or 

simply awaiting for the precipitation to take place without involving external factors. No 

high pressures are needed for column packing. Since the column is usually pretreated to 

facilitate anchoring of the packing material to the walls, retention frits are no longer 

necessary after polymerization completion. 

 

In this dissertation in-situ precipitation was employed for organic and hybrid materials 

inside capillary columns and microchip channels. Polymerization materials were 

introduced inside capillaries using a syringe with an adapter, or via capillary action. With 

a novel technique, polysilsesquioxane particles were synthesized inside fused silica 

capillaries following mixing of reactants in a T-mixer at the capillary inlet.  

 

In-situ synthesis inside micro-channels eliminated the need for solvent pumps and also 

minimized the consumption of materials since small amounts of polymer precursors were 

used compared to large reservoirs employed in traditional pressure packing. For the same 
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reasons, a dry packing procedure was adapted for packing a HPLC guard column (2 cm x 

2 mm) with polysilsesquioxane particles. 

 

1.2.4 Surface modifications 
 
In chromatography, surface modifications are usually employed either to minimize 

adsorption of non-specific compounds [10, 11], or to introduce desired functionalities in 

order to enable different separation mechanisms [12, 13].  

 

Silica is the most studied material in terms of surface modifications since it provides 

chromatographic support for most chromatographic techniques. Organic, inorganic and 

hybrid polymeric materials, inorganic clays, and carbons are other examples of common 

chromatographic supports that can be used either in their native state or functionalized 

[14, 15].  

 

In this dissertation, both modifications of silica and organic surfaces are discussed. Silica 

surfaces were modified with 3-trimethoxysilyl propyl methacrylate. A vinyl group was 

introduced on the silica surfce to facilitate attachment of an organic monolith to the 

capillary wall in fused silica (FS) capillary columns. Silica surfaces were also modified 

with an azlactone containing polymer layer to facilitate the anchoring of an aptamer on 

the inner wall of PDMS/glass microchip channels and FS capillary columns.  

 

Organic surfaces were also subjected to modifications in this research. An aptamer 

functionality was introduced on the surface of an organic monolith by reaction of 
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azlactone groups in the polymer network with the amine group of the aptamer. 

Polymethyl methacrylate (PMMA) was functionalized with 3-trimethoxysilyl propyl 

methacrylate in order to introduce silyl groups on the surface [16]; a polysilsesquioxane 

was then  immobilized on the functonalized PMMA via co-condensation with the silyl 

groups. 

 

Surface modification reactions are discussed in more detail in the following chapters. The 

success of all stationary phases syntheses was monitored using a variety of 

characterization techniques as discussed in the next sub-chapter. 

 

1.3 Characterization methods 
 

1.3.1 UV-VIS spectroscopy 
 
UV-VIS spectroscopy surveys the electronic transitions of molecules as they absorb light 

in the UV and visible regions of the electromagnetic spectrum [17]. The UV-VIS 

absorption spectrum of a molecular species is normally represented as a graph of a 

characteristic for the radiation absorbed as a function of wavelength. The graph is 

representative for that species, solvent, concentration and temperature. The UV-VIS 

spectrum gives information on what wavelengths of light are absorbed. The height of the 

absorption peaks is proportional with the concentration of the species in the sample, 

according to Lambert – Beer’s law, A = εlC, where A is the absorbance, ε (molar 

absorptivity) is a constant for each compound, l is the path length of the light through 

sample and C is the concentration of the absorbing species. 



 
 

10

The UV-VIS spectra of the compounds detected by UV-VIS were used as qualitative 

tools for determination of the detection wavelength at the absorption maxima. For Au11 

nanoparticles UV-vis spectra were employed as a qualitative comparison tool between 

two distinct fractions to determine structural differences.  

 

The instrument used for UV-vis spectroscopy was an Agilent 8453 single beam diode-

array spectrophotometer. The spectra were acquired in the range of 180 nm -700 nm, in a 

1-cm path length fused silica cell against a blank made of solvent only. 

 

1.3.2 Fluorescence assays 
 
Detection by laser induced fluorescence has an advantage over UV detection by being 

specific only to fluorescing compounds. The disadvantage of the method is the need to 

label a compound with a fluorescent tag; the compound must not exhibit native 

fluorescence at the excitation wavelength for the tag [18].  

 

A fluorescence assay was employed for qualitative analysis of the success of 

functionalization of a silica surface with an aptamer that was isolated and amplified 

specifically for α-thrombin. Prior to analysis α-thrombin was fluorescently labeled with 

an amine-reactive ester, 5- TAMRA, SE (5-Carboxytetramethylrhodamine, succinimidyl 

ester). The success of surface modification with aptamer was monitored by recording the 

fluorescence signal exhibited by the aptameric modified surface after treatment with 

labeled α- thrombin and comparing it to the signal of a blank surface treated in the same 

conditions. 
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Fluorescence detection studies were performed with a fluorescence detector on board of a 

Mycralyne Microfluidic Tool Kit. The green laser on board provides excitation at 532 nm 

and emission at 550 nm. The laser was focused in the center of the PDMS-on glass-assay 

wells. Blank wells were modified as the aptameric wells, except that ethylene diamine 

was bound to the azlactone linker instead of the aptamer.  

 

1.3.3 Electron microscopy 
 

1.3.3.1 Scanning electron microscopy and EDX 
 
A Scanning Electron Microscope (SEM) is a high magnification microscope, which uses 

a focused scanned electron beam to produce high-resolution images of a specimen. The 

X-rays emitted are characteristic of the elements in the top few μm of the sample [19].  

After the primary electron beam interacts with the sample, ionized atoms can relax by 

electron shell-to-shell transitions, which lead to either X-ray emission or Auger electron 

ejection.  

 

Images obtained by SEM provided information on the physical properties of monoliths 

and particulates including particle size, shape, surface morphology, adherence to 

surfaces.  Energy dispersive x-ray spectroscopy (EDX) provided qualitative information 

on the elemental composition of a modified PMMA surface. 
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SEM observation was performed with a AmRay 3300FE scanning electron microscope 

equipped with an EDX detector (IXRF XES 300-070, Si/Li crystal) operated at the 

voltage indicated in the image legend, on samples coated with 60:40 Pd/Au.  

 

1.3.3.2 Transmission electron microscopy 
 
A Transmission Electron Microscope (TEM) is patterned as a Light Transmission 

Microscope except that a focused beam of electrons is transmitted through the specimen 

instead of light. High resolution images are obtained up to atomic level [20]. TEM was 

used to investigate the morphology and size of gold nanoparticles. 

 

TEM observation was performed with a FEI Tecnai F-20  transmission electron 

microscope operated at an accelerating voltage of 150 kV. Unmodified samples were 

deposited in THF/ethanol on silanized glass grids and then air dried. 

 

1.3.4 Mercury intrusion porosimetry 
 
 In the mercury intrusion porosimetry method, mercury is forced to penetrate into porous 

samples at high and controlled pressures [21].  The estimated pore radius is related to the 

mercury liquid pressure  by the Washburn equation [22]:   

R = -2 γ cos (θ) / Pc

where  γ is the surface tension of pure mercury,  θ is the contact angle between mercury 

ad the solid, Pc is the mercury penetration equilibrated pressure and R is the pore radius. 
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Mercury intrusion porosimetry was used for determination of surface area and interstitial 

porosity of a polysilsesquioxane porous material. High surface area and macro- and 

micro-porosity are indicative of suitability of the material as a chromatographic support. 

 

Mercury porosimetry testing was performed on AutoPore IV 9500 porosimeter 

(Micromeritics Instrument Corporation, Norcross, GA) with a pressure range from 

subambient to 60000 psia. The contact angle and the surface tension of mercury were 

assumed to be 130° and 485 dynes/ cm, respectively, for two oven-dried samples 

polysilsesquioxane samples. Polysilsesquioxane samples were rinsed with ethanol and 

water and oven dried at 120 °C before analysis. 

 

1.3.5 X-ray diffraction crystallography 
 
In single - crystal X-ray diffraction, a beam of X-rays is reflected from evenly spaced 

planes of a single crystal, producing a diffraction pattern [23]. The density of electrons 

within the crystal is determined from the position and brightness of the various 

reflections observed as the crystal is gradually rotated in the X-ray beam. For single 

crystals of sufficient purity and regularity, X-ray diffraction data provides the density of 

electrons within the crystal, from which the mean atomic positions and their chemical 

bonds can be derived via computational methods. 

 

Single crystal X-ray diffraction was employed for determination of the crystal structure 

of two different gold nanoparticle materials. Prior to analysis a single crystals of each 

material was obtained by re-crystallization in dichloromethane.  

http://en.wikipedia.org/wiki/Electron
http://en.wikipedia.org/wiki/Atomic
http://en.wikipedia.org/wiki/Chemical_bond
http://en.wikipedia.org/wiki/Chemical_bond
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X-ray diffraction experiments on Au 11 crystals were performed at University of Oregon 

on a Bruker Smart Apex diffractometer at 153(2) K using MoKα radiation (λ=0.71073 

Å). X-ray crystallographic data for Au 11 needles were collected at the ALS Synchrotron 

facility at UC Berkeley on a Bruker Platinum 300 diffractometer at 80(2) K using 

monochromated synchrotron radiation (λ= 0.77490 Å). Absorption corrections were 

performed using SADABS [24]. The structure was solved by means of direct methods 

with calculations of difference Fourier maps and refined with full-matrix least-squares 

methods based on F2. The H atoms were treated in calculated positions and refined in a 

rigid group model. Non-hydrogen atoms were refined with anisotropic thermal 

parameters. In the crystal structure of Au 11 crystals, the Cl- anion and solvent molecules 

(two CH2Cl2 and four CH3CH2OH) are highly disordered and form via H-bonds a 

disordered network and were treated by SQUEEZE [25]. All calculations were performed 

on the SHELXTL (v. 6.10) package [26]. 

 

1.3.6 Chromatographic methods 
 

1.3.6.1 High – pressure liquid chromatography  
 
Liquid chromatography involves the separation due to differences in the equilibrium 

distribution of sample components between a liquid mobile phase and a solid stationary 

phase which may or may not be coated with another liquid. The mechanism of interaction 

of the sample with the stationary phase can be either by surface adsorption, solvent 

partitioning, ion exchange or exclusion based on relative solute size [27].  
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Capillary HPLC uses small column internal diameters (in the µm range) or microchip 

channels. Advantages of capillary LC over conventional include the lower flow rates 

which lead to savings of solvents and sample [28]. Capillary LC is thus more 

environmentally friendly and is of benefit when the sample is in minute amount, as in 

biological samples. Also, since the volume of the column is smaller, less material for 

column packing of surface modifications are needed. The heat distribution at capillary 

surface is more uniform allowing for rapid equilibration at desired temperature. Of 

practical importance is the ability of direct coupling of capillary LC with mass 

spectrometry detectors. 

 

The efficiency of the chromatographic separations was monitored by means of resolution 

(RS) of the peaks in chromatogram and the height equivalent to a theoretical plate of the 

column (HETP) [29].The chromatographic resolution is defined by: 

 

RS = 0.589 ΔtR / w1/2av 

 where ΔtR is the difference between the retention times or volumes of the two separated 

compounds, and w1/2av is the average width of the two peaks (in the same units as ΔtR). A 

resolution of 1.5 or larger is desired in order to separate two components completely. 

 

Plate height, HETP, is defined as:  

 

HETP = w2L / 16 tR
2 
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where w is the width of a chromatographic peak at the base, L is the effective column 

length and tR is the retention time of the analyte with the peak width w. The smaller the 

plate height the more efficient a clolumn is for separation of an analyte.  

 

A typical LC analysis system is composed of a chromatographic column that contains the 

stationary phase responsible for separations, a high pressure pump for mobile phase 

delivery through the column, an injection valve for sample dispensing, and a detector. 

The instrumentation for each particular LC experiment is described in detail in the next 

chapters. 

 

1.3.6.2  Affinity chromatography  
 
Affinity chromatography is chromatographic separation method based on a highly 

specific interaction between a receptor and a ligand. A high affinity ligand, with complex 

dissociation constants below 10 nM, is usually used for selective extraction of a target 

molecule. Lower affinity ligands are useful as affinity chromatographic sorbents for 

separation of a target molecule from complex mixtures without prior sample preparation 

steps [30]. 

 

Aptamers are oligonucleotides that have been engineered to bind to various molecular 

targets such as small molecules, proteins, nucleic acids, cells or microorganisms. 

Aptamers offer molecular recognition properties that rival those of the commonly used 

bioligands, antibodies, with the advantage of in-vitro synthesis and lack of 

immunogenicity in therapeutic applications [31].  
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A 15-mer aptamer ligand specific for α- thrombin (5’-amine-C6-

GGTTGGTGTGGTTGG-3’) was employed as an affinity component in stationary 

phases. The aptamer was covalently attached to silica surfaces and organic monoliths 

using an azlactone linkage.   

 

1.3.6.3 Frontal affinity chromatography 
 
In frontal affinity chromatography, an analyte of concentration A0 is continuously applied 

on a stationary phase on which an affinity ligand is covalently anchored. If the analyte 

exhibits no affinity to the ligand, it will elute from the column at void volume V0, 

whereas if the analyte exhibits significant affinity to the ligand, it will be significantly 

retained beyond V0 at retention volume V. A0 and (V-V0) are related to the dissociation 

constant of the ligand-analyte complex (Kd) and to the ligand content (nmoles/mL) of the 

stationary phase (Bt) [32]: 

 

1/[A0(V-V0)] = Kd/BtA0 + 1/Bt

Kd and Bt are obtained at the axis intercepts of a double reciprocal plot of 1/ A0(V-V0) vs 

1/A0  after injection of different A0 concentrations of analyte. 

 

Frontal affinity chromatography was used for determination of the aptamer content of a 

novel aptameric monolith and of the dissociation constant of a aptamer-thrombin 

complex.  
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1.3.6.4 Size exclusion chromatography  
 
Size exclusion chromatography (SEC) is a liquid chromatographic technique in which 

molecules are separated according to differences in hydrodynamic volume. The retention 

in SEC is governed by the partitioning of the solute molecules between the mobile phase 

and the liquid phase that occupies the interior of the pores. The range of molecular sizes 

that can be separated with a given column depends on the size of the pores in the 

stationary phase.  

 

Because ideal SEC retention is governed only by entropic contributions, the column 

packing material/ eluent combination is chosen such that enthalpic processes such as 

adsorption are suppressed. 

 

The dependence of retention volume on solute molecular size represents the SEC 

calibration curve [33]. The highest-molecular-weight species is entirely excluded from 

the pores in the packing, so its retention volume is equal to the interstitial or exclusion 

volume. The lowest-molecular-weight standard permeates all of the pores within the SEC 

column, so its retention volume equals the sum of the interstitial volume and the pore 

volume. This volume is called the total volume or total permeation limit. The 

intermediate-molecular-weight standards can permeate the pores, so they are separated 

according to their respective hydrodynamic volumes. The linear region in a calibration 

curve defines the useful region for SEC separation of macromolecules.  
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 The choice of column depends on the sample composition, solvent options and 

molecular weight range. The goals are to have ideal SEC retention by size only and 

optimal resolution. Resolution in SEC depends on the slope and column dispersion of the 

linear calibration region. The column should be chosen such that the linear range includes 

the entire MW distribution of the sample with the smallest slope (in absolute value) 

available [34]. 

 

1.3.6.5 Capillary electrochromatography  
 
Capillary electrochromatography (CEC) is a chromatographic separation method in 

which the liquid mobile phase is driven through the stationary phase by means of 

electroosmotic flow using a high electric field. CEC is based on solute partitioning 

between the mobile and stationary phase and for charged solutes via electrophoresis as 

well [35]. The electrophoretic migration is dependent to mass and charge of the migrating 

compounds, as deducted from the Debye-Huckel-Onsager theory: 

 

µ = q/6πηr  

where µ is the electroosmotic mobility, q is the charge of the compound, η is the viscosity 

of the solution and r is the Stokes radius of the analyte molecule. For spherical analytes 

the Stokes radius (r) is related to the molecular weight (M) and hydrodynamic volume 

(V): 

 

M = (4/3)πr3V. 
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Neutral compounds will not be separated from one another and will migrate at the same 

speed with the electroosmotic flow [36].  

 

CEC was used as a tool for testing the success of a silica surface modification with 

aptamer. Since the proteins to be separated on aptamer modified silica are neutral at the 

pH of the separation buffer, they should not be separated by an electrophoretic 

mechanism alone. The separation of the neutral compounds is an indication of a 

secondary mechanism [37], in this case an affinity retention mechanism due to formation 

of aptamer – thrombin complex.  

 

The instrument used for CEC experiments was a HP3D CE (Agilent, Newport, DE, USA). 

The detection was performed at 200 nm at 21ºC. The effective length of the capillary was 

21 cm. The injection of the sample was pressure driven. 5 kV of voltage was applied 

through the column. All other separation conditions are described in Chapter 3. 
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Chapter 2. Synthesis of aptameric stationary phases for microLC and 
CEC affinity separations 

 
 

2.1 Historical background on aptameric stationary phases 
 
In the last few years, aptamers have become a practical alternative to antibodies for use as 

stationary phases in affinity related separations. Aptamers are RNA or single stranded 

DNA molecules synthesized in-vitro that exhibit high binding constants for a target 

molecule by “recognition” of a specific epitope on that molecule. The affinity binding to 

a certain target is a combination of hydrophobic and steric interactions, hydrogen 

bonding and electrostatic forces [38] which can be exploited also for partitioning 

chromatography of non-target compounds.  

 

Aptamers are selected from a large oligonucleotide pool via a succession of elution 

chromatography steps and amplified to yield the desired quantity. The selection process 

is called SELEX (systematic evolution of ligands by exponential enrichment) and was 

first used for aptamer selection in 1990 [39, 40]. In 2003 Bowser et al. pioneered the use 

of capillary electrophoresis (CE) in the aptamer selection process [41] managing to 

reduce the selection time from a few weeks required in the SELEX process to a few days. 

In CE-SELEX, the aptamer-target complexes are separated based on the shift in their 

migration time compared to the unbound sequences. Drabovich et al. [42] used another 

approach, equilibrium capillary electrophoresis of equilibrium mixtures (ECEEM) or 

affinity CE (ACE), for selecting aptamers with predefined equilibrium dissociation 

constants (Kd) of aptamer-target complexes. The Kd value determines the migration time 
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of the aptamer-target complexes and provides a basis for comparison of a collection of 

oligonucleotides to allow isolation of one having the desired Kd value. 

 

Prior to aptamers, the affinity separations field primarily involved the use of antibodies 

and molecular imprint polymers (MIPs). These two approaches, despite notable 

successes, exhibit certain drawbacks. The large molecular size of the antibody leads to 

small column capacities due to reduced surface loading; the antibody production involves 

in-vitro experiments on live organisms, thus requiring non-toxic and highly immunogenic 

targets; the antibody molecule is easily denaturated and degraded, making the tailoring of 

the elution conditions and structural modifications difficult.  Imprinted polymers lack 

recognition of all compound classes, exhibit a relatively modest selectivity and efficiency 

and are typified by low sample loading capacity.  

 

On the other hand, aptamers are custom synthesized in only a few weeks by automated 

processes, have a relatively small size that allows for a higher surface coverage, and can 

easily be modified to facilitate attachment to surfaces, labeling, linking to other reagents 

or changes in conformation for selectivity alteration. Aptamers are stable molecules, 

compatible with a wide range of solvents and separation conditions. 

  

The molecular recognition abilities of aptamers are comparable to those of antibodies and 

MIPs. Aptamers have been exploited in various analytical applications and their use has 

been reviewed [31, 43, 44]. Recently (as early as 1999) DNA and RNA aptamers have 

been used effectively as stationary phases in liquid chromatography [45- 52] and 
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capillary electrochromatography [47, 53-56] for the purification or separation of 

compounds as large as proteins to compounds as small as amino acids. The separation 

mechanism is based both on target epitope recognition by the aptamer [45, 47-52], and on 

the simple partitioning of non-target molecules [53-56] on the aptamer stationary phase.  

 

Aptamers can be selected for a variety of targets, and several have found use in 

chromatographic  applications (Table 1). 
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Table 1.  Aptamer sequences used as chromatographic stationary phases  

Immobilized aptamer Separation  
method 

Ref 

 
5'-GCGGTAACCAGTACAAGGTGCTAAACGT 
AATGGCGC-3’ 
 

 
HPLC [52]

5’-TCACGTGCATGATAGACGGCGAAGCCGTC 
GAGTTGCTGTGTGCCGATGCACGTGA-3’ 
 

HPLC [49]

5’-ATTATACCTGGGGGAGTATTGCGGAGGAA 
GGTATAAT-3’ 
 

HPLC [50]

5’-AATTCGCTAGCTGGAGCTTGGATTGATG 
TGGTGTGTGAGTGCGGTGCCC-3’ 
 

HPLC [50]

5’-GACGAGAAGGAGCGCUGGUUCUAC 
UAGCAGGUAGGUCACUCGUC-3’ 
 

HPLC [45]

5’-GGGCAGUCAACUCGUAAGAUGGCCUUACAG 
 
CGGUCAAUACGGGGGUCAUCAGAUAGGGAGGCC -3’ 
 

HPLC [51]

5’-GTGCTTGGGGGAGTATTGCGGAGGAAAGCGG 
CCCTGCTGAAG-3’ 
 

µLC [48]

5’-GGCGUGUAGGAUAUCGUGUUCGAGAAGG 
ACACGCC-3’ 
 

µLC [47]

5’-GGTTTTGGTTTTGGTTTTGG-3’ 
 

OT-CEC [54]

5’-GGTTGGTTTGGTTGG-3’ 
 

OT-CEC [56]

OT-CEC [54]
 [53]

5’-GGTTGGTGTGGTTGG-3’ 

 [56]

OT-CEC [55]
 [53]

5’-GGGGTTGGGGTGTGGGGTTGGGG-3’      

 [56]
  
HPLC- high pressure liquid chromatography; µLC- microscale liquid 
chromatography; OT-CEC – open tubular capillary electrochromatography 
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Open-tubular capillaries and microchip channels are practical alternatives to monolithic 

and packed columns for overcoming disadvantages due to high back pressures required 

for mobile phase and sample flow. High pressure pumps are not required for CEC 

separations, but monolithic columns pose different problems such as formation of gas 

bubbles in the mobile phase and at the interface with the attached detection window 

following exposure to high voltages. The main disadvantage of the open tubular 

stationary phase is the limited surface area available for interaction with the analyte and 

the high likelihood of column overloading. 

 

Several groups have taken the open-tubular approach in their aptamer immobilization 

techniques for affinity separations. Clark et al. [47] developed an aptameric stationary 

phase by binding a 35-base RNA aptamer specific for flavin mononucleotide (FMN) and 

flavin adenine dinucleotide (FAD) [57] on the inner surface of fused silica capillaries. 

The three-step aptamer immobilization method modified from [58] consisted of 

derivatization of the silanol groups with (glycidoxypropyl) trimethoxysilane (GOPS), 

followed by reaction with 1,1’-carbonyldiimidazole (CDI) and finally by the replacement 

of the imidazole group by the amine modified aptamer. Although the new stationary 

phase was unable to resolve the two biological cofactors, FMN and FAD, it discriminated 

among FMN and an unrelated molecule, anthracene.  

 

The McGown group [53] were the first to report the separation of non-target molecules 

on an aptamer sorbent. They immobilized aptamers on silica surfaces and applied the 
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aptameric sorbents in capillary electrochromatography (CEC) separations of compounds 

not related to the SELEX target. 

 

Kotia et al. [54] used two aptamers as stationary phases for CEC separations of amino 

acids (D-trp and D-tyr) and enantiomers (D-trp and L-trp). The aptamers were attached to 

the inner walls of fused silica capillaries using three different linkers [59-61].  The 

separated compounds were baseline resolved, but the retention times changed over time 

due to stationary phase degradation in aqueous conditions. 

 

Rehder et al. [55] synthesized an aptamer stationary phase (see Table 1 for sequence) 

capable of separating bovine β-lactoglobulin variants A and B (LgA and LgB) by CEC. 

5’-thiol-modified  oligonucleotide molecules were covalently attached to the inner wall 

of fused silica capillaries via sulphosuccinimidyl 4-(N-maleimidomethyl) cyclohexane-1-

carboxylate [62]. CEC separations of the two lactoglobulin variants were achieved on 

both the aptameric stationary phase and the stationary phase created by binding only the 

linker molecule to the silica surface. However, the separation times and the peak shapes 

were improved on the aptameric sorbent due to a lesser interaction of the protein with the 

aptamer than with organic linker, leading to a less denaturating separation. 

 

Charles et al. [53] further demonstrated the ability of the G-quartet conformation of the 

15-base thrombin aptamer [63] and the 23-mer aptamer sequence in [55]  to separate Trp-

Arg and Arg-Trp, two isomeric dipeptides.  The 15-base stationary phase proved more 

efficient in resolving the Trp-Arg and Arg-Trp elution peaks than the 23-mer aptamer 



 
 

27

sorbent due to partial destabilization of the G-quartet at 40°C, the temperature of 

separation. 

 

Vo et al. [56] also investigated stationary phases containing the thrombin aptamer that 

forms a 2-plane quartet [63], the 23-base aptamer used in [55], and a different sequence 

named “G8T” resembling the thrombin aptamer, having the -G- in position 8 replaced by 

a -T- base. They performed OT-CEC separations of 14 homodipeptides and 10 alanyl 

dipeptides on aptameric sorbents prepared by a previously mentioned immobilization 

method [62], and compared the separation profile with the CEC electrochromatograms on 

a bare silica capillary and a scrambled oligonucleotide sorbent that lacks G-quartets.  

Differences between electrochromatograms on the G-quartet stationary phases and the 

scrambled nucleotide sorbent demonstrated that the presence of a G-quartet is essential in 

separating specific peptides.  

 

Romig et al. were the first to assess the performance of an aptamer ligand as an HPLC 

affinity stationary phase component [52] in 1999.  They immobilized a 5’- biotinylated 

DNA aptamer (Table 1) selected for binding the lectin domain of human L-selectin [64] 

on a streptavidin-linked resin and subsequently used the aptamer sorbent for packing a 

0.5 cm I.D. x 5 cm chromatographic column.  The authors demonstrated successful 

application of the aptameric sorbent in the affinity purification of L-selectin receptor 

globulin (LS-Rg), a recombinant fusion protein that contains the extracellular domain of  

L-selectin. In a single step, the achieved purification was 63% with 83% recovery.   
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The Peyrin group [45, 49-51] were the first to apply aptamer sorbents to chiral 

separations of target and non-target molecules by HPLC. The streptavidin-biotin 

interaction was employed to immobilize biotinylated aptamers on POROS streptavidin 

chromatographic media.  

 

In 2003, Michaud et al. [49]  exploited the stereoselective affinity of a 55-base DNA 

aptamer (Table 1) for D-arginine-vasopressin to create a chiral stationary phase (CSP) 

capable of separating  the vasopressin enantiomers.  It was previously shown [65] that the 

55-base oligonucleotide does not exhibit affinity for  the L-dipeptide, but interacts with 

the D-dipetide with an association constant close to 1.1 µM-1
.  The aptamer CSP was 

capable of binding D-vasopressin while, as expected, the L-enantiomer eluted in the void 

volume under all experimental conditions. The retention factor for the D-enantiomer 

decreased with the KCl concentration in the mobile phase but the pH and temperature 

variation did not lead to a significant variation in Kd. 

 

A year later, Michaud et al. [50] expanded the application of aptamer CSPs  to HPLC 

separations of small molecule enantiomers. The immobilized DNA aptamers were 

specific for D- adenosine [66] and L-tyrosinamide [67] (Table 1).  Both stationary phases 

exhibited affinity for the particular enantiomer they were selected for by the SELEX 

process. By decreasing the column temperature, resolution was enhanced at the expense 

of the total analysis time.  
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Brumbt et al. [45] attached an RNA aptamer [68] on a chromatographic support and 

employed it to target specific HPLC separation of arginine enantiomers.  The CSP proved 

successful in separating L-arginine from D-arginine, but its target retention decreased in 

8 days by 65% due to enzymatic  cleavage by RNase present in the environment and 

reagents. The authors examined the practical application and stability as CSP of the 

mirror image of the initial aptamer, given that enzymes generally show affinity just for 

D-enantiomers. The L-RNA showed affinity for the mirror image of the initial target due 

to chiral inversion. The new aptameric CSP proved stable over time, after 30 days of use 

and about 1600 volumes of buffer passed through the column.    

 

Ravelet et al. [51] further employed the mirror-image strategy [69, 70] in development of 

a RNA CSP for chiral separation of tyrosine, and of some related compounds. A 63-base 

RNA aptamer specific for L-tyrosine [71] was used as chiral selector on the HPLC 

stationary phase.  The same streptavidin-biotin bridge was used for immobilization of the 

oligonucleotide on streptavidin media slurry. The L-RNA stationary phase discriminated 

the tyrosine enantiomers showing affinity for the D-enantiomer. Furthermore, the authors 

demonstrated the ability of the L-RNA CSP to resolve racemates of several compounds 

structurally related to tyrosine. By examining the collected chromatographic data the 

authors concluded that the anti-D-tyrosine CSP can be exploited for chiral separation of 

amino acid-related compounds with a large aromatic side chain in β position of the 

asymmetric carbon atom.  
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Deng et al. [48] immobilized a biotinylated DNA aptamer (Table 1) isolated for 

adenosine and ATP [66] on streptavidin - POROS media and streptavidin- porous glass 

beads. The particles were then packed in fused silica capillary columns, further used for 

frontal analysis experiments and weak affinity [72] LC separations of adenosine and 

adenosine-related  compounds. The dissociation constants of the aptamer complex with 

cyclic-AMP, AMP, ATP, ADP, and adenosine (138 ±18, 58 ± 2, 38 ± 2, 28 ± 6 and 3 ± 1 

µM, respectively, on glass, similar on POROS beads except for a higher Kd for 

adenosine) were determined by frontal analysis. The difference in Kd values allowed the 

selective retention and separation of these compounds on the aptamer sorbents.  

 

Chung et al. [46] attached an RNA aptamer selected for hepatitis C virus (HCV) RNA 

replicase to PS-co-PEG ( CutiCore®) beads via a photo-cleavable linker. The aptamer 

beads were packed in a silicon-on-glass microfluidic channel and the sorbent was 

evaluated for purification of  HCV RNA replicase from a complex protein mixture. The 

proteins, previously labeled with FITC, were injected in the channel by pressure driven 

flow and then cleaved by exposure to 360 nm UV light, eluted with buffer and 

fluorescently detected at 500 nm.  The fluorescence signal intensity for HCV RNA 

replicase was significantly larger compared with the other labeled proteins, 

demonstrating the specificity of the aptamer sorbent for its SELEX target. 

 

2.2 Aptamer modified silica surfaces 
 
In this dissertation, a DNA aptamer isolated and amplified based on its affinity for the 

human protein α-thrombin [63] was used.  The three-dimensional structure of this DNA 
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aptamer (5’-GGT-TGG-TGT-GGT-TGG-3’), an arrangement of G-quartets, (Figure 3), 

plays an important role in selectively binding α-thrombin through a key-and-lock 

mechanism.  

 

 

Figure 3.  Illustration of the DNA aptamer molecule containing two G-quartets. 

This tridimensional molecular structure has been shown to depend on the presence of 

monovalent and/or divalent cations, which are components of the buffer used to select 

this DNA aptamer by SELEX (selection buffer). To maintain the aptamer G-quartet 

structure needed for α-thrombin recognition, the selection buffer was used as a mobile 

phase in this study.  
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In order to take advantages of the aptamer specificity to use as affinity component of 

stationary phases, silica surfaces and organic monoliths were modified with the α-

thrombin specific aptamer, that contains an amine group in the C6 position at the 5’ end 

for ease of immobilization.  The aptamer was anchored to the surface via an azlactone 

linkage. The success of silica surface functionalization with aptamer was demonstrated 

by fluorescence affinity assay of α-thrombin. The success of organic monolith 

functionalization was determined by frontal analysis. The goal of the research was to 

synthesize aptameric stationary phases capable of separating α-thrombin from mixtures 

with  high efficiency (RS > 1.5, HETP < 1mm).  

 

2.2.1 Silica surface modification with the aptamer 
 
Silica surfaces on glass and fused silica capillaries were modified with aptamer in three 

steps. The first step involves the introduction of a vinyl group on the surface (Figure 4). 

In the second step 2-vinyl-4,4-dimethylazlactone linker binds to the surface through the 

vinyl group. Finally, the amino-group on the aptamer opens the azlactone ring of the 

linker and binds permanently to the silica. 
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Figure 4. Reaction scheme for aptamer attachment to silica surfaces 

 

2.2.1.1 Chemicals and materials 
 
5-carboxytetramethylrhodamine, succinimidyl ester (5-TAMRA, SE) was purchased 

from Invitrogen (Eugene, OR, USA). Dimethylsulfoxide (DMSO) was purchased from 

EMD Chemicals, Inc. (Gibbstown, NJ, USA). The 15-base 5’ C6 amine-modified DNA 

aptamer (5’-amine-C6-GGTTGGTGTGGTTGG-3’) was purchased from Prestige DNA 

(Woburn, MA, USA).  Human α-thrombin was purchased from Haematologic 

Technologies, Inc. (Essex Junction, VT, USA).  
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Tris(hydroxymethyl)aminomethane (tris), sodium phosphate, calcium chloride, 

ethylenediamine, 2,2’-azoisobutyronitrile (AIBN) and bovine hemoglobin were 

purchased from Sigma-Aldrich Co. (St. Louis, MO, USA).  Sodium bicarbonate, 

magnesium chloride and potassium chloride were purchased from Mallinckrodt (Paris, 

KY, USA). Sodium chloride, acetonitrile (ACN) HPLC grade and glacial acetic acid 

were purchased from Fisher (Fair Lawn, NJ, USA).  3-(trimethoxysilyl) -propyl 

methacrylate was from Acros Organics (Fair Lawn, NJ, USA).  Sylgard 184 silicone 

elastomer and curing agent were purchased from Dow Corning Corporation (Midland, 

MI, USA). 2-vinyl-4,4-dimethylazlactone  was a gift from the 3M Company 

(Minneapolis, MN, USA).  SU-8 25 was purchased from Microchem Corp. (Newton, 

MA, USA). 7.6 cm x 5 cm x1mm glass microscope slides were purchased from Fisher 

Scientific (Pittsburgh, PA, USA). All chemicals were used as received. 

 

The buffer employed in experiments was the “selection buffer” used to select the DNA 

aptamer by SELEX [53]: 20 mM tris/acetate at pH 7.5, 140 mM NaCl, 5 mM KCl, 1 mM 

MgCl2, and 1 mM CaCl2. The buffer was prepared by dissolving the appropriate amount 

of tris salt in Millipore purified deionized water and by adjusting the pH to 7.5 by 

addition of acetic acid.  The salts were then added in the buffer to their proper 

concentration.  

 

2.2.1.2 Procedure for derivatization of silica surfaces with the aptamer 
 
Fused silica capillary columns, 40 cm long and 75 µm I.D., were vinylized with 3-

(trimethoxysilyl)-propyl methacrylate according to the procedure published in [73]. In 
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summary, silica surfaces were rinsed with NaOH to expose silanols groups, then cleaned 

with water and acetone and filled with a dilute solution of  3-(trimethoxysilyl)-propyl 

methacrylate in acetic acid for 4 h. The surface was further cleaned with acetone and 

dried with N2 gas.  

 

The vinylized capillary was filled with azlactone monomer with 1% AIBN, capped with 

GC septa and placed in an oven in a water bath for 1 hour at 70º C. The resulting gel was 

removed with a flow of methanol. The capillary column with azlactone polymeric chains 

attached to the wall was flushed with 10 mg/mL aptamer solution at 0.2 µL/min for 6 h 

and at 0.3 µL/min for 15 h. Ethylene diamine, 1% in water, was then flowed through the 

column in an HP3D CE instrument at 30 psi for 4 h. The capillary was filled with ethylene 

diamine and left capped overnight to cover all exposed azlactone groups. Blank columns 

were prepared using a similar procedure, replacing the aptamer solution with ethylene 

diamine solution.  

 

The procedure for silica derivatization with aptamer was adapted for the wells on a 

PDMS-on-glass fluorescence assay device. The aptamer and ethylene diamine solutions 

were kept in contact with the wells for 30 min, rinsed and repeated four times. A final 

step involved flushing the wells next with 1 M ethylene diamine solution for 1 h, 

followed by rinsing with water. 

 

PDMS/ glass microchip channels were derivatized with the aptamer following the 

procedure for the bare fused-silica capillary columns.  
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2.2.2 Characterization by fluorescence affinity assay 
 
A method based on fluorescence detection was developed for qualitative assay of α-

thrombin binding to an aptamer-functionalized glass surface. The method comprises 

labeling the α-thrombin participating in the reaction with 5-TAMRA-SE and measuring 

the fluorescence of the glass surface after extraction of the labeled protein from the 

labeling mixture by the aptamer functionalized glass.  

 

2.2.2.1 Fabrication of the assay device 
 
 The fluorescence assay device (Figure 5) was made of a 7.6 cm x 5 cm x 1 mm PDMS 

slab with pre-punched 3 mm diameter holes, sealed to a microscope glass slide after 

exposure of both to an oxygen plasma for 30s. The PDMS slab was obtained by casting a 

pre-polymer mixture of 10:1 Sylgard 184 to curing agent onto a clean glass plate and 

curing at 65ºC for 24 h. Holes were punched in PDMS after peeling from the clean plate. 

 

 

Glass slide 

PDMS slab with  
punched holes 

  

Figure 5. Schematic of a fluorescence assay plate made of PDMS on glass. 
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2.2.2.2 Derivatization of the assay wells with the aptamer 
 
Half of the wells were modified with aptamer according to the procedure described 

above. To serve as a control, the remaining wells were modified similarly eliminating the 

aptamer immobilization step. 

 

2.2.2.3 Protein labeling  
 
Most analytes need to be derivatized in order to be detected by fluorescence at 

wavelengths above 300 nm. Among the most commonly used reagents for modification 

of the non-protonated aliphatic amine groups in proteins are esters such as N-

hydroxysuccinimide esters. We chose 5-carboxytetramethyl rhodamine, succinimidyl 

ester (5-TAMRA, SE) for labeling α-thrombin molecules in order to enable protein 

detection at 570 nm after excitation at 532 nm (Figure 6). 
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Figure 6. Reaction scheme for fluorescent labeling of proteins with 5-TAMRA, SE. 
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Protein labeling was completed according to the manufacturer’s instructions [74]. In 

summary, 10 mM α-thrombin solutions were prepared in 0.1 M sodium bicarbonate (pH 

= 8.3). The fluorescence reagent for derivatization, 5-TAMRA-SE, 10 mg/mL in DMSO, 

was mixed with protein solution at a molar ratio 1:10. The mixture was gently shaken 

overnight in the dark at room temperature. The solution resulting from labeling was 

diluted 500-fold in selection buffer. 

 

2.2.2.4 Fluorescence assay for thrombin identification 
 
The assay was done at room temperature in wells made of PDMS irreversibly attached to 

a microscope glass slide (Figure 5). To determine blank values, half of the wells were 

derivatized in the same conditions as the aptamer wells, eliminating the aptamer binding 

to the surface step.  

 

Labeled α-thrombin solution, in the selection buffer, was added to the wells and kept in 

contact with the glass surface for 2 h, after which the wells were rinsed with selection 

buffer several times. Reading of the fluorescence signal from the thrombin treated wells 

was accomplished with a photomultiplier tube (PMT) detector built in a Micralyne 

Microfluidic Tool Kit (µTK, Alberta, Canada) from a laser-induced fluorescence (LIF) 

inverted epiluminescence confocal microscope equipped with a green laser for  532 nm 

excitation and filters for 570 nm detection. The µTK was operated via a LabView 

interface (National Instruments, Austin, TX) from Micralyne. Fluorescence signals were 

obtained by aligning the fluorescence detector in the center of the well being measured.  
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Figure 7. Results of the aptamer fluorescence assay for thrombin. Fluorescence signals 
were collected at 532 nm excitation and 570 nm emission after application α-thrombin-
TAMRA on the blank and aptamer derivatized silica wells (n = 5 wells).  
 

In Figure 7 it can be observed that the fluorescence emission signal for the aptamer 

surface after contact with thrombin solution is more than two fold higher than the 

intensity of the signal for the blank wells treated in the same conditions. Besides 

confirming the success of surface modification, this qualitative test also verifies that 

fluorescently labeled α-thrombin molecules selectively bind the aptamer on the 

derivatized glass surface.  
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2.3 Synthesis of a porous aptameric monolith for microscale liquid phase 
separations 

  
In order to increase the loading capacity of the stationary phase compared to aptamer 

modified silica, the DNA aptamer was further immobilized onto an in-situ synthesized 

monolith that contains an azlactone functionality to facilitate attachment. The 

homogeneity and porosity of the organic monolith was studied by scanning electron 

microscopy (SEM). 

 

2.3.1 Synthesis of the monolithic support 
 
The DNA aptamer was immobilized onto an organic monolith that contains an azlactone 

functionality. The azlactone group readily reacts with nucleophiles, and its facile reaction 

with amine groups has been reviewed previously [75].  Studies using aptamers as 

stationary phases, prior to this work, had used biotin-modified aptamers immobilized on 

streptavidin-linked particles [48-50, 76]. The immobilization method presented in this 

work is a simple one-step method resulting in an aptamer monolithic stationary. The 

research for an optimal monolith composition as a solid support for aptamer 

immobilization is a continuation of the aptamer monolith work previously started in our 

lab by S.L. Clark [77].  Improvement over the monolith porosity and composition relative 

to the work published in [77] lead to an improvement in the surface loading with aptamer 

and to a increased efficiency separation of α-thrombin from mixtures. 

 

The reaction between the azlactone functionality and the amine-modified aptamer is 

shown in Figure 8.   
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Figure 8. Reaction scheme for aptamer immobilization on the organic monolith. The 
amine group on the modified aptamer molecule covalently binds to the azlactone group 
on the monolith pore surface subsequent to a nucleophillic attack on the azlactone 
carbonyl group. 
 

 

2.3.1.1 Chemicals and materials  
 
Tris(hydroxymethyl)aminomethane (tris), sodium phosphate, calcium chloride, ethylene 

diamine, 2,2’-azoisobutyronitrile (AIBN), ethylene-glycol dimethacrylate,  1-decanol and 

bovine hemoglobin were purchased from Sigma-Aldrich Co. (St. Louis, MO, USA).  

Magnesium chloride and potassium chloride were purchased from Mallinckrodt (Paris, 

KY, USA).  Sodium chloride, acetonitrile (ACN) HPLC grade and glacial acetic acid 

were purchased from Fisher (Fair Lawn, NJ, USA).  3-(trimethoxysilyl)-propyl 

methacrylate and 2-hydroxyethyl methacrylate were from Acros Organics (Fair Lawn, 

NJ, USA).  

 

The 15-base 5’ C6 amine-modified DNA aptamer (5’-amine-C6-

GGTTGGTGTGGTTGG-3’) was purchased from Prestige DNA (Woburn, MA, USA).  
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Human α-thrombin was purchased from Haematologic Technologies, Inc. (Essex 

Junction, VT, USA). The monomer 2-vinyl-4,4-dimethylazlactone  was a gift from 3M 

Company (Minneapolis, MN, USA).  All chemicals were used as received. 

 

The buffer employed in frontal chromatography and microLC experiments was the 

selection buffer used to select the DNA aptamer by SELEX (20 mM tris/acetate at pH 

7.5, 140 mM NaCl, 5 mM KCl, 1 mM MgCl2, and 1 mM CaCl2). The buffer was 

prepared by dissolving the appropriate amount of tris salt in Millipore purified deionized 

water and by adjusting the pH to 7.5 by addition of acetic acid.  The salts present in the 

buffer were then added to their proper concentration.  

 

Polyimide coating fused silica capillaries (75-µm id × 365-µm od) were purchased from 

Polymicro Technologies (Pheonix, AZ, USA). PVA coated capillaries were purchased 

from Agilent Technologies (Newport, DE, USA). 

 

2.3.1.2 Pre-derivatization of the fused silica capillary wall  
 
The inner wall of a 75 µm ID (360 µm OD) polyimide coated fused silica capillary was 

vinylized with 3-(trimethoxysilyl)-propyl methacrylate according to the procedure 

published in [73] in order to provide vinyl sites for anchoring the monolithic bed to the 

wall.  
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2.3.1.3 Preparation of the monolithic stationary phase  
 
The polymerization mixture was prepared by dissolving 9.5 %v/v hydroxyethyl 

methacrylate and 6 % v/v of 2-vinyl-4,4-dimethylazlactone as monomers and 15.5 %v/v 

of ethyleneglycol dimethacrilate as a crosslinking agent into a mixture of 69% v/v 

decanol as a porogenic solvent and 1% w/w AIBN ( with respect to the monomers) as the 

initiator. The mixture was degassed by sonication. 

 

The cleaned vinylized capillary was then filled with the polymerization mixture using N2 

head pressure, sealed with GC septa at the ends and placed in a water bath at 65 ºC for 21 

h.  The capillary was then flushed with methanol for 24 h to remove the porogenic 

solvent and the unreacted  compounds.  

 

2.3.1.4 Monolith derivatization with the DNA aptamer 
 
 After the polymerization process, a 25 cm long monolithic bed was derivatized with the 

DNA aptamer dissolved in 50 mM sodium phosphate ( pH 8.0 ) at a concentration of 10 

mg/mL (2 mM).  

 

The experimental setup consisted of an Agilent 1100 series capillary pump and an 

Upchurch nanopeak micro valve with a 30 µL injection loop. The 30 µL injection loop 

was filled with aptamer solution for several times during the 5.5 h period.  The capillary 

was first filled with aptamer solution, then flushed on the inject position at a volumetric 

flow rate of 0.1 µL/min for 5.5 h. The capillary was then flushed with 3 M  ethylene 
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diamine in water at the same flow rate, 0.1 µL/min, for 3 h, in order to inactivate the 

unreacted azlactone sites.  

 

The monolithic column was connected with PTFE tubing to a bare fused silica capillary 

onto which a detection window was burned using a Fujikura FSM-05S arc fusion splicer 

(Fujikura, Japan). Blank capillaries were produced by reacting the azlactone group – 

containing support with ethylene diamine, omitting the immobilization of the aptamer.  

All chromatographic experiments were performed in parallel on derivatized and blank 

capillaries.   

 

The aptameric monolithic sorbent was compared in frontal affinity chromatography 

studies with a different aptameric monolith (monolith 2) synthesized during initial 

porosity investigations. Monolith 2 was polymerized from a similar mixture with a higher 

porogenic solvent ratio and less azlactone monomer (9 %v/v hydroxyethyl methacrylate, 

5 % v/v of 2-vinyl-4,4-dimethylazlactone, 15 %v/v, 70% v/v decanol and 1% w/w 

AIBN), and was modified with aptamer in the same conditions. 

 

2.3.2 Characterization of the monolith by SEM 
 
In order to ensure high efficiency as a chromatographic support, the monolithic rod needs 

to be uniform across its entirety. To ensure flow through the monolith a reasonably 

porous bed is desired; a monolith with too high porosity is mechanically unstable under 

high pressure conditions employed in liquid chromatography whereas a too small 

porosity can lead to high backpressure and to column clogging.  
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Scanning electron microscopy (SEM) allowed visualization of the in-situ polymerized 

monolith with higher resolutions than an optical microscope. Figure 9 depicts SEM 

images of randomly cut cross-sections of monolith inside a 75 µm ID column.  

 

 

Figure 9. SEM images of the monolithic aptameric sorbent. SEM images of a cross-
section of monolith in a 75 µm ID column, and a close view on the monolith at the 
capillary wall. 
 

 

The aptameric organic monolith is uniform, porous, fills the cross-section completely and 

is attached to the fused silica capillary wall. Under LC conditions the monolithic bed 

proved stable by providing repeatable chromatographic data, and exhibited low 

backpressures at the operating flow rates. 
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2.4 Conclusion 
 
Silica surfaces were modified with a α-thrombin specific aptamer via an azlactone 

functionality. The success of surface modification was verified by fluorescence affinity 

assay for thrombin. An organic monolith with embedded azlactone functionality was 

synthesized inside fused silica capillaries and characterized by SEM. The monolith was 

porous, uniform and was attached to the previously vinylized inner surface of the 

capillary. The same aptamer was anchored to the monolith through the azlactone linkage. 
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Chapter 3. Chromatographic characterization of the aptameric 
materials 

 
 

3.1  Aptamer modified silica surfaces as affinity liquid chromatography 
stationary phases 
 
The aptamer modified silica surfaces and organic monolith were evaluated as potential 

stationary phases for liquid chromatographic separation of α – thrombin with an affinity 

mechanism. The capability of the aptamer modified silica surfaces to function as affinity 

chromatography sorbent was first assessed on the micro-scale in PDMS-glass microchip 

format, followed by evaluation in fused silica capillary format.  

 

3.1.1 Characterization by on-chip extraction of α-thrombin 

 
The glass portion of a PDMS/glass microchip channel was derivatized with the thrombin 

aptamer and a thrombin extraction from a mixture was performed with a step gradient. 

The selective retention of thrombin over other components of a mixture on the aptamer 

modified surface provides an additional confirmation of the success of surface 

functionalization. 
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3.1.1.1 PDMS/glass microchip fabrication 

 

The microchip channel patterned in PDMS was prepared by soft lithography. SU-8 25 

negative photoresist was spin-coated on a 7.6 cm x 5.1 cm glass slide at 2000 rpm to 

reach a thickness of 100 µm, and baked at 90 ºC. The photoresist was then patterned by 

UV irradiation from a 200-watt xenon arc lamp through a high-resolution transparency 

photolithography mask  with a straight 5 cm x 200 µm channel. After a post-exposure 

bake of 5 min at 95 ºC, the glass slide was immersed in 1-methoxy-2-propyl acetate to 

remove unmodified photoresist. The UV modified photoresist left raised structure 

corresponding to the desired pattern on the master wafer. The actual depth of the feature 

created on the glass slide was ~ 47 µm. 

 

Sylgard 184 PDMS pre-polymer mixed in a 10:1 mass ratio to the curing agent was 

degassed and poured onto the master.  After curing at 65 ºC for 24 h the PDMS replica 

was peeled from the mold and then holes were punched in the polymer for access to the 

channel. After plasma oxidation at 100 W for 30 s under an atmosphere of 200 mTorr, it 

was joined irreversibly with a similarly plasma oxidized microscope glass slide. 

 

Upchurch nano-ports (Upchurch Scientific Inc., Oak Harbor, WA) were attached around 

the access holes with glue rings and kept in the oven at 70 ºC for 12 h. The nano-ports 

facilitated connection to the pump and waste vial through 100 µm ID fused –silica 

capillaries. Figure 10 presents a schematic of the micro-chip fabrication process. 
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Figure 10. Schematic of PDMS / glass microchip fabrication process by photolithography 
and replica molding. 
 

3.1.1.2 Micro-channel derivatization with the aptamer 
 
The microchip channel was modified with aptamer according to the procedure described 

in Chapter 2. 

 

3.1.1.3 Protein extraction on the aptameric micro-chip 
 
The liquid chromatography experiment was done using an ISCO 100 DX  syringe pump 

connected to the microchip with 100 µm fused silica capillary tubing through a an 

Upchurch nanopeak micro valve with a 15 µL injection loop. The mobile phase was the 
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selection buffer. The flow rate was set at 1 µL/min. A photomultiplier tube (PMT) 

detector on board a Micralyne Microfluidic Tool Kit with a laser-induced fluorescence 

(LIF) inverted epiluminescence confocal microscope, enabled on-chip detection at  4 cm 

from the chip inlet, with 532 nm excitation and 570 nm emission wavelengths. 

 

The first step of the experiment consisted of over-loading the microchip channel with a 

mixture of α –thrombin-TAMRA and hydrolyzed labeling dye from the injection loop. 

The second step was the elution of the retained compound with a step function of 40% 

ACN in selection buffer (“desorption buffer”). In Figure 11, 1 denotes the frontal 

chromatography of the protein-dye mixture, while 2 denotes the desorption of the 

retained α –thrombin-TAMRA. The injection of the desorption buffer was performed 

after leveling of the baseline, as indicated by the arrow.  
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Figure 11. Extraction of α – thrombin on the aptamer functionalized PDMS- glass 
microchip. 1. Loading of α–thrombin + hydrolyzed dye; 2. Elution of α – thrombin (after 
injection of 40% ACN in selection buffer). The arrow represents the point of ACN/buffer 
injection. Mobile phase: selection buffer. Flow rate: 1 µL/min; detection at 4 cm from 
inlet, 532 nm excitation and 570 nm emission. 
 

 

Addition of acetonitrile in the mobile phase facilitates protein desorption. It denaturates 

the protein conformation irreversibly, therefore breaking the association with the aptamer 

G-quartet. The presence of peak 2 indicates that labeled thrombin molecules that bind 

selectively to the aptamer derivatized glass surface are desorbed. The second peak was 

not observed after overloading the channel with dye alone or with labeled hemoglobin, 

followed by the desorption buffer.  

 

Various attempts to separate a mixture of labeled thrombin and hemoglobin, both blood 

proteins, have failed despite reducing their concentrations in the picomolar range. This 
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can be attributed to a combination of 1) a small amount of aptamer on the modified glass 

section of the microchip channel and 2) sample overload on a low surface area. Thus the 

next step of this research focused on means of increasing loading capacity.  

 

3.1.2 Characterization by capillary LC 
 
To increase the surface area and therefore the amount of bound aptamer, and also to keep 

the back pressure low, the capability of the silica surface to selectively retain α-thrombin 

was transferred to the fused silica capillary format. 

 

Capillary LC experiments were accomplished on a system consisting of an ISCO 100 DX 

(ISCO Inc., NE, USA) syringe pump, a Unicam 4225 UV detector (Unicam Analytical 

Systems, USA) and an Upchurch nanopeak micro valve with a 50 nL injection loop. 

Injection was made by holding the injection valve in the inject position for 7 s then 

returning to the load position. Data were collected at 200 nm at room temperature using 

PowerChrom software (ADInstruments, Colorado Springs, CO, USA).  The mobile phase 

was the selection buffer with the pH close to human blood, and the volumetric flow rate 

was set to 0.2 µL/min.  Protein solutions were made in selection buffer. 

 

The effective length of the 75 µm I.D. fused silica (FS) capillary columns was 13 cm. A 

detection window was burned onto the capillary using an arc fusion-splicer (Fujikura, 

Japan).  Aptamer derivatized OT capillaries were prepared according to the procedure in 

Chapter 3. Blank capillaries were produced by deactivating the azlactone group – 

containing support with ethanolamine, omitting the immobilization of the aptamer.  All 
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chromatographic experiments were performed in parallel on aptamer derivatized and 

blank capillaries. Figure 12 presents a representative chromatogram of the separation of 

α-thrombin from a mixture. 

 

 

Figure 12. Chromatogram of OT-µLC separation of hemoglobin and α-thrombin on 
aptamer derivatized fused silica capillaries. Separation conditions: 4.8 mM thrombin (2) 
and 2.4 x 10-4 mM hemoglobin (1) in selection buffer; 75 µm ID aptamer derivatized 
capillary; 13 cm column effective length; mobile phase - selection buffer, 0.2 µL/min, 23 
nL sample injected; room temperature; detection at 200 nm.    
 

 

The difficulties associated with sample overloading were partially overcome in fused 

silica capillary format, due to availability of an increased number of total aptameric sites 

on an increased silica surface area. α-thrombin was separated from a mixture with 

another blood protein, hemoglobin, on the aptamer modified silica surface. 0.11 nmole 
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thrombin and 5.5 attomole of hemoglobin were separated, at concentrations below their 

nanomolar blood values. 

 

 The effectiveness of the aptamer modified surface was evaluated in terms of its 

resolution (RS). The separation is complete with a resolution above 1.5. The calculated 

resolution for the open-tubular aptameric column was RS = 1.1.  Low resolution has been 

reported before  in aptamer-OT LC affinity separations [47], and is due to column 

overloading. Although the separation is chromatographically acceptable, quantitative 

determinations can not be performed accurately since the analyte peaks overlap.  

 

The efficiency of the column was also evaluated from its height equivalent to a 

theoretical plate (HETP). In liquid chromatography acceptable plate heights are in the 

order of microns. For this particular column HETP = 2.3 cm. Although the aptamer 

surface has proved effective for separation of thrombin from mixtures, a sorbent with a 

higher surface area will offer higher loading capacities and will generate more efficient 

columns for liquid chromatography.  

 
 

3.1.3 Characterization by CEC 
 
Open tubular modified fused silica capillaries have proved more effective in capillary 

electrochromatography. Capillary electrochromatography is a separation technique that 

combines the electrophoretic mobility of the sample with the surface affinity for the 

analyte to separate complex mixtures in a short time with increased resolution. The need 

for high pressure pumps in eliminated. However, depending on the chromatographic 
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surface and the capability of the analyte to ionize in the separation conditions, CEC 

separations can require more time than an LC separation as suggested by the attempts 

described below to separate α-thrombin from hemoglobin based on a blend of 

electrophoretic mobility and surface affinity.  

 

Coated capillaries to prevent non-specific adsorption to the negatively charged silica 

surface, and neutral protein solutions to promote affinity based interactions, were 

combined in this study. 

 

Capillary electrochromatography experiments were performed on an HP3D CE 

electrophoresis instrument equipped with a built-in diode array detector with Chemstation 

software for control and data acquisition. The temperature of the cassette was maintained 

at 21 °C. The run buffer was the selection buffer for optimal interaction between 

thrombin and aptamer.  The detection wavelength was 200 nm for detection of the amine 

group in the proteins.  

 

The aptamer derivatized OT fused-silica capillaries used (I.D. 75 µm) had a total length 

of 25 cm and an effective length of 8 cm. A blank capillary was attached to the aptamer 

capillary to reach the detection point. A detection window was burned into the blank 

capillary using an arc fusion-splicer. Underivatized capillaries were connected to the 

blank azlactone-ethylene diamine treated capillaries for blank determinations.  
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Before each analysis, the capillary was equilibrated with the selection buffer for 5 min. 

The sample was introduced into the capillary at 50 mbar pressure for 5 s, and 5 kV was 

applied with positive polarity. The capillary columns were rinsed daily with selection 

buffer for 15 min, followed by water for 5 min and then dried. The sample was made of 

2.5 x 104 mg/mL thrombin and 1.60 mg/mL hemoglobin in the selection buffer. Detection 

was achieved at 200 nm. The identity of the peaks was determined by successively 

injecting individual protein solutions and by spiking the mixture with hemoglobin.  The 

experiment was done in triplicate. 

 

Table 2. MW and pI of proteins for OTCEC an aptamer-derivatized capillary column 

Protein pI MW 

 

α-Thrombin 

 

7 - 7.5 

 

37,000 

Hemoglobin 7 64,500 

 

 

By examining the pI values in the Table 2, reported by the protein providers,  it can be 

concluded that both proteins should migrate at the same velocity upon application of 

voltage, having a zero net charge at near neutral pH and traveling with the electro-

osmotic flow (EOF). This trend was indeed observed on the blank capillaries (Figure 13). 

However, on the aptamer coated surface, α-thrombin exhibited a longer retention time 

due to the chromatographic component of the CEC separation. The decreased availability 

of silanol groups on the modified capillary surface and the small voltage applied to 
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accommodate the high ionic content of the buffer leads to excessively long retention 

times for a CEC separation due to decreased EOF.  

 

 

 
 
Figure 13. OT-CEC separation of α-thrombin (2) and hemoglobin (1) on aptamer 
derivatized capillary (main graph) and on a blank capillary (insert). Separation 
conditions: 0.7 M thrombin and 1.60 mg/ml hemoglobin in selection buffer; 5 kV applied 
voltage, pressure injection: 50 mbar for 5 s, 21 °C, 200 nm detection; 8 cm column 
effective length, 75 µm I.D.; selection buffer.  
 

 

 
Although the affinity of the aptamer modified silica surface for α-thrombin was once 

again demonstrated, by CEC on a neutral protein mixture, the long migration times (for a 

CEC separation) do not make this method suitable for separations when a high pressure 
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pump is available for liquid chromatography experiments. However, in the microchip 

format a CEC separation may be a better alternative [78] thanks to the ease of 

miniaturization of the CE instrumentation.  

 

3.2  Porous monolith anchored aptamer for microscale liquid phase 
separations 
 

 

3.2.1 Frontal affinity chromatography on the aptameric monolith 
 
The next step in research was to improve the efficiency of the affinity chromatographic 

sorbents by means of increased surface area for aptamer loading. An organic monolith 

was pursued as support for the aptamer functionality since it provides a larger surface 

area than silica alone in fused silica capillary format. The organic monolith synthesis and 

derivatization with aptamer were described in Chapter 2. 

 

The sorbent was characterized by conducting frontal elution affinity chromatography 

experiments with thrombin and hemoglobin solutions in selection buffer on the aptamer 

derivatized monolithic column at a flow rate of 0.2 µL/min. The experimental setup 

consisted of an Agilent (Newport, DE, USA) 1100 series capillary pump, an Upchurch 

(Oak Harbor, WA, USA) nanopeak micro valve with a 30 μL injection loop loaded with 

protein solution and the onboard diode array detector of an HP3D CE (Agilent, Newport, 

DE, USA). Detection was performed at 200 nm at 21ºC. The effective length of the 

capillary was 21 cm. 
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The dissociation constant (Kd) of the aptamer – thrombin complex and the total number 

of active binding sites (Bt) were determined. The Kd study was conducted using the 

selection buffer as a mobile phase. Frontal chromatography has been used previously 

[48,79] in order to extract the above experimental values in aptamer affinity 

chromatography experiments.   

The frontal analysis parameters are related to Kd according to the following equation: 
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 where, [A]0 is the concentration of continuously applied thrombin that elutes in time T 

from the monolithic capillary, ν  is the volumetric flow rate of the solution through the 

monolith, Bt is the number of active aptamer binding sites on the polymeric surface and 

T0 is the time required to elute a compound unretained by the stationary phase.  
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Figure 14.  Frontal chromatograms of hemoglobin and thrombin on aptameric monolith 
(1), and differentiated breakthrough curves (2). 0.2 mg/mL hemoglobin (a)  and 200 nM 
α-thrombin (b) in selection buffer (20 mM tris/acetate at pH 7.5, 140 mM NaCl, 5 mM 
KCl, 1 mM MgCl2, 1 mM CaCl2). Experimental conditions: 0.2 µL/min, 21°C, detection 
at 200 nm, 21 cm monolith 1 column effective length.  
 

 

Hemoglobin eluted in the void volume of the column in time T0 and α-thrombin was 

retained beyond T0, in time T (Figure 14). Glycerol, a component of the thrombin solution 

supplied by Haematologic Technologies, Inc., eluted at the void volume followed by 

thrombin, selectively retained on the aptamer stationary phase. 
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T and T0 values were recorded for different concentrations A0 eluted through the same 

column. These values were extracted from the differentiated breakthrough curves (Figure 

14)  using the Igor Pro software (WaveMetrics Inc., OR, USA). The linear relationship in 

the equation above provided the basis for obtaining Kd and Bt at the axis intercepts of a 

double reciprocal plot of 1/[A0(V-V0)] vs 1/A0 (Figure 15). 

 

 

 
Figure 15. Double reciprocal plot for determination of Kd and Bt.  Kd and Bt are obtained 
at the axis intercepts of a line corresponding to the relationship between 1/[A0(V-V0)] vs 
1/A0. Number of determinations: n = 3. 
 

 

The Kd of the aptamer-thrombin complex  at 21 ºC in the selection buffer was found to be 

104 nM. Since the aptamer has a dissociation constant of 100 nM in solution [63], this 

indicates that it retained its affinity for thrombin in immobilized form.  The total number 

of binding sites was determined to be 1.26 nmoles/mL of monolithic bed volume, the 
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same order of magnitude as a sorbent obtained from immobilization of a 5′-amino-

modified anti-D-adenosine DNA aptamer to carboxylic acid based silica [79]. 

 

This monolithic sorbent was compared with another aptameric monolith (monolith 2) 

polymerized during our initial porosity studies from a similar mixture with a slightly 

higher amount of porogenic solvent and slightly lower amount of azlactone monomer (9 

%v/v hydroxyethyl methacrylate, 5 % v/v of 2-vinyl-4,4-dimethylazlactone, 15 %v/v, 

70% v/v decanol as porogenic solvent and 1% w/w AIBN). Calculated Bt  for monolith 2 

was only 0.36 nmoles aptamer/ mL bed volume. Since the porosity of this monolith is 

higher than the porosity of the investigated aptameric monolith, the number of azlactone 

groups available for aptamer binding is comparatively smaller. This demonstrates that the 

amount of aptamer active sites depends directly on the number of azlactone groups 

available for aptamer immobilization on the organic monolith surface. 

 

 3.2.2 Characterization of affinity for α - thrombin by microLC   
 
We further examined the potential of subsequently using this affinity stationary phase as 

a component of a microfluidic device to be used for microLC separations for diagnostic 

purposes. In order to mimic the microchip channel a 4.5 cm long, aptamer -derivatized 

monolithic column connected with PTFE tubing to a PVA coated column onto which a 

detection window was burned was investigated. The PVA coated capillary minimizes 

protein adsorption  to prevent the non-affinity interaction of protein with the silica 

surface, which would unnecessarily complicate the separation with a second mechanism 

of retention.  
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All chromatography experiments were completed on a nanoLC system consisting of a 

ISCO 100 DX (ISCO Inc., Lincoln, NE) syringe pump, a Unicam 4225 UV detector 

(Unicam Analytical Systems, Madison, WI) and an Upchurch nanopeak micro valve with 

a 30 µL injection loop. Injection was made by holding the injection valve in the inject 

position for 7 s then returning to the load position. Data was collected  at 200 nm using 

PowerChrom (ADInstruments, Colorado Springs, CO).  The mobile phase was the 

selection buffer with a pH close to that of human blood, and the volumetric flow rate was 

set to 0.1 µL/min.   
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Figure 16.  Representative microLC chromatogram of  thrombin separation on aptameric 
monolith. 3.6 x 10-4 mg/mL thrombin (2) and 4.8 x 10-4 mg/mL hemoglobin (1) in 
selection buffer. Separation conditions: 75 µm ID column, 4.5 cm monolith effective 
length, mobile phase - selection buffer at 0.1 µL/min, 7 s injection, room temperature, 
detection at 200 nm. 
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As illustrated by the representative chromatogram in Figure 16, the aptamer derivatized 

monolithic column was able to separate a mixture of hemoglobin and α-thrombin 

dissolved in the selection buffer, with concentrations approaching their blood 

concentration.  

 

The α-thrombin separation from a mixture with hemoglobin was highly effective, 

showing the chromatographic resolution equal to 1.7. The height equivalent to a 

theoretical plate of the aptamer monolithic column was HETP = 276 µm, comparable 

with HPLC plate heights. A higher separation efficiency is due to an increased loading 

capacity of the sorbent compared with the aptamer modified silica surface. 

 

Thrombin separations from blood samples on the aptamer affinity sorbent occurred 

without prior sample preparation steps given that any unretained compound elutes at the 

void volume and thrombin is significantly retained at blood level concentrations. 

 

3.3 Conclusion   
 
Simple and rapid to implement immobilization methods were developed for a DNA 

aptamer specific for α-thrombin.  The aptamer was anchored to silica surfaces and to an 

organic monolith via an azlactone containing linker following a nucleophillic attack of 

the amine group of the modified aptamer upon the carbonyl group in the azlactone ring.   

 

The aptamer modified silica surfaces have proved successful in extraction of thrombin in 

microchip format, and separation of thrombin from a mixture in fused silica capillary 
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format with an affinity mechanism by LC and CEC, however with low efficiencies. The 

aptamer modified organic monolith was effective in separating α-thrombin from a 

mixture with high efficiency (RS = 1.7).  

 

The capability of the monolithic sorbent to separate thrombin from other blood proteins 

without sample preparation is remarkable and it is due to the affinity component in 

separation provided by the anchored aptamer. The aptameric stationary phases specific 

for thrombin can be further implemented  in microscale separation devices for use as 

diagnostic tools for blood coagulation disorders.  
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Chapter 4. Synthesis of polysilsesquioxane materials for use as LC 
stationary phases 

 

4.1 Historical background on polysilsesquioxane stationary phases 
 

Polysilsesquioxanes are network polymers or polyhedral clusters, resulting from the 

hydrolytic condensation of multi-functional silanes. They are hybrid inorganic-organic 

polymers, or silicon-containing organic polymers [80]. 

 

The lyotropic surfactant template route to periodic mesoporous silicas with cavities or 

channels in the 2–10 nm range was introduced in 1992 [81,82]. The molding of a 

mesoporous silica framework around surfactant micelles expanded the field of molecular 

sieves beyond the 1–2 nm restrictions imposed in molecule templating of crystalline 

microporous zeolites.  

 

The report of periodic mesoporous organosilicas led to a new frontier in materials 

chemistry: bridge-bonded silsesquioxane species (RO)3Si–Rn–Si(OR)3 could be 

integrated into the walls of a mesoporous silica matrix through covalent Si–C bonds. The 

bridging motif allows for development of the full potential of both organic and inorganic 

components in amorphous polymers with engineered properties at the molecular level. 

Bridged polysilsesquioxanes can be prepared with a broad range of organic bridging 

groups incorporated as an integral part of the network. Furthermore, these molecular 

composites may include a wide range of organic and inorganic ratios without phase 

separation [83]. 
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The blending of organic chemistry and solid-state silica materials synthesis also allows 

the creation of hybrid materials with a uniform distribution of organic spacers and pore 

sizes [84]. These mesoporous organic–inorganic covalently linked structures represent an 

advanced class of materials with applications as hosts for nanocluster synthesis [85], in 

ceramics [86], optoelectronic materials [87], low-k microelectronic packaging materials 

[88], chemical sensors [89], molecular sieves and membranes [90], catalytic supports, 

shape-selective catalysis [91], purification of reaction streams, adsorbents [92] and more 

recently as chromatographic sorbents [93- 98].  

 

In 2003 Wyndham et al [93] were the first to report the use of a bridged silsesquioxane as 

a monomer for formation of chromatographic stationary phases. 1,2-bis(triethoxysilyl) 

ethane was polymerized with a silane, tetraethoxysilane, in two steps, the first one 

involving an acid catalyst and the second step involved treatment with a base and 

surfactant (Triton X-45 and low levels of sodium dodecyl sulfate (SDS) or 

tris(hydroxymethyl)aminomethane lauryl sulfate (TDS)). The surface was functionalized 

with octadecyltrichlorosilane and end-capped with trimethylchlorosilane. After this four-

step synthesis procedure, spherical particles were obtained having a diameter of 4.9-5.5 

µm and a pore size of 10.8-18.5 nm. The functionalized hybrid material was packed in 

4.6 x 150 mm and 2.1x50 mm HPLC columns and successfully employed in separation of 

uracil,propranolol, butyl paraben, naphthalene, acenaphthene, and amitriptyline. 

 

A year later, in 2004, Kim et al [94] were successful in synthesizing spherical hybrid 

particles (1.5 -2.5 µm diameter, 2.7-3.2 nm pore diameter) from 1,2-bis(trimethoxysilyl) 
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ethane in presence of NaOH and cetyltrimethylammonium chloride. The material was 

cured for 19 h, than exposed to 135 ºC followed by microwave treatment of at least 2 

more hours at 115 ºC.  The material, functionalized with chlorodimethyl-octadecylsilane 

or chlorotrimethyl- octadecylsilane, was used for separation of aromatic compounds in 

0.5 mm I.D. x 300 mm columns. Significant peak tailing was observed due to broad 

particle size distribution. 

 

Zhu et al [95] also achieved separation of aromatic compounds on their hybrid spherical 

material obtained in acidic conditions from a bridged monomer, 1,2-bis(trimethoxysily) 

ethane,  and a silane, phenyltrimethoxysilane. Particle porosity was dictated by a mixture 

of surfactants, Pluronic123 and cetyltrimethylammonium bromide. 

Trimethylethoxysilane was used to cap all unreacted silanol groups. Broad peaks were 

observed in the HPLC separation of aromatics on 50 mm×4.6 mm columns, due to 

particle size distribution (2-8 µm) and non-uniform interspaces among the substrate 

spheres. 

 

At the same time (2006) Rebbin and collaborators[96] reported synthesis of a poly-

silsesquioxane material from a phenylene bridged  monomer, 1,4-bis(triethoxysilyl) 

benzene, in acidic conditions, with a similar surfactant mixture as Zhu et al. [95] at a 

temperature around 100ºC and for at least 16 h as well. They were the first to report 

separation of aromatics, and also of compounds with different hydrophobicity, on an 

unmodified surface. HPLC on 4 mm X 250 mm columns revealed peak tailing probably 
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due to mixed retention on the organic bridge and silanol, and also long retention times 

due to high surface and porosity. 

 

Challenging racemic amino-acids were separated by Zhu et al [97] on a bridged 

polysilsesquioxane by incorporation of N-[3-(Triethoxysilyl)propyl]-trans-(1R,2R)-

diaminocyclohexane in the polymerization mixture alongside  1,2-bis(trimethoxysilyl) 

ethane. The material consisted of 2-10 µm spheres (2.78-3.2 nm pore diameter) and was 

prepared in the presence of NaOH and octadecyltrimethylammonium chloride at 80 ºC 

for 16 h. An HPLC separation of the racemic aminoacids was obtained, with a long 

retention time and tailing as reported before for other compounds on different 

polysilsesquioxanes. 

 

All the references above refer to the use of polysilsesquioxane fine particles as sorbents 

for separations. As far as we know, other than our work, only one polysilsesquioxane 

monolith was used before for chromatographic  applications. Fused-silica capillaries (75 

µm ID, 365 µm OD) were coated by Zhao et al [98]  with a monolithic gel obtained from 

1,2-bis (trimethoxysilyl) ethane and 1, 3, 5-trimethylbenzene in presence of HNO3 and 

poly(ethyleneoxide)-block-poly (propyleneoxide)-block poly(ethyleneoxide). After aging 

for 6 h at 35 ºC and exposure to 160ºC for 8 h, a transparent film with mesoporous 

structure was formed on the silica surface. The surface was further employed for electro-

chromatographic separation of aromatic compounds.   
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In this dissertation, the goal was to synthesize polysilsesquioxane materials that are easily 

polymerized in-situ, in micro-scale devices, for use as stationary phases for liquid 

chromatographic separations of gold nanoparticles, online with a micro-reactor. 

 

As previously shown, historically polysilsesquioxane stationary phases for liquid 

chromatography have consisted of fine particles or monolithic films.  The preparation of 

such stationary phases exhibits some disadvantages such as an extensive time needed for 

packing the column with particles and/or the presence of high temperature for extended 

periods of time to promote the polymerization of the hybrid materials. 

 

To overcome these drawbacks, we synthesized polysilsesquioxane stationary phases 

having characteristics of both a monolith and a particulate by in-situ precipitation inside 

microchip channels and capillary columns at room temperature. This eliminated the need 

for packing the column or channel with pre-made particles and therefore the need for 

high pressure solvent pumps. The gradual and modest pressure changes during 

production result in a uniform, porous bed.  

 

The polymerization process leads to formation of aggregates of spherical particles that 

are attached to each other in clusters, and are also attached to silica or to functionalized 

polymeric material in micro- channels. The retention frit, made of a different material, 

usually employed for loose particulates, is no longer necessary after complete 

polymerization. 
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4.2 Batch synthesis of polysilsesquioxane materials 
 
Highly cross-linked hybrid organic-inorganic materials, bridged polysilsesquioxanes are 

prepared from monomers that contain an organic bridging component attached to two or 

more trifunctional silyl groups by non-hydrolyzable carbon-silicon bonds,   in the 

presence of a catalyst for promotion of hydrolysis and condensation [99]. 

 

Templating compounds, such as surfactants, are added to the monomer mixture to control 

pore size and particle morphology [100]. During the polymerization process, the 

monomer provides the framework for particle synthesis, while the surfactant aids 

directing the particle morphology and porosity [101]. 

 

The goal of the research in this dissertation was to synthesize spherical bridged 

polysilsequioxane hybrid materials, easy to polymerize in-situ, for use as 

chromatographic media for separation of nanoparticles. The sorbents had to be easily 

implemented in microscale format in order to facilitate integration online with a micro-

reactor. For the synthesis of the polysilsesquioxanes (1,2-bis(trimethoxysilyl)ethane and 

1,2-bis(triethoxysilyl)ethane) were used as bridged monomers and 

cetyltrimethylammonium chloride was used  as a structure-directing agent.  A basic 

catalyst (NaOH) provides faster reaction times and a better hydrolysis rate than acidic 

conditions [102].  Figure 17 presents a schematic of the polysilsesquioxane 

polymerization reaction. 
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Figure 17. Illustration of the polysilsesquioxane polymerization reaction by hydrolysis 
and condensation with basic catalysis. 
 

 

Another group (Kim et al, [94]) has used a similar polymerization mixture to obtain 

spherical particles, yet their mixture polymerizes in a few hours, and it requires exposure 

to high temperatures to obtain a spherical material. For our purposes, the synthesis has to 

be straight forward and it should occur at low temperature in a very short amount of time. 

 

In order to synthesize spherical polysilsesquioxane particles that aggregate into a 

monolith, we have extensively varied polymerization parameters such as monomer, 

catalyst and surfactant concentrations and also the type of monomer and the solidification 

temperature for gels.  
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4.2.2 Polymerization of polysilsesquioxanes  
 

4.2.2.1 Materials 
 
1,2-bis(trimethoxysilyl)-ethane, 1,2-bis(triethoxysilyl)-ethane, sodium hydroxide, cetyl-

trimethylammoniumchloride (C16) 25% in water and HPLC grade ethanol were supplied 

by Sigma-Aldrich Corp.( St. Louis, MO). Millipore 18 Ω water was used for solution 

preparation.  

 

4.2.2.2 Procedure 
 
All polymerization studies were done in 10 mL glass vials. All syntheses were made 

following the same procedure. 50 µL of monomer (BTEE or BTME) were vortexed with 

a premixed solution of corresponding amounts of NaOH, C16 and water, according to the 

molar compositions in Table 3. The catalyst, surfactant and water were premixed for 10 

min using a Vortex to ensure  complete surfactant  dissolution,  and  the solution was left 

still until all foam had disappeared.  
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Table 3. Molar compositions of reactants for polymerization of polysilsesquioxane 
materials. The name reveals the type of monomer (BTEE – bis triethoxysilyl ethane, 
BTME- bis trimethoxysilyl ethane).  
 

 

Name 

 

 

NaOH:monomer 

molar ratio 

 

C16:monomer 

molar ratio 

 

H2O:monomer 

molar ratio 

BTME0001 1.00 1.00 2000.00 
BTME0002 1.00 0.33 2000.00 
BTME0003 1.00 0.20 2000.00 
BTME0004 1.00 0.14 2000.00 
BTME0005 1.00 0.10 2000.00 
BTME0006 0.10 1.00 2000.00 
BTME0007 0.10 0.33 2000.00 
BTME0008 0.10 0.20 2000.00 
BTME0009 0.10 0.14 2000.00 
BTME0010 0.10 0.10 2000.00 
BTME0011 1.00 1.00 100.00 
BTME0012 0.33 1.00 100.00 
BTME0013 0.20 1.00 100.00 
BTME0014 0.14 1.00 100.00 
BTME0015 0.10 1.00 100.00 
BTME0016 1.00 0.10 100.00 
BTME0017 0.33 0.10 100.00 
BTME0018 0.20 0.10 100.00 
BTME0019 0.14 0.10 100.00 
BTME0020 0.10 0.10 100.00 
BTME0021 1.00 1.00 100.00 
BTME0022 1.00 0.33 1000.00 
BTME0023 1.00 0.20 200.00 
BTME0024 1.00 0.14 10000.00 
BTME0025 1.00 0.05 2000.00 
BTME0026 0.10 1.00 1000.00 
BTME0027 0.10 0.33 200.00 
BTME0028 0.10 0.20 10000.00 
BTME0029 0.10 0.14 2000.00 
BTME0030 0.10 0.05 100.00 
BTME0131 0.10 0.12 231.00 
BTEE0001 1.00 1.00 2000.00 
BTEE0002 1.00 0.33 2000.00 
BTEE0003 1.00 0.20 2000.00 
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Table 3 (Continued). Molar compositions of reactants for polymerization of 
polysilsesquioxane materials. The name reveals the type of monomer (BTEE – bis 
triethoxysilyl ethane, BTME- bis trimethoxysilyl ethane). 
 

 

Name 

 

 

NaOH:monomer 

molar ratio 

 

C16:monomer 

molar ratio 

 

H2O:monomer 

molar ratio 

BTEE0004 1.00 0.14 2000.00 
BTEE0005 1.00 0.10 2000.00 
BTEE0006 0.10 1.00 2000.00 
BTEE0007 0.10 0.33 2000.00 
BTEE0008 0.10 0.20 2000.00 
BTEE0009 0.10 0.14 2000.00 
BTEE0010 0.10 0.10 2000.00 
BTEE0011 1.00 1.00 100.00 
BTEE0012 0.33 1.00 100.00 
BTEE0013 0.20 1.00 100.00 
BTEE0014 0.14 1.00 100.00 
BTEE0015 0.10 1.00 100.00 
BTEE0016 1.00 0.10 100.00 
BTEE0017 0.33 0.10 100.00 
BTEE0018 0.20 0.10 100.00 
BTEE0019 0.14 0.10 100.00 
BTEE0020 0.10 0.10 100.00 
BTEE0021 1.00 1.00 100.00 
BTEE0022 1.00 0.33 1000.00 
BTEE0023 1.00 0.20 200.00 
BTEE0024 1.00 0.14 10000.00 
BTEE0025 1.00 0.05 2000.00 
BTEE0026 0.10 1.00 1000.00 
BTEE0027 0.10 0.33 200.00 
BTEE0028 0.10 0.20 10000.00 
BTEE0029 0.10 0.14 2000.00 
BTEE0030 0.10 0.05 100.00 
BTEE0101 0.15 0.18 356.67 
BTEE0102 0.15 0.19 203.14 
BTEE0103 0.15 0.19 124.39 
BTEE0104 0.15 0.19 84.70 
BTEE0106 0.63 0.19 46.03 
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A chronometer was used to monitor the time from the monomer addition to the premixed 

solution, until the solidification/ gellation started, more specifically when a white 

precipitate was formed or when the solution was no longer fluid.  

 

The solids were left at room temperature for 30 min, then rinsed with a 1:1 (v/v) 

ethanol/water solution multiple times to remove the surfactant and unreacted 

components. The gels were kept in the oven at 40ºC for 4 h and any resulting solid 

polymers were examined by SEM, along with solids that precipitated in under a minute. 

This was done to determine the polysilsesquioxane morphology, and also to measure the 

particle size of spherical materials. Table 4 summarizes the average precipitation time of 

select polysilsesquioxane materials that polymerized in a short time at room temperature.  

 

Table 4. Polysilsesquioxanes polymerization time. 

Name Precipitation timea (s) 

  
     BTME0014 20 

BTME0018 5 

BTME0019 5 

BTME0131 3 

BTEE0001 8 

BTEE0012 10 

BTEE0101 4 

BTEE0102 4 

BTEE0103 5 

a at room temperature 
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Spherical polysilsesquioxanes with the shortest precipitation time (on the order of 

seconds) can be polymerized in situ using this novel technique, while the materials that 

turn into a gel in a few seconds and then convert into a monolith upon exposure to higher 

temperature can be easily introduced inside micro-channels with a regular syringe and 

polymerized in-situ. 

 

4.2.3 Characterization by SEM 
 
Solids were examined by SEM after oven drying of the 1:1 (v/v) ethanol/water rinsed 

solids. Gels were baked at 40ºC for 4 hours and then examined by SEM. Figure 18a 

shows several SEM pictures of polysilsesquioxane materials with the appearance of 

spherical particles, or of monoliths made of spherical aggregated particles. Some other 

materials proved to be amorphous or to have a lamellar structure (Figure 18b) and were 

not further considered for future studies. 

 

 

.  
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Figure 18. SEM pictures of polysilsesquioxane materials. a) spherical materials; b) non-
spherical materials. The scale bars represent 1 µm. 
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For spherical materials, the particle diameter was measured in the SEM images as an 

average of at least 150 particles (Table 5) for materials synthesized in triplicate.   

 

Table 5. Micro and macroscopic properties of polysilsesquioxane materials. 

Name Macroscopic appearance Particle sizea (µm) 

   

BTME0014 gel; flakesb 6.7 

BTME0018 powder 0.77 

BTME0019 powder 0.38 

BTME0131 monolith 0.25 

BTEE0001 monolith 0.68 

BTEE0012 gel; monolithb 0.23 

BTEE0101 monolith 2 

BTEE0102 monolith 3.17 

BTEE0103 monolith 6 

a average for at least 150 particles from SEM images; b after 4 h at 40°C 

 

 

Particle sizes for each of the spherical polysilsesquioxane that precipitated in seconds 

were compared at different molar ratios of polymerization mixture components to 

evaluate different trends in synthesis. 

 

Smaller particles resulted at higher catalyst concentrations after decreasing the 

concentration of surfactant. No spherical particles were precipitated with molar ratios of 

C16:monomer between 0.2-1, molar ratios of C16:H2O between 0.001-0.01 and molar 

ratios of H2O:monomer between 100-2000.  
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Different size particles resulted from the same molar ratios of NaOH:monomer at 

different concentrations in the polymerization mixture. Different diameters of spherical 

particles within the same order of magnitude can be yielded by the same ratio of 

C16:H2O, C16:monomer or H2O:monomer with different concentrations.  

 

Spherical silsesquioxane particles with small diameter and narrow size distribution can be 

precipitated by surfactant templating at high pH.  Smaller particles can be formed by 

decreasing the concentration of surfactant while increasing the concentration of catalyst. 

Synthesis of spherical particles is possible within a limited range of molar ratios 

H2O:monomer, C16:monomer and C16:H2O.  

 

By studying the effect of the monomer type on the precipitation time, it was observed that 

by using BTEE instead of BTME, the precipitation time decreases by 50 %. This is due to 

the presence of more easily hydrolysable ethoxy groups in BTEE compared to the 

methoxy functionality in BTME. This aspect is especially important for 

polysilsesquioxanes that require more than a few seconds to polymerize. However, both 

types of monomers were suitable for our purposes if the time of precipitation/gelation for 

the polysilsesquioxane material was below 10 s. 
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4.3 In-situ polymerization of a polysilsesquioxane monolith inside PMMA 
capillary tubing 
 

In-situ polymerization of a polysilsesquioxane monolith was accomplished inside 

polymethyl methacrylate (PMMA) capillary tubing and microchip channels. The organic-

inorganic polymer is grafted to the PMMA wall by means of a free silane group available 

on the inner surface of PMMA wall prefunctionalized with trimethoxysilyl propyl 

methacrylate (Figure 19). The success of PMMA functionalization and polymer 

attachment was monitored by SEM and EDX. 

 

 

 

Figure 19. Schematic of the PMMA functionalization reaction with 3-trimethoxysilyl 
propyl methacrylate. TRIM – 3-trimethoxysilyl propyl methacrylate, SSQ – 
polysilsesquioxane, PMMA – polymethyl methacrylate, AIBN - 2,2’-azoisobutyronitrile. 
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4.3.1 PMMA surface functionalization 
 

4.3.1.1 Chemicals and materials 
 
 3-trimethoxysilyl propyl methacrylate, 1,2-bis(triethoxysilyl)-ethane, sodium hydroxide, 

cetyl-trimethylammoniumchloride (C16) 25% in water, HPLC grade methanol and  

ethanol were supplied by Sigma, St. Louis, MO. Millipore 18 Ω water was used for 

solution making . PMMA capillary tubing (180 µm I.D./360 µm O.D) was received as a 

gift from Paradigm Optics, Vancouver, WA. PMMA sheets were purchased from 

McMaster-Carr, Santa Fe Springs, CA. 

 

4.3.1.2 PMMA functionalization procedure 
 
In order to successfully attach the polysilsesquioxane material to the PMMA surface, a 

prefunctionalization of the organic surface was needed to provide a silane anchor for 

condensation with the silane groups of the polysilsesquioxane monomer during the in-situ 

polymerization. Trimethoxysilyl propyl methacrylate (4% in methanol) was the silane 

group provider, with 0.2 mg/mL AIBN added as a thermal polymerization initiator. 1 cm2  

PMMA slides were submersed  in the functionalization mixture, while the capillary was 

filled with the mixture using a syringe and endcapped with GC septa.  The PMMA slides 

and capillaries were subsequently exposed to 40 ºC for 2 min, then rinsed with methanol 

and air dried. 
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4.3.2 In-situ precipitation of the polysilsesquioxane 
 
BTEE0012 was synthesized from 1,2-bis(trimethoxysilyl)-ethane as monomer, in the 

presence of NaOH as catalyst and cetyl-trimethylammoniumchloride (C16)  as pore 

template. The molar ratios of the individual reactants are presented in Table 3. The 

reactants were premixed in a vial, and immediately transferred in the functionalized 

capillary tubing using a syringe with an adapter. For precipitation on the 1 cm2  PMMA 

pieces, the functionalized piece was inserted in the reactant mixture and the polymer was 

allowed to precipitate on the surface. 

 

4.3.3 Characterization of PMMA surface functionalization by SEM and 
EDX 
 
The success of surface funtionalization was investigated by EDX. The presence of Si on 

the surface of a trimethoxysilyl propyl methacrylate/AIBN treated and methanol rinsed 

PMMA piece is indicative of PMMA functionalization with a silane group (Figure 20). 
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Figure 20. EDX spectrum of the surface of a PMMA slide functionalized with 
trimethoxysilyl propyl methacrylate. The presence of Si on the surface is indicative of the 
functionalization success. 
   

Comparison of the diameter of capillaries from SEM pictures of  unmodified and 

functionalized capillaries reveals that while the outer diameter remained constant at 360 

µm, the inner diameter decreased by 30%  after functionalization (Figure 21). This 

suggests that a layer formed after polymerization of  trimethoxysilyl propyl methacrylate 

in presence of AIBN was deposited on the inner surface of the PMMA capillary tubing. 

Lack of a gap between the PMMA and the newly formed polymer layer after rinsing with 

MeOH demonstrates covalent attachment to the PMMA. 
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 .                                        

 
Figure 21. SEM images of the PMMA capillary wall before (a) and after (b) 
functionalization with trimethoxysilyl propyl methacrylate. SEM pictures taken at the 
same magnification. 
 

4.3.4 Characterization of the monolith attachment to PMMA by SEM 
 

SEM pictures of the monolith precipitated inside the PMMA capillary tubing and on the 

surface of the PMMA pieces were taken after oven drying at 70º C for 24 h. Examination 

of the functionalized PMMA/ polysilsesquioxane interface reveals polysilsesquioxane 

attachment to the polymer pieces and wall (Figure 22a and 22b, respectively). Due to the 

extensive oven drying for SEM imagery purposes, the monolith shrank inside the 

capillary, partially detaching from the wall; however, polysilsesquioxane particles were 
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still attached to the PMMA (Figure 22b). The monolith is uniform and porous and can be 

further used as a stationary phase in liquid chromatography.  

 

 

Figure 22. SEM image of polysilsesquioxane attachment to functionalized PMMA slide 
(a) and capillary wall (b). 
 

4.4 In-situ polymerization of a polysilsesquioxane inside PMMA microchip 
channels 
 

PMMA tubing is not mechanically suitable for the high pressures required in HPLC; 

however, our group has devised PMMA microchips capable of withstanding 200 psi of 

pressure [103]. The polysilsesquioxane  polymer can be cast in situ in the microchip 

channel using a technique similar to the casting inside PMMA capillaries. 

 

4.4.1 PMMA microchip fabrication 
 
The microchip was made from PMMA through a two-stage thermal embossing process 

(Figure 23). The aluminum master was created by micromachining and served as the 

primary mold in the embossing process. In the first embossing process, the positive 
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features of the aluminum master were imprinted as negative features into a polyethylene 

imine (PEI) substrate by heating slightly above its Tg ~220ºC; producing the secondary 

mold.  

 

In the second embossing process, the negative features of the secondary mold were 

imprinted as positive features into a PMMA substrate by heating slightly above its Tg of 

105 ºC and the channel was filled with ice to preserve the feature. PMMA with the 

positive feature was attached by solvent bonding with dichloromethane to another 

PMMA piece with predrilled access holes.  The resulting microchip channel was 200 µm 

deep and 5 cm long.  
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Figure 23. Schematic of PMMA microchip fabrication by hot embossing and solvent 
bonding (Figure adapted from [103] with thanks to the authors, Koesdjojo, Myra T.; 
Tennico, Yolanda H. and Remcho, Vincent T.) 
 

  



 
 

90

4.4.2 In-situ polymerization procedure 

  
Upchurch nanoports were glued around the access holes using the manufacturer supplied 

glue rings, and baked at 40 ºC overnight to improve the seal. 150 µm I.D. fused silica 

capillaries were attached on both ends of the microchip channel through the nanoports. 

The BTEE0012 polymerization mixture was introduced into the channel through a fused 

silica capillary with a regular syringe, immediately after mixing. The capillaries were 

capped with GC septa. Within seconds the polymerization mixture turned into a gel and 

the capillaries could be removed and nanoports capped. The chip was introduced into the 

oven and left at 40 ºC for 2 hours.  

 

4.4.3 Characterization by SEM 
 
For SEM imagery the microchip was left at room temperature uncapped for a day to dry 

the monolith. Then it was frozen in liquid nitrogen and broken into pieces perpendicular 

to the channel. It was challenging to obtain a clean cut into the polymer and this 

procedure led to partial damaging of the monolith (Figure 24).  
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Figure 24. SEM images of a freeze-fractured polysilsesquioxane monolith in-situ 
polymerized inside a PMMA microchip channel. 
 

 

By examining the images in Figure 24, attachment of the polysilsesquioxane monolith to 

the PMMA wall can be observed. Uniformity and porosity are suitable for 

chromatographic purposes. Additional studies, such as testing the monolith and 

microchip stability at high pressures, are required for chromatographic characterization, 

but they are not covered in current dissertation. 
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4.5 In-situ polymerization of fast-precipitating polysilsesquioxanes inside 
fused silica capillary columns 
 
 

4.5.1 Apparatus for in-situ synthesis 
 
The short precipitation time of 4 s allows instant in-situ precipitation of BTME0131 

inside capillary columns. Since the precipitate is formed in-situ inside the capillary, the 

need for high pressures to introduce the material is eliminated. 

 
The in-situ synthesis apparatus (Figure 25) consists of a T-mixer connected through 50 

µm I.D. fused silica capillaries to solvent reservoirs that can be pressurized using N2 gas.  

The fritted 200 µm I.D., 30 cm long fused silica capillary to be packed with in-situ 

polymerized polysilsesquione material is connected to the T-mixer at the mixing point.  
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Figure 25. Illustration of the apparatus for in-situ precipitation of the polysilsesquioxane 
polymer in fused-silica capillaries (a) and SEM image of a crosssection through the 
material precipitated inside a fused silica capillary column (b). 1-  monomer, 2-  catalyst, 
surfactant and H O, 3-  T-mixer, 4- fused silica capillary column, 5-  polysilsesquioxane  
clusters, 6- Temporary frit. Arrows represent liquid phase; polysilsesquioxane 
solidification occurs 3 s after the mixing point. 

2

 
 

 

4.5.2 In-situ synthesis procedure 
 

The monomer, and a mixture of catalyst, surfactant and H O in the corresponding molar 

ratios for BTME0131

2

, were sent at the same time through the mixer through different 

branches. Low, equal pressures (around 50 psi) were used on both sides to ensure 
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uniform flow and packing, and to prevent precipitation outside the capillary column of 

interest.  

 

The precipitation takes place inside the 200 µm I.D. capillary within 3 s after passing the 

mixing point. The polymer clusters are retained by the temporary frit at the end of the 

capillary column.  

 

The fused silica capillary is capped with GC septa after a 25 cm long bed of 

polysilsesquioxane material is precipitated. The polymer is allowed to cure for 24 h at 

room temperature. During the curing time, the hydrolysis and condensation of the silanol 

groups continues on the polymer clusters and permanent bonds are formed between 

particles transforming the material into a compact monolithic bed (Figure 26a). At the 

same time, permanent bonds are formed with the silanols on the fused silica leading to 

stable anchoring of the monolith to the capillary wall (Figure 26b).  

 

The unreacted components were finally flushed with ethanol/water 1:1 (v/v) at 1 µL/ min 

for 6 h and the temporary frit was removed. All experiments were done in triplicate. 
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Figure 26. Reaction scheme for  the  polysilsesquioxane monolith curing reaction (a) and 
for anchoring to the fused silica  wall (b). 
 

 

4.5.3 Characterization by mercury intrusion porosimetry 
 
The  polysilsesquioxane material  is suitable as a chromatographic sorbent if it exhibits 

high surface area and porosity [29]. Mercury intrusion porosimetry was used as a tool for 

measuring these parameters. Porosity measurements on BTME0131 prepared in bulk 

have revealed that the polysilsesquioxane has a high total pore area (47.3 m2/g) and 

porosity (67%), making it suitable for chromatography. 

 

4.6 Conclusion 
 
Novel spherical polysilsesquioxane materials were synthesized by hydrolysis and 

condensation of a bridged silsesquioxane monomer in the presence a surfactant in batch 

mode, and in-situ inside microchip channels and capillary columns. Variation of 
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polymerization conditions allowed selection of fast precipitating materials for subsequent 

in-situ synthesis. 

 

A BTEE0012 polysilsesquioxane monolith was synthesized in situ inside PMMA 

capillaries and microchip channels. The hybrid polymer was covalently attached to 

PMMA via a the trimethoxysilyl propyl methacrylate linker. The porosity and uniformity 

of the in-situ polymerized material suggests a potential use as a chromatographic sorbent. 

 

Spherical particle clusters of fast precipitating BTME0131 polysilsesquioxane were 

easily synthesized in-situ and grafted to the walls of fused silica capillaries. A novel 

capillary packing technique that did not demand extreme conditions such as high 

pressure, high temperature or the presence of polymerization initiators was implemented 

for the in situ synthesis. BTME0131 high surface area and uniformity is indicative of a 

high sample loading capacity if used as a liquid chromatographic stationary phase. 

 

Polysilsesquioxanes were successfully polymerized in situ inside micro-channels, 

however chromatographic experiments were performed on a 2 cm x 2 mm HPLC 

capillary cartridge dry packed with a suitable polysilsesquioxane, in order to take 

advantage of the ease of automation on existing HPLC instrumentation.  
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Chapter 5. Separation of gold nanoparticles on a polysilsesquioxane 
stationary phase 

 

5.1 Historical background on separations of nanoparticles 
 
Separation of nanoparticles by size is of particular importance since their properties and 

applications are size-dependent.  A number of filtration, chromatographic and 

electrophoretic methods have been applied for purification and separation of 

nanomaterials from byproducts and into different sizes.   

 

Recent work has demonstrated that filtration techniques can be used successfully for 

purification and size fractionation of nanoparticles [104-110].  As with many synthetic 

processes, excess materials such as precursors, salts, monomers and emulsifiers must be 

removed in order to purify the desired product.  Fortunately, most of these materials are 

smaller in mass than the synthesized nanoparticle.  Ultrafiltration methods have been 

used for post-synthetic purification of aluminum, gold and polymer nanoparticles in 

aqueous environments [104-108].  Nanofiltration methods have been used for post-

synthetic purification of gold and polymer nanoparticles in organic solvent environments 

[109, 110].  Size fractionation of polydisperse gold nanoparticles has been demonstrated 

using both ultrafiltration and nanofiltration methods [106, 109]. 

 

To date, several chromatographic and electrophoretic methods have been employed for 

the separation of nanomaterials (Table 6).  Gel permeation chromatography (GPC) [111-

118], Capillary electrophoresis (CE) [119, 120], Reverse-phase high-performance liquid 
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chromatography (RP-HPLC) [121,122] and Ion exchange chromatography (IEX) [123, 

124] have all met with various degrees of success.  

 

Table 6. Nanoparticles separation/purification methods and media.  

Type of nanoparticles  Separation method Separation media Refs. 

 

Single-walled carbon 

nanotubes 

 

GPC 

 

Electrophoresis 

 

PLgel 20 µm Mixed-A 

Styragel HMW7 

Agarose gel, glass beads 

 

[111] 

[112], [114] 

[120] 

 

Au 

 

 

 

 

 

 

GPC 

 

 

 

 

 

GPC; RP-HPLC 

 

CZE 

 

PLgel 1110 

Nucleogel GFC 1000-8 

Nucleosil 500, 1000 

PLGel1000, PLGel100,  

Waters HR-3 

 PLgel1000, PLGel500 

JAIgel-W253 

ThermoHypersil C8 

Free solution 

 

[113] 

[116], [117] 

[118] 

 

[121] 

[125] 

[126] 

[122] 

[119] 

 

CdSe 

 

GPC 

 

PLgel 1110-6530 

 

[115] 

 

 

BSA 

   

IEX Agarose-coated Streamline 

DEAE  

[123] 

 

Os-Au, Ru-Au, Re-Au, and 

Pt-Au  

 

IEX 

  

Dynamax  C18 [124] 
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GPC offers an ideal solution for both nanoparticle characterization and batch-mode, 

small- scale separation according to size. Larger diameter nanoparticles are excluded 

from the pores of the chromatographic column, and therefore elute in decreasing order of 

their hydrodynamic volume (largest first) provided that no interaction occurs between the 

nanoparticles and the surface of the packing material. GPC has proved to be a good size-

based purification and separation method for carbon nanotubes [111, 112, 114, 120], 

nanocrystalline CdSe [115] and gold nanoparticles [113, 116-119, 121, 122, 125, 126].  

Variation of the composition of surfactant mixture in the mobile phase also allowed a 

GPC separation based on differences in shape for rodlike and spherical gold 

nanoparticles [117]. However, to minimize adsorption on the column packing material a 

series of additives had to be used in the mobile phase, such as surfactants [116, 117] 

citrate and tannin [118], or  chemical modifications of the nanomaterial surface had to be 

made [112,113, 115, 118].  

  

Wilcoxon et al.  [121] used solid-phase extraction cartridges filled with HPLC packing 

material to purify alkane thiol-stabilized Au nanoclusters. They took advantage of the 

lack of interaction between neutral gold nanoparticles and the stationary phase which 

passed freely through the column while ions and surfactants were retained. Jimenez et al. 

separated alkanethiolate-coated gold clusters by partition interaction between monolayers 

on the nanoparticle surface and the non-polar C8 HPLC sorbent, following a reverse –

phase chromatography mechanism [122].  
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An ion-exchange mechanism involving bovine serum albumine (BSA) nanoparticles 

[123] or gold-based clusters [124]  and the chromatographic column material was 

employed for nanoparticle purification with yields six times higher than ultrafiltration 

[123]. Direct dependence of surface charge on size of the particle on charged 

nanoparticles enabled size separation of Au nanoparticles by capillary zone 

electrophoresis CZE [119] and carbon nanotubes by capillary gel electrophoresis and 

electrochromatography [120].   

 

Clearly, much remains to be done to extend both existing and new separations 

technologies to the growing collection of nanomaterials being produced in the research 

laboratory.  These methods will prove critical to the commercialization of 

nanotechnologies, given the often radical differences in nature between the different sizes 

of like materials. To date, no chromatographic separation was reported successful for 

size-separation of gold nanoparticles with diameters lower than 1 nm.  

 

5.2 Characterization of the GPC potential for polysilsesquioxanes 
 
Historically separation of Au nanoparticles by size was mainly achieved by GPC. In GPC 

organic polymeric materials are used typically as stationary phases.  However these 

polymers exhibit some disadvantages. The limited pressure resistance of these stationary 

phases limits their use in the high pressure range of HPLC. The hindered mass transfer in 

the pore structure, and the swelling/shrinking properties which are dependent on the 

mobile phase composition, are responsible for a significantly lower efficiency of these 

packings [127].  
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Polysilsesquioxane materials do not exhibit any of these disadvantages [128-141] . By 

using cetyl trimethylammonium chloride (C16) surfactant to template porosity during the 

polysilsesquioxanes synthesis process, mesoporosity is achieved. Polysilsesquioxane 

materials templated with C16 have pore sizes in the range of 2-4 nm [142-145] and can 

be successfully used for SEC if their surface is inactive chromatographically (KLC ~ 0, 

where KLC is the solute distribution coefficient, the ratio of the solute concentration in the 

stationary phase to that in the mobile phase).   

The magnitude of KLC is determined by the relative affinity of the solute for the 

stationary and mobile phases. Those solutes interacting more strongly with the stationary 

phase will exhibit a larger distribution coefficient and will be retained longer in the 

chromatographic system. For polysilsesquioxanes, strong adsorptive interactions are 

mainly due to residual silanols on the surface. 

The polysilsesquioxane surface is composed of silanol groups and siloxane bridges along 

with hydrocarbonated bridges.  Siloxane groups are rather hydrophobic and unreactive, 

while silanols form acidic and reactive sites. Silanols are distinguished in single, geminal 

and vicinal silanols, which differ significantly in acidity and reactivity [146 - 149]. Single 

silanols are considered as the most acidic and most reactive sites. These groups are 

largely responsible for the residual silanol activity of polysilsesquioxanes. 
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5.2.1 Materials and instrumentation  
 
1,2-bis(trimethoxysilyl)-ethane (BTME),  sodium hydroxide, cetyl-

trimethylammoniumchloride (C16) 25% in water, caffeine, phenol, thiourea, HPLC grade 

THF and ethanol were supplied by Sigma- Aldrich Corp. (St. Louis, MO). Millipore 18 Ω 

water was made on premises. Monodisperse polystyrene standards and PLGel100  

material (repair kit) were supplied by Polymer Laboratories (Amherst, MA).  2 mm x 2 

cm stainless steel unpacked guard columns and attachments were purchased from 

Upchurch Scientific (Oak Harbor, WA).  Smart Grids™ TEM grids were a gift from Dr. 

Hutchinson’s group at University of Oregon, Eugene, OR. 

 

BTME0018 was prepared according to the batch procedure in chapter 4, and cured at 

40ºC for 10 h.  

 

Au nanoparticles were prepared according to a procedure adapted from [150].   In short, 

40.5 mM THF solution of Au(PPh3)Cl  was mixed in equal volumes with 40.5 mM 

ethanolic solution of NaBH4. Subsequent solvent washes with pentane and 

dichloromethane led to formation of Au nanoparticles with diameters between 0.4 – 1.9 

nm. The product of the original recipe [150] has the crystallographic structure 

[Au11(PPh3)8Cl2]+Cl-  with eleven gold atoms surrounded by a triphenyl ligand shell and 

three chlorine atoms, with an overall neutral charge. For simplicity, all gold nanoparticles 

resulted from this procedure will be labeled “Au 11” in this dissertation.  
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The LC experiments were performed on a Hitachi (Tokyo, Japan) HPLC instrument 

composed of a Hitachi L-4000 UV detector and Hitachi L-6200 Intelligent pump. The 2 

mm x 2 cm columns were attached to the instrument through a Rheodyne 7725 injection 

valve equipped with a 5 µL injection loop. Detection was performed at 256 nm. The 

mobile phase for GPC studies was THF, for surface activity was 30:70 v/v 

methanol:H2O, and for Au nanoparticles separation 1:1 v/v THF:ethanol.  

 

For LC of Au 11 crystals and needles, the Hitachi detector was replaced with an Agilent 

1100 DAD detector. The injection valve was a Rheodyne 7725i with a 20 µL injection 

loop.  The connecting tubing was replaced with different sized ones to accommodate 

interfacing with the new detector. 

 

The stainless steel columns were dry-packed with BTME0018 polysilsesquixane or 

PLGel100 material using the funnel supplied by the column manufacturer.  

 

5.2.2 Characterization of the silanol surface activity by LC 
 
The Tanaka test [151] was used to evaluate the hydrogen bonding capacity of the 

polysilsesquioxane stationary phase due to the presence of residual silanols. In this test, 

kcaffeine / kphenol, = αc,p (in methanol/water: 30:70 (v/v)) is evaluated. A coefficient αc,p 

smaller than 1 indicates a low surface silanol activity. 
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5.2.2.1 Procedure 
 
5 µL solutions of 5 % caffeine, 5 % phenol and 5 % thiourea (as retention marker) in  

methanol/water, 30:70 (v/v), were injected individually on a 2cm x 2 mm BTME0018 

polysilsesquioxane column. The mobile phase was methanol/water, 30:70 (v/v). Elution 

at 0.5 mL/min was monitored by UV detection at 256 nm.  

 

5.2.2.2 Results and discussion 
 
Retention times were recorded in Table 7 for each compound after elution on 

BTME0018.   
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Table 7. Chemical formulas, LogP values and retention times on BTME0018 for 
thiourea, caffeine and phenol 
 

 

Compound 

   

Formula LogP* tR (s) 

 

Thiourea 

 

  

-1.05 33.9 

 

Caffeine 

  

-0.131 40.8 

 

Phenol 

 

  

1.482 48.7 

 

*Calculated with ACD/LogP DB [ 152] 

 

The αc,p coefficient was calculated from the retention times using the equation below, 

where tR  represents  the respective retention times of the compounds. 

 

αc,p= (tR,caffeine – tR, thiourea)/(tR,phenol – tR, thiourea)  
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According to the calculations, αc,p = 0.46 for BTME0018. This low value corresponds to 

an inactive surface with minimal silanol activity, relative to a C18 - inactivated stationary 

phase. The curing of the sorbent at 40ºC for 10 h has enabled the hydrolysis and 

condensation of the residual silanols on the surface in the presence of NaOH. 

 

5.2.3 Evaluation of the GPC potential with polystyrene standards  
 
To evaluate the potential of  polysilsesquixane as a GPC stationary phase for size 

separation of Au nanoparticles with diameter below 2 nm, polysilsesquioxane was 

compared with a commercial polymeric GPC stationary phase (PLGel 100, 5 µm 

diameter particles, 10 nm diameter of the pores). Monodisperse polystyrene samples with 

low molecular weight were used as standards. Polymer molecular weights were chosen so 

that the molecular coil diameter (d = 2Rg, where Rg is the Stokes radius of gyration) is 

close to the diameter of the nanoparticles of interest (0.3-2.4 nm).   

 

For any analyte conformation (such as random coil, rigid rod, or sphere), the molecular 

size increases with molecular weight.  Polystyrene samples can be considered random 

coil solutes. The relationship between the hydrodynamic volume of a polystyrene 

molecule (VH) and molecular weight (MV) is VH = kMV
(a+1), where the exponent a is a 

constant dependent on the solute composition, the temperature, and the solvent [154]. For 

polystyrene in THF the following coefficients were reported before [153]: k = 0.011, a = 

0.725. This equation for calculating the hydrodynamic volume is valid for dilute polymer 

solutions, when molecules are not entangled (Table 8). To be in the dilute regime, the 
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concentration of the polymer should be kept lower than c*  (c* = 1/[η], with [η] being the 

solution viscosity) [155]. 

 

Table 8. Viscosity molecular weights (MV), C* and the hydrodynamic diameter for 
monodisperse polystyrene standards in THF.  
 

Mv C* (g/100mL) Diameter (nm) 

 

5070 

 

16 

 

2.42 

3190 22 1.85 

1880 27 1.36 

1050 33 0.97 

660 42 0.75 

162 n/a 0.33 

 

5.2.3.1 GPC procedure 
 
Polystyrene standards were dissolved in THF at a concentration of 0.5 mg polymer/mL, 

using light agitation to achieve dissolution. Dissolution requires 6 h at room temperature. 

Devices that induce high shear on the polymer sample such as ultrasonic baths can not be 

used to expedite dissolution because alteration of the solvated polymer properties may 

occur [155].  

 

Standards were injected individually and retention times were recorded at least three 

times per sample per column.  Acetone was used to mark the total permeation volume. 
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5.2.3.2 Results and discussion 
 
To obtain the size calibration curves, retention volumes of the polystyrene standards on 

BTME0018 and PLGel100 stationary phases were plotted against the calculated polymer 

molecular diameter (Figure 27). 

 

  

 

 

Figure 27. Calibration curves with polystyrene standards for BTME0018 and PLGel100.  
 
 
Both calibration curves were linear in the diameter range of 0.33 - 2.42 nm. The slopes of 

the calibration curves were comparable in absolute value, slightly larger for the 

polysilsesquioxane (56 compared to 40). The exclusion time for each of the standards 

was greater on the polysilsesquioxane material. This can be attributed to a larger surface 
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area and to a smaller pore size for BTME0018 (0.77 µm diameter particles) compared to 

the PLGel material (5 µm diameter particle, 100 Å pore size).   

 

Although both stationary phases are suitable for separation of polystyrene standards with 

a molecular diameter of 0.33-2.4 nm, the polysilsesquioxane is more suitable for use with 

mobile phases containing alcohols, such as 1:1 (v/v) THF/ethanol, the solvent for the 

gold nanoparticles. Ethanol can not be used on PS/DVB (PLGel) because of the 

associated pore shrinkage of the polymeric material. 

 

5.3 Evaluation of the potential for separation of Au nanoparticles 
 
Calibration with polystyrene standards indicated that the BTME0018 polysilsesquioxane 

stationary phase is suitable for size separation of polymers with diameters between 0.33-

2.4 nm in THF. BTME0018 is stable in THF/ethanol unlike PS/DVB (PLGel 100). This 

data indicate that BTME0018 would separate a mixture of Au nanoparticles with 

diameters of 0.4 – 1.9 nm by size if no sorptive interaction dominates the separation. 

 

5.3.1 Characterization by LC 
 
A mixture of  Au nanoparticles with diameters of 0.4 – 1.9 nm was injected on a 2 mm x 

2 cm BTME0018 polysilsequioxane column from a 5 µL injection loop. The mobile 

phase was 1:1 (v/v) THF:ethanol. The flow rate was kept constant at 0.5 ml/min. Elution 

was monitored by UV detection at 256 nm. Acetone with a concentration of 10% v/v in 

the mobile phase was eluted in the same conditions. 



 
 

110

 

Figure 28.  LC chromatogram of Au nanoparticles and acetone on BTME0018. 2 mm x 2 
cm column, 1:1 THF/ethanol (v/v) mobile phase, 0.5 mL/min, detection at 256 nm, 
injection volume 5 µL, Au np concentration 1 mg/mL, acetone 10%v in mobile phase. 
 
 

The elution volume for the Au 11 sample was larger than the elution volume of acetone 

(Figure 28). Acetone functions as the total permeation marker since it has a small 

molecular weight and permeates all the pores [156]. A larger elution time with a pure 

GPC mechanism indicates a smaller diameter. However, the Au nanoparticles are 

expected to have a diameter of 0.2 - 1.9 nm as determined by TEM imagery. This 

behavior of the gold nanoparticles on the polysilsesquioxane stationary phase is 

indicative of sorptive interaction with the hydrophobic surface of BTME0018.   
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5.3.2 Characterization of Au11 LC fractions by TEM 
 
The chromatogram showing gold nanoparticles separation on BTME0018 illustrates a 

peak and a shoulder that are not completely resolved. Transmission electron microscopy 

(TEM) was employed to determine the identity of the Au nanoparticles in the two peaks. 

 

For TEM imagery two fractions were collected from the eluate. The first fraction (peak 1) 

contains nanoparticles eluted in the first 50 s and the second fraction (peak 2) was 

collected over the next 60 s (Figure 29). The delay time from the detector to the 

collection vial was determined visually using a red dye (Rhodamine B).  The delay time 

was the time from when the Rhodamine B peak started to emerge at 535 nm to the 

appearance of the first pink drop at the end of the detector outlet tubing.  
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Figure 29. Delimitation of the two Au nanoparticle fractions collected on BTME0018 and 
representative TEM pictures of the Au nanoparticle fractions collected after elution on 
BTME0018. The scale bar represents 2 nm. 
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The particle diameter was plotted against the percentage of the particles with a specific 

diameter in each of the fractions (Figure 30).  

 

 

Figure 30. Size distribution histogram of Au nanoparticles in the fractions (peak 1 and 
peak 2) collected on BTME0018. 
 

 

Because the two peaks are not resolved, it is expected to have an overlap in particle sizes 

in the TEM images for each fraction. The overlapping region can be divided into two 

sub-regions. In the first sub-region, the percentage of Au nanoparticles with a diameter 

lower than 0.7 nm is more than 50% larger for the first fraction, while in the second sub-

region, Au nanoparticles with a diameter of 0.8 to 1.3 nm are collected mostly in the 

second fraction. However, a distinct separation by size of Au nanoparticles is not 

observed. 
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It can be clearly observed that larger Au nanoparticles, with a diameter above 1.5 nm, 

elute only in the second fraction. With a size exclusion mechanism, large nanoparticles 

should elute first. In conclusion, although on BTME0018 polystyrene standards were 

separated by size, a sorptive mechanism dictates the separation of the Au 11 

nanoparticles. 

  

5.3.3 UV-VIS spectroscopy of the Au11 LC fractions 
 
EDX analysis was not achievable together with TEM due to the prohibiting depth of the 

silica wells on the TEM Smart GridsTM.   In order to confirm the identity of the gold 

nanoparticles, UV-VIS spectroscopy was employed. UV-vis spectroscopy is not a 

remarkable tool for qualitative analysis; however it can provide fast confirmative data 

[158, 159]. Gold nanoparticles should exhibit a small peak around 410 nm in the UV-vis 

spectrum due to d-d transitions in the gold atom.  
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Figure 31. UV-vis spectrum of Au 11 nanoparticles fractions eluted on BTME0018. The 
solvent was THF/EtOH 1:1, v/v. Blank corrections were made for solvent alone. 
Spectrum was collected on an Agilent 8453 diode-array spectrophotometer. 
 
 
 
By examining the UV-vis spectra of the two fractions (Figure 31), it can be concluded 

that gold atoms are present in both fractions due the occurrence of a small ascent around 

410 nm. Moreover, the spectra of the two fractions are different in the region 320-340 

nm.  A peak at a higher wavelength in the π – π transitions region for peak 1 fraction (at 
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340 nm compared to 320 in peak 2) is indicative of a higher degree of condensation in the 

gold nanoparticles ligand shell .  

 

5.3.4 LC chromatography of Au11 crystals and needles on BTME0018 
 
Visual examination of the Au 11 mixture under the optical microscope revealed the 

existence of two different color materials: red crystals, and orange powdery needles in 

trace amounts (named Au 11 crystals and Au 11 needles, for simplification reasons). 

These two materials were mechanically separated under the microscope using tweezers. 

Although the separation was not complete due to encapsulation of some Au crystals in 

the powdery needles, it provided two different materials in terms of color and 

morphology. 

 

Au 11 crystals and needles (1 mg/mL in THF/ethanol) were injected on a 2 mm x 2 cm 

BTME0018 polysilsequioxane column from a 20 µL injection loop. The mobile phase 

was 1:1 (v/v) THF:ethanol. The flow rate was kept constant at 0.5 ml/min. Elution was 

monitored by UV detection at 410 nm. The superimposed chromatograms of Au 11 

needles and crystals are presented in Figure 32.  
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Figure 32. Superimposed chromatograms of Au 11 crystals and needles on BTME0018. 2 
mm x 2 cm column, 1:1 THF/ethanol (v/v) mobile phase, 0.5 mL/min, detection at 410 
nm, injection volume 20 µL, Au 11 crystals concentration 1 mg/mL, Au 11 needles 
concentration 1 mg/mL. 
 

 

It can be observed from the chromatograms in Figure 32 that indeed the materials were 

impure, since at least two peaks elute per mechanically fractionated sample.   Au 11 

crystals peak with the apex at 10 s is a broad peak. Au 11 needles contain a fraction that 

elutes slightly before Au 11 crystals and another fraction that elutes after the Au crystals 

and is retained longer on the sorbent  with tailing. Clearly the elution of the two fractions 

combined resembles the chromatogram of the Au 11 mixture used for TEM fraction 

collection. Since the needles were present in trace amounts in the Au 11 mixture, the 

shoulder in chromatogram from Figure 29 can be identified with the second peak in the 

individual elution of the Au 11 needles.    
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Undoubtedly, Au 11 mixture is composed of at least two gold containing materials that 

differ by the ligand shell structure (UV-vis data) and conformation (crystalls vs needles). 

BTME0018 is able to discriminate between the crystals and needles via a sorptive 

mechanism. 

 

5.3.5 Determination of Au11 crystal structures by X-ray diffraction  
 
Structural information of the individual components of the Au 11 mixture was 

determined by single crystal x-ray diffraction crystallography.  

 

The crystal structures of the Au 11 nanoparticles (crystals and needles) that were 

mechanically separated from the batch synthesis product, determined by crystallographic 

measurements, are summarized in Table 9. 

 

Table 9. Crystal structures of mechanically separated Au 11 materials. 

Au 11 mechanically  

separated fraction 

Crystal structure 

Au 11 crystals [Au11(PPh3)8Cl2]+Cl-

Au 11 needles Au11(PPh3)7Cl3

 

The structure of the Au 11 crystals is identical to the structure reported by the authors of 

the original synthetic procedure [150]. The synthesis with an adapted procedure produced 

two materials:  Au 11 crystals, and another compound,  Au 11 needles,  that differ by a 
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single triphenyl phosphine group in the ligand shell and by the overall charge 

distribution.  

 

Unlike Au 11 crystals, Au 11 needles are not ionic. Hydrophobic interaction of the Au 11 

material with the hydrocarbon portion of the BTME0018 polysilsesquioxane sorbent may 

explain the separation mechanism of the Au 11 materials on the hybrid  sorbent [161], 

since the nonpolar  Au 11 needles material elutes last on the BTME0018 material, and the 

elution peak is a tailing peak. Although their molecule contains more phenyl groups than 

the needles Au 11 material, Au 11 crystals are less retained by hydrophobic interaction on 

the BTME0018 hybrid material due to the presence of an overall charge on the crystal 

surface.  

 
 

5.4 Conclusion 
 
Novel polysilsesquioxane materials made of clustered spherical particles were 

synthesized in batch mode, and in-situ inside microchip channels and inside capillary 

columns via a novel technique. The polysilsesquioxane  materials were synthesized of 

bridged silsesquioxane monomers with a surfactant directed porosity, at low 

temperatures, in a  few seconds. 

 

BTME0018 polysilsesquioxane stationary phase proved useful as a GPC sorbent for 

polystyrene standards. For separation of Au nanoparticles, BTME0018 was able to 

partially separate the nanoparticles into two fractions. However, the largest nanoparticles 

elute last on BTME0018 which is contrary to the GPC mechanism expected.  
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The presence of two fractions in the Au 11 mixture, retained by a differential sorptive 

mechanism on BTME0018, trigerred more thorough investigation of the nature of the Au 

11 material in the nanoparticles mixture by UV-vis spectroscopy and X-ray 

crystalography. Crystalographic data elucidated the molecular structure of two Au 11 

nanoparticle components that are partially separated on BTME0018. The separation of 

the Au 11 nanoparticles was not a size based separation; it was dictated by a difference in 

the overall charge of the gold nanoparticles. 

 

The separation resolution on BTME0018 can be improved by using an array of multiple 

channels, connected in series in a single device, or by using a larger diameter channel, or 

a longer column packed with the polysilsesquioxane material.  
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Chapter 6. Conclusions 
 

Silica surfaces were modified with an aptamer  specific for α-thrombin via an azlactone 

functionality. The success of aptamer immobilization was demonstrated by fluorescence 

studies based on formation of a fluorescently labeled α-thrombin – aptamer complex. The 

aptameric surfaces have proved successful in extraction of α-thrombin by affinity 

mechanism in microchip format.  In open tubular capillary format, separation of thrombin 

from a mixture with hemoglobin was achieved with a resolution RS = 1.1. 

 

An organic monolith was polymerized in-situ inside capillary columns and then modified 

with the thrombin aptamer via the azlactone linkage on the polymer surface. α-thrombin 

was separated from a mixture with excellent separation efficiency (RS= 1.7).  A 

monolithic capillary column with the same length as the aptamer modified microchip 

channel showed a decrease in plate height by five orders of magnitude, which 

demonstrates an increased column efficiency. Frontal affinity chromatography was used 

to provide the dissociation constant Kd = 104 nM and the total aptamer content of the 

monolithic sorbent, Bt = 1.26 nmols aptamer/ mL monolithic bed. The dissociation 

constant for the immobilized aptamer is similar with the solution form, indicating that the 

affinity for α-thrombin has remained unchanged following immobilization. 

 

The aptamer modified surfaces and the aptamer modified monolith have proved 

successful for separating α –thrombin from complex mixtures in both microchip and 
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capillary format. Future work includes implementation of the novel aptameric sorbents in 

microfluidic devices for use as diagnostic tools of α-thrombin related blood clotting 

disorders. 

 

Modified silica surfaces and organic monoliths have proved excellent as chromatographic 

support for affinity ligands such as aptamers. Hybrid organic-inorganic 

polysilesquioxanes were further explored for their tunable porosity and robustness in the 

majority of solvents and pHs.  

 

Extensive variations of the polysilsesquioxane synthesis conditions such as variation of 

monomer, catalyst and surfactant concentrations, curing time and temperature were made 

and optimal compositions were determined.  Polysilsesquioxane materials were 

synthesized in situ inside capillary columns and PMMA microchip channels with novel 

techniques, and characterized by SEM/EDX and liquid chromatography.   

 

A polysilsesquioxane material (BTME0018), with a surface silanol activity comparable 

with a C8 modified stationary phase (αc,p = 0.46), having a 0.77 µm diameter particle, 

with porosity dictated by a surfactant (cetyl-trimethyl ammonium chloride), was selected 

for evaluation as a stationary phase. BTME0018 has proved useful for size exclusion of 

polystyrene standards in a capillary cartridge format.  Triphenyl-phosphine protected 

gold nanoparticles, [Au
11

(PPh
3
)

8
Cl

2
]

+
Cl

-
  and  Au

11
(PPh

3
)

7
Cl

3 
, were separated on 

BTME0018 in a mobile phase identical with the solvent used during synthesis. The 

separation occurred through a sorptive mechanism due to the difference in the overall 
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charge of the gold nanoparticles. Future plans include the integration of the 

polysilsesquioxane sorbent inside microfluidic devices for in-line integration with a 

microreactor, for continuous purification and separation of synthesis products. Another 

future plan involves the exploration of different paths to optimize the separation 

efficiency, such as the use of multiple separation channels connected in series.  

 

In conclusion, novel organic and hybrid materials were synthesized and silica surfaces 

modified and used successfully as stationary phases for small scale liquid phase 

separations of proteins and gold nanoparticles. Future research directions include the 

integration of the novel polysilsesquioxane sorbents in microseparation devices in line 

with a gold nanoparticles microreactor, and the incorporation of the new aptameric 

stationary phases into a microfluidic device for diagnosis of thrombin related coagulation 

disorders. 
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