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ABSTRACT 
 

PART I.  A modified Hadamard transform has been developed and applied to the 

analysis of biologically active species using capillary electrophoresis.  Hadamard 

transformations, a matrix based multiplexing technique, when coupled with a capillary 

electrophoresis instrument capable of rapid sample injection, provides a means to semi-

continuously inject samples.  The multiple injections separate, interpenetrate, and are 

detected as the summation of the multiple injections.  Deconvolution of the multiplexed 

signal by multiplication with the inverse of the injection matrix yields a single injection 

electropherogram that exhibits improved S/N.  In modified Hadamard transform capillary 

electrophoresis (mHTCE), an injection sequence of half the length as conventional HTCE 

(cHTCE) is utilized.  Modifying the manner in which the raw data is manipulated before 

deconvolution facilitates the reduced injection sequence.  When coupled with software, 

mHTCE can reduce the collection time for a Hadamard sequence by up to 48%.  The 

substantial time reduction afforded by mHTCE is utilized to demonstrate the first time-

resolved application of Hadamard transformations for the analysis of neurotransmitters.  

Additionally, mHTCE has been demonstrated as a means to improve the sensitivity for 

analysis of amino acids and proteins including γ-aminobutyric acid, dopamine, and 

enhanced green fluorescent protein (EGFP) with picomolar detection limits. 

Part II.  Two-photon excitation provides a means to activate chemical and 

physical processes with high spatial resolution and improved depth penetration compared 

to one-photon excitation.  When combined with three-dimensional lithographic 

microfabrication (3DLM), these advantages provide a means to fabricate complex 
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structures through radical and cationic two-photon induced polymerization (TPIP).  A 

strategy for realizing high-fidelity microstructures is reported that considers the inherent 

structural limitations of acrylate monomers.  Utilizing this strategy, a series of high-

fidelity microstructures is reported for application in microfluidic devices, 

microelectromechanical systems (MEMS), and microoptical devices such as photonic 

bandgap (PBG) crystals.  Improved periodicity is reported here for f.c.c. PBG crystals 

compared to earlier examples through addition of micromechanical supports that provide 

increased strength to the high-aspect ratio crystals.  To extend TPIP to cationic 

polymerization, a series of two-photon activatable photoacid generators has been 

developed.  The new PAGs exhibit one to two orders of magnitude lower polymerization 

threshold intensities than conventional ultraviolet-sensitive initiators.  
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PART I.  HADAMARD TRANSFORM CAPILLARY ELECTROPHORESIS 

FOR THE ANALYSIS OF BIOLOGICALLY ACTIVE SPECIES 

 

CHAPTER 1.  INTRODUCTION 

 

1.1 Introduction to Capillary Zone Electrophoresis 

Since its advent thirty years ago, capillary zone electrophoresis (CZE) has 

evolved into a powerful analytical technique for the analysis of a wide range of chemical 

species.  Similar to its predecessor, gel electrophoresis, charged molecules migrate under 

the influence of an applied electric field in CZE.  CZE is unique from its predecessors in 

that separations occur without support media in small inner diameter (i.d.) capillaries.  

The use of small i.d. capillaries in CZE substantially reduces the sample volume required 

for analysis, which is a key advantage over other separation techniques such as high 

performance liquid chromatography (HPLC).  Due to the high heat dissipation capacity 

provided by the large surface area-to-volume ratio, small i.d. capillaries facilitate the use 

of high electric fields resulting in rapid separations with high mass sensitivity.  The 

combination of small sample volumes and fast separation times has made CZE attractive 

for the analysis of biomolecules.  While the instrumentation for CZE is simple, the 

development of high sensitivity detection methods remains a significant challenge.  The 

sensitivity of CZE detection methods such as UV-Vis absorption spectroscopy, 

fluorescence spectroscopy, refractive index, and electrochemical methods are often 

limited to µM to nM concentrations.  Despite this limitation, CZE has become the 
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separation technique of choice for low volume, high-speed, and high-sensitivity 

separations of biologically active compounds when suitable detection schemes are 

available.   

CZE facilitates the analysis of a wide range of analyte sizes from low weight ions 

of single atoms to large molecular weight proteins and nucleic acid fragments up to the 

GDa regime.  Even cells and viruses have been separated utilizing CZE.  Within the last 

twenty years, there has been an exponential growth in research based on biochemical 

applications of CZE.  Due to its simplicity and reliability, CZE has evolved into a 

powerful biochemical technique for the analysis of proteins7-9, neurotransmitters10-12, and 

other important biomolecules.13-16  Rapid immunoassays, relative to conventional 

techniques, have also been conducted utilizing CZE.8,17-20  Although CZE has been 

demonstrated for the detection of a range of biological molecules, the technique is still 

limited by sensitivity.  In biological samples, sub-nanomolar concentrations of analytes in 

complex matrices are common, thus a number of important biomolecules such as 

neuropeptides elude detection due to limited sensitivity in traditional optical and 

electrochemical detection schemes. 

When coupled to on-line sampling techniques such as microdialysis, CZE 

provides a fast and efficient method to monitor concentration dynamics though coupling 

typically results in a loss of sensitivity up to one order of magnitude.  Microdialysis 

sampling provides a unique platform for continuous in vivo and in vitro monitoring of 

substances by CZE.  In vivo sampling of biological molecules allows for the directed 

monitoring of cellular function and the characterization of physiological events.  Utilizing 
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microdialysis sampling coupled to CZE, the real-time in vivo analysis of 

neurotransmitters has been demonstrated.21-23  Microdialysis sampling is accomplished 

utilizing a probe with a short segment of hollow fiber dialysis membrane affixed to inlet 

and outlet tubing.24  A solution that is isotonically matched to the sample medium is 

slowly pumped through the dialysis probe and collected for analysis.24  The dialysis 

membrane is permeable only to small molecules thus simplifying the collected sample.  

Furthermore, molecules pass across the membrane without fluid loss, maintaining the 

environmental integrity for measurements.  Various probe designs are available for such 

applications as brain, blood, and bile sampling.  When coupled to a separation technique 

such as CZE, a wide range of biologically relevant analytes can be probed in real-time.  

Since the microdialysis probe produces heterogeneous samples, the separation and 

detection method imparts selectivity and sensitivity to the measurement.  The system 

constitutes a ‘separation-based sensor’ in that a range of molecules can be monitored with 

minimal perturbation of the local environment in a short time frame.  Minimal 

perturbation of a physiological system is critical to ensure the integrity of such 

applications as pharmacokinetic determinations.  Separation-based sensors facilitate the 

correlation of concentration dynamics for multiple analytes simultaneously with such 

things as behavior and pharmacology within living organism, which has implication for 

the diagnosis and treatment of neurological disorders.  Current applications of separation-

based sensors constructed from commercially available CZE instruments are limited by 

poor sensitivity (> 1 nM) and long separation times (10s of sec to min).  These limitations 

are amplified when considering applications of CZE for the analysis of fast bioprocesses 
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and single cell analysis.  Sub-second separations have been demonstrated though the 

sensitivity is often limited to micromolar detection limits.25,26  Examples of sub-second 

separations have been reported though these studies are few.27  Poor sensitivity requires 

longer sample collection times to acquire a detectable mass of analyte effectively limiting 

the sampling rate for on-line detection.  Additionally, slow separation times (>1 sec) may 

also limit the data collection rate for measuring fast chemical dynamics via CZE.  Both of 

these effects limit the application of CZE to monitoring slow (> 5 sec) dynamic events.  

Increased electric field strength and reduced separation distances have shown promise to 

improve the temporal resolution of CZE based sensors. 

A simple means to improve the sensitivity of CZE is through signal averaging.  

Rather than perform a single separation, multiple single separations of the same sample 

can be obtained and averaged together.  Signal averaging increases the sensitivity but also 

significantly increases the collection time thus reducing the temporal advantage provided 

by CZE.  An alternative means to signal averaging is to utilize multiple capillaries in 

which multiple single injections are run in parallel after which the multiple 

electropherograms are averaged.28,29  Though this technique reduces the collection time 

required to average multiple single sample injections, the technique requires substantial 

instrument modification and relies on each capillary possessing similar separation traits.  

Small discrepancies in the analyte migration times and detection focusing conditions 

between capillaries can effectively reduce the intensity of the averaged signal.  The 

importance of the relationship between sensitivity and separation velocity has driven the 

development of a number of mathematical multiplexing methods to improve sensitivity 
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while resulting in a minimal increase in collection time.  These methods include those 

based on single injection multiplexing: Shah convolution Fourier transformations30 and 

detection-array signal averaging31,32 and those based on injection multiplexing: cross-

correlation33 and Hadamard transformations.34  Single injection multiplexing increases 

sensitivity through the utilization of a detection array that spans the length of the 

capillary.  Multiple electropherograms are collected as a single injection migrates through 

the detection zone.  Averaging the multiple electropherograms for a single injection 

yields an electropherogram with improved S/N ratios.  Injection multiplexing, as the 

name suggests, is a mathematical means to rapidly and semi-continuously inject multiple 

samples into the same separation column.  Deconvolution of the multiple separations 

yields an electropherogram with improved S/N ratios by averaging the multiple 

separations.  These techniques have shown promise in improving the sensitivity of CZE 

while imparting a minimal effect on the temporal resolution.   

Of these multiplexing techniques, the Hadamard transform technique has been 

chosen for application in this research.  A key advantage of Hadamard transformations 

over other multiplexing techniques is that it does not require substantial instrument 

modification or utilize non-trivial deconvolution methods.  Current applications of the 

Hadamard transform, a matrix based multiplexing technique, have shown promise as a 

means to dramatically improve sensitivity in CZE.31,35  Hadamard transformations result 

in improved S/N ratios by increasing the signal throughput.  Based on weigh design, 

multiple samples are rapidly and semi-continuously injected into a separation capillary 

based on a pseudorandom injection sequence derived from a Hadamard matrix.  The 
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multiple injections proceed to separate and are collected as the summation of the 

overlapping injections.  The multiplexed signal is deconvoluted by simply multiplying it 

with the inverse of the injection matrix.  The resultant single injection electropherogram 

exhibits a S/N enhancement the magnitude of which is based on the size of the injection 

matrix.  A limitation of current applications of Hadamard transformations is that they 

utilize long injection times that result in lengthy collection times.31,35  Additionally, 

current applications utilize conventional Hadamard theory, which results in half the 

acquired data being discarded during deconvolution.  The long collection time and 

discarding of half the acquired data make conventional Hadamard transformations 

unattractive for application in the real-time analysis of biological samples.  Despite these 

limitations, the technique provides a suitable platform to develop a modified multiplexing 

method, which when combined with short injection times, can yield improved sensitivity 

in CZE for the analysis of fast concentration dynamics. 

The goal of this research is to extend the application of CZE to the real-time 

analysis of fast bioprocesses for analytes at sub-nanomolar concentrations.  To realize 

this goal, a modified Hadamard transform method has been developed and applied to the 

analysis of biologically relevant molecules.  Improved temporal resolution is realized in 

the new Hadamard method by altering the manner in which the acquired data is 

manipulated before deconvolution.  This facilitates the utilization of an injection 

sequence half the length of that used in a conventional Hadamard transform and allows 

for all of the acquired data to be utilized in the transformation.  When the new Hadamard 

technique is applied to a CZE instrument using high field strengths, short separation 
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distances, and short injection times increased sensitivity, short separation times, and 

reduced collection times (compared to conventional Hadamard theory) can be realized.  

The new Hadamard technique will be demonstrated to yield improved detection limits for 

a range of amino acids and proteins.  The first application of Hadamard transformations 

for measurement of concentration dynamics will also be presented. 

1.2 History of Capillary Zone Electrophoresis 

The earliest reported separation in small diameter capillaries can be traced back to 

the work of Edstrom in 1953.36  Utilizing fine silk fibers with a diameter of 15 µm and 

length of 1 to 2 cm, Edstrom isolated 100-1000 pgm of RNA contained within a single 

nerve cell.  RNA from the nerve cell was loaded into a fiber, containing a buffer of 

glycerol and glucose, using a micropositioner.  A direct current voltage of 120 V/cm was 

then applied for two hours to separate the RNA.  The small i.d. of the fibers allowed 

concentration of the analyte into a small volume for improved detection.  The separated 

RNA was analyzed using ultraviolet absorbance at 257 and 275 nm as revealed by 

photomicrography.  Differences between the two photomicrographs were utilized to 

identify the separated ribonucleic acids.  Although this method only allowed for the 

separation and detection of one sample per fiber, it clearly demonstrated the ability of 

small bore capillaries to separate small volumes of biological samples and allow for their 

detection.  The first successful free solution electrophoretic experiment was reported by 

Hjerten in 1958.37  Hjerten utilized quartz tubes with rather large inner diameters (1-3 

mm) and UV detection.  To minimize thermal effects, the tubes were slowly rotated about 

their axis while submerged in a cooling bath.  In 1967, Hjerten was credited as the first 
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researcher to recognize the ability of small i.d. capillaries to minimize thermal effects,38 

though he was unable to utilize small i.d. capillaries as efficient detection methods were 

lacking.  The first reported application of a small i.d. capillary for free zone 

electrophoresis occurred in 1974, when Virtanen reported the separation and quantitative 

detection of alkali cations.39  Virtanen utilized small-diameter Pyrex tubing (200-500 

µm i.d.) and potentiometric detection for quantitative analysis.  The importance of this 

work lies in the theoretical analysis that was conducted on the collected 

electropherograms.  Virtanen provided one of the first descriptions of the influence 

electroosmotic flow has on the electrophoretic behavior of an analyte.  The turning point 

in the development of CZE from a novel technique to a commercial technology occurred 

in the early 1980s with the research of Jorgenson and Lukacs,40,41 where the authors were 

able to demonstrate highly efficient separations through the use of even smaller 

capillaries (<100 µm i.d.).  The use of smaller i.d. capillaries facilitated the utilization of 

higher voltages (>30 kV) due to the increased heat dissipation.  Higher voltages in 

conjunction with fluorescence detection provided for separation efficiencies in excess of 

4 × 105 theoretical plates.  These separation efficiencies were the first to approach the 

limits of the theoretical model where diffusion is considered the only dispersion effect.  

Further theoretical descriptions of the influence of electroosmosis on determining ionic 

mobility and the subsequent effects on both resolution and migration times were also 

discussed.  Ultimately this research initiated an exponential growth in research on CZE 

from 1981 to date.2 
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1.3 Principles of Capillary Zone Electrophoresis 

The aim of this section is to introduce the basic concepts, terminology, and 

instrumentation associated with electrophoretic separations and more specifically 

capillary zone electrophoresis (CZE).  The first section will provide insight into the 

general instrumentation for CZE.  A more thorough description of the experimental setup 

utilized in this research is presented in Chapter 3.  The second section will explain the 

dynamic forces that facilitate the separation of charged species and phenomena that lead 

to dispersion in electrophoresis.  The final two sections will introduce common injection 

and detection methods. 

1.3.1 General Instrumentation  The term electrophoresis refers to the process by 

which ions or charged particles migrate under the influence of an electric field.  This term 

covers a wide range of techniques including gel electrophoresis, isoelectric focusing, 

isotachophoresis, and capillary zone electrophoresis (CZE).  CZE differs from most 

electrophoresis techniques in that the separation occurs in free electrolyte solution with 

no support media.  CZE has evolved into a widely utilized capillary technique due to the 

reliable quantitation it provides and the ability to separate individual species from a 

complex mixture. 

The instrumentation for CZE is relatively simple, consisting of three main 

components: a separation capillary, a high voltage power supply, and a detector as seen in 

Figure 1.1.  The centerpiece of the instrument is a small inner diameter capillary (10-100 

µm i.d.) whose ends are submerged in buffer solutions.  Early researchers utilized glass,40 
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quartz,37 and Teflon tubing,42,43 though fused silica is universally utilized today.  To 

add flexibility and strength to the brittle fused silica, capillaries are coated with a thin  

 

 

 

 

 

 

 

polyimide layer.  The high voltage power supply is connected to two electrodes placed in 

two separate buffer solutions.  To ensure the operator is protected from the high voltage, 

an interlock-equipped enclosure is utilized to house the electrodes.  To conduct a 

separation, a thin zone of analyte is introduced into the capillary after which the voltage 

bias is applied.  Ionic species are separated in the electrolyte filled capillary due to 

differences in their effective electrophoretic mobilities.  The separated ionic species then 

migrate past a detector placed at the end of the separation column.  The ability to resolve 

ionic species is dependent on forces that facilitate and hinder the migration of species.  

These characteristic forces will be discussed in the next section. 

1.3.2 CZE Theory  In the simplest form, electrophoretic separations are the result 

of differences in solute velocity in an applied electric field.  When a constant electric 

field E (V/m) is applied across an electrolyte filled capillary, all ionic species of the i-th 

kind are accelerated by a constant force defined as 

High-Voltage

Capillary

Detector

Interlock
Buffer 

Figure 1.1.  Basic components for a capillary zone electrophoresis instrument. 
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Fi = zieE     (1.1) 

where zi is the charge of the ionic species and e is the charge of an electron (C).44  The 

ion will continue to accelerate until the force, Fi, is equal to the frictional force of the 

surrounding environment, Fd, such that 

Fi = -Fd     (1.2) 

When this equality is met, all ions proceed to migrate at a constant terminal velocity, vi, 

which is proportional to the intensity of the applied electric field 

νi = uiE     (1.3) 

 The constant ui is defined as the electrophoretic mobility of an ionic species (in m2/Vs) 

and represents the speed at which the ion travels when an electric potential of 1 V/m is 

applied.44  Terminal velocity is reached almost instantaneously (~10-13 s) upon 

application of an electric field.  The electrophoretic mobilities of a wide range of ions can 

be found in many physical chemistry tables.45 

 Ion migration under electrophoretic motion manifests itself from a macroscopic 

standpoint through the conduction of electric current by the solution of electrolytes.  

According to the Kohlrausch law of the independent motion of ions, both anions and 

cations contribute independently to the rate of charge transfer, that is, to the actual 

measurable current, I.  The current density, i, is defined as 

i = I/S     (1.4) 

where S is the area of the ion migration plane.  Each ionic species in solution contributes 

to the magnitude of i in proportion to their charges, concentrations, and velocities such 

that 
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where cj is the concentration of ionic species j (mol/m3) and F is the Faraday constant 

(96487 C/mol).  

 Through Ohm’s law the intensity of the electric field, E, can be related to the 

current density as a function of the ion migration plane area, S, as follows 

i = I/S = Eκ     (1.6) 

where κ is the specific conductivity of the electrolyte solution. 

 The fraction of current that is carried by an ion A is defined as 

tA = iA/I     (1.7) 

Where tA is the transport number for ion A and iA is the current density due to the 

migration of ion A.  The molar conductivity of ion A, λm,A, is defined as 

λm,A ≡  κA/cA     (1.8) 

where cA is the molar concentration of ion A and κA is the solution conductivity due to 

ion A.  Molar conductivities, λm,A, can be found in physical constants tables.45 

 To fully characterize the migration of ions due to an applied electric field, the 

effects of temperature and ionic strength must be considered.  The electrophoretic 

mobility of ions as a function of temperature can be accounted for by taking into 

consideration the variation of solvent viscosity with temperature as defined by 

uT1 = uT2(1 + α∆T)     (1.9) 

where ∆T is the temperature change and α is a coefficient with an average value of 0.02 

K-i for aqueous solutions.44  Thus for an aqueous electrolyte solution, ion mobility 
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increases by 2% per Kelvin of temperature change.  As predicted by Equation 1.8, the 

molar conductivity for an ion decreases as the concentration increases. 

The migration of analyte through a capillary under an applied electric field is not, 

however, due solely to ionic mobility.  Electroosmotic flow (EOF) also contributes to the 

migration of analytes.  Electroosmosis refers to the migration of aqueous solution with a  

 

 

 

 

 

 

 

 

net zero charge relative to a stationary charged surface (e.g. capillary inner wall) due to 

an applied electric potential gradient.44  EOF results from the formation of a double layer 

at the silica/water interface as seen in Figure 1.2.  The inner surface of the capillary 

contains silanol groups (Si-O-H).  The exact pH at which the silanol groups ionize is 

difficult to determine, but above pH 4, the surface is highly ionized.  When a bare 

capillary is filled with an aqueous solution, the inner surface becomes negatively charged 

thus acting as the stationary phase of the double layer.  The negatively charged surface 

attracts positive ions whereas negatively charged ions are repelled.  Electrostatic forces, 

charge-dipole interactions, create an electrolyte layer also known as the Stern layer, 

Capillary
surface 

Stern
Layer

Flowing
ions

Figure 1.2.  Structure of the Stern double layer responsible for electroosmotic flow 
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which forms the double layer.  The double layer creates a potential difference, the zeta 

potential.  When a voltage bias is applied, the cations associated with the double layer are 

attracted to the cathode.  Since the ions are solvated, they drag the bulk solution, inducing 

a net flow in the direction of the cathode.  The magnitude of the EOF typically exceeds 

the mobility of the ionic analytes facilitating the migration of all species towards the 

cathode regardless of charge.  The magnitude of the EOF is defined as 

µEOF = εζ / η     (1.10) 

where µEOF is the electroosmotic mobility, ζ is the zeta potential, η is the viscosity of the 

electrolyte, and ε is the dielectric constant of the electrolyte.44  The zeta potential is 

strongly pH dependent as it is determined by the surface charge on the capillary wall.  At 

high pH, the silanol groups are highly ionized; whereas at low pH, the opposite occurs.  

In the presence of EOF the effective mobility of an ion is defined as: 

µ = µe + µEOF     (1.11) 

where the electrophoretic mobility, µe, of an analyte can have either a plus or minus 

charge.  Thus the overall ion mobility is the sum of its electrophoretic mobility (which  
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Figure 1.3.  Total electrophoretic mobility is the vector sum of a sample’s electroosmotic 
mobility (µEOF) and electrophoretic mobility (µe) which can be positive or negative.  The 
vectors are directional in that they are aligned with or opposed to the electric field.2 
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may be toward the anode) and the EOF as shown in Figure 1.3.  All molecules that have a 

net mobility toward the detector can therefore be detected facilitating the separation of 

both negatively and positively charged species.  Though critical to CZE, EOF often needs 

to be controlled.  At high pH the flow induced by electroosmosis can be too high, thus 

reducing the time analytes have to separate and thereby, the net separation efficiency.  

The EOF within a capillary can also change over the course of a separation and be 

irreproducible between separations.  Altering the electric field, changing buffer pH or 

concentration, or modifying the capillary surface can be utilized to control the EOF.  

Using the electric field to control the EOF can result in large changes in the resolution 

and migration times of the analytes thus resulting in poor separations.  The most effective 

ways to control EOF include altering the buffer composition and or pH. 

As is observed in many other complimentary separation methods, electrophoresis 

is accompanied by several dispersive phenomena.  The most significant phenomena in 

CZE are that of Joule heating, non-uniform EOF, diffusion, injection, and capillary wall 

interaction.  These dispersive effects can lead to decreased efficiencies and resolution.  

The total variance for the system can be defined as the summation of the individual 

variances defined as 

22222222
OAMEJDI σσσσσσσσ ++++++=      (1.12) 

where the individual variances due to injection (I), diffusion (D), Joule heat (J), 

electroosmosis (E), electromigration (M), adsorption (A), and other effects (O) are 

defined by the term on the right.  The nature of the individual dispersive effect holds the 

key to reducing or minimizing their effect. 
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 Joule heating is the direct result of passing a voltage bias across an electrolyte 

filled capillary.  The Joule heat produced as a function of unit volume per second is 

described by: 

P = EI/S = I2/κS2     (1.13) 

where P is the dissipated electric current (Wm-3) and S is the capillary cross-section.    

Joule heating results in an increase in the mean temperature within the capillary, which in 

turn changes the effective mobilities of the migrating ions and affects linear diffusion.  

When using low voltages, Joule heating is minimized due to the large surface area-to-

volume ratio of the capillaries, which facilitates efficient heat dissipation.  At high field 

strengths (> 1 kV/cm), Joule heating can lead to electrolyte overheating, which can result 

in the formation of bubbles and ultimately the collapse of the separation.  These effects 

are the result of non-uniform heating within the capillary as heat dissipation can only 

occur at the capillary wall.  Temperature gradients can lead to peak dispersion due to 

non-uniform ion migration velocities.  Reducing the inner diameter of the separation 

capillary minimizes the effect of Joule heating at high voltages.  Reduction of the inner 

diameter though places additional limitations on detection due to the reduced optical path 

length and/ or sample volume. 

EOF, though critical to separation efficiency, can lead to peak dispersion due to 

localized perturbation of the plug flow character.  When the inner surface of a capillary 

possesses a uniform double layer, the EOF uniformly transports the whole electrolyte and 

sample zones along the length of the capillary with no contribution to the dispersion of 

the separated zones.  When large molecular weight substances that can absorb onto the 
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capillary wall (e.g. proteins) are utilized, the EOF can become unstable.  Absorbed 

analyte on the capillary wall effectively changes the local zeta potential resulting in a 

perturbation of the flow dynamic, leading to detection of broad asymmetric peaks.  

Coating the capillary walls with such materials as hydrophilic polymers or the addition of 

nonionic surface-active agents can minimize peak dispersion due to EOF through the 

minimization of the zeta potential. 

A major dispersive effect is that of molecular diffusion as the analyte zones 

traverse the length of the capillary.  Diffusion is defined as the motion of an analyte 

under the influence of a gradient of chemical potential.44  Macroscopically this motion is 

viewed as a flow of mass due to the existence of a concentration gradient.  This process 

can be viewed as a proportionality of the concentration gradient of a component i (dci/dx) 

to its mass flux in a given solvent 

JI = -Di(dci/dx)     (1.14) 

where Di is the diffusion constant for component i.  The diffusion constant, Di, is a 

proportionality coefficient which defines the capacity of a particle to move or diffuse in a 

medium due to chaotic Brownian movement.44  Diffusion is lowest for large molecules 

such as proteins that have small diffusion coefficients.  If the sample zone is introduced 

as a discrete plug, then the zone will develop into a Gaussian concentration profile that 

broadens with time due to diffusion.  The Gaussian profile can be expressed as 

)2/2(
0

σxecc −=      (1.15) 
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where c0 (at x = 0) defines the initial state.  The profile is described by the total peak 

variance, 2
Tσ , which can be related to the total apparent diffusion coefficient, DT, of an 

analyte as a function of time, t, by the Einstein equation2 

2
Tσ = 2DTt     (1.16) 

The diffusion coefficient is closely related in dilute solutions to the electrophoretic 

mobility as given by the Nernst-Einstein equation 

Di = µiRT/ziF     (1.17) 

where F is the faraday constant (96,485 C), R is the gas constant (8.314 J K-1 mol-1), zi is 

the charge of the ionic species, ui is the electrophoretic mobility (m2 s-1 V-1), and T is 

temperature in (K), thus Di has units of m2 s-1.  From this equation, it is apparent that 

attempts to reduce diffusion, through increasing the viscosity, lowering the electrolyte 

temperature, or changing the electrolyte composition, results in reduced ion mobility.  

Therefore, it is not possible to eliminate diffusion from electrophoretic experiments 

though it can be minimized by decreasing the separation time and distance.  The effect of 

diffusion upon the dispersion of migrating zones must always be considered. 

 Capillaries provide an excellent support for electrophoretic separations although 

interaction between the analytes and the inner surface can lead to a reduced separation 

resolution.  The capillary wall is easily ionized, thus attracting ions of opposite charge. 

Most of the analyte-wall interaction at physiological pH is the result of ionic attraction 

between cationic species and the negatively charged wall or hydrogen bonding of Si-O-

H.  Utilization of small diameter capillaries translates into a relatively large surface area - 

volume ratio increasing the probability of interaction.  Interaction of positively charged 
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analyte species and the capillary wall can lead to peak tailing or in some cases complete 

adsorption onto the wall.  For large molecules, such as proteins and peptides that contain 

multiple charged moieties and large diffusion coefficients, the attraction can be so strong 

that once absorbed they cannot be eluted from the surface.  As mentioned previously, 

strong interaction with the capillary wall can create localized distortion of EOF thus 

resulting in further peak diffusion.  Capillary wall interaction regardless of the strength of 

the interaction leads to a reduced separation efficiency and resolution.  The effect of these 

surface interactions can be reduced in a number of ways.   The easiest method is to 

increase the concentration of the electrolyte solution, which can effectively shield 

analytes from the capillary wall.  This method though has a negative response if the 

concentration becomes too high in that high ionic strengths can decrease the EOF thus 

increasing the separation time and can result in increased current and Joule heating.  

Another means to reduce the interaction is to coat the walls utilizing either a temporary 

layer built up from a buffer additive or pretreating with a permanent chemically bound 

layer.44  Both methods can be used to reduce or reverse the charge on the capillary wall 

thus reducing adsorption.  Complete elimination of the surface charge would result in a 

zeta potential of zero, which would effectively deactivate the capillary surface and 

eliminate EOF. 

 Dispersive effects lead to decreased efficiencies and resolution resulting in the 

broadening of the originally sharp starting zones.  The concentration profile of a 

migrating zone in an ideal case can be represented as a Gaussian distribution 
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where c is the zone concentration at distance L from the injection point, z is the position 

of the maximum concentration, cmax, in the zone, and σ is the standard deviation which 

when squared, σ2,  defines the variance of the concentration profile (eq. 1.12).44  Utilizing 

the total variance, σ2, the efficiency of a separation can be expressed in terms of the 

number of theoretical plates, N 

N = L2 / σ2     (1.19) 

where L is the length of the migration path.  The number of theoretical plates defines the 

dispersion of the zone peak as a function of migration distance.  Thus, higher theoretical 

plate counts lead to narrower peaks and better separation efficiency.  When the detected 

peaks possess a Gaussian profile and are symmetric, the separation efficiency can be 

calculated utilizing the full width half maximum, w1/2, and migration time, t, of a peak 

N = 5.545(t/ w1/2)2     (1.20) 

 When discussing high speed separations, it is desirable to express N in terms of a 

unit period of time.  The speed of a CE separation can be defined as 

t = Ll / µV     (1.21) 

where L is the total capillary length, V is the applied voltage, µ is the electrophoretic 

mobility of an analyte, and l is the distance between the injection and detection points.  If 

diffusion is taken into account, then combining equations 1.19 and 1.16, the efficiency 

can be defined as 

N = µV/2D     (1.22) 
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where D is the diffusion coefficient for an analyte.44  Combination and simplification of 

equations 1.22 and 1.21 yields 
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The theoretical plates as a function of time can thus be improved by increasing the 

voltage to length ratio.46  For a given instrument, voltage is the primary variable that can 

be selected.  The voltage should be increased as high as possible to maximize the 

separation efficiency as a function of time.   

1.3.3 Injection Methods  A key problem in CZE is the ability to reproducibly 

inject low sample volumes into a separation capillary.44  The injection of sample into a 

capillary, while seemingly a simple process, can have a dramatic effect on the limits of 

detection, the number of theoretical plates, and reproducibility of a separation.  If the 

initial injection plug width is not significantly smaller than the total capillary volume, 

significant band broadening can occur.  Capillaries typically possess total volumes of a 

few microliters thus, the injection volume must be only a fraction of this.  Since direct 

mechanical injection of such small volumes is difficult, a number of injection methods 

have been developed.  The ability to conduct quantitative measurements and obtain high 

quality separation efficiencies in CZE relies on the ability to reproducibly injection a 

discrete volume of analyte into the separation capillary.  The three most common 

injection methods include hydrodynamic, siphoning, and electrokinetic injections.  In the 

simplest form, each of these methods requires the separation capillary to be moved 

between the sample and electrolyte vials.  This feature makes the techniques unfavorable 
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for applications where rapid, on-line separations are desired.  Though simple to 

implement, these methods limit the rate at which sample can be injected unless combined 

with mechanical devices such as sampling valves.  Two methods that facilitate the rapid 

and continuous injection of analyte are flow gating47and optical gating,46 which are 

modifications of electrokinetic.  Flow gating provides a suitable system for rapid 

injections by utilizing a t-shaped interface to transfer sample between two capillaries.  

Developed by Monnig and Jorgenson in 1991,46 optical gating provides for rapid 

injection of discrete sample plugs through the use of a high power gating laser.  

Siphoning and hydrodynamic injections are among simplest and most frequently 

utilized injection techniques in CZE.  In each method, a pressure differential facilitates 

the introduction of a small volume of analyte into the capillary.  Both methods require 

that one end of the separation capillary be removed from electrolyte solution and placed 

in a sample vial.  The pressure differential in siphoning is produced by elevating the 

sample vial above that of the opposite electrolyte vial for a set time.  The pressure 

differential can also be facilitated through the application of an overpressure and/or 

underpressure, as is the case in hydrodynamic injections.  The creation of a pressure 

differential across the capillary utilizing either method results in a hydrostatic flow that 

introduces a small sample plug into the capillary flow.  Once an injection is completed 

the capillary is returned to the electrolyte solution and a voltage bias is applied to drive 

the separation.  The simplicity of these methods has made them the method of choice for 

many laboratories and commercial CZE instruments, though neither facilitates continuous 

nor fast injections that are required for on-line experiments.  In the simplest form, both 
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methods require a capillary to be switched between an electrolyte vial and a sample vial 

to conduct an injection.  Attempts to develop techniques for sample introduction that do 

not require the capillary to be moved, such as a miniaturized sampling valve42 and a 

rotary-type injector48 are non-ideal and restrictive in the rate at which sample can be 

injected.  Additionally, due to the high voltage bias utilized in CZE, these devices must 

be fabricated of non-conductive materials such as glass and ceramics, which further 

complicates their construction. 

Rather than utilize pressure gradients for injection, electrokinetic injections utilize 

a voltage bias.  Similar to siphoning and hydrodynamic injections, electrokinetic injection 

requires the capillary to be removed from the buffer solution and placed in a sample vial.  

A voltage bias is then applied for a few seconds to inject sample into the capillary, after 

which the capillary is returned to the electrolyte solution and the separation is 

commenced.  The driving forces for electrokinetic injection are electrophoretic migration 

of the analyte in conjunction with the electroosmotic flow of electrolyte.44  Electrokinetic 

injection was the first injection technique described for use with small i.d. capillaries 

(<100 µm)40 and as such is commonly utilized in commercial instruments.  Pressure 

driven injections in small i.d. capillaries (<100 µm) are not common and many times are 

not practical due to a high external pressure requirement.  The key advantages of 

electrokinetic injections are the ability to utilize capillaries of any i.d. and the capacity for 

automation.49,50  Though simple and easily automated, there are some inherent limitations 

of the system.  The number of moles of analyte introduced into the capillary is dependent 

on the electrophoretic mobility of the sample substituents.  Analytes with high 
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electrophoretic mobilities will be injected to a greater extent than analytes with low 

electrophoretic mobilities.  The low voltages used in electrokinetic injections reduce the 

EOF, thus anions with electrophoretic mobilities greater than the EOF will not migrate 

towards the cathode.  Anions can be selectively excluded from an injection under these 

conditions.  Selective introduction of analytes and rejection of others effectively biases 

the injection and the quantitative application of the technique, thus electrokinetic 

injection, though effective at introducing sample into small i.d. capillaries, does not 

always facilitate the introduction of a representative plug of the sample.           

For applications that require rapid sample injection, electrokinetic, siphoning, and 

hydrodynamic injections are problematic.  The rate of sample introduction with these 

methods is limited without the utilization of complicated switching devices.  

Additionally, when rapid separations are required, shorter capillaries are utilized further 

reducing the required injection volume.  One injection interface suitable for rapid sample 

injection and fast separations is the flow gate47 (Figure 1.4).  This interface is constructed 

by positioning a sampling capillary, the inlet capillary, across from a separation capillary 

with a small space between them.  Perpendicular to the space is a channel that is 

connected to a pump.  When electrolyte is pumped across the gap, sample that exits the 

inlet capillary is drawn away from the separation capillary as seen in Figure 1.4(a).  

Sample injection into the separation capillary is performed by stopping the electrolyte 

flow thus allowing a plug of sample to enter the separation capillary via electrokinetic 

injection as observed in Figure 1.4(b).  By controlling the flow rate of the inlet capillary 

and electrolyte stream in addition to the voltage, the volume of the injection plug can be 



 47

controlled.  When a high-speed valve is used to control the flow, a constant voltage for 

injection and separation can be applied continually across the separation capillary.   

 

 

 

 

 

 

 

 

This makes the method well-suited for ultra-micro-scale analysis.23  A main advantage of 

flow gating is the ability to inject sample without moving the capillary between the 

sample and electrolyte vials. 

Another injection method that facilitates both rapid sample introduction and small 

injection plugs is optical gating as seen in Figure 1.5.  Developed by Monnig and  
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Figure 1.4.  Schematic representation of a flow gated injection interface (a) when the
electrolyte stream is on sample is carried away from the separation capillary and (b) sample
is injected by turning the electrolyte flow off thus allowing a plug of analyte to enter into the
separation capillary.  The length of the plug is determined by the length of time the
electrolyte flow is turning off. 
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Figure 1.5.  Schematic representation of an optically gated injection scheme. 
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Jorgenson in 1991,46 optical gating uses laser-induced photobleaching to inject samples at 

a very high speed and with small volumes.  The first step in optical gating is to label the 

analyte of interest with a fluorescent label and mix it with the background electrolyte.  A 

voltage bias is then continuously applied to draw the labeled analyte into the separation 

capillary.  Sample biasing, which is prevalent with electrokinetic injections, is not 

observed due to the continual application of a high voltage.  In the capillary, the 

fluorescently labeled analyte interacts with a high-power gating laser that is routed 

through a shutter then focused into the center of the capillary.  When the shutter is open, 

the laser renders the fluorescently labeled analyte non-fluorescent via photobleaching.  

Closing the shutter for a short time (msec-sec) allows a small plug of fluorescent analyte 

to pass by the gating beam into what is referred to as the separation zone where it 

proceeds to separate.  The distance between the gating beam and the detector defines the 

separation zone.  The amount of analyte injected can be estimated by the following 

equation: 

q = Cπr2vt     (1.21) 

where C is the concentration injected, r is the capillary radius, v is the analyte velocity, 

and t is the injection time.27  The injection volume is changed by simply increasing or 

decreasing the time the shutter is open or by increasing the sample velocity via the 

voltage and EOF.  A key advantage of optical gating is that it facilitates faster injections 

compared to flow gating.23  Rapidly and reproducibly switching flows in flow gating is 

difficult; whereas, the injection rate in optical gating is only limited by the shutter 

repetition rate.  With the use of high-quality mechanical or electro/ acoustooptic shutters, 
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millisecond to submillisecond injections are possible.  One limitation of the optical gating 

injection scheme is the inability to completely photobleach a sample.  Regardless of the 

intensity of the gating laser a small percentage (≤20% for fluorescein) of the analyte 

remains fluorescent.27,46  The presence of fluorescent analyte in the separation post-gating 

beam results in a persistent background that can lead to increased noise and limits 

sensitivity.  Despite this limitation, when coupled with laser induced fluorescence (LIF) 

detection, nanomolar detection limits can be realized.27,51  A new method developed by 

our group utilizes a photolytic injection method in conjunction with optical gating.  In 

contrast to photobleaching based injections, photolytic injections occur due to the 

interaction of the labeled analyte with the gating beam.  The analyte of interest is labeled 

with a caged-fluorophore.  As in photobleaching, the labeled analyte is mixed with the 

electrolyte solution and continually flowed through the separation capillary by 

application of a high voltage bias.  The labeled analyte is inherently nonfluorescent thus 

when coupled with LIF there is little to no background signal.  A sample plug is injected 

by opening a shutter placed in line with the gating beam.  The high intensity beam 

effectively decages the labeled analyte thus rendering it fluorescent.  Due to the 

inherently low background fluorescence photolytic optical gating provides, improved 

sensitivity over traditional photobleaching based optical gating can be realized.  In both 

geometries (photobleaching and photolytic), optical gating facilitates the reproducible 

introduction of narrow injection plugs through the use of a high power gating laser. 

1.3.4 Detection Methods  Due to the minute injection volumes and small 

capillary i.d., the development of high sensitivity detection methods presents a significant 
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challenge in CZE.  Detection methods in CZE must possess not only high mass 

sensitivity, but must also allow for small detection volumes comparable to the injection 

volumes to minimize peak broadening.2  Detection methods currently utilized include 

optical absorption (the most common type), fluorescence, refractive index, and many 

others.52 

UV-visible absorption detection is the most common, straightforward, means of 

facilitating on-column detection in CZE.  It is estimated that UV absorption detection is 

utilized in 50% of all CZE applications.44  Light from a lamp or laser is focused onto a 

separation capillary.  Either a monochromator or filter is utilized to isolate a specific 

wavelength, which is collected and detected by a photomultiplier tube or photodiode.  

Many organic molecules can be detected at 195-210 nm though the extinction 

coefficients at these wavelengths are often low.52  Absorption detection at wavelengths 

above 190 nm for molecules without pi-bonds such as carbohydrates and ions yield poor 

S/N ratios.  Therefore, despite the fact that UV-Vis absorption detection can be applied to 

numerous analyte species, there are still many species that elude detection.  The 

sensitivity for this method is limited to micromolar concentrations due to the short optical 

path length of small diameter capillaries and the detection volume.2 

Refractive index detection (RI) can also be utilized in CZE.  The RI gradient 

detection method measures the change in RI with distance along the capillary axis.  Since 

most analytes possess a refractive index that differs from the background electrolyte this 

detection method is universal in nature.  The RI gradient is proportional to the 

concentration gradient along the capillary axis.2  Since capillary electrophoretic 
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separations yield narrow peaks, high concentration gradients are present in the detection 

volume that can be effectively monitored by a gradient detector. Similar to absorption 

detection, refractive index gradient detection provides for limited sensitivity due to the 

limited path length.  Implementation of refractive index detection is also problematic in 

CZE due the strong temperature dependence of refractive index for most fluids (8 × 10-4 

RI ∆/C° for water).52  Despite these limitations, sub-micromolar detection limits have 

been reported for a range of low-molecular weight compounds such as sucrose, amino 

acids, and carbohydrates.53 

Fluorescence detection can provide for both high sensitivity and high selectivity 

in CZE.  Jorgenson and Lukacs first demonstrated the application of fluorescence 

detection in 1981.40  Similar to absorption detection, the fluorescence detector has a light 

source (excitation source), a wavelength selector, focusing optics, and is detected by a 

photomultiplier tube.  Fluorescence is collected perpendicular to the excitation beam and 

spectrally filtered before focusing onto the detector.  When a laser is utilized as the 

excitation source, detection limits can be reduced by several orders of magnitude 

compared to absorption and refractive index gradient detection.52  Most analytes do not 

possess suitable native fluorescence thus samples must first be derivatized with a reagent 

with spectral properties that match the excitation source.  The rate at which samples can 

be analyzed is therefore determined by the derivatization step, which can range from 

seconds to hours depending on the dye.  Another limitation of fluorescence detection is 

the large amount of light scatter caused by reflection and refraction at the capillary walls.  

This results in a large background signal that can limit sensitivity.  To reduce the effects 
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of scattering caused by the capillary, sheath-flow cuvettes54 and, less frequently, square 

capillaries55 have been used.  In both methods, the sensitivity is markedly increased with 

sheath-flow cuvettes facilitating single molecule detection.56-58  In both cases, substantial 

instrumental modification must be performed, which can ultimately prove too difficult 

and/ or costly to facilitate. 

The detection method utilized in CZE must address two critical issues.  First, the 

area of detection must be small compared to the analyte zone.  Second, the detection 

method must possess high mass sensitivity.  Both absorption and refractive index 

gradient detection methods have been shown to meet these criteria though provide limited 

sensitivity.  Additional techniques not discussed above that also meet these criteria 

include electrochemistry and mass spectroscopy.  For applications where speed is 

required, fluorescence detection, more specifically laser induced fluorescence (LIF) 

detection has become the method of choice.  Since a laser beam can be easily focused 

down to micron sizes, band broadening due to detection can be minimized.  When 

coupled with high-sensitivity PMTs, LIF detection facilitates high sensitivity even in 

small capillaries.  Sensitivity as high as single molecule detection56,58 has been reported 

for LIF detection. 

1.4 Application of CZE for the Analysis of Biologically Active Species 

 The current growth of biochemical research has increased the need for fast and 

efficient techniques to characterize and analyze a number of micro and macromolecules. 

Over the last 20 years, CZE has grown into a viable separation technique to meet the 

demands of biochemical research.  The principal analytical strengths of CZE for the 
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analysis of biomolecules are rapid separations, high mass sensitivity, high resolution, and 

the ease of coupling with mass spectrometry.  Another trait that lends CZE to the analysis 

of biomolecules is the small sample volume requirements.  Compared to other separation 

techniques such as gel electrophoresis and HPLC, CZE requires only a fraction of the 

sample volume to separate and identify complex series of analytes.  Biological 

applications in which the advantages of CZE can be effectively utilized include 

competitive and noncompetitive immunoassays, detection of short-lived species, 

sequencing, proteomics, and monitoring of temporal dynamics to name a few. 

 The fast separation capabilities in addition to the potential for automation has led 

to application of CZE for analysis of non-covalent complexes in a variety of applications 

such as immunoassays.  The high selectivity of antibody-antigen interactions have made 

immunoassays one of the most widely utilized techniques in chemical, pharmaceutical, 

and clinical analysis.15,17,18  CZE-based immunoassays have the advantage of not only 

high mass sensitivity and rapid separation times but also the ability to facilitate 

automation.  Additionally, since CE based immunoassays occur without antibody 

immobilization, rapid solution-phase kinetics can be realized as the immunoreaction is 

conducted in a single phase.17,18  Solid phase separation methods suffer from poor 

reproducibility associated with the immobilization step, nonspecific absorption, and the 

likelihood of complex dissociation.  Examples of CE based immunoassays include 

noncompetitive assays for insulin19 and humane growth hormone59 and competitive 

assays for insulin.15,19,20  CZE based immunoassays are limited though by reduced 

concentration sensitivity compared to solid-phase techniques especially for competitive 
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assays.17,60  The detection limits for competitive CZE immunoassays are typically in the 

0.1-1.0 nM  range whereas standard immunoassay techniques such as ELISA can have 

detection limits of 1 pM or better.17  The decreased sensitivity provided by CZE is due to 

a smaller detection volume and the lack of a preconcentration step that solid-phase 

techniques such as ELISA provide.18  Improved CZE sensitivity should negate the 

requirement for a preconcentration step and yield comparable limits to conventional 

immunoassays. 

Another application of the fast separation speed of CZE is the detection of short-

lived species such as various peptide conformations61,62 and protein folding63 and 

unfolding.64  Conformational changes and protein folding events can be monitored using 

slab-gel electrophoresis though the method limits the type of molecules and processes 

that can be studied due to its long separation times.  In the case of protein folding and 

unfolding, CZE allows visualization of conformational transition states and provides 

information into the conformational stabilities of the molecules.64  The additional 

information provided by CZE expands the application of separations to the diagnosis of 

diseases in which protein folding/unfolding patterns change.61,64  Additionally, CZE 

allows quantification of structural transitions under a variety of conditions.63  The 

separation efficiency of CZE can also accommodate evaluation of cis and trans 

isomerization of molecules such as peptides.62  Kinetic data such as the equilibrium 

constant and rate constants can be extracted from this data. 

 When coupled to on-line sampling techniques such as microdialysis CZE can be 

utilized to monitor temporal dynamics of biological processes such as neurotransmission.  
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CZE provides an effective method to collect, assay a range of target molecules, and track 

concentration dynamics on-line for in-vivo collected samples.  The coupling of CZE to 

microdialysis has facilitated the real-time in vivo analysis of cellular function.21-23  The 

technique is commonly utilized in such fields as neuroscience and pharmacokinetics 

where chemical dynamics are monitored to track metabolism, understand chemical 

signaling or to draw correlation between such things as behavior and pharmacology.  

Solid state sensors have been constructed that facilitate monitoring temporal dynamics 

though these are typically limited in that they are designed to monitor a single chemical 

species and are not available for many biomolecules.65,66  Separation based sensors on the 

other hand substantially increase the chemical information that can be acquired.  

Separation methods such as HPLC and CZE when coupled with microdialysis can 

monitor concentration dynamics for an array of chemical species simultaneously.  HPLC, 

as a chemical sensor, suffers from limited mass detection thus requiring long collection 

times to obtain a detectable quantity for analysis, which effectively reduces the temporal 

resolution.  Most reports of monitoring biomolecules such as amino acids by HPLC 

report collection times of over 5 minutes per sample.16,67  Since concentrations can often 

change on the second time scale, the use of HPLC is thereby severely limited.  The high 

mass sensitivity and high speed of CZE when combined with microdialysis sampling 

provide a natural combination for development of a real-time separation based sensor for 

monitoring biological processes.23  Temporal resolution better than 10 s has been 

reported for this combination.11,68,69  Though effective for in vivo monitoring of fast 

temporal dynamics, the sensitivity of the technique is limited to biological molecules in 
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moderate to high nanomolar range such as glutamate and aspartate.23  Molecules such as 

neuropeptides which are found in vivo at sub-nanomolar concentrations (1-100 pM) and 

the neurotransmitters GABA and dopamine which are found at low nanomolar 

concentrations still present a challenging problem.70  

1.5 Signal Enhancement Techniques 

 Despite the rapid growth of research in capillary zone electrophoresis (CZE), 

sensitivity remains a limitation especially for real-time analysis of biological processes.  

Though concentration detection limits are quite good, in general, a number of molecules 

of interest are below the limits of detection.  A simple method to improve the signal-to-

noise (S/N) ratio in CZE is to average multiple single separations of the same sample.  

The S/N enhancement scales as n1/2, where n is the number of averaged 

electropherograms.  The more separations conducted and averaged, the higher the degree 

of the S/N enhancement.  Collecting multiple single separations though is time 

consuming and effectively destroys the temporal resolution provided by CZE when on-

line monitoring is desired.  Furthermore, the technique requires multiple injections of 

similar samples, which prevents application for the analysis of fast concentration 

dynamics.  To reduce the effect of signal averaging on temporal resolution, mathematical 

multiplexing techniques may be utilized.  These methods include those based on single 

separation multiplexing: Shah convolution Fourier transform,30,71 linear photodiode array 

detection,72 and multiple capillary multiplexing,28,29 as well as those based on injection 

multiplexing: cross-correlation33 and Hadamard transformations.34  The key advantage of 

multiplexing methods is the high signal throughput, which ultimately yields improved 



 57

S/N ratios.  Injection multiplexing methods provide a means to rapidly inject multiple 

samples into a single separation capillary and provide a mathematical means to average 

the multiple injections.  Rather than injecting multiple samples, multiple detectors can be 

utilized as in the case of single injection multiplexing.  Each detector positioned along the 

length of the separation capillary generates an electropherogram, which when averaged 

with electropherograms generated by additional detectors yields improved detection 

limits.  When applied to CZE, multiplexing methods can facilitate improvements in S/N 

ratios and thus sensitivity, with a reduced impact on the temporal resolution compared to 

multiple single injection signal averaging.  A brief overview of multiplexing techniques 

will be provided along with the advantages and disadvantages of each. 

 1.5.1 Linear Photodiode Array Signal Averaging  As mentioned previously, 

S/N ratios in CZE can easily be improved utilizing multiple single separation signal 

averaging.  Averaging multiple single injections is not practical though as it effectively 

reduces the temporal dynamic resolution CZE provides.  Signal averaging in CE, 

however, can also be facilitated over the course of a single injection through the use of 

multiple detectors.  Both charge-coupled devices (CCD)31 and linear photo diode arrays72 

can be placed along the length of a capillary to provide multiple detection points.  Each 

diode acts as an independent detector which measures the absorbance or fluorescence of a 

species as it migrates through the capillary.  The multiple electropherograms generated, 

when averaged together by time shifting the diodes with respect to each other, produce a 

single injection electropherogram with improved S/N.  If the detection method is shot-

noise or white-noise-limited, the S/N enhancement should increases as  
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S/N enhancement = d      (1.22) 

where d is equal to the number of detectors.73  Separations are dynamic events thus 

analyte bands continually broaden through such processes as longitudinal diffusion over 

the course of the separation.  Additionally, the distance between peaks is continually 

increasing.  Multidetector signal averaging techniques must utilize tightly spaced 

detectors to minimize these effects.  For this reason, CCD array31 and linear photodiode 

array32,72 detectors are most often utilized.  Individual pixels for these arrays range from 7 

to 50 µm in width with the total array being only a few centimeters in length.72  Each 

pixel responds to a signal independent of its neighbors theoretically and is thus capable of 

generating an independent electropherogram over the course of a separation.  The number 

of individual electropherograms collected is thus dependent on the number of pixels in 

the array.  The effect of band broadening can be minimized to less than 6% if the imaged 

portion of the capillary is kept to less than 10% the preimaged length.72  In order to obtain 

the expected S/N enhancement for the diode array detection method, the rate at which the 

central moment of the analyte band moves through the array should be 1 

diode/acquisition or slower.72  To average the multiple electropherograms, the 

electropherogram acquired by the first diode is utilized as a base.  The base 

electropherogram is utilized to calculate the velocity of an analyte.  Once the velocity of 

an analyte is known, its migration time in any subsequent electropherogram can be 

calculated.72  From the migration times of an analyte, the data points which contain the 

analyte signal in all of the single diode electropherograms can be averaged.  The 

procedure can also be generalized to every data point on the base electropherogram to 
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allow all of the points in the electropherogram to be signal averaged.72  An 85 fold S/N 

enhancement was observed compared to a single diode electropherogram and the limit of 

detection was improved by a factor of 3.8 compared to the detection limits obtained from 

a commercial single-point detector.72  To further increase the detection limits of the 

system a dual photodiode array was constructed to better compensate for fluctuations 

from the source lamp.32  The double beam detector demonstrated a 35 fold improvement 

in detection limits compared to a single diode in the array, a 4 fold improvement 

compared to the single beam detector, and a 6.3 fold improvement over that of a 

commercial single-point detector.32 

 Linear photodiode array signal averaging provides a S/N enhancement in CZE by 

imaging a single injection separation multiple times utilizing a linear diode array.  Each 

diode in the array collects a single point electropherogram that can be averaged with the 

rest of the individual diodes by taking into account the migration velocity of an analyte.  

The single injection electropherogram that is generated exhibits a substantial S/N 

enhancement compared to an electropherogram acquired by a single diode and a 

moderate enhancement over a single point detector.  The minimal S/N enhancement that 

is provided for by linear diode signal averaging requires substantial instrument 

modification.  Additionally, the computational requirements for the technique are 

nontrivial as the technique produces exceptionally large data sets for each CE run.  The 

technique also imposes experimental constraints.  Long overall capillary lengths 

compared to the imaged array are required to reduce peak diffusion as the peak migrates 

across the diode array.  For applications, which require fast separation, shorter capillary 
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lengths must be utilized.  This requires a reduction in array length that is imaged which 

effectively reduces the S/N enhancement by reducing the number diodes that can be 

averaged.  The analyte migration velocity must also be known beforehand so as to 

calculate the data acquisition rate.  For complex in vivo samples these rates may not be 

known beforehand thus introducing errors in the calculation and leading to reduced 

enhancement levels.             

 1.5.2 Shah Convolution Fourier Transformations  Shah convolution Fourier 

transformations (SCOFT) is another multiplexing technique that can improve S/N ratios 

in CZE.  SCOFT is a convolution-detection method that converts multiple-point Shah 

function electropherograms detected in the time domain into frequency-domain plots 

though a Fourier transform.30,71,74  A Shah convolution is applied to the fluorescent signal 

through use of a fixed optical mask with equally spaced chrome regions over a length of 

the channel illuminated lengthwise with a continuous wave laser.  The total fluorescence 

intensity is collected from the masked region and imaged onto a single point detector, 

such as a PMT.  The mask effectively modulates the signal from the fluorescent analyte 

as it flows through the separation channel.  Though demonstrated utilizing laser induced 

fluorescence detection,71,74,75 the system is compatible with other detection methods 

based on absorbance, electrochemistry, electrochemiluminescence, and refractive index.  

The Fourier transform of the collected fluorescence in the time-domain electropherogram 

is used to generate a frequency-domain plot of the fluorescent bands.  Injecting multiple 

sample plugs into the system results in improved S/N ratios.71,74  The number of injection 
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plugs though is limited by the rate at which the injected plugs reach the detection zone 

and the rate samples can be injected.   

 A Shah function is defined as an infinite sequence of unit impulses that are spaced 

at unit intervals.  In SCOFT, the unit impulses are created using a metalic mask 

composed of evenly spaced detection slits that are placed over the separation capillary.  A 

single detector continually monitors the fluorescence signal from the multiple slits such 

that the signals from all of the slits along the mask are summed.  Over the course of a 

separation, analyte bands will migrate at a characteristic speed thus producing a series of 

evenly spaced Gaussian peaks.30  The resulting electropherogram is the sum of several 

Gaussian peaks, n series for n analytes, and represents the time-domain 

electropherogram, the Shah convolution of a point detector.  The time-domain 

electropherogram is transformed into the frequency domain using a Fourier 

transformation in the forward direction.  This transformed data shows the frequency 

components that comprise the time-domain signal.  Each individual series of Gaussian 

peaks in the time-domain plot produces a characteristic frequency peak.  The S/N 

enhancement factor, compared to a single injection electropherogram, is defined as 

d=t enhancemen S/N      (1.23) 

where d is the number of detection slits.  Utilizing 55 slits, a S/N enhancement of 8-fold 

has been observed experimentally, which is slightly above that predicted by theory.74  

Increasing the number of detection slits can lead to further S/N enhancement though 

increases the collection time.  Injecting multiple samples can also increase the S/N 

enhancement.71  Since each injection contains the same analytes and the analytes move 
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with the same velocity regardless in which injection they are contained, only one 

frequency component is observed for each analyte upon transformation to the frequency 

domain.  The theoretical enhancement factor for multiple injections is the square root of 

the number of injected sample plugs.71  A S/N enhancement between one, two, and three 

injection experiments have been observed though no comparison with a single injection 

electropherogram was reported.71  The number of injection plugs though is severely 

limited by the design of the separation channel.  In order to produce discrete peaks upon 

transformation, the injection plugs must be spaced far enough apart to accommodate peak 

diffusion thus preventing peak overlap.  When utilizing electrokinetic injections, the last 

injection must also occur before the first injection reaches the detection zone so as not to 

disrupt the migration velocities of the preceding injections.  In order to accurately 

determine the migration frequency of an analyte, a peak must migrate at a fixed velocity 

through the detection zone.  To perform an electrokinetic injection, the applied voltage 

across the separation channel must be reduced and switched to the sample channel for a 

set time.  In doing so, the separation of the injections preceding the current injection are 

interrupted.  This problem can be avoided through the use of optical and possibly flow 

gating injection techniques.  An improved format for SCOFT has been performed by 

Shippy et. al that utilizes the spatial resolution of a charged coupled device (CCD) to 

modulate the fluorescent signal at different positions based on a sine wave without the 

use of a metalic mask.75  Each image of a section of the electrophoresis channel is 

multiplied by a sine wave (sine wave convolution) and summed for Fourier analysis.  

Due to the low-noise CCD detector and the sine wave convolution provide for, a S/N 
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improvement of 5-fold over a single separation was demonstrated for fluorescein.  The 

method was also demonstrated as a means for particle quantification.75   

SCOFT has been shown to provide a S/N enhancement in CZE through the 

modulation of the detection signal based on Shah convolutions.  Fourier transformation 

of the time-domain data yields a frequency-domain plot in which the number of peaks 

corresponds with the number of analytes in the solution.  The S/N ratio for an analyte can 

be improved by increasing the number of detection slits or by injecting multiple samples.  

Increasing the number of detection slits requires the fabrication of a new imaging mask 

and instrument modification to accommodate the increased imaging area.  More detection 

slits also requires increasing the collection time.  The number of samples that can be 

injected is limited by the injection method and distance between the injection zone and 

the imaged segment.  Two major limitations of SCOFT are that the technique requires 

substantial instrument modification to a standard CZE instrument to implement and the 

computational requirements are prohibitive.  A major question yet to be addressed is the 

ability of SCOFT to accommodate real samples.  Biological samples such as those 

acquired in the analysis of neurotransmitters may contain up to fifteen components some 

of which may not be baseline resolved.  The ability to resolve analytes in the frequency 

domain relies on the competence to accurately monitor the migration rate of each 

individual analyte.  Transformation of these samples may lead to peak distortion and 

reduced signal.  To date, samples containing only two components have been studied. 

 1.5.3 Cross-Correlation  As stated previously, a simple method to increase the 

S/N enhancement in CZE is to average multiple single injection electropherograms.  This 
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method though is time consuming and destroys the temporal resolution that CZE 

provides.  Rather than injecting a sample and letting it separate before injecting the next 

sample, substantial time can be saved by injecting samples semi-continuously.  This 

technique is realized in cross-correlation CZE where multiple injections are applied semi-

continuously according to a pseudo random binary sequence.33,76,77  The multiple 

injections proceed to separate and are detected by a single point detector such as a PMT.  

The detected signal is the summation of the individual single injections as defined by the 

binary sequence.  If the noise is independent of the signal intensity then the signal will 

increase in the summed electropherogram while the noise level will remain unchanged.  

The resultant electropherogram is deconvoluted by cross-correlation with the input 

sequence.  The resultant single injection electropherogram is referred to as a correlogram 

and possesses a S/N enhancement whose magnitude is proportional to the length of the 

injection sequences.  The key to cross-correlation is that sample is injected while the 

previously injected sample is eluting, providing a S/N enhancement with reduced impact 

on the temporal resolution compared to single injection signal averaging. 

 The cross-correlation technique was first developed in 1967 for use in 

chromatography78 and has since found applications in IR79 and NMR80 spectroscopy and 

CZE.33,77 During a cross-correlation CZE experiment, sample is injected not as single 

plug but rather as a semi-continuous train of single plugs.  A random injection sequence 

can be utilized in cross-correlation CZE, but optimal results are obtained from a pseudo 

random binary sequence, PRBS.33  The PRBS is analogous to a binary white noise with a 

specific length of M = 2n-1, where n is an integer.  The injection sequence has two levels: 
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1, which corresponds to a sample injection and 0, which corresponds to a background 

electrolyte injection.  The collection time defined by the product of the sequence length 

and the injection plug domain must be greater than the time it takes the last analyte in a 

single injection to reach the detector.  If the sequence length is shorter than the separation 

time of an analyte, the intensity of that analyte peak will be misallocated upon cross-

correlation with the injection sequence effectively destroying the integrity of the 

technique.  The duty cycle for most practical sequences due to their overall length is 

indistinguishable from 50%.  A range of multiplexing injection techniques has been 

explored including electrokinetic injection33,77 and a micromachined injector block.76  

Upon application of the injection sequence, the detected signal is the summation of single 

injection electropherograms shifted in time as defined by the PRBS injection sequence.  

The detected signal is deconvoluted by cross-correlation with the PRBS in which the 

levels are changed from 0 and 1 to –1 to 1.33,81  Cross-correlation between the detector 

signal and the injection sequence results in a peak that is identical to a single injection 

peak with respect to the time domain.  A slight peak broadening effect is observed in the 

technique, which has yet to be explained.33  The resulting correlogram exhibits a S/N 

enhancement due to the increased throughput of signal.  The S/N enhancement is given 

by 

S/N enhancement = 
2

1+M      (1.24) 

where M is the PRBS sequence length.  The ability to observe the theoretical S/N 

enhancement in cross-correlation CZE is dependent on the uncorrelated disturbances.  
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Uncorrelated disturbances are caused by instabilities within the injection sequence and or 

the separation.  Errors within the injection sequence and disturbances in the separation 

flow, such as those caused by adsorption on the capillary surface, will result in increased 

noise within the system, and a reduced S/N enhancement.  A key problem associated with 

the cross-correlation method is the high demand placed on the injection method.  The 

injection method must provide for fast and reproducible injections over a long time 

period.  Non-ideal injections can result in creation of ghost peaks that can overlap with 

analyte peaks and reduce the S/N enhancement.82,83    

 The cross-correlation multiplexing method provides a means to rapidly inject 

multiple samples in CZE with a minimal effect on the temporal resolution.  The increased 

sample concentration provides for a multiplex advantage that can improve S/N ratios 

upon deconvolution.  Injection of multiple samples leads to an increased temporal 

resolution compared to a single injection though since sample is injected semi-

continuously the effect is reduced compared to injecting the multiple samples 

individually.  One drawback of the system is the unexplained peak broadening effect that 

is observed upon deconvolution.  Current applications are limited to long injection and 

separation times which leads to long detection times, ultimately reducing the temporal 

resolution, which prohibits application for on-line monitoring of fast bioprocesses.33,76  

Additionally, these applications require special injection devices to facilitate sequential 

sample injection utilizing an electrokinetic injection method.  Though cross-correlation 

provides for a S/N enhancement, which is dependent on the size of the injection 



 67

sequence, the non-trivial deconvolution and special injection devices make this technique 

somewhat prohibitive for general use. 

 1.5.4 Hadamard Transformation  As seen in cross-correlation CZE, rapid 

injection of analyte according to a pseudorandom binary sequence increases the 

throughput of signal, which can lead to improved S/N ratios.  Another multiplexing 

method that facilitates the rapid injection of sample in CZE is that of Hadamard 

transformation.31,34  A Hadamard transformation is a matrix-based signal multiplexing 

technique based on Hadamard matrices.  Similar to cross-correlation signal multiplexing, 

Hadamard transformations provide for the rapid injection of analyte based on a 

pseudorandom injection sequence.  The produced electropherogram, collected utilizing a 

single point detector such as a PMT34 or a CCD array,31 is the summation of the multiple 

single injections.  Though the injection strategy is similar to the cross-correlation 

technique, the deconvolution procedure is simplified.  Taking the product with an inverse 

Hadamard matrix deconvolutes the raw data.  The increased signal throughput of the 

semi-continuous injection of analyte provides improved S/N ratios, thereby improving 

sensitivity and lowering detection limits.  

Though first applied to CZE in 1999,34 Hadamard transformations first found 

application in spectroscopy and imaging.1  In order to determine the spectrum of an 

incident light beam, it was found that a more accurate spectrum could be realized by 

measuring multiple wavelengths simultaneously rather than measuring each wavelength 

individually.  This concept is similarly emulated in the application of Hadamard 

transformations in CE.  A more accurate single separation electropherogram can be 
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constructed by averaging multiple single injection.  The multiple single samples are 

injected according to a pseudorandom sequence based on a cyclic S-matrix that is derived 

from a Hadamard matrix.1  A Hadamard matrix, Hn, is a special n × n matrix composed 

of +1s and –1s that satisfies: 

nnn nIHH =T      (1.25) 

in which T
nH  is the transpose of Hn, and In is an n × n unit matrix.  The S-matrix is 

derived from Hn by removing the first column and row then replacing +1 with 0 and –1 

with 1.  The result is an (n-1) × (n-1) matrix that exhibits the same symmetry properties 

as the Hadamard matrix.  The injection sequence is derived from the S-matrix by placing 

two copies of the first row side-by-side and omitting the last element, resulting in a 

sequence with (2n-1) elements where (n) is the order of the S-matrix.  When the injection 

element is 1, sample is injected; whereas, when the element is 0, no sample is injected.  

Two sample injection methods have been utilized for application of Hadamard 

transformation in CE including optical gating3,34 and electrokinetic injection.31,84  Current 

applications of Hadamard transformations are limited by long injection plug domains 

thus requiring long collection times.3,31  The multiple single injections proceed to 

separate and are detected as a summation of the individual peaks associated with their 

respective injection.  Both laser induced fluorescence3,31 and absorption85 detection 

methods have been utilized.  Mathematically the resultant multiplexed electropherogram, 

[E], is viewed as the product of a single injection electropherogram, [X], and the 

injection sequence defined by the S-matrix, [S]. 
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[E] = [S][X]     (1.26) 

Due to this property, the multiplexed data can be deconvoluted simply through 

multiplication with the inverse injection matrix, inverse S-matrix, [S]-1. 

[X] = [S]-1[E]     (1.27) 

As known from matrix theory, multiplication of two matrixes requires they share at least 

one dimension, thus (n) elements, as defined by the encoding matrix, S, must be extracted 

from the raw data to generate [E] in equation 1.25.  The (n) elements to construct [E] are 

extracted from the (n)th to the (2n-1)th data points.1  A drawback of the technique is that 

twice the number of samples are injected into the capillary than are required for 

transformation, thus half of the collected data is discarded before deconvolution.  

Deconvolution of the multiplexed separation yields an electropherogram with improved 

S/N ratios.  The level of enhancement is dependent on the order (n) of the injection 

matrix utilized and increases by a factor of  

(n+1)/2n1/2    (1.28) 

The S/N ratio can thus be improved by increasing the order of the injection matrix.  S/N 

enhancements as high as 18-fold have been observed though required a 34 min collection 

time.3  As observed in the cross-correlation technique, Hadamard transformations place a 

high demand on the injection technique.  Non-ideal injections can result in creation of 

ghost peaks that can overlap with analyte peaks and reduce the S/N enhancement.82,83  

 1.5.5 Summary  A range of mathematical multiplexing techniques have been 

developed to improve sensitivity in CZE while having a reduced effect on the temporal 

resolution compared to single injection signal averaging.  The S/N enhancements 
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observed in multiplexing methods are the result of increased signal throughput facilitated 

by either making multiple injections or measuring a single injection multiple times as it 

migrates.  Multiplexing method such as linear photodiode array signal averaging, Shah 

convolution Fourier transformation, cross-correlation, and Hadamard transformation have 

been demonstrated in the literature with various levels of enhancement as seen in Table 

1.1.  The level of S/N enhancement reported for multiplexing methods range from 6-18  

 

 

 

 

 

 

 

 

 

fold with collection times ranging from 10’s of seconds to half an hour.  The method to 

calculate the theoretical S/N enhancements are seen to be similar between the methods as 

all the methods are based on signal averaging.  The signal averaging methods include 

averaging over multiple injections or multiple detectors.  Current applications of these 

multiplexing methods require either substantial instrumental modification, complex 

calculations, or long collection times.  These limitations prevent the application of these 

methods for the analysis of fast concentration dynamics.  In the case of Shah convolution 

Multiplexing method Reported S/N 
Enhancement 

Theoretical 
Enhancement Variable References 

Single injection signal 
averaging - n1/2 n = number of injections [77] 

Linear photodiode 
array signal averaging 6.3 (d)1/2 d = number of detectors [32,72] 

Shah convolution 
Fourier Transformation 8.0 (d)1/2 d = detection slits [71,74] 

Cross-correlation 8.0 (M+1)1/2/2 M = sequence length [76,77] 

Hadamard 
Transformations 18.0 (n+1)/2n1/2 n = sequence length [3,31] 

Table 1.1.  Reported CZE S/N enhancements, theoretical S/N enhancement, and defined
variables for application of single injection signal averaging, linear photodiode array signal
averaging, Shah convolution Fourier transformation, cross-correlation, and Hadamard 
transformations. 
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Fourier transform, the S/N enhancement is only observed by transformation from the 

time domain to the frequency domain, which negates time-resolved data.   

The observed S/N enhancements for multiplexing methods are limited by either 

physical constraints of the instrument or limited by the required collection time.  The S/N 

enhancement observed in methods such as linear photodiode array signal averaging and 

Shah convolution Fourier transformations are limited by the instrumental design such as 

the number of available detectors within the detection array or the number of slits that 

can be imaged over.  In contrast, the S/N enhancement observed in multiple injection 

techniques such as cross-correlation and Hadamard transformations are only limited by 

the length of the injection sequence.  Current applications of these techniques utilize long 

injection times (<250 ms) which leads to long collection times thus reducing the temporal 

resolution.  Reduction of the injection time should yield comparable S/N enhancements 

with a substantially decreased collection time.  Of the multi-injection methods that have 

been reported including Shah convolution Fourier transformation and cross-correlation, 

the Hadamard transform technique is simpler from both a calculation and instrumental 

standpoint while yielding the largest reported S/N enhancement of these reported 

multiplexing techniques. 

1.6 Conclusion 

 Capillary electrophoresis is a unique separation technique in that it facilitates the 

separation and detection of substances ranging in size from lithium ions through proteins 

and polynucleotides in addition to cellular and subcellular fragments.  Analyte ions are 

introduced in CZE as a narrow zone through a variety of injection methods.  Application 
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of a potential bias causes the ions to migrate and separate as a function of the 

electroosmotic flow and their relative electrophoretic mobilities.  The simplicity and 

reliability of the technique has lead to an exponential growth in research utilizing CZE.  

The greatest utility by far for CZE is in the separation of biologically active molecules 

such as amino acids and proteins, since it can be conducted in aqueous solutions under 

favorable conditions of pH, temperature, and ionic strength.  Biological applications of 

CZE include high sensitivity immunoassays and the measurement of concentration 

dynamics for neurotransmitters.   

Current limitations of CZE for the real-time analysis of biomolecules such as 

neurotransmitters include limited sensitivity and long separation times.  Separation times 

can be reduced through the utilization of small diameter capillaries, increased voltage 

biases, and decreased separation distance.  The easiest method to improve the sensitivity 

of CZE is through the use of single injection signal averaging.  The technique yields 

improved S/N ratios though it effectively reduces the temporal resolution provided by 

CZE.  An alternative approach to improving sensitivity is that of signal multiplexing.  

Multiplexing techniques provide a means to signal average with minimal influence on the 

temporal resolution.  This can be done by either taking multiple measurements on a 

single separation as in the case of linear diode array signal averaging and Shah 

convolution Fourier transform methods or through the semi-continuous injection of 

multiple single injections as is utilized in the cross-correlation and Hadamard transform 

methods.  The first two methods though require significant modification of the standard 

CZE experimental setup and require difficult mathematical constructs to facilitate the 
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deconvolution of the collected data.  A key advantage of the later two methods is that 

both require minimal instrumental modification in systems equipped with an injection 

method that facilitates semi-continuous sample injection such as optical gating.  These 

methods though place a high demand on the injection technique as gating missteps can 

result in reduced S/N enhancements and the formation of ghost peaks.  The Hadamard 

transform as compared to the cross-correlation technique provides the simplest means for 

deconvolution, as it requires only taking the product of the raw data with the inverse of 

the injection matrix.  With minimal instrumental modification requirements and a simple 

deconvolution strategy, the Hadamard transform is an attractive method to improve the 

sensitivity of CZE.  Current applications of the technique though utilize long injection 

times that require lengthy collection times.  Additionally conventional application of 

Hadamard transformations requires twice the material to be injected that is required for 

transformation, thus half of the acquired data is discarded.  With these limitations in 

mind, a new modified Hadamard transform has been developed to improve the sensitivity 

of CZE while having a minimal impact on the temporal resolution. 

 In this dissertation, a modified Hadamard transform theory (mHTCE) will be 

introduced for application in CZE that reduces the collection time by half and uses all of 

the collected data compared to conventional Hadamard transform theory (cHTCE).  The 

reduced collection time in addition to utilization of all the acquired data is facilitated by 

altering the manner in which the raw data is manipulated for deconvolution.  The theory 

behind the conventional Hadamard transform technique in addition to the modified 

Hadamard technique will be discussed in Chapter 2.  Matrix construction and application 
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and deconvolution of cHTCE and our new mHTCE method will also be presented.  The 

experimental methods and instrumental set-up in addition to a thorough description of the 

application and deconvolution programs developed in this research are presented in 

Chapter 3.  In Chapter 4, mHTCE will be demonstrated to yield comparable S/N 

enhancements as cHTCE though with a substantially reduced collection time and shown 

to utilize all of the collected data in the transformation.  Chapter 5 will demonstrate 

improved sensitivity for a range of amino acids and proteins for application of mHTCE.  

The application of mHTCE for the analysis of concentration dynamics will also be 

demonstrated in Chapter 5 and shown to yield improved sensitivity with minimal impact 

on the temporal resolution.  Finally, Chapter 6 will summarize the advantages of mHTCE 

over cHTCE.  
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CHAPTER 2.  HADAMARD TRANSFORMATION 

 

2.1 Introduction 

The Hadamard transform, a matrix based multiplexing technique, increases 

sensitivity over a single-injection electropherogram by increasing the signal throughput.  

When applied to CZE, the signal throughput is increased by rapidly injecting multiple 

single injections semi-continuously according to a Hadamard matrix.  A key advantage of 

Hadamard transformation compared to other multiplexing methods is the minimal 

instrumental modification required to apply to CZE.  Hadamard matrices, the foundation 

of the Hadamard transform method, are normalized matrices constructed using a minimal 

length shift register method.86  The Hadamard matrix is utilized to derive a simplex 

matrix (S-matrix) from which a pseudorandom injection sequence is constructed.  The 

pseudorandom sequence is used to rapidly/ semi-continuously inject samples into the 

separation column thus effectively multiplexing the sample.  The multiple single 

injections proceed to separate and are detected as a summation of the multiple migrating 

peaks associated with the semi-continuous injections.  Mathematically the resultant 

multiplexed electropherogram is viewed as the product of a single injection 

electropherogram and the injection sequence defined by the S-matrix.  Due to this 

property, the multiplexed data can be deconvoluted simply through multiplication with 

the inverse injection matrix, S-matrix.  The simplicity of this deconvolution is another 

attractive feature of Hadamard transformations compared to other multiplexing methods.  

Deconvolution of the multiplexed separation yields an electropherogram with improved 
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S/N ratio.  When coupled with short injection plugs, Hadamard transformations provide 

an effective means to improve sensitivity in CZE for application in on-line monitoring of 

concentration dynamics.   

Though application of Hadamard transformations in CZE has many advantages 

over other multiplexing methods and yields substantial S/N enhancements, the technique 

possesses some drawbacks, especially when applied to monitoring concentration 

dynamics.  The principal limitation of HTCE is that twice the number of sample 

injections are required to acquire the raw data for deconvolution, which leads to increased 

collection times and half of the acquired data being discarded upon deconvolution.  When 

monitoring fast concentration dynamics in living organisms, these limitations can be 

highly prohibitive in that twice the analyte volume must be extracted to apply a 

Hadamard injection sequence.  This effectively reduces the sampling rate and unduly 

taxes the organism being studied.  For these reasons, a new modified Hadamard 

transform has been developed that facilitates reduced collection times and utilizes all of 

the collected data in the transformation.  The injection sequence in modified Hadamard 

transform capillary electrophoresis (mHTCE) is constructed using just the first line of an 

S-matrix (n scheme); whereas conventional HTCE (cHTCE) utilizes an injection 

sequence constructed by placing two copies of the first line of the S-matrix side by side 

and removing the last element (2n-1 injection scheme).  Modifying the way in which the 

raw data is manipulated to extract the elements for transformation permits the use of a 

reduced injection scheme.  Deconvolution of both methods by taking the product with an 

inverse S-matrix yields similar single injection electropherograms with improved S/N 
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ratios.  The key advantages of mHTCE are that half the number of sample injections, thus 

half the sample mass is required, all of the collected data is used in the transformation, 

and the collection time is reduced up to 33% compared to cHTCE.  When considered for 

application in monitoring concentration dynamics, these advantages result in an increased 

sampling rate and decreases the analyte volume required for each application of a 

Hadamard sequence.  These improvements are especially advantageous when mHTCE is 

utilized to monitor concentration dynamics within living organisms in that it reduces the 

perturbation of the local environment by reducing the analyte volume that must be 

extracted per injection sequence. 

A key advantage of mHTCE over cHTCE is that the injection sequence is half the 

length.  The time required for all of the injected material to migrate by the detector is thus 

reduced by half.  mHTCE theory though requires two (n) domains of data be collected to 

sum for transformation.  A large portion of the data collected in the second (n) domain is 

thus baseline data especially for larger S-matrices.  For this reason, a reduced mHTCE 

deconvolution program has been developed that requires only a fraction of baseline data 

to be collected after all of the injected material has migrated past the detector.  The 

collected baseline segment is then utilized to reconstruct the complete second (n) domain 

that is required to transform the data.  Application of the reduced mHTCE method can 

further reduce the collection time by 49% compared to cHTCE. 

The process of applying HT to CZE will be discussed in four sections.  First, the 

theory behind Hadamard transformations, weigh design, will be discussed in Section 2.2.  

The properties and construction methods will be outlined in Section 2.3 for the generation 
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of Hadamard/S-matrices.  From the generated S-matrices, the method to isolate the 

injection sequence in both cHTCE and mHTCE will be elucidated in Section 2.4.  Lastly 

in Section 2.5, the method to extract the elements for deconvolution and the subsequent 

deconvolution will be described.  Section 2.6 will discuss the application of the reduced 

mHTCE deconvolution technique and define the substantial collection time reduction that 

can be observed compared to cHTCE. 

2.2 Weigh Design (Foundation of Hadamard Transformations) 

 The foundation of Hadamard theory is derived from weighing design.1  That is, by 

weighing multiple objects in groups, rather than separately, the weights of the individual 

objects can be determined more accurately.  The accuracy of the weighing design 

depends on the sources of error within the system and the dependence, if any, on the 

quantity of material being weighed.  If the error (e) associated with each measurement is 

random, then the value of e will tend to zero such that 

E{e} = 0     (2.1) 

where E denotes the average value over a large number of experiments.  It is also 

assumed that e is independent of the total mass on the balance and that errors associated 

with different measurements are independent such that 

E{ee’} = 0     (2.2) 

The square of the error, e2, is always non-negative and is referred to as the variance, σ2, 

of the error 

E{e2} = σ2     (2.3) 
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In a good balance, the variance should be small.  The error associated with each 

measurement can also be defined as the standard deviation, σ. 

 Consider the case where four objects must be weighed; with the actual masses of 

the objects represented as ψ1, ψ2, ψ3, ψ4.  The balance instills an error (ei) for each 

measurement.  If each object is weighed individually, the four weighings will yield four 

equations: 

η1 = ψ1 + e1 

η2 = ψ2 + e2 

                                                              η3 = ψ3 + e3     (2.4) 

η4 = ψ4 + e4 

where ηi is the mass obtained from the balance and the error associated with each 

measurement, ei, can possess a positive or negative value.1  The measured mass, ηi, is an 

estimate of each object’s actual mass, ψi, where the difference from the true mass is 

defined as 

ηi - ψi = ei     (2.5) 

According to the hypothesis from equation 2.1, equation 2.5 has an average value of zero 

for a large number of experiments such that 

E{ηi - ψi} = E{e} = 0      

or 

E{ηi } =  ψi                (2.6) 

The square of the error has an average value as defined by equation 2.3 

E{(ηi - ψi)2} = E{ei
2} = σ2     (2.7) 
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thus, the mean square error for each mass measurement is σ2.  For this reason, it can be 

deduced that the mean square error associated with each measurement can be reduced by 

either taking multiple measurements of each object individually or by weighing several 

objects at once.  Of the two methods, the latter results in a more efficient strategy 

especially when the time aspect is considered.  Each weighing requires the same amount 

of time regardless if there is one or multiple objects being weighed.  Multiple 

measurements of each object can thus be made in less time by measuring the objects in 

groups.  Additionally, weighing objects in groups reduce the error associated with the 

weighing of each object.  Hadamard matrices provide a strategy to ‘weigh’ multiple 

objects simultaneously thus ultimately reducing the error associated with “weighing” 

individual objects. 

 To be analogous to the application of Hadamard transformations in CZE, the 

balance utilized in this example is a spring balance thus an object is either weighed or not 

weighed.  In CZE, this translates a sample that is either injected or not injected into the 

separation capillary.  An example of a strategy1 to weigh the four objects together in 

groups is: 

η1 =      + ψ2 + ψ3 + ψ4 + e1 

η2 = ψ1 + ψ2                  + e2 

η3 = ψ1         + ψ3          + e3     (2.8) 

                                                    η4 = ψ1                  + ψ4 + e4 

Thus objects 2, 3, and 4 are weighed together, then 1 and 2, 1 and 3, and finally 1 and 4.  

Solving the four equations in (2.8) for ψ1, ψ2, ψ3, ψ4 results in the reduction of the mean 

square error as defined by1 
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E{(ηi - ψi)2} = 
9

7 2σ      (2.9) 

The reduction in the mean square error is due to the fact that the error associated with 

each measurement is divided between the multiple objects weighed during each 

measurement.  The magnitude of the reduction in the mean square error is thus dependent 

on the number of times an object is weighed as determined by the number of items 

weighed in each measurement. 

 The weigh design model is analogous to the application of Hadamard 

transformations in LIF-CZE in that at the detector packets of photons are ‘weighed’ (i.e. 

the intensity is measured).  The weigh design in Hadamard transformations is defined by 

a (n) dimensional S-matrix that is derived from a Hadamard matrix.  The S-matrix 

provides a pseudo-random pattern of sample injections and background electrolyte 

injections that are displaced in time.  The multiple injections proceed to separate as they 

migrate, interpenetrate, and are detected.  Detection of the injected samples translates the 

pseudorandom injection sequence into an intensity profile.  Each measurement, as 

defined by the collection frequency, is constructed from the summation of the intensities 

associated with different time elements within the multiple single injections, the 

background signal, and the detector error associated with a measurement as seen in 

Figure 2.1.  Since the multiple injections are displaced in time, the measured intensity is 

the summation of different time elements within a single separation.  For example, in 

Figure 2.1, each injection (injection sequence element of 1) yields three peaks.  Since 

each injection is displaced in time, the three peaks migrate past the detector at different 
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times albeit at the same rate.  Measurement of a data point at 2 s yields an intensity that is 

produced from the summation over each injected sample.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Since each injection is displaced in time, so too are the elements that are summed over in 

the measurement.  The measured intensity is composed of signal from the displaced 

injections, the signal from the background intensity (bi (baseline)), and an error 

component (ei (error)) associated with detector/ electronic noise.  The multiplexed signal 

is deconvoluted utilizing a series of simultaneous equations as defined by the S-matrix.  
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ei     (Error component) 
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bi    (Background intensity) 
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Figure 2.1.  Measured signal composition for application of a Hadamard injection sequence.
Each data point is the summation of the signal intensity associated with multiple single
injections displaced in time, the background intensity (bi), and the error associated with each 
measurement (ei).  The injection sequence is defined on the left where a 1 corresponds to a
sample injection and a 0 corresponds to no sample injection. 
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Since multiple injections are measured for each data point, the mean square error is 

reduced proportionally to the number of injections. 

 The foundation of Hadamard transformations originates in weigh design where 

objects are measured in bunches to reduce the mean square error associated with the 

measurement.  Weigh design therefore provides a means to reduce the collection time 

required to accurately measure the mass or intensity of a group of objects since each 

measurement takes the same time regardless of the number of items being measured.  

Solving the simultaneous equations defined by the weigh design results in the mean 

square error associated with each measurement being dispersed between the number of 

measured elements. 

2.3 Hadamard and S-matrix Construction 

 A Hadamard matrix, Hn, of order (n) is a special n × n matrix composed of +1’s 

and –1’s that satisfies, 

nnn nIHH =T      (2.10) 

where T denotes the transpose of Hn and In represents a (n × n) unit matrix.  Hn is 

arranged such that all elements of the first row and the first column equal +1.  If Hn is a 

Hadamard matrix, then so too is any matrix obtained from Hn by multiplying any of the 

rows or columns by –1.1  These properties define the Hadamard matrix as normalized.  

The normalized Hn matrix is used to generate the G-matrix.  G or Gn-1 is a (n-1) × (n-1) 

matrix of +1’s and –1’s obtained by omitting the first row and column of Hn.  If the +1’s 

are changed to 0’s and the –1’s to 1’s, a (n-1) × (n-1) matrix of 0’s and 1’s is obtained, 

which is referred to as the simplex matrix (S-matrix).  In HTCE, the S-matrix is a cyclic 
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or left circulant matrix in which each row is obtained by displacing the previous row by 

one element to the left.  An example of a simple (7 × 7) S-matrix can be seen in Figure 

2.2.  It is from the S-matrix that the injection sequence and deconvolution matrices are  

 

 

 

 

 

 

derived.  Converting the H-matrix to an S-matrix reflects the spring balance weigh design 

that is best suited for application in CZE.  That is, in CZE an individual sample is either 

injected or not injected. 

 The S-matrix can be produced using three methods: the quadratic residue 

construction, the maximal length shift-register construction, and the twin prime 

construction.1  The maximal length shift-register  (MLSR) method was used to construct 

the matrices utilized in this research due to familiarity and ease of construction using 

standard mathematical software such as Matlab.  The Matlab code utilized to construct 

these matrices can be found in Appendix A.  MLSR construction produces S-matrices of 

orders n = 2m – 1 (m = 1,2,3…), i.e. orders n = 1,3,7…255, 511, 1023, 2047… .  The first 

row of Sn is taken to be a maximal length shift register sequence of length 2m-1.  

Sequences are constructed using a binary primitive polynomial of degree m.  Matrices 

1110100 
1101001 
1010011 
0100111 
1001110 
0011101 
0111010 

Figure 2.2.  Order seven cyclic S-matrix. 
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utilized in this research were constructed with the primitive polynomials defined by 

MacWilliams and Sloane (Table 2.1).86 

To better clarify the construction process, consider the following case.  Begin 

with a degree eight (m = 8) polynomial, x8 + x6 + x5 + x + 1.  The corresponding shift 

register for a degree eight polynomial is shown in Figure 2.3.  The shift register is  

 

 

 

 

 

 

 

constructed of m boxes representing memory elements or flip-flops, which contain a 0 or 

1.  The contents of the boxes are shifted one element to the right with each time unit.  

Boxes corresponding to the terms in the primitive polynomial are added and fed into the 

left-hand box.  The boxes are summed using a modulo-2 adder or exclusive-or gate 

define by 0+0 = 1+1 = 0, 0+1 = 1+0 = 1.  The binary primitive polynomial from which 

the shift register is constructed produces an output sequence s0, s1, s2, … that is periodic 

with period 2m – 1.  For the degree eight polynomial example, a 255 element output 

sequence is generated.  The nature of the output sequence is dependent on the initial 

values of s0 to s7.  Two sets of initial values were utilized in the construction of the 

matrices for this research.  One set was constructed with the initial values: s7 = 1, s6 = … 

Figure 2.3.  The shift register for the primitive polynomial, x8 + x6 + x5 + x + 1.  The output 
sequence satisfies si+8 = si+6 + si+5 + si+1 + si (mod 2).4 

Output

s7 s6 s5 s4 s3 s2 s1 s0

x8          +   x6   +    x5    + x + 1

s8 = s6 + s5 + s1 + s0
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= s0 = 0, where as the second set was constructed with: s7 = … = s0 = 1.  The first period 

of the output sequence is utilized as the first row of the S-matrix.  The complete S-matrix 

is constructed by cyclically shifting the previous row by one element to the left and 

placing the left over element at the end and is referred to as a cyclic S-matrix.  Higher 

order matrices where constructed using the binary primitive polynomials and initial 

values found in Table 2.1.  For matrix set (2), the initial sequence generated by MLSR  

 

 

 

 

 

 

 

was reversed before creation of the cyclic S-matrix.  Reversing the sequence does not 

affect the functionality or properties of the S-matrices.  The S-matrices can be used to 

generate Hadamard matrices by reversing the procedure that led from Hn to Sn-1.  For 

application in CZE only S-matrices are utilized thus, generation of the Hadamard 

matrices is not required. 

 The first row of a cyclic S-matrix is a binary sequence of dimension (n) referred 

to as a pseudo-random sequence.  By definition, a pseudo-random sequence of length (n) 

contains (n ± 1)/2 0’s and (n ± 1)/2 1’s if (n) is odd, as is the case with S-matrix sets (1) 

and (2).  Thus within the S-matrices the number of 0’s and 1’s is as nearly equal as 

 Period (degree) Binary Primitive Polynomial       Initial Values 

255 (8) x8 + x6 + x5 + x + 1    (1) s7 = 1, s6 = … = s0 = 0 
   (2) s7 = … = s0 = 1 

511 (9) x9 + x4 + 1    (1) s8 = 1, s7 = … = s0 = 0 
   (2) s8 = … = s0 = 1 

1023 (10) x10 + x3 + 1    (1) s9 = 1, s8 = … = s0 = 0 
   (2) s9 = … = s0 = 1 

2047 (11) x11 + x2 + 1    (1) s10 = 1, s9 = … = s0 = 0 
  (2) s10 = … = s0 = 1 

Table 2.1.  Binary primitive polynomial and initial values for the construction of S-matrices 
using a maximal length shift-register method.4 
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possible.  The generated S-matrix provides the foundation for the application of 

Hadamard transformations in CZE in that it not only provides a means to rapidly inject 

multiple samples but also a means to deconvolute the resultant multiplexed data. 

2.4 Injection Scheme: (n) and (2n-1) Methods 

 The application of Hadamard transformations in CZE requires an injection 

scheme that facilitates semi-continuous sample injection.  Derived from normalized 

Hadamard matrices, S-matrixes provide such an injection scheme.  Utilizing the S-

matrices derived above, the pseudorandom injection sequence for HTCE can be derived 

in two ways.  The first method, referred to as conventional HTCE (cHTCE), utilizes a 

(2n-1) element injection sequence where (n) is the order of the injection matrix.  The 

injection sequence in cHTCE is derived by placing two copies of the first row of the S-

matrix side-by-side and removing the last element.  The first application of Hadamard 

transforms in CZE by Kaneta in 199934 utilized the cHTCE method.  The new modified 

Hadamard transform method (mHTCE) developed in our group reduces the injection 

length to just (n) elements, which are obtained from the first row of an S-matrix.  

Modifying the manner in which the raw data is manipulated for transformation facilitates 

the reduced injection sequence.  Utilizing an injection sequence of half the length in 

mHTCE reduces the collection time as compared to cHTCE.  This is of considerable 

importance when HTCE is applied to the measurement of concentration dynamics of in-

vivo collected samples.  Shortening the injection sequence in mHTCE reduces the analyte 

volume requirement compared to cHTCE thus facilitating faster collection rates and 

reducing the environmental perturbation of the monitored system. 
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To demonstrate the construction and application of the two injection sequences, a 

seven order S-matrix and model two component separation shown in Figure 2.4 will be 

employed.  Regardless of the injection method, when the injection element is 1, sample is  

 

 

 

 

 

 

 

 

 

injected; whereas, when the element is 0, no sample is injected.  The (2n-1) method was 

the technique first utilized for the application of Hadamard transformations in CZE.34  

The pseudorandom injection sequence is constructed by placing two copies of the first 

row of the S-matrix side-by-side and omitting the last element.  Thus, the (2n-1) injection 

scheme derived from the seven-order matrix in Figure 2.4(a) contains thirteen elements 

and is represented as (1110100111010).  The use of the (2n-1) injection scheme by 

Kaneta represents a directed transfer of theory from optical applications of Hadamard 

transformations to CZE.  A conventional spectrometer sorts electromagnetic waves into 

individual bundles.  Each bundle is defined by a frequency, wavenumber, or wavelength.  

Conventionally, a spectrum is created by measuring the intensity of each bundle 
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Figure 2.4.  A seven order S-matrix (a) constructed using a maximal length shift-register 
sequence,1 inverse seven order matrix (- denotes a -1) (b), and a model two component 
separation (c).  Noise has been excluded from the model separation for simplicity. 
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individually.  As predicted by weigh design theory, the accuracy of the spectrum can be 

improved by measuring multiple wavelengths simultaneously.  The (2n-1) elements 

derived from the S-matrix translate into a physical mask placed over the detector.  The 

mask determines the wavelengths that are detected by blocking roughly half of the 

wavelengths while allowing half of the wavelengths to reach the detector.  A (2n-1) mask 

is utilized because it allows all of the rows of the S-matrix to be expressed on one 

physical mask, thus providing (n) simultaneous equations to solve (n) unknowns.  By 

displacing the mask one element to the left after each data point, one can effectively 

measure all of the permutations of the S-matrix.  When applied to CZE, the (n) 

simultaneous equations are defined by the intensity profile acquired from (n) injections.  

Each measured element is composed of the intensity summed from the multiple injections 

as seen in Figure 2.1.  Since the multiple injections are displaced in the time domain, the 

components of the summation are the intensities that would be acquired by summing 

varying points along the time axis. 

MHTCE reduces the injection elements from (2n-1) elements to just (n) elements.  

From the seven element S-matrix in Figure 2.4(a), the (n) injection sequence contains 

seven elements and is represented as (1110100).  The ability to reduce the overall number 

of injection elements is possible through modifying the manner in which the raw data is 

manipulated.  This point will be described in more detail in the next section.  As in 

cHTCE, the duty cycle for the injection sequence in mHTCE is close to 50:50. 
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2.5 Deconvolution: cHTCE and mHTCE 

 Application of cHTCE or mHTCE yields a convoluted electropherogram 

constructed from the summation of the multiple single injections.  Mathematically the 

resultant multiplexed electropherogram, [E], is viewed as the product of a single injection 

electropherogram, [X], and the injection sequence defined by the S-matrix, [S]. 

[E] = [S][X]     (2.11) 

Due to this property, the multiplexed data can be deconvoluted simply through 

multiplication with the inverse injection matrix, inverse S-matrix, [S]-1. 

[X] = [S]-1[E]     (2.12) 

As known from matrix theory, multiplication of two matrixes requires they share 

at least one dimension, thus (n) elements, as defined by the encoding matrix, S, must be 

extracted from the raw data to construct [E] in equation 2.11.  In cHTCE, (2n-1) injection 

scheme, the (n) elements to construct [E] are extracted from the (n)th to the (2n-1)th data 

points.1  The other half of the acquired data is discarded.  Application of the (2n-1) 
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Figure 2.5.  Convoluted electropherogram produced from the application of an injection
sequence constructed from a seven element S-matrix utilizing cHTCE.  The (n) elements 
that are utilized to deconvolute are extracted from the nth to the (2n-1)th as denoted. 
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injection scheme derived from the seven element S-matrix for cHTCE on the model 

separation in Figure 2.4(c), yields a convoluted electropherogram as shown in Figure 2.5.  

Multiplication of the (n) elements extracted from the convoluted data in Figure 2.5 

(3021132) by the inverse of the seven element S-matrix in Figure 2.4(b) produces a 

single injection electropherogram (0020100) that possess a reversed time domain as 

compared to the model separation in Figure 2.4(c).  This is a product of the matrix 

algebra and can be accounted for by either reversing the deconvoluted data or by flipping 

the inverse S-matrix up/down before multiplication. 

A reduced injection sequence is facilitated in mHTCE by modifying the way the 

(n) elements are extracted from the raw data.  In mHTCE, (n) injection scheme, the (n) 

elements to produce [E] in equation 2.11 are generated by combining the 1st to (n)th 

domain with the (n+1)th to (2n)th domain to produce one (n) dimensional array similar to 

that acquired in cHTCE as seen in Figure 2.6.  In cHTCE, the data extracted from the  
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Figure 2.6.  Convoluted electropherogram produced from the application of an injection
sequence constructed from a seven element S-matrix utilizing mHTCE.  The (n) elements
that are utilized to deconvolute are produced by combing the 1st to (n)th domain (1) with the
(n+1)th to (2n)th domain (2) as denoted. 
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(n)th to the (2n-1)th data points is constructed of injections from the first and second 

injection sequences.  The first part of the (n) domain is data associated with injections 

from the end of the first injection sequence, whereas the later half of the (n) domain is 

from injections associated with the beginning of the second injection sequence.  In 

mHTCE, the first (n) domain contains data associated with the beginning of the injection 

sequence, while the second (n) domain is associated with the end of the injection 

sequence.  Summing the first and second (n) domains thus places the data associated with 

the end of an injection sequence at the beginning and data associated with the beginning 

of an injection sequence at the end, which correctly reflects the data acquired in cHTCE.  

Similarly to cHTCE, the resultant (n) dimensional data in Figure 2.6 (0211323) is 

deconvoluted by multiplication with a flipped up/down inverse S-matrix.  The produced 

single injection electropherogram (0102000) is not identical though to the one produced 

utilizing cHTCE.  The deconvoluted electropherogram produced from mHTCE theory is 

displaced in time by one injection length to the left but otherwise identical in peak width 

and area.  The time displacement is the result of the manner in which the raw data is 

manipulated to acquire the (n) elements for deconvolution.  In cHTCE, the first element 

in the (n) dimensional data set for deconvolution is the (n)th data point; whereas in 

mHTCE the first element is the summation of the 1st and (n+1)th data points.  The (n)th 

point in mHTCE is found at the end of the (n) dimensional data set where it is summed 

with the (2n)th data point.  The displacement can be factored out by simply taking the last 

element of the deconvoluted (n) dimensional data set and placing it at the beginning.  Due 
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to the short injection lengths (<10 ms) utilized in this research, the (n) dimensional data 

was not modified to accommodate for the one element shift. 

Another limitation of the summation of the two (n) domains in mHTCE is that it 

results in increased noise within the (n) elements utilized in the transformation defined as 

2
2

2
1)21( nnn sss +=+     (2.13) 

where sn1 and sn2 are the absolute standard deviation of (n) domain one and two.  If both 

domains have similar absolute standard deviations, ~30% increase in the standard 

deviation should be observed.  The increased noise results in an increase in the root mean 

error or noise within the measurement by ~30% compared to cHTCE.  Thus, 

modification of the injection sequence effectively reduces the effect HT has on the 

temporal resolution but also results in a slight decrease in the practical and theoretical 

S/N enhancement of the method.  Though undesirable, this slight reduction in S/N 

enhancement is tempered by a marked increase in temporal resolution, reduced sample 

volumes, and the ability to utilize all of the collected data in the transformation. 

Deconvolution of the multiplexed separation in both cHTCE and mHTCE yields 

an electropherogram with a reduced mean square error by a factor of  

(n+1)2/ 4n     (2.14) 

where (n) is the order of the injection matrix.1  The level of enhancement is dependent on 

the order (n) of the injection matrix utilized and increases by a factor of  

(n+1)/2n1/2    (2.15) 

The S/N ratio can thus be improved by increasing the order of the injection matrix.  There 

is an interplay between the S/N enhancement and the collection time in that larger 
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injection matrices require longer collection times.  S/N enhancements as high as 18-fold 

have been observed when applied to CZE though required half hour collection times.3  

Due to the fact that mHTCE results in an increased noise in the (n) elements for 

deconvolution, the observed S/N enhancement will be up to 30% less than that observed 

in cHTCE. 

2.6 Reduced mHTCE 

Application of mHTCE facilitates a reduced collection time compared to cHTCE 

of up to 33%.  To further reduce the collection time required for application of HT in 

CZE, reduced mHTCE (rmHTCE) has been developed.  Based on mHTCE theory, 

rmHTCE facilitates reduced collection times utilizing software.  In mHTCE, the injection 

sequence length is reduced by half compared cHTCE method.  Although the injection 

sequence is half the length, the collection time for mHTCE is not reduced by a half 

compared to cHTCE but the temporal process measured is.  Deconvolution in mHTCE 

theory requires the collection of two (n) domains of data, which are summed to acquire 

the (n) elements necessary for transformation.  For large matrices, a substantial portion of 

the data collected in the second (n) domain is baseline data.  In Figure 2.7, application of 

mHTCE using a 2047 element S-matrix with 10 ms injections requires a collection time 

of 40.94 seconds.  All of the injected analyte migrates past the detector in ~24 s thus 80% 

of the data collected in the second (n) domain is baseline data.  This effect is negated 

when utilizing the reduced mHTCE method as only a fraction of the baseline data need 

be collected.  The collection time required for reduced mHTCE is 1 s after all the injected 

material has migrated past the detector thus the collection time for Figure 2.7 would be 
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set to 25 s.  This represents a 39% reduction in collection time compared to standard 

mHTCE.  Deconvolution in reduced mHTCE occurs by breaking the collected data into  

 

 

 

 

 

 

 

 

 

 

 

three sections as labeled in Figure 2.7: the first (n) domain, the segment of the second (n) 

domain that contains signal from injected analyte, and a 1 s baseline segment from the 

second (n) domain.  In Figure 2.7, these segments are labeled as (1), (2), and (3).  

Segment (3) is extracted from the raw data and utilized to generate the baseline that 

would be acquired utilizing standard mHTCE theory.  The minimum segment length that 

can be used to reconstruct the additional baseline data is 1 s (no substantial difference in 

the S/N enhancement has been observed though through use of longer baseline 

segments).  The baseline data acquired over 1 s has been found to encompass the data 

spread acquired monitoring the baseline intensity as determined by comparing the 

Figure 2.7.  Application of mHTCE with a 2047 element S-matrix and 10 ms injections. 
Dashed line defines the collection time (40.94 s) required for standard mHTCE.  The solid
line at 25 s defines the collection time required for the reduced mHTCE method.  Zone (1)
defines the first (n) domain, (2) defines the segment of the second (n) domain that contains 
analyte signal, and (3) defines a 3 s baseline segment which is utilized to construct rest of the
baseline data for the second (n) domain. 
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Gaussian profile for a 1 s data segment with longer collection times.  The baseline data is 

constructed by randomly combining selected data points from segment (3).  In Figure 2.7, 

the data from segment (3) is used to generate the remaining 15.94 s of the baseline for the 

second (n) domain.  The generated baseline is combined with segment (2) to generate the 

complete second (n) domain, which is subsequently summed with segment (1) to 

generate the (n) elements for deconvolution.  Transformation of the data yields 

comparable S/N enhancements compared to mHTCE and cHTCE assuming a stable 

baseline is observed.  One limitation of the reduced mHTCE is that the migration time of 

the slowest analyte must be known beforehand as the migration time is utilized to 

calculate the overall collection time.  The collection time is set to be at least 1 s more 

than this time.  The reduced mHTCE method provides a means to further reduce the 

temporal impact application of HT has on CZE.  This is accomplished by combining 

mHTCE theory with software that generates the baseline data that would normally be 

collected utilizing mHTCE through use of a small collected segment of baseline data.  Up 

to a 49% reduction in collection time compared to mHTCE can be realized through 

application of reduced mHTCE. 

2.7 Conclusion 

Compared to other CE multiplexing techniques such as Shah convolution Fourier 

transform30,71 and cross-correlation,33 the Hadamard transform provides a simple means 

to facilitate signal multiplexing.  HT requires minimal instrumental modification to apply 

to CZE systems that facilitate sequential sample injection such as flow or optically gated 

systems.  Beyond a means to sequentially inject sample, HTCE requires no modification 
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to the detection method nor utilizes complex mathematical constructs.  The foundation of 

HTCE, S-matrices, are well documented1 and can be easily generated utilizing 

commercially available software.  The injection sequence is constructed simply from the 

first row of the generated S-matrix in both cHTCE and mHTCE.  The injection sequence 

facilitates semi-continuos sample injection thus effectively multiplexing the detected 

signal.  Each injection is displaced in time, thus the detected signal is constructed from 

the summation of multiple time elements from the separation and a single noise 

component.  The multiplexed signal is transformed by simply extracting a (n) 

dimensional data set from the raw data and taking the product with the inverse injection 

matrix.  The resultant deconvoluted (n) dimensional electropherogram is a single 

injection electropherogram that exhibits improved S/N ratios.  The magnitude of the 

enhancement is dependent on the order of the utilized S-matrix.  The drawback of using 

larger matrices though is that it leads to increased collection times.  The interplay 

between the S/N enhancement and collection time must be taken into consideration for 

application of HTCE in measuring concentration dynamics. 

Although the theory for optical applications of HT is directly applicable to CZE, 

the transfer instills a few limitations especially when applied to measuring concentration 

dynamics.  Direct application of Hadamard theory in cHTCE requires that twice the 

number of injections be made to acquire the (n) elements for deconvolution.  When 

coupled to on-line sampling techniques, this equates to the acquisition of additional 

sample mass, half of which is discarded during transformation.  Fast temporal data from 

the acquired analyte is thus lost during the collection and application of cHTCE. 
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Additionally, when monitoring concentration dynamics each Hadamard application 

represents a single data point, thus cHTCE reduces the collection rate by requiring the 

application of two injection sequences.  These limitations render the technique 

unfavorable for application in measuring concentration dynamics where speed and 

efficiency is required.  For this reason, we have developed the mHTCE method.  The key 

advantages of the mHTCE method is that half the number of injections are required to 

acquire the (n) elements for transformation and all of the collected data is utilized in the 

transformation.  The reduced injection sequence is facilitated by summing the first two 

(n) domains from the raw data where (n) is the order of the applied S-matrix.  Summation 

of the two (n) domains though increases the overall noise in the final (n) elements utilized 

in the transformation.  The increased noise, ~30%, effectively reduces the overall S/N 

enhancement compared to cHTCE.  The two main advantages of mHTCE, reduced 

collection times and utilization of all the collected data, tempers the reduced S/N 

enhancement.  The collection rate for application of mHTCE can be further increased 

through application of the reduced mHTCE method.  Reduced mHTCE decreases the 

collection time compared to mHTCE by utilizing a small segment of baseline data to 

generate the second (n) domain required for transformation.  The collection time can be 

reduced by up to 49% in reduced mHTCE compared to mHTCE while maintaining 

comparable S/N enhancements.  The decreased collection times observed using mHTCE 

or reduced mHTCE compared to cHTCE make them favorable for application in the 

measurement of concentration dynamics. 
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CHAPTER 3.  INSTRUMENTATION, METHODS,  

MATERIALS, AND PROGRAMMING 

 

3.1 Introduction 

Application of Hadamard transforms in capillary zone electrophoresis for the 

analysis of dynamic processes requires an injection method that provides fast and 

reproducible injections over long time periods.  Additionally, the detection method must 

provide high sensitivity for a range of analyte species and concentrations.  Multiplexing 

injection techniques that have been utilized previously in CZE include electrokinetic 

injection,33,77 a micromachined injector block,76 and optical gating.34  An optically gated 

CZE instrument with LIF detection was chosen for this research for the following 

reasons.  First, optical gating provides variable injection volumes and rates by simply 

changing the gating beam exposure time.  Optical gating also facilitates the continuous 

application of a voltage bias, which facilitates the uninterrupted separation and migration 

of injected material regardless of when in the injection sequence the sample is injected.  

Secondly, LIF detection has been demonstrated as the most sensitive on-line detection 

scheme52 and is capable of single molecule detection.56 

Application of cHTCE and our new mHTCE method was conducted using an 

optically gated CZE instrument constructed in-house.  Detailed descriptions of the 

photobleaching based and photolysis based optical injection methods will be provided in 

Sections 3.2 and 3.3.  A major goal of this research is to apply HT to the measurement of 

concentration dynamics in biological systems.  To demonstrate the feasibility of this, a 
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multiport injection valve is interfaced with the CZE instrument as explained in Section 

3.4.  Section 3.5 details the chemicals and labeling techniques utilized to compare 

cHTCE and mHTCE using both photobleaching and photolytic optical gating.  

Additionally, the section describes the derivatization techniques utilized to label a range 

of biomolecules such as amino acids and proteins, in addition to preparation of the 

electrolyte buffer solutions.  A key advantage of the Hadamard transform (HT) is the 

minimal instrument modifications the technique requires when applied to instruments 

capable of rapid sample injection.  In these systems, application of HT in CZE only 

requires the development of software that facilitates rapid and semicontinuos sample 

injection and deconvolution of the acquired data.  To realize the application of HT on our 

CZE instrument, a range of application and transformation programs have been 

developed and are outlined in section 3.6.  A detailed explanation of the strategy utilized 

in the design and programming of the software is also included. 

3.2 Optically Gated CZE: Photobleaching Method  

Figure 3.1 illustrates the photobleaching based optically gated HTCE 

experimental setup.  A 5 W multiline argon ion laser (Innova 70C, Coherent Inc, Santa 

Clara, CA) is passed through a prism (Melles Griot, Irvine, CA) to isolate the 488 nm 

line.  A side reflected beam from the prism serves as the gating beam and is focused 

using a biconvex lens (f = 25 mm, Melles Griot, Irvine CA) into a fused silica separation 

capillary (10 µm i.d., 375 µm o.d., total length 20 cm, Polymicro Tech. L.L.C., Phoenix, 

AZ).  The maximum power of the gating beam is approximately 50 mW.  The polyimide 

coating on the capillary was removed (~1 cm) utilizing a butane lighter to create optical 
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windows for gating and detection.  The gating beam is modulated by a mechanical shutter 

(LS3, Uniblitz by Vincent Assoc., Rochester, NY) that is driven by a controller (VMM- 

 

 

 

 

 

 

 

 

 

 

 

T1, Uniblitz by Vincent Assoc., Rochester, NY) interfaced to the data collection 

software.  Injection sequences derived from S-matrices constructed using the maximal 

length shift-register construction method described in Section 2.3 are relayed to the 

shutter driver using a digital output board (PCI-DIO-32HS, National Instruments, Austin, 

TX).  For cHTCE, the injection sequence is derived by placing two copies of the first line 

of an S-matrix side by side and removing the last element (2n-1 elements where (n) is the 

order of the S-matrix).  The injection sequence in mHTCE is constructed simply from the 

first line of an S-matrix (n elements).  Regardless of the injection method, when the 
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Figure 3.1.  Experimental setup for photobleaching based optically gated CE. 
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injection element is 1, sample is injected; whereas, when the element is 0, no sample is 

injected. 

Sample injection occurs by first mixing a fluorescently labeled analyte with an 

electrolyte solution and placing it in the sample vial (see Section 3.5 for derivatization 

and electrolyte details and preparation).  Sample is continually drawn into the separation 

capillary through the constant application of a voltage bias through use of a high voltage 

power supply (Glassman High Voltage Inc, High Bridge, NJ).  Sample biasing, which is 

prevalent with electrokinetic injections, is not observed due to the high voltage potential 

and its continual application.  When the shutter is open, the flowing analyte interacts with 

the high intensity gating beam (488 nm), which effectively destroys the fluorescent 

analyte labels through a photobleaching process.  The efficiency of the photobleaching 

process is a function of photon flux and structure of the fluorescent label.  Sample 

injection occurs by closing the gating beam for a short time (10-100 ms), which allows a 

small plug of fluorescently labeled analyte to enter into the separation column defined by 

the distance between the gating and detection beams.  The volume of the injected sample 

is determined by the time the gating beam is shuttered (injection time).   

The injected sample volume separates over 1.4 cm as defined by the distance 

between the focal point of the gating and probe beams.  The separated analyte is detected 

utilizing laser induced fluorescence (LIF).  The main 488 nm line from the prism serves 

as the probe beam and is passed through a ND filter (ND = 1.0, Thorlabs Inc, Newtown, 

NJ) to attenuate the beam to 10 mW before focusing into the capillary via a biconvex lens 

(f = 25 mm Melles Griot, Irvine CA).  Fluorescence is collected perpendicular to the 
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probe beam by a microscope objective (20×, 0.40 N.A., Melles Griot, Irvine, CA) then 

passed through a band pass filter (D525/25M, Chroma Technology, Rockingham, VT) 

proceeded by a holographic notch filter (HNF-488.0-1.0, Kaiser Optical Systems Inc., 

Ann Arbor, MI) to remove any scattered excitation light and isolate the fluorescent band.  

Signal is detected by a PMT (H957, Hamamatsu Photonics, Bridgewater, NJ), amplified 

by a current amplifier (428, Keithley Instruments, Cleveland, OH), and low pass filtered 

at 20 Hz (950, Frequency Devices Inc., Haverhill, MA).  The signal is then collected by a 

data acquisition board (PCI-MIO-16E-4, National Instruments, Austin, TX) interfaced 

with a personal computer (Dimension 4500, Dell Inc., Round Rock, TX).  The data 

collection rate is variable though must be equal to or faster than the injection rate.  For 

most applications, data is collected at a rate equal to the injection rate.  Programs for data 

acquisition and subsequent deconvolution were written in house using Labview 7.0 

(National Instruments, Austin, TX) (see Appendix A). 

3.3 Optically Gated CZE: Photolytic Method 

The experimental setup for photolytic optical gating is similar to that for 

photobleaching-based optical gating though the role of the gating beam is reversed.  

Rather than derivatizing the analyte with a fluorescent label, the analyte is reacted with a 

caged dye.  Caged dyes are chromophores that are non-photoluminescent, but can be 

converted into an activated or ‘uncaged’ photoluminescent form through a photochemical 

reaction.  To accommodate the required decaging of the labeled analyte for sample 

injection, a dichroic mirror (LWP-45-RS355-TS488-PW-1025-UV, CVI, Albuquerque, 

NM) is used to isolate the 351-364 nm UV lines from an argon ion laser for use as the 
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gating beam.  The reflected UV beam is passed through two bandpass filters (U330, 

Edmund Industrial Optics, Barrington, NJ) to remove any reflected visible light. The 

gating beam power is kept at or below 30 mW through use of a variable neutral density 

filter (Edmund Industrial Optics).  Interaction of the caged dye labeled analyte with the 

UV gating beam effectively decages the dye thus rendering it fluorescent.  Hadamard 

sequences are applied once again by shuttering the gating beam according to a 

pseudorandom injection sequence derived from an S-matrix.  The injected analyte 

migrates and is detected similarly as in Figure 3.1.  The experimental setup for the 

photolytic based optically gated HTCE instrument is shown in Figure 3.2.  The probe  

beam, as in the photobleaching-based system, is kept at approximately 10 mW.  Beyond 

these modifications, the optical layout is identical to that utilized for photobleaching-

based optical gating. 
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3.4 Temporal Measurements  

Temporal measurements with optical gating, both photolytic and photobleaching 

based, are conducted by modifying the original systems (Figures 3.1 & 3.2) to 

accommodate the introduction of two flow channels as seen in Figure 3.3.  Two 1 mL air  

 

 

 

 

 

 

tight syringes (Hamilton, Reno, NE) controlled by a Harvard syringe pump (Harvard 

Apparatus, Inc. Holliston, MA) are used to introduce two samples to a six port injection 

valve (6UW, Valco Instruments, Houston, TX) through two 18 cm long, 50 µm i.d. fused 

silica capillaries.  The output of the valve flows through a 8 cm long, 50 µm i.d. fused 

silica capillary into an interface where the valve output capillary is snugly connected to 

the separation capillary (10 µm i.d., 360 µm o.d.) using 1/16 in. i.d. Teflon tubing.  The 

Teflon interface tube contains a hole at the junction of the two capillaries to prevent 

pressure driven flow in the separation capillary due to volume differences between the 

two connecting capillaries.  The Teflon tubing is submerged in a plastic buffer vial and 

grounded.  Sample inject occurs, as before, through shuttering of the gating beam with 

the sample concentration set through the injection valve. 
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Figure 3.3.  Schematic of a two flow system for use in monitoring temporal dynamics 
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3.5 Noise Sources for a CZE-LIF Instrument 

 The design of an LIF-CZE instrument introduces a range of phenomenon that 

contributes to the background noise thus affecting the sensitivity of the instrument.  For 

the instruments described in sections 3.2 and 3.3, the main source of error is that of 

optical noise caused by laser scatter.  This effect is minimized through use of appropriate 

spatial and optical filters though still accounts for ~2/3 of the measured noise within the 

system.  Additional sources of noise in the system include detector dark current, amplifier 

noise, Raman scatter of the aqueous buffers, refractive index effects in the sample, and 

laser fluctuations in the excitation and detection beams.  The effects of Raman scatter on 

the separation are minimized through appropriate choice of fluorophore and laser excitation 

wavelength.  Spurious noise associated with detector dark counts and electronic noise 

accounts for ~1/3 of the overall noise in the system.  In Poisson statistics, noise scales as 

the square root of the total number of independent events.  In a shot noise limited CZE-

LIF instrument, the baseline shot-noise should thus increase as a function of the square 

root of the total scattered photons.  This effect can be observed by monitoring the signal-

to-noise (S/N) ratio as a function of fluorescent analyte concentration.  In Figure 3.4, the 

S/N ratios for the analysis of fluorescein (a) and caged fluorescein (b) using 

photobleaching based and photolytic optical gating described in Section 3.2 and 3.3 are 

plotted as a function of concentration.  The S/N ratio for fluorescein was measured at 

concentrations ranging from 100 pM to 50 nM and for caged fluorescein from 10 pM to 1 

nM using single injections and Hadamard injections ranging from 511-2047 elements.  

The S/N ratio is found to scale in both with a square root dependence on sample 
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concentration thus indicating a shot noise limited instrument.  Application of HT is found 

to reduce the noise within the system thus yielding increased S/N ratios compared to 

single injection electropherograms.  The level of S/N ratio is found to be dependent on 

the size of the Hadamard sequences as predicted by theory. 

 

 

 

 

 

 

 

     

 

3.6 Materials and Methods 

Proof of concept experiments for HTCE with photobleaching based and 

photolytic optical gating were conducted using fluorescein (Sigma Chemical Company, 

St. Louis, MO) and 5-carboxyfluorescein-bis-(5-carboxymethoxy-2-nitrobenzyl) ether, β-

alanine-carboxamide, succinimidyl ester (CF) (Molecular Probes, Inc, Eugene, OR).  

Fluorescein isothiocyanate (FITC) (Sigma) was utilized as an amine reactive label for 

photobleaching based experiments; whereas, CF was used as an amine label for 

photolytic experiments.  FITC labeled amino acids (Sigma) were prepared at ratios of 2:1 

and 3:1 (FITC to amino acid by concentration) in 10 mM phosphate buffer (pH 7.4).  

Figure 3.4.  Plot of S/N ratio versus the concentration of fluorescein (a) and caged
fluorescein (b) for single injections and Hadamard injections using photobleaching based
and photolytic optical gating.  Both data sets are found to follow a square root dependence
of concentration to S/N thus indicating a shot noise limited instrument. 
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Samples were reacted in the dark and stirred every 15 min for 3 hrs at room temperature.  

Phosphate buffer was prepared from dibasic sodium phosphate (EM Science, Gibbstown, 

NJ) and monobasic sodium phosphate (New Spectrum, New Brunswick, NJ) and adjusted 

to pH 7.4 using 1 M sodium hydroxide.  CF labeled amino acids were prepared at a 2:1 

ratio of CF to amino acid by concentration in 0.1 M carbonate buffer (pH 9.0).  Samples 

were mixed every 15 min for 2 hours at room temperature and kept in the dark.  

Carbonate buffer was prepared from sodium bicarbonate (EM Science) and adjusted to 

pH 9.0 using 1 M sodium hydroxide. 

To prevent protein adhesion to the capillary walls, capillaries were coated with 

cellulose acetate (Aldrich, St. Louis, MO) when protein analysis was performed.  For 

this, 12.5 mM cellulose acetate was prepared in 2.5 mL of acetone.  The cellulose acetate 

solution was prepared fresh each day.  A 24 cm length of capillary (<25 µm i.d.) was first 

rinsed with acetone for 15 minutes using a syringe pump (1 mL/ min).  The cellulose 

acetate solution was then pumped through the capillary for 15 minutes at the same 

pressure.  The capillary was then removed from the pump and dried with helium for 30 

minutes.  Drying was facilitated by use of a vial, septum, and two syringe needles.  The 

septum was secured onto the vial through use of a twisted wire loop.  A helium gas line 

was connected to one needle and pressed through the septum.  The second needle was 

then pressed into the septum.  The tip of the coated capillary was then fed through the 

needle into the vial.  Removal of the needle left the capillary securely embedded in the 

septum.  Helium was then applied thus drying the capillary.  After drying, the capillary 
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was cut to length (20 cm) and washed with 10 mM phosphate buffer (pH 6.8) for 30 

minutes. 

Derivatization of immunoglobulin G (IgG) with FITC was conducted by 

combining 25 µL of 62.5 µM rabbit IgG (technical grade, Sigma) with 2.5 µL of 25 mM 

FITC in DMF.  The sample was wrapped in foil and left to stir for 1 hour.  FITC labeled 

IgG was studied using cellulose acetate coated capillaries.  The modified enhanced green 

fluorescent protein (6×His-TAT(1)-EGFP) was expressed in a bacterial line (BL21(DE3)) 

and extracted in house utilizing metal affinity chromatography.  Samples were run after 

purification in bare capillaries. 

3.7 Programming 

3.7.1 mHTCE and cHTCE Application Programs  A series of programs have 

been written to facilitate the application of HT in CZE.  Program schematics and file 

names can be found in Appendix A.  S-matrices were produced utilizing the minimal 

length shift register method programmed in Matlab 6.5 software as explained in Section 

2.3 and saved as text files.  Binary files require less time to access compared to text files 

thus, the text files were converted to binary files using a conversion program written in 

Labview.  The first row of the produced S-matrices were extracted and used to construct 

the injection sequences for cHTCE and mHTCE.  The injection sequences were saved as 

binary files.  Inverse S-matrices were produced, flipped up/down (to reverse the time 

domain), and saved as text files using Matlab.  The transform matrices were then 

converted to binary files and saved using a two-dimensional binary conversion program 

written in Labview. 
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The main data acquisition program facilitates the application of both cHTCE and 

mHTCE injection sequences.  Before data acquisition, the acquisition time, collection 

limits, collection rate, injection frequency, saved data file name/ path, and S-matrix 

length are set.  The file path and file name to save the acquired data are split into three 

components.  The folder path is set through the ‘shutter base path’ and ‘PMT base path’ 

file path inputs at the upper right of front panel.  The file name base is set in the ‘file 

base’ text input located on the upper left of the front panel.  A convenient means to 

organize the data files is to set the first part of the file name to the acquisition date.  The 

file name is terminated as defined by a ‘ring’ structure linked to an array containing the 

alphabet.  Cycling through the ring structure ensures each subsequent data set is saved 

with a unique file name.  If the whole alphabet is cycled through, an additional letter or 

number is added to the file base input.  The injection frequency and collection times, in 

most cases, are equal though they can be different if required.  If the collection rates are 

different, a separate transformation program is required, which will be explained in 

Section 3.7.3.  The only limitation on the collection rate is that the rate must be equal to 

or faster than the injection rate.  The set collection time must be longer than twice the 

product of the injection rate and the sequence length to ensure that the (2n) elements that 

are required for deconvolution are collected.  The injection sequence, derived using either 

the mHTCE or cHTCE method, is recalled utilizing a ‘ring’ structure on the front panel.  

Sequences that contain ‘(2n-1)’ are utilized for cHTCE applications where as sequences 

with no ending apply the mHTCE method.  Two sets of injection sequences are contained 

within the ring structure as explained in Section 2.3.  The matrix set constructed with the 
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initial number set (1) is labeled with an N.  The selected binary injection sequence is read 

and relayed to a digital output line on the digital board.  The optical shutter is driven, thus 

modulating the injection sequence, utilizing digital TTL pulses (0 or 1) relayed from the 

digital output board to the shutter through the ‘pulse input’ BNC control on the shutter 

drive unit.  To ensure synchronization between the digital output board and analog input 

board, the boards are linked in a master/ slave relationship with the analog board acting 

as the master.  This dependency ensures the injection sequence has been fully loaded onto 

the digital board and subsequently relayed to the shutter in conjunction with the 

initializing of the analog signal acquisition.  Two analog input lines are collected during a 

run.  The first analog input line collects and saves the PMT signal after amplification and 

filtering.  The second analog input line collects and saves the signal from the ‘pulse 

output’ BNC control from the shutter drive unit.  The data file is collected to measure 

gating errors and ensure the correct sequence has been relayed.  The time domain array 

for both analog lines is generated using a ‘for loop’ structure and the inputted collection 

rate.  The saved shutter data file ends with a letter, as determined by the ‘ring’ structure, 

and the number 2, while the saved PMT signal is terminated only by the letter.  Both files 

are saved as text files. 

3.7.2 Time-Resolved mHTCE and cHTCE Application Programs  Separate 

time-resolved (TR) programs for mHTCE and cHTCE were written that facilitate the 

continuous application of multiple injection sequences.  In addition to the required inputs 

mentioned above for HTCE, TR-HTCE requires one to enter the number of sequential 

sequences to run (cycles).  The number of cycles scale in groups of four thus 4, 8, 12… 
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sequential sequences can be injected continuously.  Since the injection sequence is 

relayed to the shutter through a digital board, the sequence length must be an 8-bit 

integer.  When the injection sequences are clustered in groups of four this condition is 

met.  The injection sequence is constructed in four steps for TR-mHTCE.  First, the 

required injection sequence is recalled as defined by the injection sequence ‘ring’ 

structure.  Next an array of zeros of equal length, (n) is constructed.  The (n) dimensional 

array of zeros, ‘no injection’ events, correspond to the second (n) domain required for 

transformation.  The injection sequence and the array of zeros are combined to create an 

array of (2n) elements in a ‘for loop’ with the cycle number linked to the N-terminal.  

The ‘for loop’ outputs a (2n × c) array where c is the number of cycles.  Finally, the two-

dimensional array is converted to a one-dimensional array using a ‘reshape array’ 

function.  The one-dimensional injection sequence is then fed into the digital output 

board.  A time delay function can also be set for TR-mHTCE that places a delay between 

injected sequences.  The time delay is constructed similarly to that for the second (n) 

domain and adds an additional array of zeros to the injection sequence.  This feature can 

be useful when measuring slow temporal events over long time periods. 

The program for TR-cHTCE requires a simplified injection sequence construction 

procedure.  As before the program reads the required injection sequence file though in 

cHTCE the sequence is (2n-1) elements long.  The (n) elements required for 

deconvolution in cHTCE are extracted from the (2n-1) elements thus a comparable array 

of zeros is not required as in TR-mHTCE.  The time delay function must be utilized in 

TR-cHTCE in order to prevent overlap between cycles.  As before the time delay adds an 
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array of zeros between each injection sequence, cycle.  The data collection and saving 

features for the TR-mHTCE and cHTCE programs are identical to the standard 

application program. 

3.7.3 mHTCE and cHTCE Deconvolution Programs  Separate transformation 

programs are utilized to manipulate and deconvolute the raw data for cHTCE and 

mHTCE.  Additionally separate programs are utilized for data sets in which the collection 

rate is faster than the injection rate.  The front panels for the four transformation 

programs have universal inputs: data folder location, base file name, file name ending, 

folder to save the transformed data in, S-matrix, collection rate, and injection rate.  The 

collection time does not need to be entered as it is calculated internally from the S-matrix.  

Similar to the method used to save files in the acquisition programs, the data files are 

recalled by inputting the folder path, base file name, and setting the alphabet linked ‘ring’ 

structure.  The ‘ring’ structure is also utilized to save the transformed data as defined in 

the ‘save transformed electropherogram’ path.  In cHTCE, the (n) elements required for 

transformation are extracted as explained in Section 2.5 using an ‘array subset’ function.  

For mHTCE, two (n) dimensional arrays are extracted from the raw data and summed to 

create the (n) elements for transformation.  When the collection rate is higher than the 

injection rate, the extraction procedure is preceded by an integration step.  The injection 

rate is divided by the collection rate to determine the number of elements to sum over.  

This number is then fed into a ‘for loop’ that segments the raw data into subsets.  The 

subsets are summed and outputted into an array from which the (n) elements for 

transformation are extracted.  A program to conduct a similar integration step for single 
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injection electropherograms was also developed to allow for direct comparison between 

single injection and transformed electropherograms.  The file names for the saved 

integrated data for the single injection integration program are terminated with an ‘I’.  

After extraction, the (n) elements for cHTCE and mHTCE are then multiplied by the 

inverse S-matrix defined on the front panel.  The transformed data is then combined with 

the time domain defined by the injection rate and saved.  The file save function adds a ‘T’ 

to the original file name to denote that it is transformed and saves it in the defined folder.  

The transformation programs also contain a rudimentary peak analysis feature.  To utilize 

this feature, the ‘std time’ input must be set to define the time span (0 to _ seconds) over 

which to measure the standard deviation and mean value of the baseline.  This data is 

used to calculate the peak height, migration time, and S/N ratio of the tallest peak in the 

electropherogram.  A more thorough peak analysis program will be described in Section 

3.7.6. 

3.7.4 Time-Resolved mHTCE and cHTCE Deconvolution Programs  

Transformation of TR-HTCE data sets is similar to the deconvolution of a single 

Hadamard application in that it involves opening the raw data, extracting the (n) elements 

for transformation, and taking the product with an inverse S-matrix.  In addition to the 

inputs mentioned for transformation of a single data set, the number of cycles and delay 

time, if any, must be entered.  Transformation of TR-cHTCE and mHTCE data sets first 

requires the raw data to be segmented into individual cycles ((2n) or (2n-1) element 

arrays plus any delay time).  This is accomplished utilizing a ‘for loop’ and an ‘array 

subset’ function.  The defined S-matrix and the delay time determine the length of the 
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individual cycles.  The (n) elements for transformation are then extracted from the 

individual cycles using an ‘index array’ function in conjunction with one or two ‘array 

subset’ functions, which depending if cHTCE or mHTCE data is being processed that are 

encased in a ‘for loop’.  As before in mHTCE, two (n) domains are summed to create the 

final (n) domain for transformation.  The (n × c) array, where c defined the number of 

cycles, is then passed to a transformation ‘for loop’.  Each cycle (n domain) is multiplied 

by the inverse S-matrix and saved as an individual file.  The file name for the saved data 

is terminated by a ‘T’ for transformed and a number defining the cycle.  Once all the 

cycles have been transformed all of the individual cycles are combined into a single array 

and saved.  The file name for this combined array is terminated with just a ‘T’.  The time 

domain for the individual files and combined file is constructed as before using a ‘for 

loop’ and the injection time.  Before combining with the transformed data, the time 

domain is first shifted to the right by half the time it takes to apply the injection sequence.  

This takes into consideration that an electropherogram is produced in HTCE by averaging 

over multiple single injections.  Since the multiple injections are displaced in time, the 

time domain for the transformed electropherograms should be the average of the first and 

last injection.  Displacing the time domain better reflects the actual migration time at 

which a peak height would be observed when monitoring a dynamic event.  The 

produced time domain also takes into consideration the fact that the application of 

sequential Hadamard sequences produces transformed data that is segmented.  

Transformation yields a data set that has (n) elements.  Production of those (n) elements 

though requires the summation of two (n) domains in the case of mHTCE or the 
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extraction of (n) elements from two collected (n) domains.  This results in the presence of 

gaps of (n) elements between electropherograms.  Finally, the time domain adds in any 

time delays that were present in the collected data. 

3.7.5 Reduced mHTCE  As explained in Section 2.6, a reduced collection time 

can be realized through the application of reduced mHTCE (rmHTCE) compared to 

mHTCE.  This is facilitated by combining mHTCE theory with software that negates the 

need to collect the entire second (n) domain.  Realization of this requires the user to 

define the time at which all of the injected material will migrate past the detector.  This 

time is then used to calculate the overall collection time, which is the migration time of 

the last injection plus 1 s.  The migration time can easily be determined by first applying 

the standard mHTCE application program.  The program uses the defined migration time 

and collection time to divide the raw data into three segments: the first (n) domain, the 

segment of the second (n) domain that contains signal from injected analyte, and a 

baseline segment from the second (n) domain as seen in Figure 2.7.  Segment (3) is 

utilized to reconstruct the rest of the baseline data for the second (n) domain.  A random 

number selector connected to an ‘array index’ function both encased in a ‘for loop’ with 

the number of elements required to complete the second (n) domain connected to the (N) 

terminal, randomizes the baseline data in segment (3).  To ensure the recreated baseline 

data accurately reflect the true baseline data, segment (3) must be at least 1.0 s long.  The 

resultant baseline data is then combined with the first segment of the second (n) domain 

(segment (2)) and summed with the first (n) domain (segment (1)).  This is followed by 

the standard transformation and saving protocols discussed in Section 3.7.3.  A time 
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resolved program for the application of the reduced mHTCE method has also been 

written.  The program structure is similar to that of the TR-mHTCE and cHTCE methods 

though the ‘for loop’, which segments the raw data, has been modified.  Additionally, the 

time domain is calculated to reflect the reduced collection time. 

3.7.6 Data Analysis  In addition to programs to collect and transform HTCE data, 

an additional program to characterize the transformed data was developed to measure 

peak heights, migration times, and S/N ratios.  Data files are accessed, similarly to the 

acquisition and transformation programs, utilizing a folder path input, base file name 

input, and an alphabetic ‘ring’ structure input.  Two additional ‘ring’ structures are also 

utilized in the analysis program.  One ring structure defines the file end for single 

applications of HTCE and single injection electropherograms.  For transformed files, the 

file name ends with a T, which corresponds to setting the ring structure to ‘Transformed’.  

For single injection files which have not been integrated, there is no end letter thus the 

input is set to blank.  Integrated single injection files end in an ‘I’, which corresponds to 

setting the ring structure to ‘Integrated’.  A second ring structure is available for analysis 

of transformed time-resolved data.  Each transformed cycle is saved as an individual file 

that is terminated with a ‘T’ and a number that corresponds to the cycle number.  For 

non-time-resolved data the ring structure is set to ‘.txt’ whereas for individual time-

resolved data the structure is set to a number corresponding to the desired cycle.  This 

feature allows each cycle to be evaluated individually which is advantageous for cases in 

which there is a fluctuating baseline.  Data evaluation requires the designation of the 

location (Std. Start (sec)) and distance over which to calculate the baseline mean and 
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standard deviation (Std. Time).  Peak analysis is conducted using a ‘Peak Detector’ 

function.  The function requires one to define the threshold intensity above which to look 

for peaks (Threshold) and the peak width (Peak Width).  The threshold value is 

calculated by multiplying the measured standard deviation by the ‘Threshold’ input.  

Peak height and migration times are calculated in the ‘Peak detector’ function through 

use of an algorithm that fits a quadratic polynomial to sequential data points.  The ‘Peak 

Width’ defines the number of consecutive points to use in the quadratic least squares fit.  

The ‘Peak Width’ value should be no more than about half of the half-width of a peak.  

Larger widths can reduce the apparent peak heights and migration times.  To ensure the 

‘peak detection’ function is accurately evaluating the data, a ‘statistics’ function is also 

utilized, which evaluates the tallest peak in the data set through a direct evaluation of the 

data.  Comparison of the two results ensures the ‘peak width’ is set to the correct value.  

A standard ‘peak width’ setting for the evaluation of CZE data is 3.  The computed peak 

intensities are then subtracted from the baseline mean to calculate the peak heights.  The 

S/N ratio is calculated by dividing the peak heights by the standard deviation (noise) of 

the baseline.  The migration times, standard deviations, peak heights, and S/N values 

acquired from the data are then fed into a ‘spreadsheet string’ from which the data can be 

copied and pasted into a spreadsheet program such as Excel.     

The S/N enhancement provided by HTCE compared to a single injection 

electropherogram is calculated by dividing the S/N ratio of a Hadamard transformed 

electropherogram by the S/N ratio calculated from a single injection electropherogram.  
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Since HT averages multiple single injections, the peak height for the HT 

electropherograms and the single injection electropherogram should be similar. 
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CHAPTER 4.  CHTCE, MHTCE, AND RMHTCE  

 

4.1 Introduction 

 Hadamard transformation, a matrix based multiplexing method, provides a means 

to improve the sensitivity of capillary zone electrophoresis (CZE) by increasing the signal 

throughput.  Utilizing a pseudorandom injection sequence, multiple samples are semi-

continuously injected into the separation column.  The multiple injections proceed to 

separate, interpenetrate, and are detected as the summation of the intensities associated 

with overlapping peaks from multiple injections.  The multiplexed data is deconvoluted 

through multiplication with the inverse injection matrix.  Application of the Hadamard 

transform (HT) in CZE has yielded S/N enhancements as high as 18-fold though requires 

a collection time of 30 min.34  Current applications of conventional Hadamard transform 

capillary electrophoresis (cHTCE) are prohibitive due to the use of long injection times 

(≥ 250 ms)31,85 that result in long collection times.  The collection time in cHTCE can be 

calculated as the product of the Hadamard injection sequence length (2n-1 elements for 

cHTCE) and the injection time (≥ 250 ms) which is then summed with the migration time 

of the slowest analyte.  Thus, a 255 element S-matrix would require a collection time of 

over 127.25 s, thus severely limiting the temporal resolution.   

Additional limitations of cHTCE are observed when the technique is applied to 

the measurement of concentration dynamics.  In cHTCE, (2n-1) injections must be 

performed, which doubles the collection time to acquire the (n) elements required for 

deconvolution.  Additionally, since deconvolution of the raw data requires only (n) 
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elements, half of the acquired data thus half of the material sampled is discarded.  These 

limitations are further highlighted when cHTCE is applied to the analysis of 

concentration dynamics of samples collected in vivo.  Substantial analyte collected in 

vivo would be wasted due to the increased collection times and subsequent lack of use of 

half the acquired data, thus unduly taxing the local environment and limiting the 

collection rate.   

For these reasons, a modified Hadamard technique (mHTCE) has been developed.  

The main advantages of mHTCE are that the technique reduces the injection sequence to 

half the length of cHTCE and utilizes all of the collected data in the transformation.  The 

reduced injection sequence is accomplished by summing two (n) domains to acquire the 

(n) elements for deconvolution.  Transformation of the acquired data yields a single 

injection electropherogram similar to that produced utilizing cHTCE.  Summation of the 

two (n) domains in mHTCE though increases the noise in the (n) elements utilized in the 

transformation thus resulting in a slight decrease in the observed S/N enhancement 

compared to cHTCE.  The decreased S/N enhancement is tempered by up to a 33% 

reduction in collection time and a 50% reduction in sample mass.   

The collection time can be further reduced through application of a reduced 

mHTCE method (rmHTCE).  In mHTCE, the injection sequence is half the length of that 

used in cHTCE, though the collection time is not reduced by half.  This is because 

mHTCE theory requires that two full (n) domains of data be acquired for transformation.  

Thus, the collected data contains one (n) domain that corresponds to injected analyte 

signal and one (n) domain that corresponds to baseline signal.  This realization has lead to 
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the development of a rmHTCE method.  rmHTCE is a software based deconvolution 

method based on mHTCE theory.  As discussed in Section 2.6, rather than collect the 

entire second (n) domain, which predominantly contains baseline data, rmHTCE requires 

collection of only a fraction of the baseline data (Figure 2.7).  The collected baseline 

fraction is used to generate the entire baseline data for the second (n) domain that would 

have been acquired utilizing mHTCE.  The first (n) domain and the generated second (n) 

domain are then summed and transformed as in mHTCE.  Since the entire second (n) 

domain need not be acquired in rmHTCE, the collection time can be decreased by up to 

49% compared to cHTCE and up to 47% compared to mHTCE in extreme cases.  

Minimizing the collection time and utilizing all of the collected data in the transformation 

reduces sample waste and increases the overall analysis rate.  These modifications make 

rmHTCE an attractive method to improve sensitivity for measuring concentration 

dynamics, especially for in vivo samples. 

In this chapter, mHTCE and rmHTCE will be characterized as means to reduce 

the acquisition time required for the application of Hadamard transformations in CZE 

compared to cHTCE.  Utilizing an injection sequence of half the length of cHTCE, 

summation of two (n) domains within the acquired data in mHTCE will be shown to 

yield a similar data set compared to cHTCE.  Transformation of the acquired data 

utilizing cHTCE and mHTCE will be shown to yield similar single injection 

electropherograms both demonstrating improved S/N ratios.  Summation of the two (n) 

domains will be shown to lead to a slight (~20%) reduction in the S/N enhancement 

compared to cHTCE though this reduction is tempered by a reduction of the collection 
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time by up to 33% and utilization of all the collected data in mHTCE.  When coupled 

with software, a further reduction in the collection time will be demonstrated through 

rmHTCE theory while maintaining comparable S/N enhancements as both mHTCE and 

cHTCE.  Hadamard transformations provide a unique platform for the creation of a new 

multiplexing technique that can yield improved sensitivity in CZE while having a 

minimal effect on the temporal resolution.  When coupled to a high efficiency, high speed 

CZE instrument, fast separation times, and improved sensitivity will be demonstrated for 

application of HTCE compared to published values.  Utilizing the new HT methods 

developed here, significant improvements in collection rates and sensitivity will be 

shown thereby demonstrating the ability to apply HT for the analysis of fast bioprocesses. 

4.2 Comparison of cHTCE and mHTCE   

Figure 4.1 shows the application of a 511 element S-matrix with 10 ms injection 

plugs utilizing cHTCE and mHTCE applied to a 1 nM fluorescein solution.  Application 

of a cHTCE derived injection sequence yields plot (a); whereas, the new mHTCE derived 

injection sequence yields plot (b).  Since an injection sequence of half the length is 

utilized in mHTCE, the total injected material requires half the time to migrate past the 

detector.  Deconvolution in mHTCE though requires two (n) domains of data to be 

collected for transformation thus the actual collection time is 10.22 s compared to cHTCE 

which requires 13 s.  This translates to a 21% collection time reduction for mHTCE 

compared to cHTCE.  A collection time reduction of 21% seems minor for a single 

application, though when mHTCE injections are applied sequentially over long time 

periods this reduction becomes increasingly significant.   
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Figure 4.1. Electropherograms obtained using (a) cHTCE with a 511 element S-matrix, (b) 
mHTCE with a 511-element S-matrix, (c) the raw (n) dimensional data set used in the 
transformation; cHTCE: dashed line, mHTCE: solid line, (d) the deconvoluted mHTCE and
cHTCE single injection electropherograms (mHTCE data is displaced 0.02 units for visualization 
purposes), and (e) a single injection.  Vertical lines in (a) and (b) define the (n) elements utilized 
in the transform.  In cHTCE, the (n) elements are acquired from the domain labeled (1).  For
mHTCE, the (n) elements are acquired by summing (n) domain (1) with (2).  Experimental 
conditions: 1 nM fluorescein in 10 mM phosphate buffer (pH = 7.40), 10 ms injections, 100 Hz
collection frequency, 1.75 kV/cm, gating beam (488 nm): 30 mW, probe beam (488 nm): 10 mW,
20 Hz low pass filter, 10 µm i.d., 369 µm o.d. 
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In a real-time monitoring experiment, each electropherogram can be thought of as a 

single data point.  Thus, the reduced collection time leads to increased sampling rates, 

which is important when monitoring chemical dynamics.  A reduced collection time also 

reduces the sample mass wasted during application of a Hadamard sequence.  In optically 

gated CZE, sample is continually flowed through the separation capillary by application 

of a continuous voltage bias.  Therefore, a 21% decrease in collection time translates to 

21% increase in the total mass of sample utilized for analysis 

The (n) dimensional data set for transformation is extracted in mHTCE by 

summing domains 1 and 2 as defined by the vertical lines in Figure 4.1(b); whereas, for 

cHTCE the (n) elements are acquired simply from domain 1 in Figure 4.1(a).  The two 

methods for extracting the (n) elements for transformation yield similar data sets as seen 

in Figure 4.1(c).  This point is further substantiated in the deconvoluted 

electropherogram, Figure 4.1(d), in which it can be observed that the two methods yield 

similar single injection electropherograms.  The transformed electropherogram produced 

with the mHTCE method has been displaced by 0.02 units for viewing purposes.  When 

compared to a single injection electropherogram, Figure 4.1(e), a S/N enhancement of 8.5 

is observed when utilizing mHTCE, whereas, a S/N enhancement of 9.0 is observed using 

cHTCE.  The peak height for the transformed electropherograms and the single injection 

electropherogram are similar as predicted by theory.1  The S/N enhancement is therefore 

the result of reduced noise in the transformed electropherograms.  The reduced S/N 

enhancement observed using mHTCE, as explained in Section 2.4, is the result of 

increased noise due to the summation of the two (n) domains.  The ghost peak at ~1.5 s is 
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the result of imperfect optical gating.82,83  Though referred to as a ghost peak, the 

anomaly represents an inverted, reduced mirror image of the transformed peak(s) caused 

by misallocation of signal due to shuttering missteps.83  The location of ghost peak(s) is 

dependent on the order of the injection matrix and the number of analytes in solution.  

Multicomponent solutions can yield multiple ghost peaks though no overlap with real 

peaks has been observed.  The ghost peaks can be determined from real peaks by utilizing 

higher order matrices.  If the location of a peak changes with different injection matrices 

then the peak is the result of ghosting effects. 

In addition to demonstrating that mHTCE and cHTCE are comparable techniques, 

these results demonstrate improved migration times and peak efficiencies for application 

of Hadamard transformations in CZE compared to previous reports.31,34  The migration 

time for fluorescein (~2.8 s) is reduced ~10-fold compared to capillary separations by 

Kaneta et al.35 and ~5-fold compared to microchip separations by McReynolds et al.31  

The reduced migration times are the result of utilizing smaller i.d. capillaries (<10 µm), 

short separation distances (1.4 cm), and high separation voltages (35 kV).  The peak 

efficiencies for fluorescein, calculated using Equation 1.20, are found to be nearly 

identical for application of cHTCE and mHTCE at 52,000 theoretical plates 

corresponding to approximately 4 × 106 plates/m.  These values are superior to previous 

applications of HTCE (2.5 × 104 plates/m)34 and comparable to reported single injection 

efficiencies (~2-6 × 106 plates/m).44,87  Additionally, the peak full width at half maximum 

height (FWHM) and peak migration times obtained using cHTCE and mHTCE are nearly 

identical to that obtained by a single injection electropherogram as predicted by theory.  
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Thus, the Hadamard transformation does not distort the peak shape or substantially alter 

the migration time after deconvolution.  As discussed in Section 2.5, the mHTCE 

transformation method does result in a time displacement of one injection domain upon 

transformation.  The peak displacement is found to have no effect on the peak shape or 

width.   

4.3 Reduced mHTCE   

Though mHTCE utilizes an injection sequence of half the length of cHTCE, the 

collection time for mHTCE is only reduced by up to 33%, since deconvolution in 

mHTCE requires two (n) domains to be collected.  Since only (n) elements are injected, a 

majority of the signal collected in the second (n) domain is due to background signal as 

seen in Figure 4.2. 

 

 

 

 

 

 

 

 

 

 

Figure 4.2.  Application of mHTCE utilizing a 2047 S-matrix with 10 ms injections.  Dashed 
lines define the collection times required for mHTCE (40.94 s) and cHTCE (43.63 s).  The
solid line at 25 s defines the collection time required for rmHTCE and represents a collection
time reduction of 39% compared to mHTCE and 43% compared to cHTCE.  Experimental
conditions: 5 nM fluorescein in 10 mM phosphate buffer (pH = 7.40), 10 ms injections, 100 
Hz collection frequency, 1.75 kV/cm, gating beam (488 nm): 30 mW, probe beam (488 nm):
10 mW, 20 Hz low pass filter, 10 µm i.d., 369 µm o.d. 
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In Figure 4.2, it is observed that all of the injected fluorescein (5 nM) migrates past the 

detector in ~24 s.  Application of cHTCE uses an injection sequence of twice the length 

thus 43.63 s would be required for all of the injected material to migrate past the detector 

as indicated in Figure 4.2.  Of the 43.63 s of collected data in cHTCE, only 20.47 s is 

utilized in the transformation, therefore 23.16 s of collected data is discarded before 

deconvolution.  Application of mHTCE allows for all of the acquired data to be utilized 

in the transformation though requires the acquisition of two full (n) domains to acquire 

the data for transformation.  In Figure 4.2, this translates to a collection time of 40.94 s.  

Upon closer inspection, it can be observed though that 83% of the signal collected in the 

second (n) domain is attributed to the background signal and not injected analyte as 

discussed in Section 2.6.  Acquisition of the entire second (n) domain thus results in 

wasted analyte and/or increased collection time, which can be prohibitive for on-line 

measurement of in vivo samples and the monitoring of concentration dynamics.  These 

limitations have led us to develop reduced mHTCE (rmHTCE), in which only a fraction 

of the second (n) domain need be collected to produce the two (n) domains required for 

transformation.  In Figure 4.2, rather then collect 40.94 s of data, the reduced mHTCE 

method requires a collection time of only 25 s.  This represents a collection time 

reduction of 39% compared to mHTCE and 43% compared to rmHTCE.  The reduced 

collection time is facilitated through a random element extraction function that 

randomizes a segment of collected baseline to generate the additional baseline data as 

described in Section 2.6.  In Figure 4.2, a baseline segment between 24-25 s is utilized to 

generate the additional 15.94 s of the baseline.  Less than a 2% variation in the mean 
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value and standard deviation is observed between generated and collected baseline data.  

The generated baseline segment is combined with the collected data in the second (n) 

domain to generate the complete second (n) domain required for mHTCE deconvolution.  

The second (n) domain is then summed with the first (n) domain and transformed as 

described for mHTCE.  The deconvoluted electropherograms produced using mHTCE 

and reduced mHTCE are found to be identical as seen in Figure 4.3.   

 

 

 

 

 

 

 

 

 

 

 

In both electropherograms, the migration time for fluorescein is 2.37 s with a peak height 

of 0.17, comparable to a single injection electropherogram.  Both methods yield a S/N 

enhancement of 16.9 though use of reduced mHTCE decreases the collection time by 

39%.  Over multiple runs and a range of concentrations, less than a 2% variation in S/N 

ratio has been observed between the mHTCE and reduced mHTCE methods.  The 
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Figure 4.3.  Deconvoluted electropherograms for the application of mHTCE (solid) and
rmHTCE (dotted) using a 2047 S-matrix with 10 ms injections.  Equivalent S/N
enhancements of 16.9 are observed for both methods though rmHTCE decreases the
collection time by 39% compared to mHTCE.  The rmHTCE electropherogram is displaced
by 0.02 units for viewing purposes. 
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observed variation is well within the observed experimental error of 4% for the 

instrument.  The fluorescein peak efficiencies of the transformed electropherograms 

utilizing mHTCE and reduced mHTCE are found to be identical at 40,000 theoretical 

plates, which corresponds to approximately 3 × 106 plates/m.  By combining software 

with mHTCE theory as in rmHTCE, a substantial collection time reduction can be 

observed compared to cHTCE while maintaining comparable S/N enhancements. 

4.4 Time-Resolved HTCE 

 A major component of this research is the development and application of HTCE 

for the analysis of concentration dynamics.  A potential application of time-resolved 

HTCE (TR-HTCE) is the on-line monitoring of neurotransmitters with improved 

detection limits.  When coupled to on-line sampling techniques TR-HTCE provides a 

high sensitivity technique for the real-time analysis of in-vivo samples.  To realize 

improved detection limits while having a minimal impact on the data collection rate the 

interplay between the injection matrix, injection time, S/N enhancement, and analyte 

migration times must all be taken into consideration.  Measurement of fast bioprocesses 

requires the minimization of the cycle time for application of each injection sequence.  

This can be realized by utilizing smaller injection matrices though the size of the matrix 

is ultimately determined by the migration times of the analytes as one complete 

separation must occur in the first (n) elements.  A drawback of smaller injection matrices 

is that the observed S/N enhancement is reduced, which can prevent the detection of low 

concentration analytes.  rmHTCE provides a means to apply larger injection matrices 

while having a reduced effect on the data collection rate (cycle time).  Software, as 



 131

described in Chapter 2 and Appendix A, has been developed that facilitates the rapid/ 

sequential application of Hadamard sequences using the cHTCE, mHTCE and rmHTCE 

methods.  

 The sequential application of a 2047 S-matrix utilizing cHTCE (a), mHTCE (b),  
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Figure 4.4.  Sequential application of a 2047 S-matrix for 320 s using (a) cHTCE, (b)
mHTCE, and (c) rmHTCE.  Each cycle requires (b) 43.26 s, (c) 40.94 s, and (d) 24 s. The
cycle time in rmHTCE is decreased by 44% compared to cHTCE and 41% for mHTCE thus
13 cycles can be applied in the same time span as 7 cycles using cHTCE and 8 cycles using
mHTCE.  Experimental conditions: 5 nM fluorescein in 10 mM phosphate buffer (pH = 7.40),
10 ms injections, 100 Hz collection frequency, 1.75 kV/cm, gating beam (488 nm): 50 mW,
probe beam (488 nm): 13 mW, 20 Hz low pass filter, 10 µm i.d., 369 µm o.d. 
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and rmHTCE (c) for the analysis of 5 nM fluorescein over 320 s is shown in Figure 4.4.  

In Figure 4.4(a), seven cycles can be applied over 320 s using the cHTCE method.  To 

ensure there is no overlap between the injection sequences for the application of cHTCE 

a 5 s delay is applied between sequences.  This increases the cycle time to 45.93 s for 

each (2n-1) injection.  When mHTCE is utilized in Figure 4.4(b), the cycle time is 

reduced to 40.94 s thus facilitating the application of eight cycles over 320 s.  Upon 

closer inspection of Figure 4.4(b), it is observed that a majority of the data collected in 

the second (n) domain is baseline data.  Application of rmHTCE seen in Figure 4.4(c) 

allows for removal of excess baseline data and decreases the cycle time to 24 s, which is 

44% faster than cHTCE and 41% faster than mHTCE.  This substantial time savings 

allows for thirteen cycles to be injected in 320 s.  The increased number of cycles almost 

doubles the sampling rate for rmHTCE compared to cHTCE.  The baseline intensity 

decrease observed in Figures 4.4(a)-(c) is attributed to a pH gradient caused by the 

continuously applied high voltage over the course of the three experiments. 

 Deconvolution of the electropherograms in Figure 4.4 yields a string of single 

injection electropherograms as observed in Figure 4.5.  Both cHTCE and mHTCE require 

that about two (n) domains of data be collected to acquire the data for deconvolution.  

Transformation of the data though yields only one (n) domain.  For this reason, gaps are 

observed in the transformed electropherogram.  The gap in cHTCE is calculated by 

summing the migration time of the slowest analyte with the time required to make (2n-1) 

injections and the delay time between sequences.  In Figure 4.5(b) for application of 

cHTCE with a 5 s delay between injection sequences for the analysis of fluorescein (2.24 
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s migration time), the observed gap between individual single injection 

electropherograms is 25.46 s wide.  The time gap in mHTCE is calculated as the time 

required to acquire one (n) domain thus in Figure 4.5(c) the time gap is 20.47 s wide.  As  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

for cHTCE, the time gap in rmHTCE is dependent on the migration time of the slowest 

analyte.  The time gap is calculated by adding 1 s to the migration time of the slowest 

Figure 4.5.  Single injection (a) and transformed electropherograms (b-d) from Figure 4.4 for 
the analysis of 5 nm fluorescein.  The sequential application of a 2047 S-matrix for 320 s are 
conducted using (b) cHTCE, (c) mHTCE, and (d) rmHTCE.  Each cycle requires (b) 43.26 s,
(c) 40.94 s, and (d) 24 s with an observed S/N enhancement of (b) 19, (c) 16, and (d) 16.5
compared to (a).  The reduced S/N enhancement in (d) compared to (b) is tempered by the
doubling of the collection rate over the same 320 s time span.   
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analyte, where the 1 s of additional collection time is required to acquire the baseline 

signal that is utilized to construct the complete second (n) domain.  The time gap in 

Figure 4.5(d) is 3.5 s for application of rmHTCE.   

In HTCE, the S/N ratio is improved through the averaging of multiple single 

injections.  When HTCE is utilized in the analysis of concentration dynamics, this fact 

must be taken into consideration when defining the time domain.  When a 2047 S-matrix 

is applied using mHTCE, as in Figure 4.4(c), the 2,047 sample and buffer injections 

require 20.47 s to inject.  For a dynamic event, the analyte peak heights can change over 

the course of the injection time.  Within this time frame, the analyte peak(s) can increase, 

decrease, and or fluctuate in height.  During transformation, the peak(s) height variations 

are averaged over in the creation of the single injection electropherogram.  The peak 

height of the single injection electropherogram is thus the time average of all the peak 

heights associated with the multiple single injections.  The time domain of the 

transformed electropherogram must therefore reflect this time average.  The time domain 

for each single injection electropherogram is calculated by averaging the time of the first 

and last injection for the data utilized in the transformation.  In cHTCE, (2n-1) elements 

are injected.  The (n) elements between the (n)th to the (2n-1)th points are utilized in the 

transformation thus the time domain is calculated by averaging the time at which the two 

data points are injected.  To calculate the time at which the points are injected, the analyte 

migration time(s) must be considered.  Fluorescein migrates in 2.24 s thus the (n)th data 

point is injected at 18.22 s while the (2n-1)th data point is injected at 38.68 s.  The time 

domain in Figure 4.5(b) thus begins at 28.45 s.  The time domain for the mHTCE and 
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rmHTCE methods are substantially easier to calculate since only (n) elements are injected 

and all of the data is utilized in the transformation.  The time domain is calculated simply 

by time averaging the first and last injection.  In Figure 4.5(c & d), the time domain 

begins at 10.235 s. 

Evaluation of the S/N ratios for the individual single injection electropherograms 

in Figure 4.5 shows less than a 4% variation, over the course of a 320 s analysis.  Similar 

S/N variations have been observed for collection times up to 30 min in length, which 

demonstrate the stability of the time-resolved application.  The average S/N enhancement 

for the multiple cycles compared to the single injection electropherogram (Figure 4.5(a)) 

was for (b) 19-fold, (c) 16-fold, and (d) 16.5-fold.  The reduced S/N enhancements for 

application of mHTCE and rmHTCE are tempered by the reduced cycle times with 

rmHTCE almost doubling the collection rate.  Inverted ghost peaks are observed ~10 sec 

after the appearance of the fluorescein peak.  The peak widths are comparable in Figures 

4.5(b-d) with respect to the single injection electropherogram (a) regardless of the cycle 

number.  These results represent the first reported time-resolved application of HTCE.  

Additionally, they demonstrate the substantial time savings that can be realized by the 

sequential application of rmHTCE compared to cHTCE and the possibility of apply 

HTCE for the analysis of fast concentration dynamics. 

4.5 Detection Limit   

Sensitivity is one of the most important issues for application of CZE for the 

analysis of biological samples.  Laser induced fluorescence (LIF) detection has been 

utilized for single molecule detection56,58,88 though these demonstrations require ideal 
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conditions and substantial instrumental modification.  HTCE provides a simple means to 

improve the sensitivity of instruments capable of rapid sample injection without 

substantial modification of the experimental setup.  Figure 4.6(a) shows a single 10 ms 

optical injection of 100 pM fluorescein.  

 

 

 

 

 

 

 

 

 

 

 

Under single injection conditions, no signal peak corresponding to fluorescein can be 

discerned from the background noise.  Application of a 2047 S-matrix with 10 ms 

injection plugs and subsequent deconvolution though yields a single injection 

electropherogram in which the fluorescein peak is observable, Figure 4.6(b).  The dashed 

lines in (a) define the limits in (b).  The fluorescein peak migrates in 3.2 s with a plate 

count of 46,000 (3 × 106 plates/m) and a S/N ratio of 7.  A 21-fold reduction in noise is 

observed between (a) and (b) through the application of mHTCE.  The improved 
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Figure 4.6.  Analysis of 100 pM fluorescein by (a) a single injection and (b) rmHTCE with a
2047 S-matrix.  Under single injection conditions, no peak can be detected due to background
noise.  Application and subsequent deconvolution utilizing rmHTCE yields a fluorescein
peak at 3.2 s with a S/N ratio of 7.  The noise in (b) is reduced 21-fold compared to (a).  The 
dashed lines in (a) define the y-axis limits in (b).  Experimental conditions: 100 pM
fluorescein in 10 mM phosphate buffer (pH = 7.40), 10 ms injections, 100 Hz collection
frequency, 1.75 kV/cm, gating beam (488 nm): 50 mW, probe beam (488 nm): 12 mW, 20 
Hz low pass filter, 10 µm i.d., 369 µm o.d., collection time: 24.67 s.    
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detection limit is the result of the high signal throughput facilitated by HTCE.  Rather 

than detecting the signal from a single injection, mHTCE averages the signal from 1,023 

sample and 1,024 background electrolyte injections to resolve the analyte peak.  

Detection of the multiple injections and subsequent transformation results in a reduction 

in the noise associated with each detected point as described by weigh design theory 

(Section 2.2).  The order of magnitude improvement in the detection limit clearly 

demonstrates a sensitivity improvement via HTCE. 

4.6 S/N Enhancements 

The level of S/N enhancement is dependent on the order of the applied S-matrix 

as defined by Equation 2.14.  The S/N enhancement is also dependent on the Hadamard 

method being utilized.  In mHTCE, the summation of two (n) domains before 

transformation increases the noise in the (n) elements utilized in the transformation.  If 

the summation of the two (n) domains follows Equation 2.13 then the noise component of 

the (n) elements should be increased by 30%.  Increased noise in the (n) elements utilized 

in the transformation should translate into a 30% reduction in the observed S/N 

enhancement for mHTCE compared to cHTCE, which requires only one (n) domain for 

transformation.  The S/N enhancement for application of cHTCE and mHTCE has been 

explored as a function of matrix size and injection time utilizing photobleaching-based 

optical injection.     

To ensure the reproducibility and proper function of the HT programs, initial 

experiments were conducted utilizing cHTCE for direct comparison to literature values.3  
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Table 4.1 summarizes the S/N enhancement as a function of the injection matrix (S-

matrix) and injection time for application of cHTCE to the analysis of fluorescein.   

 

 

 

 

 

 

 

 

The theoretical S/N enhancement1 and literature values3 are provided for comparison in 

Table 4.1.  S/N enhancements are calculated by dividing the S/N ratio from a Hadamard 

transformed electropherogram by the S/N ratio for a single injection electropherogram.  

Experiments were conducted with fluorescein concentrations ranging from 10-200 nM.  

Similar S/N enhancements are observed for injection times as short as 10 ms compared to 

reported values by Kaneta et al.3 collected utilizing 500 ms injections.  This represents a 

50-fold reduction in the injection time compared to the work of Kaneta3 and translates to 

a 50-fold reduction in the collection time.  Compared to the work of McReynolds et al. 31 

for microchip applications of HTCE with electrokinetic injection, this represents a 25-

fold reduction in injection time thus collection time while maintaining comparable S/N 

enhancement for application of a 511 S-matrix.  As expected from theory, larger injection 

sequences yield increased S/N enhancements.  Increased matrix sizes though require 

Table 4.1.  Relationship between the order of the S-matrix, injection plug length, and S/N 
enhancement for application of cHTCE.  Literature values3 obtained using the cHTCE 
method with 500 ms injection plugs are included for comparison.  The theoretical value is
calculated from equation 2.14.  The S/N enhancement is calculated as the ratio of S/N values
obtained from electropherograms acquired using cHTCE and a single injection method.
(Error bars ± 4%) 

cHTCE 10 ms 20 ms 50 ms 100 ms 500 ms (Lit*) Theory 

255 (2n-1) 6.8 7.3 8.4 8.1 7.10 8.02 

511 (2n-1) 9.2 11.2 11.4 11.4 9.60 11.32 

1023 (2n-1) 13.1 14.6 16.2 16.4 12.00 16.01 

2047 (2n-1) 18.4 20.8 21.2 21.0 18.00 22.03 
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increased collection times reducing the ‘data rate’ for time-resolved applications.  The 

S/N enhancements acquired with 10 ms injections and that acquired by Kaneta are found 

to be 20% lower than what is predicted by theory.  The origin of this discrepancy, 

according to the work of Kaneta et al.,3 is thought to arise from errors induced in the 

process of numerical calculations.  Another source of error, as determined from optical 

applications of HT, is that of imperfect gating.83  Errors associated with shuttering 

missteps result in the misappropriation of signal between time blocks defined by the 

injection time.  This can effectively reduce the S/N enhancement by misrepresenting 

signal intensities in the raw data for deconvolution.  The mechanical shutter utilized in 

this research introduces random gating errors of ±0-3 ms per open and close cycle.  

Increasing the injection time reduces the effect of these shuttering errors by decreasing 

the effect misallocated signals have on the overall intensity of a collected data point.  If a 

3 ms misstep occurs within a 10 ms injection plug, 30% of the total collected 

fluorescence signal associated with that 10 ms time bin will be misallocated.  When a 100 

ms injection plug is utilized, however, a 3 ms misstep should reduce the misallocation of 

the total fluorescence intensity to just 3%.  As observed in Table 4.1, increasing the 

injection time from 10 to 100 ms does in fact lead to a substantial increase in S/N 

enhancement.  Utilizing 50 ms injection plugs, S/N enhancements comparable to theory 

are observed.  The S/N enhancement can thus be increased through use of either larger 

injection matrices or use of longer injection times, though both of these solutions lead to 

longer collection times. 
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The S/N enhancements as a function of injection matrix size and injection time 

for application of mHTCE with photobleaching-based optical gating is summarized in 

Table 4.2.  As in cHTCE, the S/N enhancement is calculated from the ratio of the S/N  

 

 

 

 

 

 

 

 

ratio for a transformed HT electropherogram and a single injection electropherogram 

acquired using fluorescein.  As predicted, application of mHTCE decreases the observed 

S/N enhancement compared to cHTCE.  As discussed in Section 2.5, the S/N 

enhancement disparity between the two techniques is the result of increased noise in the 

generated raw data in mHTCE.  The (n) elements for transformation in mHTCE are 

created by the summation of two (n) domains.  Each data point possesses an error/ noise 

associated with its collection.  Summation of data points increases the overall noise of the 

resultant data point as defined by Equation 2.13.  The noise associated with the first and 

second (n) domains should be comparable thus if Equation 2.13 holds true, the noise 

within the summed elements should increase by 30%, thus resulting in a 30% decrease in 

the S/N enhancement associated with mHTCE versus cHTCE.  Experimentally a decrease 

Table 4.2.  Relationship between the order of the S-matrix, injection plug length, and  S/N 
enhancement for the application of mHTCE.  Literature values3 obtained utilizing the cHTCE 
method with 500 ms injection plugs in addition to the calculated theoretical  enhancements
are included for comparison.  The S/N enhancement is calculated as the ratio of S/N values
obtained from electropherograms acquired using cHTCE and a single injection method.
(Error bars ± 4%) 

mHTCE 10 ms 20 ms 50 ms 100 ms 500 ms (Lit*) Theory 

255 (n) 5.4 5.5 6.1 6.2 7.10 8.02 

511 (n) 8.4 8.6 9.0 9.0 9.60 11.32 

1023 (n) 11.0 11.9 13.0 14.1 12.00 16.01 

2047 (n) 15.5 18.0 19.5 19.5 18.00 22.03 
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of only 20% in S/N enhancement is observed.  As in cHTCE, the S/N enhancement for 

application of mHTCE is found to increase by utilizing either larger injection matrices or 

longer injection times.  For application of mHTCE, the S/N enhancement is found to not 

uniformly increase with increased matrix size and injection time.  Utilization of the 1023 

and 2047 element S-matrices with 100 ms injections produce S/N enhancements that 

differ from theory by only 12 and 11% respectively; whereas, use of the 511 and 255 

element S-matrices with 100 ms injections produce S/N enhancements that differ from 

theory by 22 and 21% respectively.  A similar trend is observed for 50 and 20 ms 

injection times.  Utilization of larger injection matrices is found to yield not only 

improved S/N enhancements but also enhancements closer to theory with increasing 

injection times.  The reduced S/N enhancement observed for smaller matrices is tempered 

by a reduced collection time, which facilitates faster ‘data rates’.         

 Application of rmHTCE for transformation of the data from Table 4.2 is found to 

yield similar S/N enhancements as mHTCE.  A variation of less than 2% is observed in 

the calculated S/N enhancement compared to the values reported above, which is well 

within the error associated with the measurements.  With no significant change in the S/N 

enhancement, rmHTCE provides a means to substantially reduce the collection time for 

the application of HT in CZE as observed demonstrated in Figures 4.4 and 4.5. 

4.7 Collection Time 

The collection time required for application of cHTCE, mHTCE, and rmHTCE 

for the analysis of fluorescein (average migration time: 2.5 sec) is summarized in Table 

4.3.  The collection time reported by Kaneta3 is included for reference.  The fluorescein 
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migration time (50 s) has been factored into the collection time reported by Kaneta3 to 

accurately define the time required for all of the injection material to migrate past the  

 

 

 

 

 

 

 

 

 

 

 

 

 

detector.  As mentioned in Section 4.3, comparable S/N enhancements are observed for 

application of cHTCE with a 50-fold reduction in injection time compared to the work of 

Kaneta3 and a 25-fold reduction compared to the work of McReynolds.31  Utilizing 

shorter injection times substantially reduces the collection time, which improves the 

temporal resolution for application of HT in CZE.  Application of a 2047 S-matrix with 

10 ms injections using cHTCE requires 98% less time than that reported by Kaneta.3  

Even for the longest injection time, 100 ms, a substantial reduction in collection time is 

Table 4.3.  Collection time required for the analysis of fluorescein as a function of injection
sequence and injection time (average migration time: 2.5 s) using cHTCE, mHTCE, and 
rmHTCE.  Literature collection times3 obtained utilizing the cHTCE method with 500 ms
injection plugs are included for comparison. The collection time is the time required for all of 
the injected material to be detected in the case of cHTCE and the time needed to collect the
required data for transformation in mHTCE and rmHTCE.  For reduced mHTCE, only 1.0 s
after the last injection has been detected must be collected for transformation, whereas 
mHTCE requires two full (n) domains to be collected. 

S-Matrix Method 10 ms (s) 20 ms (s) 50 ms (s) 100 ms (s) 500 ms (Lit*) (s)

cHTCE 7.59 12.68 27.95 53.4 304.50 
mHTCE 5.10 10.20 25.50 51.00  255 (n) 
rmHTCE 5.10 8.61 16.25 29.00  
cHTCE 12.71 22.92 51.10 104.60 560.50 
mHTCE 10.22 20.44 104.75 102.20  511 (n) 
rmHTCE 8.61 13.72 29.05 54.60  
cHTCE 22.95 43.40 104.75 207.00 1072.50 
mHTCE 20.46 40.92 102.30 204.60  1023 (n) 
rmHTCE 13.73 23.96 54.65 105.80  
cHTCE 43.43 84.36 207.15 411.80 2096.50 
mHTCE 40.94 81.88 204.70 409.40  2047 (n) 
rmHTCE 23.97 44.44 105.85 208.20  
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observed in addition to improved S/N enhancements.  A fraction of the collection time 

reduction is due to the long migration times (50 s) observed in the reported values by 

Kaneta.3    

The collection time for cHTCE is defined as the time required for (2n-1) 

injections to migrate past the detector, where (n) is the order of the applied S-matrix.  The 

collection time can be estimated by taking the product of the (2n-1) injection elements by 

the injection time and summing it with the migration time of the slowest analyte.  For 

mHTCE, only (n) elements are injected.  The collection time though is not half of that 

required for cHTCE as two (n) domains must be acquired for summation to create the (n) 

elements for transformation.  The reduction in collection time between mHTCE and 

cHTCE is therefore dependent solely on the analyte migration times.  The maximum time 

saving that can be realized between the two methods is 33%.  The value is calculated by 

considering that a single separation must occur within the time span of the first (n) 

domain.  If the injected analyte migrates at the boundary of this cutoff, then the collection 

time for cHTCE would be close to three (n) domains long.  In mHTCE, regardless of the 

migration time only two (n) domains need be collected, thus requiring up to 33% less 

collection time than required for cHTCE.  The time savings between cHTCE and 

mHTCE is also dependent on the injection matrix.  In Table 4.3, the time savings for 

application of a 255 S-matrix with 10 ms injection time between cHTCE and mHTCE is 

33% for the analysis of fluorescein.  If a 2047 S-matrix is utilized to analyze the same 

fluorescein solution the time savings is reduced to just 5.7%.   
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Upon closer inspection of mHTCE, it is apparent that for analytes with fast 

migration times, such as fluorescein, a majority of the collected data in the second (n) 

domain for long injection sequences is baseline data as seen in Figure 4.2.  This 

realization has led to the development of rmHTCE.  In rmHTCE, as in cHTCE, the 

collection time is dependent on the slowest analyte migration time.  After analyte 

associated with the last injection has migrated past the detector, only 1 s of baseline data 

need be acquired.  As explained in Section 2.6, the collected baseline data is utilized to 

reconstruct the additional data for the second (n) domain.  As seen in Table 4.3, rmHTCE 

decreases the collection time for the analysis of fluorescein with a 2047 S-matrix and 10 

ms injections by 45% compared to cHTCE and 41% compared to mHTCE.  The 

collection time reduction for rmHTCE diminishes with the use of smaller injection 

sequences. 

Table 4.4 can be utilized as a general reference to estimate the collection time for 

application of cHTCE, mHTCE, and rmHTCE.  For use with cHTCE and rmHTCE, the + 

sign denotes that the actual collection time can be estimated by summing the listed 

number with the migration time of the slowest analyte in a solution.  The times for 

rmHTCE already have the 1 s buffer for baseline collection included in the time.  The 

size of matrix that can be utilized for a separation is determined by the time of the 

slowest analyte in a mixture.  The migration time of the slowest analyte must be faster 

than the time required to acquire the first (n) domain as calculated by multiplying the 

dimension of the injection matrix with the injection time.  If this parameter is not met 

then a larger matrix must be applied. 



 145

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.8 Conclusion 

A CZE instrument capable of facilitating Hadamard transformations has been 

developed and demonstrated as a means to realize improved sensitivity.  To realize our 

goal of time-resolve HT for the monitoring of fast bioprocesses, a new multiplexing 

method mHTCE, derived from conventional Hadamard theory, has been developed.  

When compared to cHTCE, mHTCE is found to yield similar electropherograms upon 

deconvolution though with two key advantages.  mHTCE facilitates the use of all the 

Table 4.4.  Base collection time required to apply cHTCE, mHTCE, and rmHTCE at various
injection lengths and matrix sizes.  The + sign located next to the times listed for application 
of cHTCE and rmHTCE denotes that the actual collection is calculated by summing the listed
number with the migration time of the slowest analyte in the solution being studied.  The
collection time is the time required for all of the injected material to be detected in the case of 
cHTCE and the time needed to collect the required data for transformation in mHTCE and
rmHTCE.  For rmHTCE, 1.0 s is collected after detection of the last injection for
transformation.  This number is factored into the collection time listed.  For application of
mHTCE, only two full (n) domains need to be collected regardless of the analyte migration
times.  Note: All analytes in solution must migrate in a single injection within the first (n) 
domain of the applied S-matrix. 

S-Matrix Method 10 ms (s) 20 ms (s) 50 ms (s) 100 ms (s) 

cHTCE 5.09+ 10.18+ 25.45+ 50.90+ 
mHTCE 5.10 10.20 25.50 51.00 255 (n) 
rmHTCE 3.55+ 6.11+ 13.75+ 26.50+ 
cHTCE 10.21+ 20.42+ 48.60+ 102.1+ 
mHTCE 10.22 20.44 104.75 102.20 511 (n) 
rmHTCE 6.11+ 11.22+ 26.55+ 52.10+ 
cHTCE 20.45+ 40.90+ 102.25+ 204.50+ 
mHTCE 20.46 40.92 102.30 204.60 1023 (n) 
rmHTCE 11.23+ 21.46+ 52.15+ 103.30+ 
cHTCE 40.93+ 81.86+ 204.65+ 409.30+ 
mHTCE 40.94 81.88 204.70 409.40 2047 (n) 
rmHTCE 21.47+ 41.94+ 103.35+ 205.70+ 
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collected data in the transformation and requires up to 33% less collection time.  These 

advantages result in reduced sample mass waste in addition to increased ‘data rates’ for 

time-resolved applications.  Utilizing a high efficiency, high speed CZE instrument, 

injection times as short as 10 ms have been utilized while maintaining comparable S/N 

enhancements to reported values and reducing the collection time 50-fold.3  Application 

of mHTCE can yield S/N enhancements as high as 20-fold though longer collection times 

are required to observe the highest enhancement level.  The S/N enhancement afforded 

by mHTCE facilitates the detection of 100 pM fluorescein, which is an order of 

magnitude lower than is possible under the same conditions for a single optical injection.  

One limitation of mHTCE theory though is that due to the manipulation of the raw data 

the S/N enhancement is reduced by 20% compared to cHTCE.  The reduced S/N 

enhancement is acceptable though due to the reduced collection times and utilization of 

all the collected data afforded by the techniques.   

To further reduce the impact HT has on the temporal resolution, mHTCE theory 

has been coupled with software to create rmHTCE, which can yield up to a 49% 

collection time reduction compared to cHTCE.  Comparable S/N enhancements to 

mHTCE are observed through use of rmHTCE though with the advantage of a reduced 

collection time especially for higher order S-matrices.  The improved temporal resolution 

afforded by rmHTCE and mHTCE has been utilized to demonstrate the first time-

resolved application of HTCE.  In the case of rmHTCE, a ‘data rate’ twice that of cHTCE 

can be realized.  Hadamard transformations provide a simple means to improve the 

sensitivity of CZE without requiring complex calculations or substantial instrument 
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modification on systems that facilitate rapid sample injection.  Potential applications of 

HTCE include the analysis of amino acids, neurotransmitters, and proteins with improved 

sensitivity in addition to the real-time analysis of neurotransmitters will be presented in 

Chapter 6. 
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CHAPTER 5.  PHOTOLYTIC VERSUS  

PHOTOBLEACHING-BASED OPTICAL GATING 

 

5.1 Introduction 

One limitation of photobleaching-based optical gating is the inability to 

completely photobleach a sample.  Regardless of the intensity of the gating laser a small 

percentage (≤ 20% for fluorescein) of the analyte remains fluorescent.27,46  The presence 

of fluorescent analyte in the separation post-gating beam results in a persistent 

background that can lead to increased noise and reduced sensitivity.  Photolytic optical 

gating provides a means to reduce the background fluorescence by labeling analytes of 

interest with photoactivatable fluorophores.  Injections occur in photolytic optical gating 

through interaction with the gating beam, which is opposite that of photobleaching-based 

optical gating.  Interaction with the gating beam renders the labeled analyte fluorescent 

for detection.  Since the labeling molecule is inherently non-fluorescent, the background 

signal is reduced compared to that observed in photobleaching-based gating.  

In photolytic optical gating, the analyte of interest is labeled with an inherently 

non-fluorescent molecule.  Photoactivatable fluorophores, referred to often as caged 

molecules, are obtained by coupling a fluorescent dye to a photoremovable protecting 

group(s) that inhibits its usual emission.  In this work, 5-carboxyfluorescein-bis-(5-

carboxymethoxy-2-nitrobenzyl) ether, β-alanine-carboxamide, succinimidyl ester (caged 

fluorescein) has been utilized as one such fluorophore.  The structure of caged fluorescein 

is shown in Figure 5.1.  Free fluorescein exists as two tautomeric forms a fluorescent 
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carboxylic acid and a non-fluorescent lactone.  In caged fluorescein, caging is achieved 

through the introduction of two 5-carboxymethoxy-2-nitrobenzyl groups at the phenolic  

 

 

 

 

 

 

 

oxygens, which constrain the molecule in the lactone form.  UV irradiation of the 

molecule (~351) cleaves the 5-carboxymethoxy-2-nitrobenzyl groups, which yields the 

fluorescent carboxylic acid tautomer.89  Amine labeling is facilitated in caged fluorescein 

through a succinimidyl ester linkage.  In CZE, caged molecules provide a means to label 

analytes for optical injection without the presence of a persistent background signal.  The 

inherently non-fluorescent nature of the labeling species should reduce the background 

noise, thus resulting in improved sensitivity.  When coupled with HTCE, photolytic 

optical gating should facilitate lower detection limits.   

In this chapter, a new photolytic optical gating technique will be presented.  

Through use of caged fluorescein, the background signal will be shown to be 

significantly reduced compared to photobleaching-based gating.  When combined with 

HTCE, photolytic optical gating will be shown to provide over an order of magnitude 
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Figure 5.1.  Chemical structure of caged fluorescein (5-carboxyfluorescein-bis-(5-
carboxymethoxy-2-nitrobenzyl) ether, β-alanine-carboxamide, succinimidyl ester) for use in 
photolytic optically gated CZE. 



 150

improvement in sensitivity compared to photobleaching-based optical gating for 

fluorescein based dyes while maintaining comparable S/N enhancements.   

5.2 Photolytic Optical Gating   

In photobleaching-based optical gating, non-photodegraded fluorescein results in 

a continuous background signal that results in increased noise, thus limiting the dynamic 

range and precision of the measurement.  For this reason, a photolytic optically gated 

injection system has been developed, which utilize inherently non-fluorescent labeling 

molecules.  Figure 5.2(b) shows a deconvoluted electropherogram acquired by 

application of rmHTCE with a 511 element S-matrix using photolytic optical gating with 

1 nm caged fluorescein.  The deconvoluted single injection electropherogram in Figure 

5.2(b) has a main peak at 2.54 s, a secondary peak at 1.88 s.  The two peaks are the result 

of the hydrolysis of the succinimidyl ester linkage.  The peak at 2.54 sec corresponds to 

the hydrolysis product, as determined by mass spectroscopy.  Compared to a single 

injection electropherogram as seen in Figure 5.2(a), application of a 511 element S-

matrix yields a 7-fold S/N enhancement.  The peak efficiency of the main cage 

fluorescein peak is 45,000 theoretical plates (approximately 3 × 106 plates/m), which is 

comparable to that observed for photobleaching-based optical injection in Chapter 4 and 

is comparable to literature peak efficiencies (~2-6 × 106 plates/m).44,87  Compared to 1 

nM fluorescein injected using photobleaching-based optical gating with rmHTCE and a 

511 S-matrix as seen in Figure 5.2(c), the observed peak intensity is higher due to the 

reduced background signal facilitated by caged fluorescein.  The reduced background 

fluorescence should yield improved detection limits for optically gated injections. 
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Figure 5.2.  Application of photolytic optical gating with rmHTCE for the analysis of 1 nM
caged fluorescein by a single injection (a) and application of a 511 S-matrix (b). 
Deconvolution with an inverse 511 S-matrix in (b) yields a single injection 
electropherogram with peaks at 1.89 s and 2.55 s and a 7-fold S/N enhancement compared 
to the single injection electropherogram in (a).  Application of photobleaching-based optical 
injection with rmHTCE for the analysis of 1 nM fluorescein is shown in plot (c) for 
comparison.  The low background fluorescence observed in photolytic optical injection
yields a higher peak intensity compared to photobleaching-based optical injection. 
Experimental conditions (a & b): 1 nM caged fluorescein in 10 mM phosphate buffer (pH = 
7.40), 10 ms injections, 100 Hz collection frequency, 1.75 kV/cm, gating beam (351 nm):
30 mW, probe beam (488 nm): 12 mW, 20 Hz low pass filter, 10 µm i.d., 369 µm o.d., 
collection time (b): 8.8 s.  The experimental conditions for (c) are similar to those in Figure 
4.1. 
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The photolysis of caged fluorescein should yield one peak that corresponds to the 

decaged fluorophore though due to the hydrolysis reaction, two peaks are observed.  At 

laser powers above 30 mW, additional peaks are observed that correspond to secondary 

photolysis events as seen in Figure 5.3.   

 

 

 

 

 

 

 

 

 

 

 

At moderate laser intensities between 30-50 mW, the first caged fluorescein peak splits 

into a doublet.  The magnitude of the doublet is dependent on the laser power and extent 

of the hydrolysis reaction.  The structures of the secondary photolysis products have yet 

to be determined.  At powers above 50 mW, additional peaks appear between the doublet 

and the main peak.  When caged fluorescein is utilized to label molecules such as amino 

acids or proteins, the additional peaks can overlap with analyte peaks thus interfering 

with peak identification.  Due to the creation of secondary photolysis products at powers 

Figure 5.3.  Transformed electropherogram generated using a high intensity gating beam
(>30 mW) for the application of mHTCE with a 2047 element injection sequence.  The high
intensity leads to the splitting of the first peak into a doublet (1.61 & 1.69 s).  The
additional peak at 2.62 s is a contaminant.  Experimental conditions: 1 nM caged
fluorescein in 10 mM phosphate buffer (pH = 7.40), 10 ms injections, 100 Hz collection
frequency, 1.75 kV/cm, gating beam (351 nm): 50 mW, probe beam (488 nm): 12 mW, 20
Hz low pass filter, 12 µm i.d., 372 µm o.d., collection time: 40.94 s. 
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above 30 mW, the power of the gating beam is kept at or below 30 mW.  Though the 

reduced intensity may lower the sensitivity, this step is required for analysis of complex 

biological samples, where additional photolysis products may interfere with peak 

identification. 

5.3 S/N Enhancements 

S/N enhancements as a function of the injection matrix for 10 ms injection times 

with cHTCE conducted utilizing photolytic optical gating of caged fluorescein are 

summarized in Table 5.1.  The S/N enhancements acquired for photobleaching based 

optical gating for 10 ms injections in Table 4.1 are included for reference in addition to 

literature3 and theoretical values. 

 

 

 

 

 

 

 

 

Similar S/N enhancements are observed compared to the values obtained utilizing 

photobleaching based optical gating and those reported by Kaneta3 for application of 511 

and 1023 element S-matrices.  A 6% S/N enhancement reduction is observed for 

application of a 2047 matrix that is just outside the 5% error bars measured in the 

Table 5.1.  Relationship between the order of the S-matrix and S/N enhancement for 10 ms
injections for the application of cHTCE with photolytic optical gating.  S/N enhancement
for photobleaching based optical gating acquired in our group with 10 ms injections, from
the literature3 with 500 ms injections, and the calculated theoretical  enhancements are
included for comparison.  The S/N enhancement is calculated as the ratio of S/N values
obtained from electropherograms acquired using cHTCE and a single injection method.
(Error bars ± 5%) 

cHTCE 10 ms 
(Photolytic)

10 ms 
(Photobleaching)

500 ms (Lit*) 
(Photobleaching) 

Theory 

511 (2n-1) 8.7 9.2 9.60 11.32 
1023 (2n-1) 12.7 13.1 12.00 16.01 
2047 (2n-1) 17.3 18.4 18.00 22.03 
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experiment.  Due to the migration time of caged fluorescein, the 255 element S-matrix 

could not be utilized for encoding the injection sequence, since a single separation must 

occur within the first (n) domain.  In the case of caged fluorescein, the main peak 

migrates, on average, between 2.5 and 3 s thus only 511 element and above S-matrices 

could be utilized with 10 ms injection times.  Longer injection times would facilitate the 

use of smaller injection matrices. 

 The S/N enhancements for application of mHTCE for the analysis of caged 

fluorescein are found to be similar, though slightly lower, than those acquired utilizing 

the photobleaching based optical gating method as seen in Table 5.2. 

 

 

 

 

 

 

 

 

Compared to Table 4.1, the difference in S/N enhancement is within the measurement’s 

5% error bars for the 1023 and 2047 S-matrices though slightly outside the error bars for 

the 511 S-matrix.  The S/N enhancement values, as predicted from Equation 2.13, are 

about 20% lower than the values acquired utilizing cHTCE (Table 4.1).  Similarly, the 

Table 5.2.  Relationship between the order of the S-matrix and S/N enhancement for the
application of mHTCE with photolytic optical gating using 10 ms injections.  S/N
enhancement for photobleaching based optical gating acquired with 10 ms injections, from
the literature3 with 500 ms injections, and the calculated theoretical  enhancements are
included for comparison.  The S/N enhancement is calculated as the ratio of S/N values
obtained from electropherograms acquired using mHTCE and a single injection method.
(Error bars ± 5%) 

mHTCE 10 ms 
(Photolytic)

10 ms 
(Photobleaching)

500 ms (Lit*) 
(Photobleaching) 

Theory 

511 (n) 7.5 8.4 9.60 11.32 
1023 (n) 10.3 11.0 12.00 16.01 
2047 (n) 14.6 15.5 18.00 22.03 
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S/N enhancements are reduced compared to literature values3 and theory as observed in 

Table 4.2.  

5.4 Detection Limit for Photolytic Versus Photobleaching Based Optical Gating   

One limitation of photobleaching based optical gating is that the photobleaching 

processes is not 100% effective at rendering the exposed analyte nonfluorescent, resulting 

in increased background, which may lead to reduced sensitivity.  When utilizing 

photolytic optical gating, the labeling dye is inherently nonfluorescent, thus there is little 

to no fluorescence background resulting in decreased background noise compared to 

photobleaching-based optical gating, thus should yield improved sensitivity.  Figure 5.4 

shows the analysis of 10 pM caged fluorescein by mHTCE with a 2047 S-matrix.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4.  Analysis of 10 pM caged fluorescein by (a) a single injection and (b) mHTCE
with a 2047 S-matrix.  Under single injection conditions, no peak can be detected due to
background noise.  Application of a 2047 S-matrix and subsequent deconvolution yields the
fluorescein peak at 2.59 s with a S/N ratio of 6.6.  The noise in (b) is reduced 17-fold
compared to (a).  The dashed lines in (a) define the y-axis limits in (b).  Experimental
conditions: 10 pM caged fluorescein in 10 mM phosphate buffer (pH = 7.40), 10 ms
injections, 100 Hz collection frequency, 1.75 kV/cm, gating beam (351 nm): 30 mW, probe
beam (488 nm): 12 mW, 20 Hz low pass filter, 10 µm i.d., 369 µm o.d., collection time:
40.94 s. 
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Under single injection conditions in Figure 5.4(a), no signal peak can be discerned from 

the background signal.  Application and subsequent deconvolution of a 2047 S-matrix 

with mHTCE effectively reduces the noise such that a signal can be discerned as seen in 

Figure 5.4(b).  This represents an order of magnitude increase in the limit of detection 

(LOD) for application of photolytic optical gating versus photobleaching-based optical 

gating for the detection of fluorescein based dyes.  The peak is found to migrate at 2.59 s 

and has a S/N ratio of 6.6, corresponding to a 16-fold reduction in noise between (a) and 

(b).  The secondary peak ~1.88 s is not present in the transformed electropherogram, 

though the presence of the peak is dependent on the extent of the hydrolysis reaction.  

The separation efficiency of approximately 70,000 plates or 5 × 106 plates/m which is 

toward the high end of reported peak efficiencies (~2-6 × 106 plates/m).44,87  The 

detection limit of 10 pM corresponds to the detection of 58 yoctomoles or just 35 

molecules per 10 ms injection event.  The detection limit was calculated using Equation 

1.21, where velocity, v, was estimated from the migration time of FITC labeled arginine.  

A similar detection limit has been reported for fluorescein by Kaneta et al.35 for the 

application of a 2047 S-matrix using cHTCE, though required a collection time 50 times 

that of ours due to the use of 500 ms injections.   

 Though a slightly reduced S/N enhancement is observed through application of 

photolytic optical gating compared to results obtained using photobleaching-based optical 

gating, the LOD are improved by an order of magnitude as observed from comparison of 

Figures 4.4 and 4.7.  The calculated LOD for photobleaching-based and photolytic 

optical gating as a function of matrix size is shown in Table 5.3.  Regardless of the matrix 



 157

size, roughly an order of magnitude improvement in the detection limit is observed for 

application of photolytic optical gating compared to photobleaching-based optical gating  

 

 

 

 

 

 

 

 

with mHTCE.  Utilization of an inherently non-fluorescent molecule such as caged 

fluorescein reduces the background signal, thus resulting in increased detection limits.  

When combined with HT, the detection limits are further improved due to the increased 

signal throughput facilitated by the pseudorandom injection sequence.  Despite a reduced 

S/N enhancement compared to photobleaching-based optical gating, photolytic optical 

gating provides an order of magnitude increase in the LOD for the detection of 

fluorescein based molecules. 

5.5 Conclusion 

 Photolytic optical gating coupled with HT provides a means to realize further 

improvement in sensitivity compared to photobleaching based optical gating.  One 

limitation of photobleaching based optical gating is that the photobleaching processes is 

not 100% effective at rendering the exposed analyte nonfluorescent, resulting in 

mHTCE Photobleaching Photolytic 

511 100 pM 10 pM 
1023 63 pM 7 pM 
2047 45 pM 5 pM 

Table 5.3.  Calculated limits of detection (LOD) for fluorescein and caged fluorescein
using mHTCE with photobleaching-based and photolytic optical gating as a function of S-
matrix size.  The inherently non-fluorescent caged fluorescein utilized in photolytic optical
gating reduces the background noise thus provides an order of magnitude improvement in
the limits of detection despite yielding reduced S/N enhancements compared to
photobleaching-based optical gating as observed in Tables 4.4.  (Error bars ±5%) 
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increased background, which may lead to reduced sensitivity.  This limitation has led to 

the development of photolytic optical gating in which the analyte is labeled with a caged 

fluorophore such as caged fluorescein.  Injection occurs by gating with a high intensity 

UV gating beam that effectively decages the fluorophore rendering the molecule 

fluorescent for detection.  The reduced background signal afforded by caged fluorescein 

improves the detection limit by an order of magnitude compared to fluorescein.  When 

coupled with HTCE the detection limit can be reduced to just 35 molecules in a 10 ms 

injection, which is comparable to reported values.  The collection time is reduced by 50-

fold in this research though through the use of 10 ms.  Photolytic optical gating with its 

improved sensitivity provides a means to realize pM detection limits for labeled analytes 

as will be demonstrated in Chapter 6.  
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CHAPTER 6.  APPLICATION OF HTCE 

 

6.1 Introduction 

 In this chapter, modified and reduced modified Hadamard transform capillary 

electrophoresis (HTCE and rmHTCE) will be demonstrated as a means to improve the 

sensitivity of CZE for the analysis of biologically active molecules while substantially 

decreasing the collection time compared to conventional HTCE (cHTCE).  Current 

applications of CZE suffer from limited sensitivity (>1 nM) when coupled to standard 

optical and electrochemical detection methods especially for on-line detection.  Though 

current detection schemes have facilitated the analysis of a wide range of analytes, many 

biomolecules, e.g. neuropeptides, still elude detection.  The Hadamard transform (HT) 

has been demonstrated as a means to improve the limits of detection (LOD) for 

fluorescein based dyes by an order of magnitude.  Compared to previous applications of 

HTCE, similar limits of detection and S/N enhancements have been shown though with a 

substantially reduced collection time.3,31  The decreased collection time is the product of 

using short injection times (10 ms) in conjunction with the new mHTCE and rmHTCE 

methods.  By reducing the collection time required for application of HT, improved ‘data 

rates’ for on-line detection in addition to reduced sample waste can be realized, which is 

advantageous for application as an on-line separation based sensor.  Separation-based 

sensors with improved sensitivity will increase the ability to draw correlation between 

concentration dynamics for a range of analytes simultaneously with such things as 
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behavior and pharmacology within living organism, which has implication for the 

diagnosis and treatment of neurological disorders. 

Here, HTCE will be shown to improve the sensitivity for analysis of a range of 

amino acids and proteins using both photolytic and photobleaching based optical gating, 

which has implications in monitoring neurochemical concentration dynamics and high 

sensitivity immunoassays.  Applications of HTCE for the analysis of multicomponent 

amino acid solutions and proteins will be presented that demonstrate pM detection limits 

and the potential for application of HT as a separation-based sensor.  Utilizing the 

Hadamard transform (HT) methods developed here, significant improvements in 

collection rates will be shown thereby facilitating the application of HT for the analysis 

of fast bioprocesses.  The first demonstration of time-resolved HTCE will be presented 

utilizing a multiport injection valve.  Hadamard transformations when combined with 

high separation voltages and short separation distances will be shown to yield improved 

sensitivity for the analysis of a wide range of biomolecules while having a minimal effect 

on the temporal resolution. 

6.2 Amino Acid Analysis 

CZE provides a fast, efficient, and sensitive means to analyze species ranging in 

size from ions to DNA fragments.  One application of CZE, which has implication in 

such fields as pharmacology, biochemistry, and neurology, is the analysis of amino acids 

and neurotransmitters.  Neurotransmitters of particular interest include the inhibitory 

neurotransmitter γ-aminobutyric acid (GABA) and excitatory neurotransmitter dopamine.  

Both of these molecules are found in vivo at low nM concentrations, which prevents their 
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detection in many on-line CZE studies.  Hadamard transformations provide a simple 

means to simultaneously detect and analyze these analytes and extend on-line detection 

limits to the analysis of picomolar analytes such as neuropeptides.  Monitoring samples 

collected in vivo requires the ability to resolve complex mixtures.  Up to this point most 

applications of HTCE for the detection of amino acids has been limited to only two 

component systems.34  To characterize the ability of mHTCE to efficiently resolve 

multiple tightly spaced peaks while yielding improved S/N ratios, a series of experiments 

has been conducted using multicomponent amino acid solutions.  Putative 

neurotransmitters such as glutamate, aspartate, serotonin, and dopamine; inhibitory 

neurotransmitters such as γ-aminobutyric acid, taurine, and glycine; and common amino 

acids such as arginine and its precursor citrulline have been utilized to determine the 

separation efficiencies for amino acids with varying charges and sizes.  To mimic the 

reaction conditions for on-line derivatization and sampling, amino acids are mixed at 

predetermined concentrations before derivatization with a 3:1 excess of labeling dye.  

Lower molar ratios are found to reduce the observed peak heights of the labeled amino 

acids.     

HTCE has been applied to the analysis of various mixtures of fluorescein 

isothiocyanate (FITC) labeled amino acids using photobleaching-based optical gating.  

Figure 6.1 demonstrates the application of cHTCE, mHTCE, and rmHTCE for the 

analysis of 10 nM FITC labeled (3:1) arginine (Arg), citrulline (Cit), γ-aminobutyric acid 

(GABA), taurine (Tau), and glycine (Gly).  Under single injection conditions in Figure 

6.1(a), only Arg, Cit, Gly, and excess FITC can be resolved due to background noise.   
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Figure 6.1.  Analysis of 10 nM arginine (Arg), citrulline (Cit), γ-aminobutyric acid
(GABA), taurine (Tau), and glycine (Gly) labeled with FITC (3:1) in 10 mM phosphate
buffer (pH = 7.38) by (a) single injection, (b)-(d) deconvoluted electropherograms obtained
by (b) cHTCE, (c) mHTCE, and (d) rmHTCE with a 511 S-matrix.  HTCE results in S/N
enhancements of (b) 9.6, (c) 8.9, and (d) 9.0 compared to (a). The improved S/N ratios
provided by HT extends the LOD for Arg to 400 pM, Cit to 600 pM, GABA to 2 nM, Tau
to 2 nM, and Gly to 400 pM which represent an order of magnitude improvement over the
LOD for a single injection (a).  The collection time to realize these enhancements is (b) 12.9
s, (c) 10.22 s, and (d) 8.8 s.  Application of the rmHTCE method reduces the collection time
by 32% compared to cHTCE.  A ghost peak is present in (b-d) at 0.65 s.  Experimental
conditions: 10 ms injections, 100 Hz collection frequency, 1.75 kV/cm, gating beam (488
nm): 50 mW, probe beam (488 nm): 12 mW, 20 Hz low pass filter, 10 µm i.d., 369 µm o.d.
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Application of a 511 S-matrix and subsequent deconvolution using (b) cHTCE, (c) 

mHTCE, and (d) rmHTCE yields single injection electropherograms in which GABA 

(2.4 s) and Tau (2.46 s) are detectable due to a S/N enhancement of 9.6 for (b), 8.9 for 

(c), and 9.0 for (d).  The improved S/N ratios provided by HT extends the LOD for Arg 

to 400 pM, Cit to 600 pM, GABA to 2 nM, Tau to 2 nM, and Gly to 400 pM, which 

represents an order of magnitude improvement over the LOD for a single injection.  The 

collection time to realize these enhancements is (b) 12.9 s, (c) 10.22 s, and (d) 8.8 s.  

Application of mHTCE reduces the collection time by 21%, whereas rmHTCE decreases 

the collection time by 32% both compared to cHTCE while maintaining comparable S/N 

enhancements.  The time savings for single applications of mHTCE or rmHTCE may 

seem small, though when applied to monitor concentration dynamics over long time 

periods the time savings can be substantial.  Additionally, decreasing the cycle time for 

application of HT increases the data rate and reduces the volume of analyte required for 

detection.  Compared to the single injection collection time (~3 s), the Hadamard 

transform increases the required collection time 4.3-fold for (b), 3.4-fold for (c), and 2.9-

fold for (c).  Thus, there is a trade off between improved sensitivity and an increased 

collection time for application of HT.  The collection time increase can be minimized 

through the application of rmHTCE compared to cHTCE.  Imperfect gating results in the 

presence of an inverted ghost peak at 0.65 s in the transformed electropherograms that is 

not present in the single injection electropherogram.  The peak widths for Arg in Figures 

6.1(b)-(d) are identical to that obtained in the single injection electropherogram in Figure 

6.1(a) with a peak efficiency of approximately 3 × 106 plates/m, which is superior to 
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previous applications of HT for the analysis of amino acids.34  In addition to providing 

improved peak efficiency, these result also demonstrate a 50-fold reduction in collection 

time and 10-fold reduction in separation time for FITC labeled amino acids compared to 

previous reports.3,34  These results demonstrate the ability of HT to separate 

multicomponent systems without distortion of the peak widths, which is required for 

application in on-line monitoring.    

Application of larger S-matrices, as predicted by theory, results in further 

improvement in the S/N enhancement though require longer collection times.  Analysis 

of FITC labeled Arg, serotonin (5-HT), Cit, GABA, Tau, and Gly by application of a 

1023 and 2047 S-matrix is shown in Figure 6.2. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2.  Transformed electropherograms of 10 nM arginine (Arg), serotonin (5-HT), 
citrulline (Cit), γ-aminobutyric acid (GABA), taurine (Tau), and glycine (Gly) labeled with
FITC (3:1) in 10 mM phosphate buffer (pH = 7.38) obtained by rmHTCE utilizing a (a) 1023
S-matrix and (b) 2047 S-matrix.  Application of rmHTCE requires a collection time of (a)
14.9 s and (b) 25.1 s and yields a S/N enhancement of (a) 11-fold and (b) 16-fold.  Utilizing 
rmHTCE decreases the collection time compared to cHTCE in (a) by 38% and (b) by 44%.
Experimental conditions: 10 ms injections, 100 Hz collection frequency, 1.75 kV/cm, gating
beam (488 nm): 50 mW, probe beam (488 nm): 13 mW, 20 Hz low pass filter, 5 µm i.d., 357 
µm o.d. 
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Under single injection conditions, only the Arg, Cit, Gly, and excess FITC peaks are 

resolved at a concentration of 10 nM similar to Figure 6.1(a).  Application of rmHTCE 

and subsequent deconvolution of a 1023 S-matrix in Figure 6.2(a) requires a collection 

time of 14.9 s yielding an 11-fold S/N enhancement, which facilitates the detection of all 

six labeled amino acids.  A time savings of 38% compared to cHTCE is observed 

utilizing rmHTCE.  When a 2047 S-matrix is applied utilizing rmHTCE to the same 

solution, the S/N enhancement is increased to 16-fold as seen in Figure 6.2(b).  The 

rmHTCE method in Figure 6.2(b) decreases the collection time by 44% compared to 

cHTCE.  The application of higher order matrices increases the collection time compared 

to a single injection (~4 s) by 3.7-fold for a 1023 matrix and 6.3-fold for a 2047 matrix.  

Again, a trade off can be observed between the collection time and S/N enhancement for 

application of HTCE.  To reduce this effect, the smallest Hadamard matrix should be 

utilized to resolve the analyte peaks of interest.  Ghost peaks are observed in Figure 

6.2(a) at 1.7 s and Figure 6.2(b) at 12.1 s (not shown).     

Two neurotransmitters of particular interest are dopamine and GABA.  Attempts 

to monitor these molecules through on-line sampling techniques such as microdialysis 

has been difficult due to small sample volumes and low concentrations, which lead to 

reduced sensitivity and/or long sample collection times to acquire a detectable 

volume/concentration of analyte.  Current on-line detection methods are unable to detect 

low nanomolar concentrations of dopamine and GABA with a high data rate due to poor 

sensitivity.  The separation of a mixture of FITC labeled 5-HT, DA, GABA, Tau, and Gly 

(20 nM in each) is shown in Figure 6.3.  Under single injection conditions in Figure 
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6.3(a), only Gly and excess FITC are detectable due to the high background signal.  The 

dashed lines in Figure 6.3(a) define the limits of the y-axis used in Figure 6.3(b), which 

shows the electropherogram obtained using the rmHTCE technique with a 1023 S-matrix.   

 

 

 

 

 

 

 

 

 

 

 

 

Application of rmHTCE requires a collection time of 15.1 s.  This represent a 3.8-fold 

increase in collection time compared to a single injection though affords a 10-fold noise 

reduction.  The reduced noise allows for the detection of all five labeled amino acids and 

demonstrates the ability to increase the sensitivity for detecting neurotransmitters 

especially GABA and dopamine.  rmHTCE reduces the collection time by 35% compared 

to cHTCE and 26% compared to mHTCE.  Inverted ghost peaks associated with 

imperfect sample injection are present at 2.7 and 3.1 s respectively.  A 10 ms injection in 

Figure 6.3.  Analysis of 20 nM serotonin (5-HT), dopamine (DA), γ-aminobutyric acid 
(GABA), taurine (Tau), and glycine (Gly) labeled with FITC (3:1) in 10 mM phosphate
buffer (pH = 7.38) by (a) single injection, (b) transformed application of rmHTCE with a
1023 S-matrix.  The dashed lines in (a) define the intensity limits of (b).  Under single
injection conditions (a), only glycine is discernable from the background noise.  Application
and subsequent deconvolution of rmHTCE yields a S/N enhancement that facilitates the
detection of all five labeled species.  A ghost peak is present at 1.2 s.  Experimental
conditions: 10 ms injections, 100 Hz collection frequency, 1.75 kV/cm, gating beam (488
nm): 50 mW, probe beam (488 nm): 12 mW, 20 Hz low pass filter, 5 µm i.d., 359 µm i.d., 
collection time: 17.0 s. 
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Figure 6.3 corresponds to the injection of approximately 33 zeptomoles of each labeled 

amino acid as predicted by Equation 1.21.  Sensitivity in these experiments is limited by 

a low gating power (50 mW).  Increasing the gating beam power to 150 mW has been 

shown to increase signal while reducing background noise35 thus should facilitate the 

realization of yoctomole detection.  Application of mHTCE and rmHTCE provides a 

means to improve the sensitivity for detection of a range of neurotransmitters, thus 

making it an appealing technique to yield faster data rates and detection limits for on-line 

monitoring. 

 One method to further improve the LOD for labeled amino acids is through 

photolytic optical gating.  As demonstrated in Chapter 5, analytes in photolytic optical 

gating are derivatized with fluorogenic labels thus reducing the background signal.  

Sample injection is facilitated through the interaction of the labeled analyte with a high 

intensity UV laser line that renders the labeled analyte fluorescent.  Figure 6.4 

demonstrates the application of a 2047 S-matrix utilizing rmHTCE with photolytic 

optical gating for the analysis of 500 pM caged fluorescein labeled glutamate (Glu) and 

aspartate (Asp).  Caged fluorescein labeled glutamate and aspartate are found to migrate 

at 3.13 s and 3.23 s.  The ability to separate glutamate and aspartate demonstrates a high 

mass resolution as they differ by only one methylene group.  The S/N ratio for glutamate 

is 21.2 and aspartate is 11.6, which represent a 14-fold S/N enhancement compared to a 

single injection electropherogram.  Application of rmHTCE extends the LOD for Glu to 

70 pM, and Asp to 120 pM, which represents 14-fold LOD improvement compared to a 

single injection.  Application of rmHTCE decreases the collection time by 43% compared 
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to cHTCE and 39% compared to mHTCE.  A high gating intensity (60 mW) results in the 

appearance of additional peaks in Figure 6.4 such as the doublet at 1.8 and 1.95 s.  At this 

power the doublet is found to split further compared to Figure 5.3 (50 mW).   

 

 

 

 

 

 

 

 

 

 

 

Additionally, a small peak (2.48 s) and hump in between the doublet and main peak at 

2.69 s are present.  Improved detection limits are realized through use of a high gating 

power, though this results in a convoluted electropherogram due to additional photolysis 

products.  For analysis of glutamate and aspartate, the additional photolysis products 

peaks do not interfere with peak identification though for complex biological samples this 

presents a problem.  Lower gating powers can reduce the presence of the additional peaks 

though results in decreased sensitivity.  Despite this limitation, these results demonstrate 
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Figure 6.4.  Transformed electropherogram acquired using rmHTCE with a 2047 S-matrix of 
500 pM glutamate (Glu) and aspartate (Asp) labeled with caged fluorescein in 10 mM
phosphate buffer (pH = 7.38).  Glutamate migrates in 3.13 s and aspartate in 3.23 both with 
an observed S/N enhancement of 14-fold compared to a single injection electropherogram.
Using rmHTCE, the collection time is reduced by 43% compared to cHTCE.  Experimental
conditions: 10 ms injections, 100 Hz collection frequency, 1.75 kV/cm, gating beam (351 
nm): 60 mW, probe beam (488 nm): 10 mW, 20 Hz low pass filter 10 µm i.d., 369 µm i.d., 
collection time: 24.9 s. 
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that photolytic optical gating facilitates the detection of sub-nanomolar neurotransmitter 

concentrations with a fast temporal response. 

6.3 Protein Analysis 

Capillary electrophoresis provides an efficient means to analyze proteins due to 

the high resolving power and short analysis time.  Unfortunately, protein detection limits 

in CZE with LIF detection often fall in the nM to µM range due to high background 

signal associated with fluorescent label.  Labeling reactions of proteins are usually 

performed at mM concentrations with high molar ratios of fluorescent reagent in order to 

obtain efficient labeling.8  The excess fluorescent reagent thus results in a high 

background signal that can swamp the fluorescence signal from dilute protein samples.  

When CZE is utilized as a separation technique for immunoassays, poor concentration 

sensitivity are often observed compared to common solid-phase techniques, especially for 

competitive assays.18  In biological samples, sub-nanomolar protein concentrations are 

common requiring improved detection limits for on-line monitoring of these compounds.  

The decreased CZE sensitivity compared to solid state methods can be attributed to a 

small degree to the small detection volume, but more importantly to the preconcentration 

that solid-phase methods provide.18  In HTCE, hundreds of samples are utilized in the 

transformation thus increasing the detected sample mass.  Averaging over the multiple 

injections as occurs in HT reduces the noise associated with the background signal, which 

leads to improved detection limits compared to single injection applications of CZE.  

HTCE should afford improved detection limits for proteins similar to those observed for 

analysis of amino acids.  Proteins of particular interest include that of parathyroid 
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hormone and neuropeptides, which utilizing current methodologies are difficult to 

monitor in vivo due to their low internal concentration.  Analysis of enhanced green 

fluorescent protein (EGFP) is also of interest for use as an endogenous sensor for 

monitoring cellular function.   

Immunoglobulin G (IgG) is the major class of immunoglobulin in the blood and 

plays a crucial role in the immune system.  IgG is produced in large quantities during a 

secondary immune response and mediates the binding, ingestion, and destruction of 

infectious microorganisms by macrophages and neutrophils.  Concentration changes 

within IgG subclasses (IgG1, IgG2, IgG3, and IgG4) can allude to a disturbed 

immunological response.  Improved IgG detection sensitivity is advantageous for 

enhanced on-line detection of these subclasses90 and use in high sensitivity IgG 

immunoassays.  For these reasons and to demonstrate the flexibility of HTCE in 

improving sensitivity for protein analysis, rmHTCE has been applied to the analysis of 

FITC labeled IgG as seen in Figure 6.5.  To limit protein absorption to the capillary walls 

the separation capillary is coated with cellulose acetate (0.8%) as described in Section 

3.5.  In Figure 6.5(a) under single injection conditions, 10 nM FITC labeled rabbit IgG 

can be detected at 6.6 s with a S/N of 11.0 though with a sporadic baseline.  Application 

of a 2047 S-matrix and subsequent transformation utilizing rmHTCE yields an 

electropherogram with a 15-fold S/N enhancement and stable baseline as seen in Figure 

6.5(b).  The improved S/N ratio requires a longer collection time (28 s) compared with a 

single injection (~6 s), though the collection time is reduced by 40% compared to a 

comparable application of cHTCE.  Application of a 1023 S-matrix with rmHTCE 



 171

decreases the collection time to 16.73 s though the S/N enhancement is slightly reduced 

to 10.2-fold.  Compared to previous studies of IgG by CZE,90-92 these results exhibit a  

 

 

 

 

 

 

 

 

 

 

 

faster migration time in addition to improved detection limits, although poorer peak 

efficiencies are observed. Further research is required to find conditions to improve the 

separation efficiency.  The improved sensitivity and separation times provided by 

rmHTCE for the analysis of IgG can be advantageous for high sensitivity immunoassays, 

elucidating binding constants for affinity complexes, and on-line detection of IgG and its 

subclasses to name a few. 

In addition to IgG, streptavidin has been analyzed utilizing HTCE.  Streptavidin is 

a tetrameric protein, which due to its high affinity binding to biotin, has been the focus of 

a number of studies aimed at determining the intermolecular interactions that give rise to 

Figure 6.5.  Analysis of 10 nM FITC labeled IgG in 10 mM phosphate buffer (pH = 6.8) by
(a) single injection and (b) rmHTCE using a 2047 S-matrix and subsequent deconvolution.
Application of rmHTCE increases the collection time to 28 s though results in a 15-fold S/N
enhancement compared to (a).  Experimental conditions: 10 ms injections, 100 Hz
collection frequency, 1.75 kV/cm, gating beam (488 nm): 45 mW, probe beam (488 nm): 12
mW, 20 Hz low pass filter, 24 µm i.d. 375µm i.d., cellulose acetate coated capillary (0.8%).
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the tight binding.  Better understanding of the mechanism and kinetics associated with the 

tight binding in addition to the structure-function relationship should lead to the 

development of new drugs and protein ligands with improved binding selectivity.  The 

improved sensitivity afforded by HTCE for streptavidin will be advantageous for analysis 

of biotinylated species from cell lysate,93 analysis of biotin containing pharmaceuticals,94  
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Figure 6.6.  Electropherograms of 5 nM Streptavidin labeled with caged fluorescein in 10 
mM phosphate buffer (pH = 6.8) by (a) single injection, (b) rmHTCE using a 511 S-matrix, 
and (c) rmHTCE with a 1023 S-matrix.  Application of rmHTCE results in a S/N
enhancement of (b) 7.3-fold and (c) 11.0-fold though increases the collection time to (b) 7.3 s 
and (c) 13.8 s compared to (a).  Experimental conditions: 10 ms injections, 100 Hz collection
frequency, 2 kV/cm, gating beam (351 nm): 80 mW, probe beam (488 nm): 20 mW, 20 Hz
low pass filter, 24 µm i.d., 375µm i.d., cellulose acetate coated capillary (0.8%). 
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or to examine the cellular uptake of biotin such as in oocytes.93  Figure 6.6 demonstrates 

the application of a single injection (a) a 511 S-matrix (b), and a 1023 S-matrix (c) for the 

analysis of 5 nM caged fluorescein labeled streptavidin.  Under single injection 

conditions, caged fluorescein labeled streptavidin is difficult to discern from the 

background noise.  Application of a 511 S-matrix as seen in Figure 6.6(b) provides a 7.3-

fold S/N enhancement while only increasing the collection time to 8.7 s compared to ~2.5 

s required for a single injection.  The improved S/N ratio improves the detection 

sensitivity of caged fluorescein labeled streptavidin, which is found to migrate in 1.9 s.  

An increased S/N enhancement of 11-fold is observed utilizing a 1023 S-matrix as seen 

in Figure 6.6(c) though the collection time is increased to 13.8 s.  Utilizing of rmHTCE 

reduces the collection time by 32% for (b) and 43% for (c) compared to cHTCE.  As in 

the analysis of IgG, a cellulose acetate coating is applied to the capillary to prevent 

protein adhesion. 

 In addition to proteins that require derivatization before analysis, a modified 

enhanced green fluorescent protein (EGFP), which is naturally fluorescent, has been 

synthesized and studied utilizing mHTCE.  The green fluorescent protein (GFP), which is 

derived from jellyfish (Aequorea victoria), has recently developed into an important tool 

in cell biology for such applications as monitoring gene expression and intracellular 

protein localization.95  EGFP is a mutant of the GFP protein in which the protein structure 

has been modified to shift the absorption band to better match the output of an argon ion 

laser.  The EGFP utilized in this research has been further modified to include a TAT(1) 

sequence in addition to a 6×-histidine (6×His) tag which is utilized in the purification 
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process (6×His-TAT(1)-EGFP).  When fused with heterologous proteins or peptides, the 

TAT peptide, derived from HIV-1, can traverse biological membranes through the 

process of protein transduction.  The TAT sequence thus provides a mechanism to deliver 

the fluorescent protein chimera into cells where it can be utilized to selectively bind and 

assay a range of proteins and peptides.  Expressed fusion proteins are particular useful for 

elucidating cellular function as they tend to not be toxic.  Endogenous EGFP tagged 

protein substrates have been demonstrated for monitoring intracellular kinase activity96 

though required an analysis time of 7 min.  Application of HTCE with a high efficiency 

CZE instrument should facilitate improved detection limits compared to single injection 

experiments with improved migration times. 

 The application of HTCE for the analysis of EGFP chimera should facilitate 

similar sensitivity enhancements as observed for analysis of IgG and streptavidin.  The 

concentration of 6×His-TAT(1)-EGFP for these experiments are determined using the 

Beer-Lambert law and the reported extinction coefficient of 61,000 cm-1 M-1.262  Under 

single injection conditions as seen in Figure 6.7(a), 5 nM 6×His-TAT(1)-EGFP is found 

to migrate in 1.69 s as a single peak.  Application of a 255 S-matrix is found to not only 

improve the S/N ratio but also resolve a second peak at 1.73 s as observed in Figure 

6.7(b).  The origin of the second peak is thought to arise from the expression of an EGFP 

variant that does not contain the TAT(1) sequence as the analysis of just 6×His-EGFP 

yields only one peak.  The deconvoluted electropherogram requires 5.1 s and yields a S/N 

enhancement of 6-fold.  The mHTCE method is utilized in this case as no time saving is 

observed using rmHTCE due to the size of the S-matrix and migration times.  The 
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increased S/N ratio observed in Figure 6.7(b) increases the overall collection time 2.8-

fold compared to the single injection.  The peak efficiency for EGFP is 2 × 106 plates/m  

 

 

 

 

 

 

 

 

 

 

 

which is comparable to that observed for labeled amino acids.  At high pH (>10), the 

peak at 1.73 s is found to merge with the main peak as indicated by an increased peak 

width and may be the result of an increased electrophoretic mobility. 

 Photobleaching based optical gating of the modified EGFP protein can be 

performed at either 488 nm as in Figure 6.7 or by the near UV lines (~351 nm) of an 

argon ion laser as seen in Figure 6.8.  Under UV photobleaching conditions, a similar 

profile for EGFP is observed though the two EGFP peaks are not baseline resolved.  

Application of a 255 S-matrix yields a S/N enhancement of 6-fold similarly to Figure 

6.7(b).  The S/N ratio can be further improved through application of a 2047 S-matrix, 

Figure 6.7.  Analysis of 5 nM 6×His-TAT(1)-EGFP in 10 mM phosphate buffer (pH =
7.40) by (a) single injection, (b) mHTCE with a 255 S-matrix and subsequent
deconvolution. 6×His-TAT(1)-EGFP migrates in 1.69 s with a secondary peak at 1.73 s that
is only observable through use of mHTCE (b), which facilitates a 6-fold S/N enhancement.
Application of mHTCE requires a collection time of 5.1 s.  Experimental conditions: 10 ms
injections, 100 Hz collection frequency, 1.75 kV/cm, gating beam (488 nm): 45 mW, probe
beam (488 nm): 12 mW, 20 Hz low pass filter, 10 µm i.d., 369 µm o.d. 
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which yields a 15-fold enhancement, though requires a collection time of 23.2 s.  The 

peak efficiency is found to decrease to 7 × 105 plates/m compared to photobleaching by a  

 

 

 

 

 

 

 

 

 

 

 

488 nm laser line.  The absorption band for EGFP is centered at 488 nm with minimal 

absorption observed at ~350 nm.97,98  Since comparable peak heights are observed for 

gating at 488 and ~351 a secondary deactivation process may be involved in the 

photobleaching of EGFP.  One possible pathway is the degradation of the background 

protein host, which shows a typical absorption edge of ~300 nm due to the aromatic 

substituents.99  The ability to photobleach EGFP under UV excitation demonstrates the 

possible application of EGFP based chimera on CZE instruments optimized for analysis 

of o-phthalaldehyde/β-mercaptoethanol (OPA/β-ME) labeled analytes, which utilize 

bleaching and detection wavelengths ~350 nm.   

-0.005

0

0.005

0.01

0.015

0.02

0 0.5 1 1.5 2 2.5

In
te

ns
ity

Time (sec)

0.004

0.008

0.012

0.016

0.02

0.024

0.028

0.032

0 0.5 1 1.5 2 2.5

In
te

ns
ity

Time (sec)

(a) (b)

Figure 6.8.  Electropherograms of 5 nM 6×His-TAT(1)-EGFP in 10 mM phosphate buffer 
(pH = 7.40) by rmHTCE with UV photobleaching based optical gating.  Application and 
subsequent deconvolution of a (a) 255 S-matrix and (b) 2047 S-matrix yields 
electropherograms with S/N enhancements of (a) 6-fold and (b) 15-fold compared to a 
single injection electropherogram.  The increased S/N ratio requires a collection time of (a) 
5.1 s and (b) 23.2 s.  Experimental conditions: 10 ms injections, 100 Hz collection
frequency, 1.75 kV/cm, gating beam (351 nm): 30 mW, probe beam (488 nm): 12 mW, 20
Hz low pass filter, 10 µm i.d., 369 µm o.d. 
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  The ability to rapidly detect EGFP chimera with high sensitivity, as demonstrated 

here, provides a platform to analyze multiple intracellular processes such as enzyme 

activity.  Current applications of EGFP chimera being explored include monitoring 

protein kinase A (PKA) catalyzed protein phosphorylation from crude cell lysate based 

on the work of Krylov et al.96  Substantially reduced separation times should be observed 

in this work, as indicated by the separation times observed for 6×His-TAT(1)-EGFP.  

The pendent protein posses eight phosphorylation sites for PKA.  Activation of one or all 

of the sites will reduced the migration time of the analyte due to the addition of negative 

character to the overall charge of the fluorescent chimera.  The improved sensitivity 

afforded by HTCE should allow for all the possible phosphorylation combinations 

(phosphorylation of 1, 2, 3 …8 sites) to be monitored if present within the lysate.  

Additional applications being explored include monitoring a tryptic digest of 6×His-

TAT(1)-EGFP.  Early results indicate the presence of multiple peaks as expected though 

poor peak resolution is observed.     

6.4 Time-Resolved HTCE  

 A major component of this research is the development and application of HTCE 

for the on-line analysis of concentration dynamics.  On-line measurements are 

advantageous for analysis of sample collected in vivo as it eliminates the requirement of 

collecting, storing, derivatizing, then analyzing the multiple nanoliter volume dialysate 

fractions.  To demonstrate this potential application of HTCE, the CZE instrument is 

connected to a multiport valve that is interfaced with syringes containing two sample 

concentrations as described in Section 3.4.  In this system, analytes of varying 
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concentrations are pumped into a capillary coupler in which sample can be drawn into the 

separation capillary for detection.  To prevent pressure driven separations, the capillary 

coupler contains a hole at the junction between the sample and separation capillaries.  

Figure 6.9 illustrates an electropherogram obtained by sampling solutions of 5 and 10 nM 

FITC labeled arginine (Arg) and γ-aminobutyric acid (GABA).  The nM solution was 

flowed for 20 s after which the sample was switched to 10 nM solution for 100 s.  The 

inlet valve was then switched back to the 5 nM solution for the remainder of the 

experiment.  The FITC concentration is constant in the 5 nM and 10 nM solutions to 

mimic an on-line derivatization processes.  The ratio of FITC to amino acids is 4:1 for the 

5 nM and 3:1 for the 10 nM solutions.  Figure 6.9(a) illustrates the transformed 

electropherogram for 24 sequential applications of a 511 S-matrix utilizing mHTCE.  

Each cycle requires a collection time of 10.22 s.  After switching to the 10 nM solution, a 

delay of ~30 s occurs before the concentration change is observed.  Due to the excess 

FITC utilized in the experiment, the arginine and GABA peaks are difficult to detect 

from Figure 6.9(a).  Figure 6.9(b) illustrates the peak heights for arginine and GABA 

during the experiment.  Under single injection conditions as seen in 6.9(c), GABA can 

not be detected in the 5 nM solution.  Application and subsequent deconvolution of a 

Hadamard sequence though results in an 8.5-fold S/N enhancement thus facilitating the 

detection of GABA as seen in Figure 6.9(b).  These results represent the first application 

of HT for the analysis of concentration dynamics.  The speed demonstrated in this 

experiment should afford the monitoring of neurotransmitter concentrations with higher 

temporal resolution and improved sensitivity compared to current reports.12,21,68,100  TR-
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HTCE has been demonstrated as a viable means to monitor concentration dynamics with 

improved detection limits for such analytes as GABA. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.9.  Analysis of 5 & 10 nM FITC labeled arginine (Arg) and γ-aminobutyric acid
(GABA) by (a) application subsequent deconvolution of a 511 S-matrix for 24 cycles using
mHTCE and (c) single injection (5 nM).  The same concentration of FITC is used to label
the Arg and GABA at 5 and 10 nM.  The dip in (a) is due to less free FITC in solution in the
10 nM solution.  The sample is switched from 5 nM to 10 nM after 20 s then returned to 5
nM at 120 s as defined by the bars on the bottom of (a).  In (b), the peak heights for Arg and
GABA are plotted as a function of time to illustrate the observed concentration change.
Each cycle requires 10.22 s and yields an 8.5 S/N enhancement compared to a single
injection electropherogram (c).  Under single injection conditions (c), 5 nM GABA (~2.4 s)
can not be resolved from the background noise.  Experimental conditions: 5 & 10 nM FITC
labeled Arg & GABA (2:1 for 10 nM and 4:1 for 5 nM) in 10 mM phosphate buffer (pH =
7.40), 10 ms injections, 100 Hz collection frequency, 1.75 kV/cm, gating beam (488 nm):
45 mW, probe beam (488 nm): 12 mW, 20 Hz low pass filter, 10 µm i.d., 369 µm o.d. 
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When applying TR-HTCE for the measurement of concentration dynamics the 

rate of change in the system must be considered.  Utilization of large matrices such as a 

2047 S-matrix with 10 ms injections requires over 20 s to apply.  If the dynamic event 

being monitored oscillates at a rate faster than the cycle time, the maximum and 

minimum of the oscillation will be lost in the transformation.  During transformation all 

of the single injections are averaged to generate the single injection electropherogram, 

thus the height of the generated peaks are a time average of all the peaks.  Utilization of 

large matrices is advantageous though due to the increased S/N enhancement they 

provide.  The cycle time can be reduced through use of faster injection times.  One 

limitation of utilizing faster injection times is that the sensitivity of the instrument is 

reduced due to the reduced sample volume.  Additionally, the effects of shuttering errors 

are increased, reducing the observed S/N enhancement.  For these reasons, the cycle time, 

injection rate, and matrix size must be taken considered to yield the desired collection 

rate and sensitivity for the analyte of interest.  Application of the smallest allowed matrix 

(a single separation must occur with the first (n) elements) provide faster cycle times, 

though reduce the S/N enhancement.  The opposite effect is observed for larger matrices. 

6.5 Conclusion 

HTCE has been demonstrated as a versatile method for the analysis of 

biologically active molecules such as amino acids and proteins.  By combining HTCE 

with high efficiency CZE, improved detection limits and separation times have been 

demonstrated compared to previous HTCE reports.  Separation times have been reduced 

by as much as 10-fold while collection times have been reduced by 50-fold.3,34  Rapid 
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resolution (< 4 s) in addition to sufficient sensitivity to monitor low nM to pM samples 

containing putative neurotransmitters such as glutamate and aspartate, inhibitory 

neurotransmitters such as GABA, taurine and glycine, and common amino acids such as 

arginine and its precursor citrulline has been demonstrated.  When using photolytic 

optical gating, pM detection limits and separations under 3.5 s can been realized for 

caged fluorescein labeled glutamate and aspartate.  The ability to rapidly separate 

glutamate and aspartate demonstrates fast separation times in addition to a high mass 

sensitivity as these two neurotransmitters differ by only one methylene group.  Increasing 

the gating power for photobleaching based optical gating should provide similar 

picomolar detection limits as observed using photolytic optical gating.  In addition to 

amino acids, HTCE affords improved sensitivity for detection of proteins.  Improved 

sensitivity for proteins such as streptavidin, IgG, and EGFP has been demonstrated using 

photobleaching-based and photolytic optical gating.  A major application of these results 

is the realization of high sensitivity CZE based immunoassays, which currently suffer 

poor sensitivity compared to conventional solid state immunoassay techniques.  

Additionally, these results have implication for use in the analysis of intracellular activity 

and elucidating cellular function to name but a few.   

The first time-resolved application of HTCE for the analysis of concentration 

dynamics has been presented.  Time-resolved mHTCE has been demonstrated for the 

monitoring of concentration dynamics in FITC labeled amino acids.  Cycle times of 

10.22 s were demonstrated utilizing 10 ms injection plugs and a 511 S-matrix, which 

yielded an 8-fold S/N enhancement.  When applied to the analysis of concentration 
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dynamics, mHTCE afforded improved sensitivity for the detection of the 

neurotransmitters GABA, which is currently difficult to monitor by conventional on-line 

CZE instruments at low nM concentrations.  Decreasing the injection time further will 

lead to reduced cycle times which will further improve the temporal resolution for 

application of HT in the measurement of fast bioprocesses.   

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 183

CHAPTER 7.  CONCLUSION AND FUTURE WORK 

 

7.1 Conclusion 

Capillary zone electrophoresis (CZE) provides a unique means to separate 

charged species ranging in size from low weight ions of single atoms up to large 

molecular weight proteins and nucleic acid fragments.  Charged species migrate and 

separate in CZE as a function of charge and size under the influence of an applied electric 

field similar to gel electrophoresis.  CZE is unique from most separation techniques as 

separations occur without support media in small inner diameter (i.d.) capillaries.  

Utilizing small i.d. capillaries substantially reduces the required sample volume 

compared to other separation techniques such as high performance liquid 

chromatography (HPLC).  When CZE is coupled with laser induced fluorescence 

detection (CZE-LIF) high sensitivity, i.e. detection limits approaching single molecules, 

can be realized.56,58  Additional analytical advantages of CZE include fast separations, 

high resolution, and high mass sensitivity.  The combination of short separation times, 

high efficiency, and small sample volumes has made CZE attractive for the analysis of 

biomolecules and allowed new applications not previously possible with separation-based 

techniques such as the analysis of concentration dynamics.   

When coupled to on-line sampling techniques such as microdialysis, CZE 

provides a means to monitor temporal dynamics in real-time.  Utilizing CZE-LIF coupled 

microdialysis sampling, the in vivo analysis of biomolecules such as neurotransmitters 

has been demonstrated.101,102  These results have shown good detection limits, high 
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resolving power, and low sample volume requirements though the need for further 

improvement has been demonstrated.  This problem can be clearly illustrated in the 

analysis of neurotransmitters from the brain where high concentration species such as 

glutamate and aspartate can be directly monitored on-line while species such as GABA 

and a number of biologically interesting neuropeptides fall below the detection limits for 

on-line CZE-LIF.10,11  Many current applications of CZE-LIF for dynamic on-line 

monitoring are limited not only by poor sensitivity, but also by long separation times (> 

10 s).  Thus, a number of important bioprocesses such as fast synaptic signaling can not 

be monitored due to a lack of sufficient temporal resolution.  Despite these limitations, 

CZE has become the separation technique of choice for low volume, high-speed, and 

high-sensitivity separations of on-line acquired biologically active compounds when 

suitable detection schemes and migration times are available. 

Current applications of CZE for the real-time analysis of biomolecules suffer 

from poor detection limits (>1 nM) and poor temporal resolution (>10 s).  Reduced 

separation times can be realized by reducing the separation distance, increasing the 

voltage bias, and reducing the capillary diameter.  The easiest means to improve the 

sensitivity in CZE is through single injection signal averaging.  Multiple single injections 

and separations of the same sample are made then averaged together resulting in 

improved S/N ratios.  Though effective at improving sensitivity, the technique in its 

simplest form is prohibitive due to the increased aggregate collection time, which 

effectively reduces the temporal resolution for each measurement negating the temporal 

advantage of CZE.  To realize both high temporal resolution and improved sensitivity in 
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CZE, a range of mathematical multiplexing techniques has been developed including 

Shah convolution Fourier transform,30,75 cross-correlation,33,77 and Hadamard 

transform.31,34  Multiplexing methods provide a means to increase the signal throughput 

by evaluating a single injection multiple times as in Shah convolution Fourier transform 

or by rapidly/semi-continuously injecting multiple samples as in the cross-correlation 

method.  A limitation of most multiplexing methods is that they require substantial 

instrumental modification or are based on non-trivial mathematical constructs, both of 

which are prohibitive for widespread application.  One multiplexing method, which 

suffers from neither of these limitations, is that of Hadamard transformation (HT).  When 

applied to CZE, HT has been shown to provide a simple means to realize improved 

sensitivity.3,31,34,103 

Hadamard transformations, a matrix based multiplexing technique, increase signal 

throughput in CZE by facilitating rapid semicontinuos sample injection.  Sample is 

injected into a separation capillary according to injection sequences based on S-matrices 

derived from Hadamard matrices.  The multiple injections proceed to separate, 

interpenetrate, and are detected as the summation of the multiple overlapped single 

injections.  Transformation requires simply extracting (n) elements from the raw data set 

and multiplying them by the inverse S-matrix.  Deconvolution generates a single 

injection electropherogram that exhibits a S/N enhancement, the magnitude of which is 

dependent of the order of the injection matrix.  In conventional Hadamard transform 

capillary electrophoresis (cHTCE), the injection sequence is derived by placing two 

copies of the first line of an S-matrix side-by-side and removing the last element.  Thus to 
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acquire the (n) elements for deconvolution, twice the sample mass must be injected 

resulting in increased collection times and half the injected sample being discarded 

during deconvolution.  In addition to these inherent limitations of the technique, current 

applications of cHTCE utilize long injection times (>250 ms) resulting in prohibitively 

long collection times3,31 especially when the technique is considered for application in 

measuring fast temporal dynamics.  These problems are further exacerbated when on-line 

sampling is required in that substantial sample mass is wasted due to the long collection 

times and the discarding of half the collected data during deconvolution.  These 

limitations have led to the development of a modified Hadamard transform.   

To realize improved sensitivity and reduced separation times for the monitoring 

of chemical dynamics, a new modified Hadamard transform technique has been 

developed.  In modified HTCE (mHTCE) an injection sequence of half the length as that 

in cHTCE is utilized, thus reducing the sample mass required for injection.  Altering the 

manner in which the raw data is manipulated for transformation facilitates the reduced 

injection sequence.  Rather than extract (n) elements from the raw data set for 

deconvolution as in cHTCE, mHTCE sums two (n) domains to derive the (n) elements 

for deconvolution.  As in cHTCE, the product of the (n) elements and the inverse S-

matrix deconvolutes the data to generate a single injection electropherogram with 

improved S/N enhancement.  One drawback of mHTCE is that manipulation of the raw 

data results in a 20% reduction in the observed S/N enhancement compared to cHTCE.  

This limitation is tempered by the ability of mHTCE to reduce collection times by up to 

33% compared to cHTCE and utilize of all the collected data in the transformation.  To 
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further reduce the collection time reduction compared to cHTCE, mHTCE theory has 

been coupled with software to create reduced mHTCE (rmHTCE).  Though only (n) 

elements are injected in mHTCE and required for transformation, the technique requires 

that two (n) domains of data be acquired.  Half the acquired data thus does not contain 

signal from injected analyte and corresponds to baseline signal.  Rather than collect the 

entire second (n) domain in mHTCE, which is predominately baseline data, rmHTCE 

requires collection of only a small segment of the baseline in the second (n) domain.  The 

small baseline segment is utilized to create the full second (n) domain for transformation 

as in mHTCE theory.  Comparable S/N enhancements are obtained between mHTCE and 

rmHTCE though the latter facilitates up to a 48% collection time reduction compared to 

cHTCE.  The application of HT increase the collection time compared to a single 

injection analysis though utilizing mHTCE and rmHTCE provide a means to minimize 

the collection time increase compared to cHTCE.    

Application of cHTCE using a high-speed, high-resolution CZE with 

photobleaching-based optical gating has been presented which demonstrates a 25-fold or 

higher collection time reduction while maintaining comparable S/N enhancements 

compared to published applications of cHTCE.3,31  The substantially reduced collection 

time is facilitate by use of short injection times (<10 ms) compared to the work of 

McReynolds et al. (250 ms)31 and Kaneta et al. (500 ms).3,35  Application of mHTCE and 

rmHTCE has been shown to yield similar single injection electropherograms compared to 

cHTCE although the S/N enhancement us reduced by ~20%.  The reduced S/N 

enhancement is tempered by the reduced collection times provided by mHTCE (up to 
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33%) and rmHTCE (up to 48%).  The substantial time saving afforded by mHTCE and 

rmHTCE can be clearly observed by sequentially applying each method over 320 s using 

a 2047 S-matrix.  Application of rmHTCE has been shown to facilitate twice the number 

of Hadamard sequences to be applied compared to cHTCE thus doubling the ‘data rate’.  

rmHTCE and mHTCE have been shown to facilitate improved sensitivity, reduced 

collection time, and reduced sample volume requirements compared to cHTCE and 

published demonstrations of cHTCE3,31 suggesting the feasibility of applying mHTCE 

and rmHTCE to achieve high-sensitivity, high-speed time-resolved chemical monitoring.  

One limitation of photobleaching-based optical injection is that regardless of the 

laser power some of the labeled analyte remains fluorescent after interaction with the 

gating beam.  The residual fluorescence that results from this leads to increased noise in 

the system, which can decrease sensitivity.  To avoid these limitations, we have 

developed a photolytic optical injection scheme in which the analyte of interest is labeled 

with an inherently non-fluorescent caged molecule.  Inversely to photobleaching-based 

optical gating, labeled analyte is injection by interaction with a high intensity UV gating 

beam.  Interaction of the caged molecule with the gating beam effectively decages the 

labeled analyte thus rendering it fluorescent for detection.  Since the labeled analyte is 

inherently non-fluorescent, there is little to no background noise.  This property has 

facilitated an order of magnitude improvement in sensitivity for photolytic optical gating 

(10 pM) versus photobleaching based optical gating (100 pM) for analysis of fluorescein 

based dyes. 
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HTCE has also been demonstrated as a versatile method for the analysis of 

biologically relevant molecules such as amino acids and proteins utilizing both 

photobleaching-based and photolytic optical gating.  Under single injection conditions, 

putative neurotransmitters such as glutamate and aspartate, inhibitory neurotransmitters 

such as GABA, taurine and glycine, and common amino acids such as arginine, and its 

precursor citrulline, can been separated in less than 3.5 s with nM detection limits.  

Through application of a HT, pM detection limits have been presented that demonstrate 

improved sensitivity and temporal resolution compared to published applications of 

cHTCE.34  Analysis of amino acid combinations by rmHTCE have been presented which 

increase the collection time to 8.8 s from a single injection separation time of 3.0 s 

though facilitates a 9-fold S/N enhancement.  Application of higher order matrices 

yielded S/N enhancements as high as 21-fold though required longer collection times.  To 

further improve our detection limits, HTCE has been coupled with photolytic optical 

gating, which reduces the background noise by utilizing inherently nonfluorescent 

molecules to label analytes of interest.  Coupling photolytic gating with HTCE facilitates 

the analysis of caged fluorescein labeled neurotransmitter such as glutamate and aspartate 

with pM detection limits and migration times under 3.4 s.  These results demonstrate 

rapid resolution in addition to improved sensitivity for the detection of amino acids 

compared to photobleaching-based optical gating.  In addition to amino acids, HTCE has 

also been applied to the analysis of a range of proteins including streptavidin, IgG, and a 

modified enhanced green fluorescent protein (EGFP).  As observed for the analysis of 

amino acids, HTCE provides a means to improve the detection limits for these molecules, 
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which has numerous implications for the development of rapid high sensitivity 

immunoassays.  Improved temporal resolution and sensitivity has been demonstrated for 

a range of amino acids and proteins through the application of HTCE.   

The improved temporal resolution and sensitivity demonstrated for mHTCE and 

rmHTCE make the techniques attractive for use in monitoring concentration dynamics.  

To demonstrate this application, our CZE-LIF instrument was coupled with a multiport 

injection valve.  Two concentrations of labeled GABA and arginine (5 and 10 nM) were 

pumped into the valve and flowed into the separation column at preset times.  Monitoring 

of the concentration change by mHTCE yielded a S/N enhancement of 8.5-fold with a 

cycle time of 10.22 s.  Application of rmHTCE can further reduce the cycle time to just 

8.8 s.  These results represent the first application of HT for the monitoring of 

concentration dynamics by CZE.  The short cycle times and S/N enhancements observed 

for time-resolved mHTCE demonstrate the possibility of coupling Hadamard 

transformations with on-line sampling techniques for the real-time analysis of biological 

samples.  The improved sensitivity afforded by the technique should facilitate the 

detection of molecules such as GABA, dopamine, and neuropeptides, which are currently 

difficult to monitor by on-line CZE.   

 Hadamard transformations provide a simple means to improve the sensitivity of 

CZE.  For CZE instruments capable of rapid sample injection such as that provided by 

optical gating, application of HT requires the creation of S-matrices and software capable 

of applying the pseudorandom injection sequences.  Transformation of multiplexed data 

requires basic matrix addition and multiplication and results in S/N enhancements as high 
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as 21-fold.  When coupled to fast, high efficiency CZE with short injection times, 

improved detection limits can be realized with minimal effect on the temporal resolution.  

The effect on temporal resolution has been further reduced through the creation of a 

modified HT which when coupled with software developed in this research can result in a 

48% collection time reduction compared to conventional HTCE.  In addition to the 

substantial time savings, the modified HT uses all of the collected data in the 

transformation.  These two advantages are critical to apply HTCE to the analysis of on-

line collected samples in which fast collection rates and minimal sample waste are 

required.  Improved separation efficiency, reduced injection times, and our modified HT 

have been demonstrated as a means to realize on-line sampling and detection of analytes 

at nM to pM concentrations with improved sensitivity compared to single injection 

experiments.        

7.2 Future Work 

  Realization of our goal of applying HT for on-line monitoring of in vivo collected 

biomolecules will require both instrumental modifications and further characterization of 

the technique for analyzing multicomponent samples.  Instrumental modifications are 

required to further reduce the separation time and to reduce the collection time required 

for application of HT.  One means to realize decreased collection times is by further 

reducing the injection time.  With the current mechanical shutter, injection times below 

10 ms are found to further reduce the observed S/N enhancement because of increased 

gating errors.  Utilization of 2 ms injections has been found to result in a 30-40% 

decrease in the S/N enhancement compared to 10 ms injections.  Electrooptic and 
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acoustooptic shutters should provide reduced gating times with decreased shuttering 

errors.  A limiting factor for procurement of such a shutter is the availability of acousto 

and electrooptic materials that can be used at wavelengths above and below 400 nm as 

would be required to facilitate both photobleaching-based and photolytic optical gating.  

With a new shutter, the S/N enhancements will then need to be characterized as a 

function of matrix size and injection time.  This information is critical for efficient 

application of time-resolved HTCE in that the smallest Hadamard sequence should be 

used to provide the desired resolution in order to minimize its effect on the temporal 

resolution.   

To reduce the separation time, microfluidic chips are currently being explored as 

discussed in Appendix B.  The increased heat dissipation and reduced channel lengths 

afforded by microchips should allow higher separation voltages, which will result in 

decreased separation times.  Because application of HT requires no instrumental 

modification on systems that facilitate rapid sample injection, the technique can be 

applied to microchip separations with no additional modifications.  The flexibility of HT 

will allow electrokinetic, flow, in addition to optical gating to be explored as injection 

methods for use in microchip separations.  The combination of reduced injection and 

separation times will further reduce the affect application of HT has on the temporal 

resolution thus improving its ability to monitor fast (> 5 s) chemical dynamics.   

In addition to faster injection times, analyte samples with concentrations and 

compositions that reflect real biological samples need to be explored.  One limitation of 

multiplexing techniques is that small peaks that overlap with large peaks can sometimes 
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be lost in the transformation and is referred to as the multiplex disadvantage.  In real 

biological samples, the concentration of components of interest such as GABA and 

dopamine can be a 100-fold lower than other substituents such as glutamate.  When peaks 

are baseline resolved, the disappearance of peaks has not been observed in this work, 

though due to the complexity of real biological samples, this could present a problem for 

on-line analysis.  To model this effect, solutions prepared at biological ratios and 

monitored utilizing single and HT injection conditions.  With these results, attention can 

be shifted to coupling the CZE instrument to a microdialysis sampling system and 

developing of on-column labeling techniques, both of which are required to realize real-

time capabilities.   

The universal nature of HTCE makes it applicable to any application of CZE that 

would benefit from improved sensitivity and reduced sample volumes.  Additional 

applications of HTCE that can be explored include high sensitivity competitive and 

noncompetitive immunoassays, single cell analysis, and monitoring cellular function 

utilizing EGFP chimera to name but a few.  The latter application presents a unique 

means to create endogenous fluorescent substrates to monitor intracellular function.  HT 

also extends the range of molecules that can be monitored by CZE.  One particular area 

of interest is the monitoring of neuropeptides that elude detection by current CZE 

instruments.  In vivo analysis of this important class of molecules should provide valuable 

to the elucidation of their function in neural activity.  HT provides a simple means to 

improve the sensitivity or reduce the sample volume requirement for application of CZE 

for application in biological analysis.  
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APPENDIX A.  HADAMARD PROGRAMS 

 

 To facilitate Hadamard transform capillary electrophoresis (HTCE) a series of 

programs have been written in Labview 7.0.  Programs are listed in this section according 

to function: application, deconvolution, and data analysis and method: conventional 

(cHTCE), modified (mHTCE) and reduced modified (rmHTCE).  Additional programs 

utilized in the construction of the Hadamard matrices are also included.  Detailed 

explanations of the programs can be found in Section 3.6.  

A.1 S-Matrix Construction 

S-matrices were generated using the maximal length shift-register construction 

method (Section 2.3) in Matlab 6.5 using the following example code for creation of a 

1023 S-matrix (Figure A-1).  Professor Fernandez of the Georgia Institute of Technology 

provided the original Matlab code.  Two sets of S-matrices, ranging in size from 255-

2,047 elements, were constructed through use of two initial value sets as discussed in 

Section 2.3.  Inverted-flipped up/down matrices were then produced from the generated 

matrices.  Both the inverted and original S-matrices were exported from Matlab as text 

files (*.txt).  Injection sequences were constructed from the first line of the S-matrices for 

mHTCE whereas two copies of the first row were used for cHTCE.  Before converting 

the files to binary files, zeros were added to the end of the injection sequences to make 

them 8-bit integers.  This property is required as a digital output board is utilized to drive 

the shutter.  Both the injection sequences and inverted S-matrices were converted to 

binary files in Labview using programs listed in Table A-1.  The binary injection 
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sequences were stored on the computer ‘Lab 4’ at: C:\\Documents and settings\Lab 

4\Desktop\Labview Programs\Bin Seq.  The inverted S-matrices were stored on the 

computer ‘Lab 4’ at: C:\\Documents and settings\Lab 4\Desktop\Labview 

Programs\transform\Bin matrices. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

clear reg seqdef temp temp2 Sdef
 

% initialize register 
reg=[1 1 1 1 1 1 1 1 1 1 ]; 
 

%Obtain 10-bit MLSRS 
for i=1:1023 

 
seq2(1,i)=xor(reg(1,8),reg(1,10)); 

     temp=reg; 
    reg(1,2:10)=temp(1,1:9); 

     reg(1,1)=seq2(1,i); 
 

end 
 

%convert logical array to double array  
seq2=+seq2; 

 
%make left circulant matrix 

S=zeros(1023); 
S(1,:)=seq2; 
for j=2:1023  

S(j,1:1022)=S(j-1,2:1023); 
S(j,1023)=S(j-1,1); 

end 

Figure A-1.  Matlab code for creation of a 1023 S-matrix using the maximal length shift 
register sequence (MLSRS) with an initial value set of [1111111111]. 

Program Name (*.vi) Description 
Save as Binary Converts a 1-D injection sequence to binary file 

Save as Binary 2D Converts a 2-D S-matrix to a binary file 
Open Binary File Used to inspect binary injection sequences 

Open Binary File 2D Used to inspect 2-D binary S-matrices 
Location: C:\\Documents & Settings\Lab 4 

\Desktop\Labview Programs\Txt to Bin conversion programs 

Table A-1.  Text to binary conversion program file names and description. 
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A.2 Application Programs 

Single application and time-resolved HTCE programs are listed in Table A-2.  

Descriptions of the application programs are available in Section 3.6.1 and 3.6.2.  The  

 

 

 

 

 

 

 
application programs are equipped with a single injection and six single injections in 30 s 

sequences (for use with 10 ms injections) to measure the S/N within a single injection for 

calculation of the S/N enhancement for HTCE.    

A.3 Deconvolution Programs 

 Deconvolution programs for single and time-resolved applications of cHTCE, 

mHTCE, and rmHTCE are listed in Table A-3.  Descriptions of the deconvolution  

 

 

 

 

 

 

 

 

Program Name (*.vi) Description 

c & mHTCE Single application of cHTCE and mHTCE; Includes single 
injection and 10 single injections in 30 s sequences (10 ms inj)

TR-mHTCE Time-resolved applications of mHTCE method 
TR-rmHTCE Time-resolved applications of rmHTCE method 
TR-cHTCE Time-resolved applications of cHTCE method 

Location: C:\\Documents & Settings\Lab 4\Desktop\Labview Programs 

Table A-2.  File names and descriptions for application programs for single and time-
resolved HTCE. 

Program Name (*.vi) Description 
Transform cHTCE (no int) Transforms single applications of cHTCE 
Transform mHTCE (no int) Transforms single applications of mHTCE 
Transform rmHTCE (no int) Transforms single applications of rmHTCE 

Transform TR-mHTCE Transforms time-resolved applications of mHTCE 
Transform TR-rmHTCE Transforms time-resolved applications of rmHTCE 
Transform TR-cHTCE Transforms time-resolved applications of cHTCE 

Location: C:\\Documents & Settings\Lab 4\Desktop\Labview Programs\transform 

Table A-3.  File names and descriptions for deconvolution programs for single and time-
resolved HTCE. 
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programs are available in Sections 3.6.3 and 3.6.4.  Under most circumstances, the 

collection rate is the same as the injection rate, thus the (no int) no integration programs 

should be used.  Identical programs are available which include a ‘for loop’ that sums 

over the elements required to match the collection rate with the injection rate.  The file 

names are the same though do not include the (no int) segment.  Data can also be 

deconvoluted without saving the generated data using the line of programs terminated 

with the (no save) segment. 

A.4 Data Analysis 

 To aid in the evaluation of both single and time-resolved applications of HTCE 

and single injection electropherograms, a data analysis program is available (Table A-4).   

 

 

 

 

The program determines the S/N ratio(s) and migration time(s) for all peaks above the 

user-defined threshold as explained in Section 3.6.6.  Migration times, standard 

deviations, peak heights, and S/N ratios are converted to a spreadsheet string for copying 

and exporting to Excel.  

 

 

 

 

Program Name (*.vi) Description 
Pk Finder with Statistics 4 Calculates S/N ratios and measures migration times 

Location: C:\\Documents & Settings\Lab 4\Desktop\Labview Programs 

Table A-4.  Peak analysis program for peak identification and S/N calculation for both single
and time-resolved applications of HTCE and single injection electropherograms. 
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APPENDIX B.  MICROFLUIDIC CHIP CONSTRUCTION 

 

 Glass has become the material of choice for the fabrication of microfluidic chips 

that exhibit small feature sizes (<50 µm) and high reproducibility between chips.  

Recently, plastics have become a popular material for the construction of microfluidic 

chips due to their ease of fabrication.  Chips fabricated from plastic though often exhibit 

poor reproducibility and are limited to larger feature sizes (<50 µm) due to the stamping 

process used in their construction.  For these reasons, glass was chosen as the material of 

choice for fabrication of microfluidic chips.  A range of glass is commercially available 

for chip fabrication including Pyrex, borosilicate, and soda lime.  The most common 

glass substrate for microchip fabrication is borosilicate due to its physical properties (low 

annealing temperature of 650 °C and it resistance to most chemicals) and optical 

properties (transparent from 350-700 nM).  In this work, borofloat borosilicate glass was 

utilized.  Borofloat refers to the process by which the borosilicate glass is produced.  In 

the float method, molten borosilicate glass is floated on molten tin from which the glass 

is drawn.  This process yields an extremely flat substrate, which is required for the 

fabrication of microfluidic chips.   

Microfluidic chips were constructed using traditional wet-etching techniques in a 

class 10,000 clean room facility in the Department of Electrical and Computer 

Engineering at the University of Arizona.  Borosilicate glass plates 6.4×6.4×1.75 mm 

were purchased precoated with a layer of chrome (Borofloat glass, Telic company, 

Valencia, CA).  Any surface particles are removed from the substrates using dry nitrogen 
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before masking.  Photoresist (AZ 1512 photoresist, Clariant Inc) is deposited on the glass 

slide utilizing a spin coater (Solitec).  1-2 mL of AZ 1512 is deposited on a spinning 

substrate (1000 rpm) over the course of 4 s using a plastic pipette.  The spin rate is then 

increased to 4000 rpm to create a thin photoresist layer and remove any excess resist.  

The substrate is then baked at 100° C for 1 min to harden the photoresist. 

The resist-coated slide is photolithographically patterned with a photomask 

produced using a high resolution (20,000 dpi) printing service (Cad/Art Services, Inc, 

Poway, CA).  The photomask design was composed in AutoCad (Autodesk, Inc) and is 

shown in Figure B-1.  The mask features two lines each 5 cm long and 10 µm wide that  

 

 

 

 

 

 

 

 

 

are terminated in 1.5 mm diameter circles.  The resist coated slide is contacted with the 

printed side of the mask then UV-exposed for 60 s (VF-MMDP, Millington Machine Co., 

Inc, Torrance, CA).  The exposed features on the slide are developed/removed by 

submersion in AZ 300 MIF (Clariant Inc) for 30-40 s.  The slide is then rinsed with DI 

 

Figure B-1.  Photomask design for microfluidic chip (6.4×6.4 cm).  Channels are 5 cm long 
and 10 µm wide.  Two separation channels are prepared on each glass slide. 
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water and dried with nitrogen.  The mask transfer quality should be inspected under a 

microscope thoroughly, as the next steps are irreversible.  If defects are observed, the 

photoresist should be removed with acetone and the process repeated. 

 The patterned photoresist is used to pattern the chrome layer.  Chrome is 

selectively removed according to the photoresist pattern by wrapping the chip in 

aluminum foil (predominantly over chrome areas to be removed) and submerging the 

slide in 37% HCl (semiconductor grade) for 30-40 s.  The slide is removed from the 

solution and thoroughly rinsed with DI water and dried with nitrogen.  Again, the mask 

transfer should be inspected under a microscope to insure removal of all the chrome. 

 The exposed glass channels are etched in a 6-1 buffered oxide buffer (BOE) 

(Honeywell) in plastic dishes in the acid hood.  Acid resistant gloves and a face shield are 

utilized when working with the fluorine based etchant.  The etching rate has been 

determined to be 0.024 µm/min for 100 mL, non-stirred etchant.  For a desired depth of 

10 µm for the separation channels, an etching time of ~6.5 hrs is required.  After the 

desired etching time, the slide is thoroughly rinsed in DI water to remove any BOE 

residue then dried with nitrogen.  Before removal of the chrome mask and photoresist, the 

channel depth is measured using a profilometer (Alpha-Step, KLA-Tencor Corp., San 

Jose, CA).  The channel depth can be estimated by subtracting the average thickness of 

the resist (~1.2 µm) and chrome (~0.15 µm).  If the desired etch depth has been obtained 

the photoresist is removed using acetone.  The chrome layer is removed by wrapping the 

chip in aluminum foil and submerging in 37% HCl for 30-40 s.  The used BOE etchant, 

AZ 300 MIF developer, and HCl are disposed of by dumping down the acid hood sink, 
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which leads to an in-house purification system.  Any utensils or containers that were 

exposed to BOE should be left in running water for 10 min to ensure no BOE residue is 

left on the surface.  Acetone is disposed of the organic waste bin.  A etching time of 6.5 

hrs with 150 mL of non-stirred BOE yields channels which are 10.3 µm deep and 50 µm 

wide.  

The top plate of the chip, which contains four solution-input ports, is prepared 

from the same Borofloat glass as the bottom plate.  The port locations are determined 

using a second mask (Figure B-2) which is printed on a standard transparency using a 

desktop printer.  The mask serves as a template for the mechanical drilling of the four 

input ports.  The mask features four holes each 0.75 mm in diameter.  The input ports  

 

 

 

 

 

 

 

 

 

holes (1.5 mm in diameter) are created by submerging the glass plate in water and drilled 

the holes using a desktop drill press and a diamond tipped drill bit. 

 

Figure B-2.  Mask design for top plate of a microseparation chip (6.4×6.4 cm).  Top plate 
holes are 0.75 mm in diameter and are used as guides for the mechanical drilling of the input
ports. 
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 The top and bottom plates are joined using thermal bonding.  Before bonding the 

glass, slides are cleaned by sonication in DI water for 5 min, rinsing with DI water, 

rinsing with isopropyl alcohol, and finally drying with nitrogen.  The top and bottom 

layers are aligned and placed between two Macor ceramic plates.  Pressure is applied to 

the chip using a 400 g stainless steel weight placed on top.  The chips are secured to the 

Macor plates using two paper clamps for transport to the furnace located outside the 

cleanroom.  The chips are placed into a muffle furnace (Coy Industrial) and the 

temperature is manually ramped to 650° C over 45 min.  The chips are left at 650° C for 

5 hrs to fuse after which the oven is manually ramped down to 400° C over 45 min then 

shut off to cool to room temperature, which takes 2-3 hrs.  After cooling, the chips are 

inspected for the presence of diffraction spots, which are the result of incomplete fusion 

between the two plates.  Chips that are not fused completely are returned to the oven for a 

second fusion cycle.  
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PART II: CHARACTERIZATION AND APPLICATION OF TWO-PHOTON 

ACTIVATABLE PROTON AND RADICAL GENERATORS 

 

CHAPTER 1.  INTRODUCTION  

 

1.1 Two-Photon Absorption 

Two-photon absorption (TPA) since first observed in 1961 has attracted 

substantial attention due its ability to photo-activate a wide range of chemical and 

physical processes within a material with high three-dimensional spatial resolution and 

tight volume confinement.  Two photon absorption, the process by which a molecule 

simultaneously absorbs two photons of light to reach a symmetry allowed excited state, 

was first predicted theoretically by Maria Göppert-Mayer in 1931.104  The process 

remained an intellectual curiosity until the development of the ruby laser in 1960.  The 

high-intensity light source provided for by the laser led to the first experimental 

confirmation of TPA by Kaiser and Garret in CaF2:Eu2+ crystals in 1961.105  Potential 

applications of TPA were demonstrated in the early 90’s in data storage106 and 

microscopy,107 though due to the relatively small TPA cross-section of available 

materials, the applications found limited use.  These early applications sparked a flurry of 

research to elucidate the mechanistic aspects of two-photon absorption and the nature of 

the relationship between a materials structure and its two-photon absorption 

properties.108-111  This research has led to the development of an array of materials with 

large two-photon absorption cross sections based on multiple structural motifs.  The 
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availability of highly efficient TPA materials has then led to further development in 

diverse applications such as optical power limiting,112,113 optical data storage,114,115 three-

dimensional microfabrication,109,116-119 fluorescence microscopy,120-123 and photodynamic 

therapy.124 

The aforementioned applications of two-photon absorption rely on two principal 

advantages the process affords.  First, these applications take advantage of the high 

spatial resolution of two-photon excitation.  The absorption transition probability for TPA 

is proportional to the square of the excitation intensity.  When a tightly focussed laser 

beam is utilized as the excitation source, the two-photon absorption probability will 

decrease as z-4, where z is the distance from the focal plane.  The absorption is thus 

confined at the focus to a volume of order λ3, where λ is the wavelength of the excitation 

beam.109  Subsequent processes such as fluorescence, activation of chemical 

functionalities, or photoinduced chemical reactions are also confined to the small focus 

volume.  This translates to a higher degree of spatial selectivity for TPA compared to 

one-photon absorption where the transition probability is proportional to the excitation 

intensity and thus decreases as z-2 from the focal plane.  Secondly, two-photon absorption 

provides for improved depth penetration in absorbing or scattering media.  This is due to 

the fact that excited states are accessed with photons of half the total excitation energy.  

At typical wavelengths utilized for TPA in the near-IR, materials have low or negligible 

linear absorption.  The influence of scattering at these wavelengths is also by up to a 

factor of 16 since light scattering efficiency scales as λ-4.125  Improved depth penetration 
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is advantageous in the imaging of biological tissue or lithography in resin systems where 

scatter and/or linear absorption can be large. 

Of the multiple applications of TPA mentioned previously, three dimensional 

microfabrication by direct laser writing has attracted substantial interest for the 

production of micro-electromechanical systems (MEMS),119 photonics devices,109,126,127 

and three-dimensional optical data storage systems.109,114  In three-dimensional (3-D) 

microfabrication, TPA is utilized to locally excite a material and generate a reactive 

species that can induce polymerization, cross-linking, or degradation within a resin 

system.  In positive-tone resist materials, the exposed regions become more soluble in an 

appropriate developer; whereas in negative-tone resist materials, the exposed regions 

become insoluble in the developer.  One possible mechanism for photopolymerization is 

electron transfer from the chromophore to the monomer.  This mechanism has proven 

effective for a range of monomers such as acrylates,116,117,128 polymeric hydrogels,129 and 

epoxy based photoresists such as SU-8,130 though ultimately it limits the breadth of 

materials that can be utilized such as cationic and anionic initiated monomers.  These 

limitations have led to the development of material systems in which a chemical change 

can be initiated through TPA by sensitized radical generation131-133 or photoacid 

generation.4,6  However, the chromophores most commonly utilized in these material 

systems possess small two-photon cross sections and thus may require large intensity in 

the excitation beam, limiting the dynamic range over which chemical change can be 

observed without damaging the material.  The development and characterization of 

materials with larger TPA cross-sections and the ability to activate a range of chemical 
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processes will lead to improved sensitivity of the photoactive material and represents a 

significant step toward the widespread commercial application of this process. 

In this chapter, the fundamental principles of TPA will be outlined together with 

the structural characteristic of materials that have been shown to be effective two-photon 

absorbers.  The major applications of TPA will also be discussed.  In subsequent 

chapters, a range of TPA materials that incorporate strong two-photon sensitivity with 

high chemical efficiency for radical and proton generation will be introduced.  Chemical 

activation of protons and radicals will be facilitated utilizing both intramolecular and 

intermolecular electron transfer mechanisms.  Their properties and performance will be 

compared with those of previously reported molecules.  The improved sensitivity of the 

proton generators will be utilized to realize complex polymeric structures fabricated 

utilizing 3-D microfabrication techniques.  Structures will be presented for application in 

such fields as microfluidics, MEMS, and microoptics particularly for the fabrication of 

photonic bandgap crystals.  

1.2 Principles of Two-Photon Absorption 

Two-photon absorption (TPA) is the process by which a molecule simultaneously 

absorbs two photons of light.  The two photons can be of identical energy (degenerate 

two-photon absorption), as is utilized in this research, or can be of different energy (non-

degenerate or two-color two-photon absorption).  The transition occurs between real 

states of a molecule or atom, from the ground state (g) to a final excited state (e’) by way 

of a virtual intermediate state (v) as seen in Figure 1.1.  The virtual state (v) is not an 

eigenstate of the molecules but rather a product of a superposition of all the molecular 
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states.  Excitation of a material with a photon of light of energy hν as shown leads to the 

formation of the virtual state with a very short lifetime (on the order of a few  

 

 

 

 

 

 

 

 

femtoseconds).  TPA can occur if a second photon interacts with the molecule before the 

virtual state decays.  For molecules that possess an inversion center, a two-photon 

transition can occur only between states of similar parity (i.e. gerade↔gerade or 

ungerade↔ungerade).  Selection rules for one-photon transitions in contrast occur 

between states of different parity (i.e. gerade↔ungerade).  The parity restrictions for a 

two-photon transition are removed for molecules without an inversion center.   

 Two-photon absorption in centrosymmetric molecules, as predominantly studied 

in the framework of this dissertation, can be described by the simple three level model in 

Figure 1.1.  As mention previously for centrosymmetric molecules, two-photon 

transitions must occur between states of similar parity.  For example in molecules with 

C2h symmetry, the ground state (g) is typically totally symmetric (Ag).  One-photon 

transitions, which require a parity change, occur between the ground state and an 

Figure 1.1.  Three level diagram for two-photon absorption in centrosymmetric molecules 
represented in a three level system 
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ungerade excited state (e), such as a Bu state, which is often, the first excited state.  Under 

two-photon excitation, a molecule is excited to a higher order excited state (e’) that has 

Ag symmetry.  Once in a two-photon allowed excited state, the molecule can relax 

through multiple photophysical processes (see Figure 1.2(a); hν is the energy of the 

excitation photon(s)). 

 

 

 

 

 

 

 

 

 

 

As observed in Figure 1.2(b), one-photon absorption results in promotion of a molecule 

from the ground state (g) to an allowed excited state (e).  The transition only occurs when 

the incident excitation energy is equal to the energy spacing between two electronic states 

of the molecule with appropriate energy.  Since one-photon absorption is a single-step 

process, the transition probability is linearly dependent on the excitation intensity.  As 

seen in Figure 1.2(a) under two-photon excitation in a centrosymmetric molecule, the 

simultaneous absorption of two-photons leads to the promotion of a molecule into a 

Figure 1.2.  Jablonski diagrams for a (a) two-photon transition in a centrosymmetric
molecule and (b) a one-photon transition.  In (a) and (b), g is the ground state with Ag
symmetry, e is an excited state with Bu symmetry, (e’) is a higher excited state with Ag
symmetry, and t is a triplet state.  Once in the first excited state (e), a molecule can relax
through internal conversion (IC), fluorescence (Fl), intersystem crossing (ISC),
phosphorescence (Ph), and/or other non-radiative processes (not shown).  
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higher excited state (e’) than in a one-photon transition.  The molecule can rapidly relax 

(10-13-10-11 s) to the lowest energy excited state through internal conversion (IC).5,110  

Once in the lowest energy excited state is reached, a molecule can relax to the ground 

state through fluorescence (Fl) and intersystem crossing (ISC) to a triplet state (t), where 

it can relax through phosphorescence (Ph) or through non-radiative processes.  The 

process of internal conversion after two-photon excitation can be confirmed if the 

fluorescence emission spectra is identical to that obtained under one-photon excitation.  

Photophysical processes such as electron transfer, excited state absorption, and energy 

transfer to name a few can also occur from the lowest excited state if energetically 

favorable and with rates that are competitive with the other relaxation pathways.  Since 

after a two-photon transition internal conversion quickly brings the molecule to state e, 

the same photochemical and photophysical processes as after one-photon absorption can 

take place in the material.   

TPA can be described in the framework of the interaction of a dielectric with an 

electromagnetic field (equations will be written using the gaussian system of units 

(c.g.s.).  For low external field strengths, the induced polarization (Pind(E)) in the medium 

is linearly proportional to the applied electric field (E) as defined by 

Pind(E) = χ(1)E     (1.1) 

where the proportionally constant is called linear susceptibility (χ(1)) and it be related to 

the dielectric constant of the medium, ε, as 

ε = 1 + 4πχ(1)     (1.2) 
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The linear susceptibility (χ(1)) is a second-rank tensor element with nine components that 

define all the components of the electric field and polarization vectors.125  The dielectric 

constant is also a second-rank tensor.  The dielectric constant can be described in terms of 

the complex refractive index (nc) by 

2
cn  = ε = 1 + 4πχ(1)     (1.3) 

The complex refractive index is composed of a real part (n) that corresponds to the 

dispersion of the refractive index and an imaginary part (k) that corresponds to linear 

absorption: 

nc = n + ik     (1.4) 

 When an intense external field is applied, such as that generated by a high-power 

laser, the polarization of the material does not scale linearly with the applied electric field 

as in equation 1.1, thus must be replaced with a more complicated expression in which 

additional terms are included.  The relationship between the polarization vector and the 

electric field can be expressed as a power series with higher order susceptibility tensor 

elements (χ(2), χ(3), χ(4),…) as: 

P(E) = χ(1)E + χ(2)EE + χ(3)EEE + χ(4)EEEE + …     (1.5) 

 Interaction of a material with an electromagnetic field can take place through two 

processes.  In a parametric process an energy-momentum exchange occurs between 

modes of the electromagnetic field though there is no energy exchange between the 

material and the optical field.125  A dissipative process, instead, leads to an energy 

exchange between the electromagnetic field and a material via absorption and 

emission.125  Multi-photon absorption is the result of a non-linear dissipative process.  
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Similarly to equations 1.3 and 1.4, multi-photon absorption is attributed to the imaginary 

part of the non-linear susceptibility tensors.125  If only dissipative processes in the 

expansion of P are considered, then the lowest order nonlinear absorption (TPA) will be 

described by the imaginary part of the third order susceptibility element, χ(3).  The even-

order susceptibilities like χ(2), χ(4) … only contribute to the dissipative processes under an 

external DC field.   

The energy transfer rate (dW/dt) from an electromagnetic field can be described as 

PE •=
dt

dW      (1.6) 

where P and E define the polarization and electric field vectors and the brackets indicate 

a time average over several field cycles.134  When a monochromatic excitation source 

with frequency ω is utilized, equation 1.6 becomes 

( )PE •= Im
2
1 ω

dt
dW      (1.7) 

It can be shown that for the degenerate TPA process the following expression is obtained 

)Im(8 )3(2
22

2
χωπ I

cndt
dW =      (1.8) 

where c is the speed of light, n is the refractive index of the solvent, and I is the intensity 

of the excitation frequency (ω) defined as I = EE*nc/8π.128  It can be seen from equation 

1.8 that for a two-photon process, the rate of energy absorption is quadratically dependent 

on the excitation intensity.  TPA is described in terms of a two-photon cross section (δ), 

which is analogous to the extinction coefficient for linear absorption, as 
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2NF
dt

dn photon δ=      (1.9) 

where N is the number of absorbing molecules per unit volume, dnphoton/dt is the number 

of photons absorbed per unit time, and F is the photon flux defined as F = I/hν.  

Combining equations 1.8 and 1.9 yields a common theoretical expression for δ defined as 

)Im(8 )3(
2

22
χωπ=δ

nNc2
h      (1.10) 

where ħ is Plank’s constant.  The macroscopic third order susceptibility element, χ(3) can 

be related to each microscopic species in a material, for instance a molecule, by  

χ(3) = NL4<γ >     (1.11) 

where γ is the second order hyperpolarizability averaged over all directions and L is a 

local field factor that can be expressed as the Lorentz local field factor (L=(n2+2)/3).135    

The two-photon absorption cross section can be related to the imaginary part of the 

second order hyperpolarizability (γ(-ω;ω,ω,-ω) by  

[ ]),,;(Im8 4
2

22
ω−ωωω−γωπ=δ L

nc2
h     (1.12) 

where ω is the frequency of the incident intensity and h is Plank’s constant divided by 

2π.110     

1.3 Structure Property Relationship 

 In the early 90’s, most known organic molecules utilized in applications of TPA, 

predominantly two-photon fluorescence laser scanning microscopy, possessed relatively 

small two-photon cross sections (δ) and the criteria for the design of molecules with large 



 213

δ were not well developed.120,136  In the late 90’s, pioneering research in understanding 

structure/property relationship for molecules with enhancement of their TPA cross-

sections was reported independently by two groups.108,110  In both papers, it was observed 

that the two-photon cross section of π-conjugated molecules could be dramatically 

increased through the addition of electron donating (D) and electron accepting (A) 

substituents and by increasing the π-conjugation.  The work of Albota et al.110 

investigated conjugated molecules with a symmetrical substitution pattern (quadrupolar 

chromophores) while Reinhardt et al.108 investigated a series of asymmetrically 

substituted molecules (dipolar chromophores).  These structural motifs are represent 

schematically in Figure 1.3. 

 

 

 

 

 

 

 

 

 

 

In asymmetrically substituted biphenyl, fluorene, and 2,6-naphthyl π-backbones, several 

structural variations were experimentally found to affect δ at 800 nm including the 

Figure 1.3.  Generalized structural motifs utilized to realize improved two-photon cross-
sections in organic molecules.  The π-bridge represents a pi-conjugated backbone, (A) 
represents an electron accepting moiety and (D) represents a electron donating moiety.   
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conjugation length and the nature of the electron accepting and donating groups.108  Since 

δ was only measured at a single wavelength, the ability to formulate structure/property 

relationships from this study is limited by the assumption that the TPA band shape and 

position does not vary between the molecules in the study.108  In symmetrically 

substituted molecules, it was observed that by changing the strength of the D and A 

moieties in addition to changing the distance between the groups, by increasing or 

decreasing the π-conjugated backbone, both δ and the two-photon absorption maximum 

could be altered.  The effect of these structural modifications on δ has been attributed to 

changes in the transition dipole moment within the molecule.  Since molecules studied 

during this research are centro-symmetric, the description of structure/ property 

relationships will be limited to this class of two-photon absorbers. 

 In symmetrically substituted molecules, δ has been studied as a function of 

acceptor and donor strength and location in addition to the length of the π-conjugation as 

seen in Figure1.4.  Initial optical studies found that 4,4'-bis(di-n-butylamino)-E-stilbene 

(Figure 1.4(b)) possessed a δ that was almost 20 times larger than that of the π-backbone, 

E-stilbene, alone (Figure 1.4(a)).137,138  A symmetric charge transfer from the amino 

nitrogen atoms to the conjugated bridge of the molecule was correlated with the large 

increase in the two-photon absorption.110  Extending the π-bridge as seen in Figure 1.4(c) 

and (d) was found to further increase δ in addition to red shifting the two-photon 

absorption maximum.  This indicates that the distance over which charge could be 

transferred in the molecule is correlated with the magnitude of δ.  To increase the extent 

of charge transfer from the terminus of the molecule to the center, cyano groups were  
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Figure 1.4.  Effect electron donating and accepting substituents on the two-photon cross 
section of centro-symmetrical chromophores. 
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attached to a bis(styryl) benzene core as seen in Figure 1.4(e) thus creating a D-π-A-π-D 

structure.  This motif was found to increase δ to 1,940 × 10-50 cm4 s photon-1 (1,940 GM) 

and shift the two-photon absorption maximum to 835 nm.  It was also shown that 

molecules with an A-π-D-π-A motif, as for case (f) in Figure 1.4, leads to large δ values, 

indicating that either intramolecular charge transfer for the termini to the center of the 

molecules or from the center to the termini are effective in enhancing the cross section.  

Due to the strength of the 3-(dicyanomethylidenyl)-2,3-dihydrobenzothiophene-2-

ylidenyl-1,1-dioxide acceptor groups on both ends of (f), a δ of 4,400 GM was observed.  

These results have led to the idea that δ is dependent on the extent of symmetric 

intramolecular charge transfer in addition to the charge transfer distance.  In addition to 

providing a method to further increase the magnitude of δ, these results also provide 

methods to tune the position of the two-photon absorption maximum, which has 

implications for the application of two-photon absorbing molecules in optical 

limiting112,113,128,134,139-141 and microlithography.109,119,142  The early research in the 

structure/ property relationships for two-photon absorption by Reinhardt et al.108 and 

Albota et al.110 has led to a dramatic increase in the development of two-photon 

absorbing materials.4,128,143-149         

1.4 Theoretical Calculations 

To gain insight into the experimental results observed by Albota et al. for 

symmetrically substituted chromophores, quantum mechanical calculations were 

conducted by multiple groups.110,139,150  A simplified expression of the sum-over-states 

(SOS) for γ was utilized in the calculation that considered cases when the main 
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contributors to γ only came from two excited electronic states, and when the main γ 

tensor element was the one along the chain axis.  This was found to be especially true 

when a low-lying excited state (e) dominated the linear optical response.135  For 

centrosymmetric molecules, the SOS expression for γ can be combined with equation 

1.12 to obtain a simplified expression for δ: 

( ) Γ−
∝ 2

2
'

2

ω
δ

hgeE

MM eege      (1.13) 

where M are the transition dipole moments for the g→ e and e→ e’  transitions, Ege is the 

transition energy for the ground to first excited state, ω is the excitation frequency at the 

peak of the TPA band ( ωh =1/2Ege’), and Γ is the damping factor (half width half 

maximum).110  Equation 1.13 assumes that only one upper excited state (f = e’), where f 

describes higher excited states in the SOS expression for γ, is coupled strongly to the first 

excited state (e), such that the system can be described by the simplified three level 

model of Figure 1.1.  Equation 1.13 is only valid when (Ege - ωh ), often referred to as 

the detuning term, is large compared to the damping factor for the g→ e transition.110  

Using AM1 optimized geometries, the energies (E), and transition dipole moments (M) 

were calculated by combining the intermediate neglect of differential overlap (INDO) 

Hamiltonian with multireference double-configuration interaction (MRD-CI) scheme110 

and also with single electron excitation configuration interaction (SCI) scheme.150 

Calculations by Rumi et al.5 and Liu et al.150 determined for symmetrically 

substituted molecules the transition dipole moment between the ground state and the first 
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excited state (Mge) increased with chain length.  This effect was confirmed 

experimentally for D-π-D chromophores of varying conjugation lengths ranging in type 

and size from polyenes with up to five double bonds, to bis(styryl)benzene, and 

bis(styrylstyryl)benzene.5  Comparable values were obtained for molecules with similar 

conjugation lengths constructed of different backbones.5  The increase in Mge was also 

accompanied by a decrease in the detuning energy.  Interestingly, the increase in Mge as a 

function of chain length for bis(aminophenyl) polyenes was similar to that measured for 

unsubstituted diphenylpolyenes,151 though due to the lower degree of charge transfer, the 

magnitude of the transition dipole moment was smaller.5  The magnitude of the transition 

dipole moment between the excited states e and e’ (Mee’) was found to be dependent on 

the type of conjugated chain and the presence of substituents, rather than the length of the 

chain as with Mge.5  Confirmation of this result can be observed experimentally by 

comparing Mee’ of (c) 6.03 with (d) 12.1 in Figure 1.4.5  These semiempirical level 

calculations supported experimental observations that increasing the conjugation length, 

and introducing electron donating and accepting groups facilitates intramolecular charge 

redistribution upon excitation of the molecule and this leads to increased two-photon 

cross sections.  Additional calculations by Barzoukas et al.,148 Hahn et al.,152 and Lee et 

al.149 found quantitatively similar results.  

1.5 Applications of Two-Photon Absorption 

 With the development of design strategies to realize molecules with improved 

two-photon cross sections, the application of two-photon absorption has expanded rapidly 

in the last decade.  Another factor that has played a critical role in the growth of TPA 
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applications is the availability of “turn key” pulsed laser systems.  To achieve a high 

population of two-photon excitation events, the photon density at the focal point must be 

large, typically requiring light intensities on the order of ~1012 W cm-2, which is 

comparable to focussing the electrical output of 5000 nuclear reactors if converted to 

light onto a square centimeter.122  Most CW lasers, such as those used in laser scanning 

confocal microscopy are ~1 million times too weak to induce a two-photon transition 

with significant excitation rate.  To realize such high intensities, pulsed lasers are utilized, 

for which the peak power is extremely high during the pulse, though the average power is 

relatively low.  Additionally, the spacing between pulse can provide adequate time for 

heat dissipation and prevent sample damage. 

The two principal advantages of TPA over one-photon absorption are that of 

improved depth penetration in scattering media and tight excitation confinement.  Upon 

TPA, subsequent processes such as fluorescence, activation of chemical functionality, or 

photoinduced chemical reaction are also confined to a small focus volume, which 

translates to a high degree of spatial selectivity for the activation of physical and 

chemical processes.  The high spatial resolution and improved depth penetration provided 

by TPA in conjunction with the increased availability of “turn key” laser systems and 

molecules with large δ, the application of TPA in such multidisciplinary areas as two-

photon fluorescence microscopy, two-photon photodynamic therapy, three-dimensional 

data storage, and three-dimensional microlithography has rapidly increased in the last 

decade.   
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 1.5.1 Fluorescence Microscopy  A common method to generate three-

dimensional images of biological materials such as tissue or cells is by laser scanning 

fluorescent confocal microscopy.  Due to the low inherent fluorescence of materials such 

as tissue and cells, the sample must be first stained with a fluorescent dye.  Fluorescent 

probes have been developed to selectively bind to proteins and cell membranes, 

determine pH, and ion concentrations, thus providing insight into multiple aspects of 

cellular function.  The fluorescent dye can be excited by one photon absorption using 

both visible or UV wavelengths provided by a laser.  Fluorescence is selectively collected 

in confocal microscopy from planes within a sample through the use of a pinhole placed 

in front of the detector.107  In-focus fluorescence passes through the pinhole for detection, 

whereas out-of-focus fluorescence from above or below the focal plane is largely 

excluded.  By rastering the excitation beam across a sample plane and repeating this 

processes over successive planes, a 3-D image of the sample can be constructed.  When 

introduced, confocal microscopy represented a substantial improvement over 

epifluorescence microscopy, a technique in which fluorescence is collected throughout 

the sample.  Since fluorescence is not excluded from planes above and below the plane 

being scanned, epifluorescence suffers from a high background noise.122  For many 

applications, confocal microscopy provides an effective means to construct 3-D images 

of biological samples.  However, in this technique the penetration depth for imaging is 

limited to only a few tens of µm, which prevents the imaging of fluorescently labeled 

cells deep in living tissues.122  Most biological tissues scatter light at typical fluorophore 

excitation wavelengths used in confocal microscopy.  Scattering attenuates the excitation 
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laser light at the focal spot in addition to the generated fluorescence signal, thus 

effectively reducing the signal that can be detected.  Additionally, the sample is not only 

excited at the focal point but also above and below the imaged plane, and this can result 

in photobleaching and phototoxic effects.122  These limitations of confocal microscopy 

severely limits and/or prevents the imaging of some types of deep tissues and prevent the 

long-term imaging of living cells. 

 Two-photon laser scanning microscopy provides a solution to many of the 

limitations of conventional confocal microscopy.  Developed by Denk et al.107 in 1990, 

two-photon fluorescence microscopy utilizes the inherent properties of confined 

excitation and reduced scatter provided by TPA to provides the same optical sectioning 

capability as confocal microscopy with the advantages of greater imaging depth and 

reduced photobleaching and phototoxicity.  The quadratic dependence of two-photon 

absorption on the excitation intensity restricts fluorescence to the focus of the excitation 

laser.  The probability for two-photon excitation decreases rapidly away from the focal 

point and can be negligible less than 1 µm from the focus, which results in a high degree 

of spatial selectivity of the excitation.  Two-photon excitation effectively reduces 

photobleaching above and below the imaged plan and confines the fluorescence to the 

vicinity of the focal plane.  Scattering is reduced in two-photon microscopy as the excited 

state is accessed using photons of half the total energy.  Since the excitation wavelength 

is often in the near-IR, linear absorption is minimal in most biological samples, thus 

improved depth penetrations can be achieved.  The working distance is dependent of the 

nature of the objective lens.  To maximize the advantages of TPA, a large numerical 
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aperture (NA) should be utilized.  Increasing the NA results in a decrease in the 

dimensions of the focal spot and an increase in the emitted fluorescence intensity (which 

scales with the square of the NA107 which provides improved resolution.   For imaging 

biological samples, water-immersion objectives can provide working distances of up to 2 

mm.122  Two-photon microscopy has been utilized in a wide range of imaging 

applications4,120,128,153-155 including lipid-membrane interaction,156 the microstructural 

basis of blood vessel mechanical properties,123 and evaluation of lymphocyte functions122 

to name but a few. 

 1.5.2 Photodynamic Therapy  Photodynamic therapy (PDT) refers to the process 

by which a photosensitizer is utilized to induce cytotoxic effect on cancerous cells.  In the 

first step of PDT, a photosensitizing agent is injected into the bloodstream.  The agent is 

absorbed non-selectively throughout the body, but after 24-72 hours, the agent is 

naturally purged from healthy cells thus leaving the agent only in the cancerous cells.  

The tumor is then exposed to light, which results in the generation of an active species 

such as singlet oxygen that proceeds to destroys nearby cancer cells.157  The 

photosensitizer upon absorption of light is excited to a short-lived singlet state and 

proceeds through ISC to form a long-lived triplet state, which is often the dominant 

process.  When the triplet state interacts with atmospheric oxygen, which has a triplet 

ground state, a triplet-triplet annihilation can occur, producing singlet oxygen and 

regenerating the ground state of the photosensitizer.134  Singlet oxygen is highly reactive 

and quickly causes irreversible damage to the surrounding tissue. 
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In currently utilized PDT systems, the light utilized to activate the photosensitizer 

through a one-photon event is supplied by a laser or other light source and can be 

delivered to a tumor through fiber optic cables.158  Site specific activation of the 

photosensitizer minimizes damage to healthy tissue surrounding the tumor.  When 

coupled with an endoscope, site specific activation can occur in such organs as the lungs 

and the esophagus.  In currently utilized photosensitizers, the peak excitation lies around 

400-500 nm.  Activating photosensitizers at these wavelengths results in limited depth 

penetration due to scattering and linear absorption.  For this reason, PDT is restricted to 

the treatment of tumors on or just under the skin or on the lining of internal organs or 

cavities.158  The technique is also restricted to the treatment of small tumors because one-

photon initiation can not penetrate deep enough into large tumors to effectively destroy 

them. 

As in two-photon fluorescence microscopy, the spatial resolution provided by 

TPA provides unprecedented capabilities to induce chemistry with high spatial resolution 

and increased depth penetration.  Two-photon excitation is beneficial to PDT because it 

replaces visible or UV excitation sources with highly penetrating, non-damaging near 

infrared light.  Since the photodynamic event can be highly localized under TPA, the 

treatment of brain cancers could be realized.  Activation of PDT through TPA was 

introduced in 1994, though the limited sensitivity of the two-photon chromophores 

utilized in the experiments were too small to be of practical significance.159,160  More 

recent applications of TPA in PDT have yielded improved results due to the use of 

chromophores with increased sensitivity.157,158,161,162  Preliminary results in the coupling 
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of TPA with PDT have been encouraging though further experiments are required to 

increase the photosensitizer efficiency and two-photon cross section.  The spatial 

resolution and increased depth penetration provided for by TPA affords increased site-

specific drug photoactivation in PDT.  The inherent properties of TPA provide a means to 

increase the types and locations of cancers that can be treated through PDT. 

 1.5.3 Three-Dimensional Data Storage  The rapid growth of multimedia and 

electronic communication networks has placed a high demand on information 

technology.  Data storage requirements are expected to exceed 1020 bits per storage media 

in the near future.128  To keep up with the astronomical demand for increased data storage 

with reduced physical size, alternative high density, low cost, and high speed memory 

devices must be developed.  The storage capacity of conventional two-dimensional 

optical memory devices is limited by diffraction to about 1/λ2 where λ is the wavelength 

of radiation utilized to record and read the data.114  In conventional 2-D optical data 

storage a storage capacity of ~108 bits/cm2 has been realized utilizing visible and infrared 

wavelengths.114  The limited storage capacity of 2-D data systems has shifted efforts to 

the development of 3-D optical data storage.  An example is the two-layer DVD format, 

in which a second layer is accessed by simply refocusing the optical pickup head to a 

different plane.  Currently, this technology is limited to two layers due to the difficulty in 

writing information to a particular layer without contaminating adjacent layers thus 

resulting in cross talk between the planes. 

 Two-photon excitation provides a promising means to further improve multilayer 

optical data storage.  Utilization of TPA in optical data storage is advantageous due to the 
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high spatial resolution that is possible for writing and reading data.  Utilization of two-

photon excitation to realize improved optical data storage was first introduced in 1989 by 

Parthenopoulos et al.106  Since then, multiple reports have been published proposing 

improvements in data density and writing methods.109,114,163-165  The basic components of 

a two-photon optical memory system include a material system that undergoes a physical 

change during the writing stage, laser source(s) capable of recording and reading data 

(recording and reading need not use the same laser source), and a mechanism to rapidly 

access data throughout the media.  Information has been stored within media using 

optical changes in absorbance, fluorescence, and refractive index.128  Storage densities as 

high as 2 terabits/cm3 have been reported using recorded bits with 0.5 µm intervals within 

a plane and 2.0 µm interval between planes.166  One limitation of current two-photon 

optical data storage technology is the need for large pulsed lasers utilized in data writing.  

Recently two-photon excitation has been achieved utilizing a low cost microlaser as the 

excitation source, and although their size is still prohibitive, they represent a step toward 

the future commercialization of the technology.167,168  Data read back has been 

accomplished using an inexpensive CW laser,115 and this part of the process does not 

present the same obstacles for commercialization as data recording.  In order to realize 

commercial two-photon memory, molecules with increased two-photon cross sections 

and chemical efficiencies for inducing physical changes within a recordable media must 

be developed.  With these molecules, more commercially viable lasers could be utilized 

for data recording.   
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1.5.4 Three-Dimensional Microlithography  Three-dimensional 

microfabrication by direct laser writing or laser rapid-prototyping provides a means to 

construct complex microfluidic elements, micro-electromechanical systems (MEMS), 

and microoptics components.  Many microoptic or microfluidic devices and MEMS are 

fabricated on silicon substrates utilizing standard wet-etching lithographic techniques 

developed in the computer chip industry.  Widespread use of this technique is limited, as 

it requires multiple complex steps including a deposition phase, lithographic (masking) 

phase, and an etching phase.  Each layer of the device requires these three processes to be 

repeated, which can make the fabrication of a functional device time-consuming.  Laser 

rapid-prototyping is a more recent alternative fabrication technique that facilitates single-

step generation of 3-D structures through a one-photon induced photopolymerization 

process.  The process begins by designing the structure on a computer for transfer to the 

instrument.  Structures are fabricated layer by layer, starting from the bottom up, by 

translating a laser across a plane near the surface of a resin.  Utilization of one-photon 

excitation results in limited depth penetration and limited control of feature sizes in a 

material thus the technique utilizes a liquid resin systems or gas phase precursors.169  

Upon completion of a layer, the exposed layer is translated down into the liquid resin thus 

allowing the fabrication of the next layer.  Adjusting the laser drawing speed and power 

controls the polymerization depth.  For coherent structures in which each layer is bound 

to the layer below, laser rapid-prototyping provides a quick and efficient means to 

prototype or fabricate such structures as 3-D photonic bandgap crystals.170  When 
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structures that possess free-moving parts and small feature sizes are desired, as required 

in MEMS technology, current lithographic technology falters.  

For 3-D microlithography, TPA has been demonstrated to provide multiple 

advantages over one-photon excitation for the fabrication of complex 

microstructures.4,109,119,171  Utilizing two-photon excitation under tight focusing 

conditions, the photo-activated volume can be controlled with high spatial resolution.  

Additionally, the increased depth penetration afforded by TPA facilitates the use of both 

liquid, semisolid, and solid resins.  Two-photon initiated microlithography has been used 

to create structures in polymers,109,119,130 polymeric hydrogels,129 inorganic-organic 

hybrid materials,172 metals,173 and protein matrices.174-176  Structures are fabricated by 3-

D translation of the excitation laser through a photoactive resin, in which a chemical 

reaction or change in physical properties takes places at each position of the focus of the 

beam.  The area over which the chemical reaction or change takes place at the focus is 

referred to as a voxel.  Structures are fabricated by translating the voxel through space in 

3-D.  Complex microstructures have been fabricated by this technique for use in 

microoptics,109,127,177 MEMS,117,178,179 and microfluidics.117,180  

Practical applications of two-photon microlithography are limited because the 

chromophores currently available possess low two-photon sensitivity or limited chemical 

efficiency.  Many of the reported chromophores utilized in two-photon microlithography 

have been optimized for UV excitation and possess small two-photon cross sections.131,171  

This limits the dynamic range for polymerization and requires use of expensive high 

power pulsed laser systems.  Additionally, many of the reported chromophores for use in 
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two-photon microlithography are limited to the initiation of free-radical 

polymerization4,109,119 or suffer from poor sensitivity for initiating cationic 

polymerization.4,6  Despite these limitations, two-photon microlithography is a promising 

technology for the fabrication of complex 3-D microstructures that are difficult, time-

consuming, or otherwise impossible to obtain by current fabrication techniques.  In 

Chapter 3, a two-photon activatable photoacid generator will be presented, which extends 

two-photon microlithography to cationic monomers and positive-tone chemically 

amplified resists.  Chapter 4 will provide a more detailed description of two-photon 

microlithography and present new methods to realize microfluidic and microoptic 

devices.  

1.6 Research Overview 

Research in two-photon absorption, the process by which two photons of light are 

absorbed simultaneously, has rapidly expanded in the last decade.  Development of 

structure/property relationship for TPA materials has led to the creation of design 

strategies to realize chromophores with large two-photon cross sections,109,111,128 which 

has further facilitated the widespread application of the process.  Two-photon absorption 

is dependent on the square of the incident light thus under tight focussing conditions 

excitation is confined to the immediate vicinity of the focal point.  This provides a means 

to locally activate chemical or physical processes, such as polymerization or 

fluorescence, in a material with high spatial resolution.  Since photons of half the energy 

that for one-photon absorption are used to promote a molecule to an excited state, TPA 

results in reduced scattering and improved depth penetration in highly scattering or 
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absorbing materials such as organic tissues or polymeric resins.  Exploitation of these 

TPA advantages has led to major advances in fields such as three-dimensional 

lithography,180,181 fluorescence microscopy,107,156 and photodynamic therapy128,159 to 

name but a few.  To extend the application of TPA to new applications and material 

systems, chromophores must be developed that combine large two-photon cross sections, 

high efficiency chemical functionality, and a mechanism to couple the two processes 

together.  

In this dissertation, molecules that incorporate both high two-photon absorptivity 

with a high chemical efficiency for proton and radical generation will be presented.  

Chapter 2 will summarize the methods and materials utilized in this research.  In Chapter 

3, photoacid generators based on coupling D-π-D chromophores, which exhibit a large 

two-photon cross section, with a sulfonium salt will be presented.  The linking of the 

sulfonium group will be shown to have a minimal influence on the two-photon cross 

section while imparting to the chromophoric system a high chemical quantum yield for 

acid generation.  These new photoacid generators provide up to two order of magnitude 

improvement in sensitivity for cationic polymerization compared to previously reported 

values.  In Chapter 4, chromophores that efficiently initiate radical polymerization will be 

present and applied to two-photon microlithography.  Methods to characterize the 

polymerized voxel size will be presented and used in multiple design strategies.  

Complex microstructures will be presented which demonstrate the feasibility of applying 

the technique for the fabrication of microfluidic structures and MEMS.  Chapter 5 will 

focus specifically on the use of two-photon microlithography for the fabrication of 
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photonic bandgap crystals, which are geometric lattices that can inhibit light propagation 

or be utilized as low-loss waveguides.  Strategies to accommodate for structure shrinkage 

will be presented.  Finally, Chapter 6 will summarize these results and provide insight 

into future directions for this research. 
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CHAPTER 2.  METHODS AND MATERIALS 

 

2.1 Materials 

Commercially available compounds were utilized as received including: 

hydrochloric acid (EM Science), Coumarin 307 (Acros), rhodamine B base (Aldrich), 

rhodamine B (Acros), 4-vinyl-1-cyclohexene diepoxide (Aldrich), diphenyliodonium 

hexafluoroantimonate (Aldrich), 9,10-dimethoxyanthracene-2-sulfate (Aldrich), 3,4-

epoxycyclohexylmethyl 3,4-epoxycyclohexane carboxylate (Aldrich), [4-[(2-

hydroxytetradecyl)oxy]phenyl]phenyliodonium hexafluoroantimonate (CD1012, 

Sartomer), fluorescein (Aldrich), 9,10-diphenylanthracene (Acros), 9,10-bis-

(phenylethynyl)anthracene (Aldrich), quinine sulfate dihydrate (Lancaster), 

isopropylthioxanthone (Aldrich).  Spectrophotometric grade solvents (Aldrich) were used 

for spectrophotometric measurements.  Spectroscopic measurements for compounds 1-8 

were conducted in spectrophotometric grade acetonitrile (Aldrich) unless otherwise 

noted. 

Prof. Seth R. Marder’s research group synthesized the radical and proton 

generating chromophores utilized in this research.  Dr. Wenhui Zhou in particular 

synthesized the bis(diarylamino)stilbene functionalized with sulfonium groups (1), the 

two bis[(diarylamino)styryl]benzene functionalized with sulfonium groups  (2 and 3), and 

the [(dibutylamino)styryl]benzene substituted with a (diphenyl)sulfonium 

hexafluoroantimonate group through a piperazine linker (8).  Other dyes utilized in this 

research include 1,4-Bis[4-(diphenylamino)phenyl]ethene (4), E,E-1,4-Bis[4’-(N,N-m-
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tolylphenylamino)styryl]benzene (5), E,E-1,4-Bis[4’-(N,N-di-n-butylamino)styryl]-2,5-

dimethoxybenzene (6), E,E,E,E-1,4-Bis[4-[4’-(N,N-di-n-butylamino)phenyl]-1,3-

butadienyl]-2,5-dimethoxy-benzene (7).  The synthesis of 2,82 4,5 and 5-75 have been 

reported previously.  Compounds were characterized by Professor Seth Marder’s group 

by 1H NMR spectroscopy (Varian Unity Plus-500), 13C NMR spectroscopy (Varian Unity 

Plus-500), and elemental analysis (Desert Analytics, Tucson, AZ).  

2.2 Methods 

 2.2.1 Linear Absorption Spectroscopy  Linear absorption spectra were obtained 

utilizing a Hewlett Packard 8453 diode array spectrophotometer (190-1100 nm) and a 

Cary UV-VIS-NIR spectrophotometer (Varian).  In all cases, the contributions due to 

solvents were subtracted from the spectra of the sample.  Molar extinction coefficients (ε) 

were calculated from a linear regression analysis of absorbance versus sample 

concentration according to the Beer-Lambert equation.  Three separate solutions were 

prepared and diluted to span at least two orders of magnitude in concentration.  All 

spectra were obtained in quartz cuvettes (Starna) with pathlengths ranging from 0.1 to 1 

cm.  The spectra for photoacid generators 1-3 and radical generator 8 were measured in 

the dark to minimize decomposition of the dyes due to exposure to ambient light 

conditions.  The occurrence of decomposition is evidenced by a decrease in the 

absorbance of a sample between measurements.  Since multiple measurements could not 

be collected and averaged, a comparable number of single scan measurements were 

performed on fresh solutions.   
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 2.2.2 Fluorescence Spectroscopy  Fluorescence spectra were collected on a Spex 

Fluorolog-2 spectrofluorimeter.  A 150 W xenon lamp provided excitation wavelengths 

between 200-600 nm.  The excitation wavelength was selected through use of a 

monochromator and weakly focused into the sample.  Fluorescence emission was 

detected between 200-850 nm utilizing a photomultiplier tube (PMT, Shimadzu R928) 

and a double monochromator.  The excitation (0.5 mm) and emission (2.5-5.0 mm) 

bandwidths were set manually using metallic slits.  Reported emission spectra have been 

corrected by subtraction of the solvent spectra.  Additionally, a multiplicative correction 

factor has been introduced which takes into consideration the wavelength response of the 

detector and optical components and intensity variations in the excitation source.  

Reabsorption effects were minimized by utilizing dilute solutions where the absorbance 

at the excitation wavelength was < 0.02 over a 1 cm pathlength.  To minimize light 

exposure and prevent premature decomposition of the photoacid and radical generators, a 

manual shutter and stir plate was installed on the instrument.  The stir plate was 

constructed by gluing a magnet on a small computer fan.  The unit was mounted 

underneath the sample holder and connected to a homebuilt variable speed controller.  

The stirring speed was moderate to prevent vortex formation.  After each measurement, 

cuvettes were washed in piranha solution (70% concentrated sulfuric acid with 30% 

hydrogen peroxide) as dye adhesion to the cuvettes walls was observed.  All 

measurements were conducted under darkroom conditions with low level red-light 

illumination. 
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Corrected fluorescence spectra of 3-6 were collected in 1 cm quartz fluorescence 

cells (Starna).  A 1 cm path length flow cell (Starna Cells), connected to a peristaltic 

pump (VWR) through Tygon tubing was used to collect the fluorescence spectra of 1, 2, 

and 8.  Under non-flow conditions a large increase in fluorescence intensity was observed 

under steady illumination of the sample and attributed to the rapid photodecomposition of 

the photoacid or radical generators.  The flow rate (70 mL/min) was set so that an 

intensity change of less than 1% was observed at the fluorescence maximum over the 

acquisition time.  The intensity change over the collection time was measured before 

spectrum collection using a time-base plot to ensure the flow rate was set correctly.  

Reservoir volumes ranged from 200 to 700 mL, depending on the acquisition time 

required to complete the data collection. 

Fluorescence quantum yields, ΦFl, were measured relative to reference 

compounds with quantum yields reported in the literature.  The fluorescence quantum 

yield is defined as the ratio between the number of photons emitted and the number of 

photons absorbed.  At least two reference compounds were used in each measurement to 

provide an internal test of the accuracy of the experiment.  The reference compounds 

were chosen such that they exhibited absorption and emission bands in similar 

wavelength regions as the samples.  The sample and reference compounds were excited 

at the same wavelength and the spectra collected with the same instrumental conditions.  

When this protocol is used, correction factors for the wavelength dependence of the lamp 

intensity and the wavelength dependence of the instrument optics transmittance are not 
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required in the quantum yield calculation.  Quantum yields were calculated using the 

following equation 
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where the sample and reference compounds are denoted by subscripts S and R, ΦR and ΦS 

are the fluorescence quantum yields for the sample and reference compounds, n is the  

refractive index of the solvent, A is the absorbance at the excitation wavelength, λex, and 

∫ 'λdFR  is the fluorescence intensity, F, integrated over the entire emission band.  For 

compounds 1-6 and 8, fluorescence quantum yields were determined using 9,10-bis-

(phenylethynyl)anthracene in cyclohexane (ΦFl = 1.00),183 quinine sulfate in 1.0 N 

sulfuric acid (ΦFl = 0.55),184 1,4-Bis(2-methylstyryl)-benzene in cyclohexane(ΦFl = 

0.95),183 and diphenyl anthracene in cyclohexane (ΦFl = 0.95)183 as reference compounds. 

 2.2.3 Chemical Quantum Yield for Acid Generation  Chemical quantum yields 

for acid generation for compounds 1-3 were measured using a spectrophotometric acid 

indication method with rhodamine B base.185  Under basic conditions, rhodamine B base 

has an absorption maximum, λmax, at 544 nm.  Protonation of the lactone ring under 

acidic conditions results in a structural change that leads to a λmax shift to 555 nm as seen 

in Scheme 2.1.  The proton concentration can be quantified by using the absorption at 

λmax in conjunction with the extinction coefficient for the protonated dye.  The extinction 

coefficient was measured in our lab to be 118,500 M-1cm-1, which is slightly larger than 

the 116,000 M-1cm-1 reported in the literature.186  Rhodamine B base (2.5 × 10-3 M), HCl 
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(2.0 × 10-4 M), and dyes 1, 2, and 3 (4.0 × 10-4 M) solutions were prepared in 

spectrophotometric grade acetonitrile and degassed before each experiment to remove 

dissolved oxygen, which can act as a radical scavenger and interfere with acid generation.   

 

 

 

 

 

 

2 mL aliquots of 1, 2, and 3 were placed in quartz cuvettes, capped, and degassed with 

argon before being irradiated at 400 nm using a frequency doubled (LiNbO3 crystal) 

output of a Ti:sapphire laser at varying times and powers.  More than 99 % of the light 

was absorbed at this concentration.  Acid generation was quantified by addition of 50 µL 

of the rhodamine B base solution (6.0 × 10-5 M after addition), 40 µL of HCl, and 

measuring the absorbance of protonated rhodamine B base at 555 nm.185  Additional acid 

was added to account for any residual base in solution that could interfere with proton 

quantification at low concentrations.  For excitation at 400 nm, acid generation increased 

linearly with both excitation time and intensity, which is consistent with acid generation 

being initiated by one-photon excitation.  The quantum yield for acid generation, ΦH
+, 

was calculated from the ratio of photogenerated H+ to the number of photons absorbed.  

Two-photon photoacid generation was monitored using the same protocol as for one-

photon photoacid generation, although here excitation was provided by a Ti:sapphire 
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Scheme 2.1.  Structural change of rhodamine B base upon reaction with a proton 
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laser at 745 nm.  Two-photon photoacid generation was measured as a function of 

exposure time and excitation power and found to increase linearly with exposure time 

and quadratically with power as expected for a two-photon initiated process. 

  2.2.4 Two-Photon Cross Section Multiple techniques are available for 

measuring two-photon absorption properties including nonlinear transmission (NLT), Z-

scan, and two-photon induced fluorescence (TPIF).  The NLT and Z-scan methods 

measure the transmitted intensity as a function of incident intensity.  To observe two-

photon absorption with these methods, high concentrations and high input intensities are 

required due to the low efficiency for two-photon absorption.  In some cases, other 

processes such as Raman scattering, stimulated emission, and excited state absorption to 

name a few, may also contribute to the change in transmittance of the sample.  Cross-

sections measured by these transmission methods can be one to two orders of magnitude 

higher than those measured by the TPIF method when long excitation pulses are used.140  

The TPIF method, in contrast, measures the fluorescence from the first excited singlet 

state populated after TPA and internal conversion, as described in Chapter 1.5,187  The 

nonlinear effects observed in transmission methods are reduced in TPIF methods as 

substantially lower solution concentrations and excitation intensities are used.  For a pure 

two-photon absorption process, the number of photons emitted depends on the square of 

the excitation intensity (see equation 2.7 below).  This dependence can be monitored 

during the experiment to confirm the two-photon nature of the process.  
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 The TPIF method111 is the technique utilized in this research to measure two-

photon due to its multiple advantages.  When linear absorption is negligible, two-photon 

absorption leads to an attenuation of an incident beam given by 

2I
dz
dI β−=      (2.2) 

where I defines the intensity (power per unit area) of the incident beam of frequency ν, z 

is the propagation direction, and β is the two-photon absorption coefficient.5  Equation 

2.2 can be rewritten in terms of photons per unit area and time, the photon flux (F = I/hν) 

as 

2Fh
dz
dF νβ−=      (2.3) 

In a two-photon process, the number of photons absorbed per unit time and volume 

( )2(
phn ) is given by 

dz
dFnph −=)2(      (2.4) 

If the two-photon absorption cross section is defined as 

C
hνβδ =      (2.5) 

where C is the molecules number density in solution, then combination of equations 2.3, 

2.4, and 2.5 gives 

CFnph δ2)2( =      (2.6) 

Equation 2.6 indicates that the number of photons absorbed per unit time and volume is 

proportional to the two-photon cross section of the molecules and the square of the 
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photon flux.  The number of excited molecules per unit volume and time is equal to 

)2(
2

1
phn  for TPA, as two photons are required for each excitation event. 

 The total photon density emitted ( )2(
fln ) upon TPA per unit volume and time can 

be derived from equation 2.6 and is given by 

FlFlphfl CFnn Φδ=Φ= 2)2()2(
2

1
2

1      (2.7) 

where ΦFl is the fluorescence quantum yield for relaxation from the lowest excited singlet 

state.  Equation 2.7 assumes that TPA is followed by a rapid relaxation to the lowest 

excited singlet state.  As mentioned above, a quadratic relationship is observed between 

the emitted and excitation photon densities. 

 In a TPIF measurement, the emission intensity detected by a PMT detector is 

given by 

)2(
flnS φ=      (2.8) 

where φ defines the experimental apparatus overall fluorescence collection efficiency and 

 indicates the spatial and temporal average over the laser pulses.5  The collection 

frequency is a function of the detector response, solvent refractive index, setup geometry, 

and the wavelength dependence of the excitation and emission attenuation filters.  To 

fully characterize the fluorescence signal detected (S) a second order temporal coherence 

term (g(2)), defined by 

22)2( )(/)( tFtFg =      (2.9) 

must be introduced in equations 2.8 and 2.7 to yield 
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CFgS δηφ= 2)2(
2

1      (2.10) 

Thus, in a TPIF measurement four parameters must be evaluated to determine the TPA 

cross section: the detection collection efficiency, spatial distribution of the excitation 

beam, the temporal coherence (g(2)), and the fluorescence quantum yield, which is 

assumed to be the same for one- and two-photon processes because the emission occurs 

from the same excited state. 

 When a molecule of known two-photon cross section is measured at the same 

time as an unknown molecule, equation 2.10 can be used to determine the two-photon 

cross section of the unknown molecule.  Two-photon excitation (TPE) spectra were 

recorded by the two-photon induced fluorescence method187 using both femtosecond and 

nanosecond pulsed lasers as excitation sources.  When measured under the same 

conditions the parameters which relate to the excitation beam (g(2)) and the collection 

efficiency (φ) are the same for each sample.  By writing equation 2.10 for the unknown 

molecule (s) and the reference compound (r) and taking their ratio, it can be expressed 

as:5  

sssr

rrrs
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δ=δ      (2.11) 

The collection efficiency (φ) in our setup is defined as 

φ = φdisp × φn     (2.12) 

where φdisp is given by 
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and defines the wavelength dispersion correction factor, which depends on: the 

fluorescence spectrum of the sample (ffluor(λ)), the normalized PMT response (fPMT(λ)), 

and the transmission spectrum of the ith filter used (Ti(λ)). The integrals in equation 2.13 

are extended over the entire fluorescence spectra.  The refractive index correction term in 

φn for our ns TPIP system is give by 

φn ∝ n-2     (2.14) 

where n is the refractive index of the solution and takes into account the difference in the 

solid angles under which the illuminated portion of the solution is seen from the detector 

when the solvents for the sample and the reference solutions are different, in the limit of 

point sources emitting isotropically.5  In the ns TPIP instrument, a collimated excitation 

beam is utilized.  In the case of our fs TPIP system, the excitation laser is focused into the 

cell thus, the refractive index correction factor becomes 

2
em

ex
fsn

n

n

λ

λ=φ      (2.15) 

The solid angle of the detected light for both collimated and tightly focused geometries is 

proportional to n-2 at the detection wavelength.  For a tightly focused geometry though, 

the laser focal volume is stretched in the propagation direction by a factor of n at λex 

without affecting the width of the beam waste, thus increasing the excitation volume in 

which TPIP can occur.188  All experiments were conducted in 1 cm path-length quartz 

fluorescence cells.   

The optical setup for the femtosecond TPIF system has been published 

previously188,189 and is shown in Figure 2.1.   
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Femtosecond pulses are provided by a CW modelocked Ti:sapphire laser (Spectra-

Physics, Tsunami), which provides 80 fs pulses at an 82 MHz repetition rate between 705 

– 1000 nm.  The Tsunami is pumped by a Nd:YVO4 laser (Millennia V, Spectra Physics) 

at 5 W.  The laser intensity is attenuated using neutral density filters and typically kept 

below 100 mW.  At higher powers than this, other non-linear effects are often observed 

and lead to a non-quadratic relationship between power and two-photon induced 

fluorescence.  The laser beam is focused into the sample using two lenses (~f/15 focusing 

geometry) to give a spot size of ~580 µm2.  Fluorescence is collected perpendicular to the 

excitation beam, passed through short wave pass filters to remove any scattered laser 

light, and focused into a monochromator (8 nm bandwidth, Jarrell-Ash).  To exclude 

stray light from the measurement a light-tight enclosure surrounds the sample and 

Figure 2.1.  Optical setup for a femtosecond two-photon induced fluorescence 
measurements.  The dotted line represents the collection path for two-photon induced 
fluorescence. 
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collection optics.  Fluorescence intensity is measured using a PMT operating in single 

photon counting mode.  The collected PMT signal is amplified and measured by a 

frequency counter.  The signal was collected for 60 s.  In this case, the fluorescence of the 

sample and reference compounds was monitored at the same wavelength.  The 

wavelength dependence of the filters and monochromator are the same throughout the 

measurement, thus simplifying equation 2.13 to 

λλλφ d)(/)( ∫= fluorPMT ff      (2.16) 

The δ values of the reference dye are obtained from the literature and use in equation 

2.11 to calculate δ for the unknown dye at the excitation wavelength.  A full spectrum is 

then constructed by repeating measurement at other excitation wavelengths (typically 

spaced every 10 nm). 

Femtosecond TPE spectra were recorded for 4.0 × 10-4 M solutions of 1-3 and 1.0 

× 10-5 M solutions of 4-6 and 8 using fluorescein187 in pH 11 water (2.0 × 10-5 M) and 

coumarin187 in methanol (2.0 × 10-5 M) as the reference dyes.  The up-converted 

fluorescence was monitored at 520 nm for 3, 450 nm for 1, 580 nm for 2, and 510 nm for 

4-6 and 8.  To minimize sample degradation over the course of a measurement, samples 

1-3 and 8 were stirred using a micro-stir bar and stirplate mounted inside the sample 

enclosure.  For measurements of 1-3, two identical samples were prepared.  One sample 

was wrapped in foil and used as a baseline measurement for acid generation while the 

second was used in the TPIF measurement.  After five measurements, the photoacid 

generation was measured for both samples.  If the acid concentration was similar then the 

two-photon cross section calculated for the measurement could be safely assigned to the 
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undecomposed sample.  Two new samples were then prepared, degassed, and used in the 

continued measurement. 

Additionally for 2, the concentration of photogenerated acid, [H+], was measured 

spectrophotometrically after a 30 minute dosing with femtosecond pulses between 705 – 

845 nm.  A two-photon acid-yield action spectrum was constructed by dividing [H+] by 

the ratio of fluorescence counts and the TPE action cross-section (defined as the product 

of the fluorescence quantum yield and the two-photon cross section) of the fluorescein 

reference (〈F(t)〉 / Φfδ)ref (to account for spatial and temporal dependence of the 

excitation intensity as a function of wavelength)187 and normalizing to δ of 2 at 705 nm. 

The optical setup for the nanosecond TPIF setup has also been described 

previously5 and is shown in Figure 2.2. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2.  Optical setup for a nanosecond two-photon induced fluorescence instrument. 
The dotted line represents the collection path for two-photon induced fluorescence. 
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The excitation source for the nanosecond pulse experiments was a Nd:YAG pumped 

optical parametric oscillator (MOPO 730 pumped by a Pro-250, Quanta-Ray) with a 5 ns 

pulse duration and 10 Hz repetition rate, tunable over the wavelength ranges of 430-690 

and 730-2000 nm.  The laser output is attenuated using a half-wave plate and polarizer 

before being split into two arms using a beamsplitter.  Due to the shot-to-shot fluctuations 

in the pulse energy for this laser, one arm is used to monitor the laser intensity over the 

course of a measurement.  Both arms are weakly focused (f =500 mm) into the sample 

cuvettes thus creating a nearly collimated beam over the width of the cuvette with a spot 

size of ~0.16 mm2.  Fluorescence is collected perpendicular to the excitation beam using 

a collimating lens, passed through short wave pass filters to exclude any scattered laser 

light and neutral density filters, and collected by a PMT (R928, Hamamatsu).  The PMT 

signal is amplified (13AMP007, Melles Griot, gain ≈ 100) and converted to a voltage 

between 0-10 V using a boxcar integrator (SR250, Stanford Research Systems) with a 

~42 ns gate.  The fluorescence signal is attenuated by neutral density filters to maintain 

the signal within the linear operating range of the PMT and amplifiers.  The boxcar 

output signal is collected using a data acquisition board (BNC 2120, National 

Instruments) and processed using software written in house in LabView 6.0 (National 

Instruments).  Collected signals in both arms are averaged over 200 laser pulses 

A reference dye is placed in one arm and used to monitor fluctuations in the beam 

intensity while sample and references dyes are measured in the other arm.  Fs from 

equation 2.11 is now the ratio between the signals obtained when one arm contains the 

sample and the other the reference compound.  Similarly, Fr is the ratio between the 
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signals obtained when both arms contain the reference solution.  To determine the 

collection efficiency factor defined by equation 2.13 the refractive index of the solvent, 

fluorescence intensity at the emission wavelength, normalized PMT response as provided 

by the manufacturer, integrated fluorescence over the entire fluorescence band, and the 

transmission of the filters need to be known for both the reference and sample solutions.  

The excitation wavelength is generally changed in 10 nm intervals. 

Nanosecond TPE spectra were recorded using 4.0 × 10-4 M solutions of 1-3 and 

3.0 × 10-5 M solutions of 4 and 5 with 1,4-bis(2-methylstyryl)-benzene187,190,191 in 

cyclohexane (1.0 × 10-4 M) as the reference for wavelengths between 570-690 nm and 

fluorescein in pH 11 water (2.0 × 10-4 M) and coumarin in methanol (2.0 × 10-4 M) as the 

references between 730-830 nm.  Once again, samples 1-3 were stirred while being 

measured and a shutter was used to block the excitation beam between measurements.  

As before, additional cuvettes of 1-3 were wrapped in foil and stored to monitor changes 

in photoacid generation over the course of the measurement due to stray light or 

overexposure.  Solutions of 1-3 were changed after five or six measurements. 

 2.2.5 Electrochemistry Electrochemical potentials were obtained by cyclic 

voltammetry on a BAS model 100B/W(BASi, West Lafayette, IN).  A glassy-carbon 

electrode was used as the working electrode along with a platinum auxiliary electrode 

and a standard Ag/AgCl reference electrode.  The redox potentials of the dyes were 

measured at a concentration of 1×10-3 M in an electrolyte solution of 0.1 N 

tetrabutylammonium hexafluorophosphate in anhydrous methylene chloride and 

referenced to the ferrocenium/ferrocene couple (0.00 V).  The scan rate was 200 mV/s. 
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2.2.6  Polymerization Threshold Measurements Polymerization thresholds 

were measured using two methods.  In the first method, utilized in the characterization of 

photoacids 1 and 2, polymerization thresholds were determined by monitoring the far-

field diffraction pattern (see below).  While, in the second method, utilized in the 

characterization of the radical generator 8, the polymerization threshold was determined 

by the presence of a three-dimensional structure after patterning.  Both methods yield 

insight into the polymerization thresholds for these dyes with the latter directly useful for 

application of dyes in three-dimensional microlithography.  In both methods, the dyes 

under investigation were compared with commercially available radical and proton 

generators under the same conditions. 

 The polymerization thresholds of photoacids 1 and 2 were determined by 

monitoring the changes in the far-field diffraction pattern created by polymer formation 

in an irradiated sample cell as schematically displayed in Figure 2.3.  

 

 

 

 

 

 

 

 

 

Figure 2.3.  Setup for measuring polymerization thresholds by monitoring the circular
diffraction pattern in the far-field.  The clamp located on the right side of the sample cell 
sample cell has been removed for viewing purposes. 
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Sample cells were constructed from two glass microscope slides, a 1/8” thick O-ring (1” 

diameter), and metal paper clamps (1/2” wide).  Three clamps were used to securely seal 

the O-ring between two glass plates.  A small gap at the top in the O-ring/glass seal was 

left to allow for sample injection.  Samples were irradiated for 10 s by the focused (f = 75 

mm) beam of a Ti:sapphire laser (80 fs pulses, 82 Hz repetition rate, 0.94 mm diameter 

spot-size at the lens).  A Q-basic program drove a home built shutter to control the 

exposure time.  The power threshold was determined by the onset of a circular diffraction 

pattern in the far-field of the transmitted beam.  The appearance of the circular diffraction 

pattern was due to the refractive index difference between the monomer and polymer 

being formed. 

Polymerization threshold test resins (10 mM) of 1 and 2 along with four 

commercially available PAGs were prepared in 4-vinyl-1-cyclohexene diepoxide and 3,4-

epoxycyclohexylmethyl-3,4-epoxycyclohexanecarboxylate diepoxide.  The commercially 

available PAGs used were: [4-[(2-hydroxytetradecyl)oxy] phenyliodonium 

hexafluoroantimonate (CD1012), triphenylsulfonium hexafluoroantimonate (TPS), 

isopropylthioxanthone (ITX), and diphenyliodonium + 9,10-di-methoxyanthracene 

sulfonate (DPI-DMAS). 

The polymerization threshold of dye 8 compared to other radical generators was 

determined by fabricating three-dimensional crosshatched structures at varying powers.  

Polymerization test resins of 8 and 6 along with 4-4’-bis(dimethylamino)benzophenone 

(UV5), triphenyl sulfonium hexafluoroantimonate (TPS), and 6 + TPS (1:1) were 

prepared at concentrations ranging from 1-12 mM in ethoxylated trimethylolpropane 
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triacrylate monomer (SR454, Sartomer), a triacrylate monomer (SR9008, Sartomer), and 

a 1:1 comonomer mixture of methyl methacrylate (MMA) and SR454.  Solutions were 

stirred overnight and sonicated when required to ensure complete dissolution.   

Liquid samples cells where constructed using Capton tape, a 125 µm cover slip, 

and a glass microscope slide as seen in Figure 2.4. 

 

 

 

 

 

 

A layer of Capton tape was deposited onto a glass slide and a channel 2 mm wide was cut 

to form the sample chamber.  A cover slip was then secured to the Capton tape using 

cyanoacrylate glue.  The produced void was roughly 80 µm thick.  Three-dimensional test 

structures were patterned by translating the tightly focused (60× /1.4 NA oil immersion 

objective) beam from a Ti:sapphire laser (80 fs pulses, 82 MHz repetition rate) at a 

wavelength of 730 nm through the resin at a speed of 50 µm/s.  The test structure 

consisted of 9 layers of crosshatched lines (30×30×7.2 µm).  The polymerization 

threshold was determined by decreasing the power of the laser beam until the point in 

which the integrity of the patterned structure was lost, as seen in Figure 2.5.  The 

structure on the left in Figure 2.5 is completely formed.  Reduction of the excitation 

power yielded the structure on the right in Figure 2.5, which is not fully formed.  The 

Figure 2.4.  Design of the liquid resin sample cell utilized to determine threshold powers for
radical polymerization.  The cover slip is 125 µm thick.  The cover slip was glued to the 
Capton tape using super glue.  The sample cell thickness was about 80 µm. 

Cover slip

Sample cell

Capton Tape

Glass slide



 250

averaging of the powers used to write the two structures was utilized to calculate the 

threshold.  

 

 

 

 

 

 

  

  

 

 

 

2.2.7 Three-Dimensional Microlithography Two-photon microlithography was 

conducted on an in-house constructed instrument shown in Figure 2.6.  A femtosecond 

Ti:sapphire laser (Tsunami, 80 fs pulses, 82 MHz, Spectra-Physics) was used as the 

excitation source and operated at 730 nm for 6 and 800 nm for 8.  The beam intensity was 

attenuated utilizing both a variable density neutral density filter wheel and combinations 

of neutral density filters.  The laser was coupled into a scanning confocal microscope 

(BioRad MRC-1024 scanner/controller with a Nikon, Eclipse TE300 microscope) with a 

1.4 numerical aperture oil-immersion objective (60×) that yielded a radial spot size of 

~0.35 µm.  Samples were translated through the laser focus at a predetermined speed 

Figure 2.5.  Images of complete and incomplete crosshatched structures utilized to determine
polymerization thresholds.  Experimental conditions: 12 mM 8 in neat SR454 at 0.51 (left) 
and 0.41 (right) mW excitation power (730 nm). 
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using a three-dimensional translation stage (MP-285, Sutter), with the exposure time 

controlled by a shutter.  The translation stage and shutter were computer controlled using 

software written in either Q-basic or Labview. 

 

 

 

 

 

 

 

 

 

Structures were fabricated in a cross-linkable semi-solid acrylate resin.  The resin 

consisted by weight of 0.1% dyes 6 or 7, 35% diacrylate monomer (proprietary, SR368 

(inhibitor removed), Sartomer), 35% triacrylate monomer (proprietary, SR9008 (inhibitor 

removed), Sartomer), and 29.9% polymer binder (poly(styrene-co-acrylonitrile), Aldrich) 

with a total mass of 4.0 g.  The monomers were chosen for their mechanical strength and 

surface adhesion properties.  The resin components were dissolved in 6 mL of dioxane 

and left to stir over-night.  Before casting the resin onto glass slides, the slides were 

pretreated with an adhesion promoter (3-(methoxy silane)propyl methacrylate, Aldrich).  

The adhesion promoter (5% by volume in methanol) was spin-coated onto the glass slides 

at 3000 rpm for 3 s, then cured on a 125°C hotplate for 30 s.  Once the slide cooled down, 

Figure 2.6.  Schematic of the two-photon initiated polymerization instrument utilized in 
three-dimensional microlithography. 
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the process was repeated five times for each slide.  The dissolved resin was blade cast 

onto the glass substrate at varying thicknesses and allowed to cure by the slow 

evaporation of the dioxane.  Film thicknesses ranging from 100-200 µm were used in 

these experiments.  The prepared films were used within one month of casting as the 

resin was found to phase-separate with time. 

Structure programs were written in Excel and converted to CSV files (*.csv, 

comma delimited text file) or text files (*.txt) for uploading onto the fabrication 

computer.  Structures were fabricated in the semisolid resin using a point-to-point 

reference system.  Lines are drawn between points in the structure lying in a x-y plane.  

Once all the lines in that x-y plane has been fabricated, the stage is translated in the z 

direction and the fabrication continued in the next x-y plane.  Each input line also 

includes the stage translation speed, which was set at 50 µm/s for writing and 150 µm/s 

for stage translation without writing.  Non-writing stage movement command lines 

include a ‘c’ to denote a closed shutter; whereas, writing events include an ‘o’ to denote 

an open shutter.   

Programs have been written to fabricate test structures used to determine voxel 

size, novel structures, microfluidic devices, and photonic bandgap crystals.  The 

following tables describe the function of each program in addition to their location within 

my notebooks.  Table 2.1 contains the file names and functions for programs used to 

fabricate the ‘box and peg’ (see Figure 4.6) and ‘bridge’ (see Figure 5.4) test structures 

used to measure voxel sizes as a function of power.  The ‘box and peg’ structure is 

similar to a structure previously utilized within our research group to model the voxel 
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size.  The structure consisted of a solid polymer core from which three lines extend 

parallel to the x and y-axis.  The ‘bridge’ test structure is composed of three polymer  

 

 

 

 

 

 

 

 

 

 

lines written at varying intensities parallel to the x and y axis drawn between polymer 

blocks written at high power.  The structural motif models forces experienced within 

photonic bandgap crystals that contain a polymer lattice core surrounded by a retaining 

wall written at high power.  Combined, these two test structures provide insight into the 

relationship between excitation power and voxel size under varying structural forces. 

 A major application for two-photon microlithography explored in this research is 

the fabrication of photonic bandgap crystals.  Table 2.2 lists the two major programs 

utilized to create f.c.c. patterned crystals (see Figure 5.1) with 4 and 2 µm lattice spacing 

with 4 unit cells (16 layers).  In order to prevent shrinkage of the photonic bandgap 

crystal upon development, retaining wall programs were written for each crystal program.  

Table 2.1.  Program file names, function and location for structures utilized to measure 
polymerized voxel size for three-dimensional microlithography.  The ‘Testa’ files were used
to fabricate a ‘box-and-peg’ structure in which the voxel height and width is measured from
pegs that extend from a box structure.  The ‘Testb’ series fabricates three boxes that are 
connected by three lines.  Testb is used to fabricate the base of three boxes at high power.
Testb2 draws three lines ||y and ||x at varying powers.  Finally, testb3 is used to draw the
top of the box structures at the same power as Testb.   

File Name Function Location 

Testa2 Box (25 × 25 × 25 µm) w/ three lines ||y & three 
lines ||x, z = 1 µm line spacing 

Testa1 
Same as above though with x, y = .6 & z = 1 
µm for spacing 

KB-III-26 

Testb Three boxes which are connected using Testb2 
at varying powers 

Testb2 Draws three lines b/w boxes of Testb 
Testb3 Draws top to Testb & covers Testb2 

KB-III-47 
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In addition to a retaining wall, ‘Wallb4’ writes three angled side supports from each wall 

edge to further reduce the effect of shrinkage. 

  

 

 

 

 

 

 

 

A series of novel structure programs have been developed to demonstrate 

microfluidic and micromechanical applications of two-photon microlithography.  The 

structure programs can be found in Table 2.3. 

 

 

 

 

 

 

 

 

Table 2.2.  Program file names, functions and locations for structures utilized to fabricate
f.c.c. photonic bandgap crystals.  Crystals were fabricated with 4 µm and 2 µm line spacing. 
Walls are drawn around the crystals using the ‘Wall’ programs to reduce shrinkage of the
crystal during development.  Additionally, Wallb4 draws three angled side supports on each
side to further strengthen the walls. 

File Name Function Location 

BG4umc4 4 layer f.c.c. crystal: d = 4 µm, z spacing = 2 µm, 
100 x 100 µm 

KB-III-46 

BG2uma 4 layer f.c.c. crystal: d = 2 µm, z spacing = 1.6 µm 
80 x 80 µm 

KB-III-103 

Wallb4 Draws an 8 layer wall around BG4umc4 with 
three side supports KB-III-80 

Wall2uma Draws an 8 layer wall around BG2uma KB-III-103 

Table 2.3.  Program file names, functions and locations for miscellaneous structures ranging
from logos to bowl structures.  The ‘Bowl’ program requires the circular program (Circ5)
written in Q-basic to run.  

File Name Function Location 
UofAbg2 Large UA logo (100 µm tall) KB-I-298 
UAsmalla 0.4 µm x, y spacing; 0.8 µm spacing KB-III-12 

3m2 3M logo (100 µm tall) KB-I-39 

Chain1 
Chain suspended b/w two towers; S, includes Chain1, 2, 2b, 2c, 
2d- later iterations add edges and finally a top to the towers to 
keep the links on top of them. 

KB-I-39 

Sinch1 Sinusoidal ridges surrounded by a wall KB-I-43 

Pegs Circular pegs which decrease in size written with ‘Circ5’ 
program KB-III-46 

Bowls Three bowls with different pitch written with ‘Circ5’ program KB-I-40 
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The ‘3M’ and ‘UA’ are simple billboard programs.  To prevent the ‘U’ in the UA from 

collapsing, a crosshatched pattern was included into the structural file, in which the 

writing directions for adjacent layers are alternated.  The pattern was successful in 

preventing collapse of the structure.  The ‘chain’ structure program is available in a few 

iteration in which the support posts are the only structural component that is modified.  

The ‘2d’ iteration fabricates towers that surround the chains thus preventing them from 

sliding off the post during development and is the structure file used for the images 

included in publications.117  To demonstrate microfluidic applications, sinusoidal and 

bowl structures have been written.  The bowl structure require the use of the ‘Circ5’ 

program written in Q-basic to run as the command lines are formatted for this program.  

This program drives the stage along circular trajectories, instead of linear ones, as utilized 

in the other structure files. 

 Fabricated structures were characterized by SEM in the Department of Materials 

Science and Engineering at the University of Arizona.  Structures were prepared for 

analysis by coating with a 40:60 layer of Pd/Au.  Structures were coated on two sides for 

90 s each in a plasma coater.  
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CHAPTER 3.  CHARACTERIZATION OF TWO-PHOTON  

ACTIVATABLE PHOTOACID GENERATORS 

 

3.1 Introduction 

 Photoacid generators (PAGs) are chromophores which liberate a Lewis (H+) or 

Brönsted acid following photoexcitation.192-194  PAGs based on iodonium and sulfonium 

salts have received substantial attention due to their thermal stability and high 

photosensitivity and have found numerous industrial applications in 

photopolymerization,195 two-dimensional lithographic patterning,196,197 and photoresist 

technologies.198  In a smaller capacity, PAGs have been applied to such fields as 

phototherapy, protonic conductors, and drug delivery.194  Within the last decade, there 

has been considerable interest in utilizing PAG-polymerizable materials for the patterning 

of complex optoelectronic and microelectronic structures for application in micro-

electromechanical systems (MEMS).199-201   

Three dimensional lithographic microfabrication (3DLM) techniques, which 

exploit the high spatial resolution for activating chemical and physical processes 

achievable by two-photon excitation, can not be utilized in the construction of MEMS 

reliably and efficiently with current PAGs due to their low two-photon sensitivity.  

Current applications of 3DLM are predominately limited to the patterning of 

microstructures in commercial acrylate resins.4,128,202  Though capable of realizing 

complex 3-D microstructures with feature sizes as small as 100-200 nm,117,128,203 acrylate 

monomers suffer from oxygen sensitivity and shrinkage effects upon polymerization, 



 257

which can destroy the periodicity of complex microstructures.117,179  For these reasons, 

cationic polymerization is an attractive alternative for 3DLM in that cationic initiated 

monomers, such as epoxides and vinyl ether monomers, are oxygen insensitive and do 

not exhibit shrinkage effects upon polymerization.  Additionally, cationic polymerization 

affords more flexibility in the fabrication method.  Free-radical photolithography is 

predominately limited to negative-tone fabrication where interaction of the photoactive 

medium with the excitation laser beam renders the material insoluble to the developing 

phase.  Cationic photolithography, on the other hand, is not only capable of negative-tone 

fabrication but also positive-tone fabrication in which the exposed regions become 

soluble in the developing phase.182,192,204     

In this chapter, earlier work on the characterization of a two-photon activatable 

PAG180,182 will be expanded to include two additional PAGs similarly based on D-π-D 

chromophores5 covalently linked to sulfonium salts.  The one and two-photon 

spectroscopic properties of the PAGs will be presented and compared to their 

chromophoric counterparts without sulfonium groups to determine the effect of binding 

highly electron deficient moieties onto D-π-D chromophores.  As discussed in Chapter 1, 

the D-π-D motif was chosen because molecules with this structure are known to exhibit 

large two-photon absorption cross sections.5,111  Sulfonium salts were chosen due to their 

ability to be reduced by D-π-D chromophores and their high photochemical quantum 

yield.193,194  The efficiency for acid generation will be shown to be dependent on the 

location of the sulfonium salt on the chromophore.  Before discussing the properties of 

the new PAGs, the mechanism for photoacid generation in sulfonium salts will be 
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described and utilized to provide insight into the strategy used in the design of these new 

two-photon activatable PAGs.    

3.2 Mechanism for Photoacid Generation 

 Sulfonium based photoacid generators are characterized by a cationic sulfur group 

to which three ligands are bound as seen in Figure 3.1.   

 

 

 

 

 

 

 

Within this structural motif, the aryl group (Ar) represents a chromophore and R1 and R2 

represent alkyl or aryl groups that are coupled to sulfur through a saturated sulfur-carbon 

bond.  The saturated carbon-sulfur bond prevents resonance electronic interaction 

between the R groups and the sulfur.205  A range of non-nucleophilic complex metal 

halide anions can be used to provide charge balance, as seen in Figure 3.1.  Sulfonium 

salt derivatives are grouped into two classes depending on the proximity of the aryl group 

to the sulfonium moiety.  In a class 1 PAG, the aryl group is bound directly to the 

sulfonium moiety, whereas in a class 2 PAG the sulfonium group is bound to the aryl 

group through an insulating group.194  Due to the strong electron withdrawing properties 

Figure 3.1.  General structure for sulfonium based photoacid generators.  Ar represents an
aryl-based chromophore, R1 and R2 represent alkyl or aryl groups that are coupled to sulfur
through a saturated sulfur-carbon bond. 

Ar
S

R2
R1

Ar
S

R2

R1

X- = BF3, SbF6, AsF6, and PF6

XX



 259

of the sulfonium group, the electronic absorption properties of the chromophore are 

modified in a class 1 PAG.  This section will focus predominantly on class 1 PAGs. 

Photoacid generation occurs through a concerted electron-transfer induced bond 

cleavage mechanism that is followed by secondary chemistry, which results in proton 

generation.  Upon photoexcitation of the aryl group, an electron is promoted from the 

highest occupied molecular orbital (HOMO) of the π-system to the lowest unoccupied 

molecular orbital (LUMO).  If the σ* LUMO of the sulfonium is situated in an 

electronically favorable position with relation to the π* LUMO of the aryl π-system, 

photoinduced electron transfer (PET) between the groups occurs as depicted in Figure 

3.2.  Through-bond PET is facilitated is there is orbital overlap between the π* MOs of  

 

 

 

 

 

 

 

 

the aryl group and the σ* MOs of the sulfonium group.  This overlap is readily 

achievable by rotation about the aryl-S single bond in a class 1 PAG.194  PET to the 

LUMO level of the sulfonium group results in bond cleavage of a sulfur-carbon bond if 

the rate of bond cleavage is faster than the rate of back electron transfer.  Bond cleavage 

Figure 3.2.  Energy diagram of the molecular orbitals localized on the aryl and sulfonium
groups.  When energetically favorable, photoinduced electron transfer (PET) occurs
between the π* orbital of the aryl group and σ* orbital of the sulfonium group, which can
result in bond cleavage. 
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yields a radical-cation localized on the aryl group and a radical species  (R•).  Coupling 

of the radical with the radical-cation results in the formation of a neutral chromophore 

upon loss of a proton.  To better illustrate the mechanism for photoacid generation let us 

consider the one-photon excitation of a 1-naphthylmethylsulfonium salt derivative as 

seen in Figure 3.3.  When (R) is p-cyanophenyl, substitution of the dialkyl sulfonium  

 

 

 

 

 

 

 

 

moiety on the 1 position of naphthalene results in a ~20 nm red shift of the one-photon 

absorption maximum in acetonitrile, as is expected due to the strong electron 

withdrawing nature of the sulfonium salt.194  Photoexcitation of naphthalene at 

wavelengths greater than 310 nm results in the promotion of an electron to the π* 

LUMO, which is followed by a through-bond electron-transfer to the σ* LUMO of the 

sulfonium moiety.  This results in the formation of a radical-cation localized on the 

naphthalene and a weakening of the sulfur-carbon bond (bond order of 0.5).  Reduction 

of the S-C bond order leads to bond cleavage and the generation of a radical alkyl 

species.  The alkyl radical then couples with the radical delocalized on the naphthalene.  

Figure 3.3.  Mechanism for photoacid generation by a 1-naphthylmethylsulfonium salt
derivative where R = p-cyanopheyl. 
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The aromaticity of naphthalene is then regenerated through proton elimination, hence H+ 

generation.  Secondary reactions that can occur include electron transfer from the radical 

alkyl group to the naphthalene radical-cation to generate 1-thiomethylnaphthalene and 

reaction of the radical alkyl or carbocation with solvent and/or trace water.194  The 

chemical quantum yield for photoacid generation is thus dependent on the driving force 

for PET.206  AM1207 molecular orbital calculations and electrochemical measurements 

have been performed on a number of sulfonium substituted aryl groups by Saeva et al.206  

Expansion of the π-conjugation of the aryl group is found to result in a lowering of the π* 

LUMO energy and an increase in the energy of the π HOMO.  When naphthacene is used 

as the aryl ring a crossover of the energy of the π* LUMO of the chromophore and the σ* 

LUMO of the sulfonium moiety occurs, resulting in no photoacid generation and an 

increase in the fluorescence quantum yield.206 

3.3 Literature Review of Two-Photon Activatable Photoacid Generators 

The ability of PAGs to initiate cationic polymerization, which has multiple 

advantages over free-radical polymerization, has led to interest in their application in 

two-photon initiated microfabrication.  Two-photon absorption (TPA) affords a means to 

activate chemical and physical processes with high spatial resolution due to the quadratic 

dependence of excitation on the excitation intensity.  For this reason, when a tightly 

focused excitation beam is utilized, TPA and any subsequent process such as 

fluorescence or photo-induced chemical reaction is confined to a volume on the order of 

the excitation wavelength cubed.182  The few reported attempts to realize two-photon 

activatable PAGs have been based on a commercial PAG4 and a photosensitized initiation 
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system composed of a commercial chromophore and PAG.6  The two-photon cross 

sections for these commercial PAGs and chromophores are small (~10 × 10-50 cm4 s 

photon-1) thus the two-photon sensitivity of resins containing these PAGs is low.208  

Utilizing these initiators for two-photon initiated microfabrication requires long exposure 

times and high powers, which limits the versatility and speed at which structures can be 

fabricated. 

In the work of Belfield et al., commercially available diaryliodonium (CD-1012, 

Sartomer) and triarylsulfonium (CD-1010, Sartomer) salts (Figure 3.4) have been two-

photon excited to initiate cationic polymerization in multifunctional epoxide and vinyl 

ether monomers.4  Microstructures of lines at progressively increasing line spacing were  

 

 

 

 

 

 

 

 

 

fabricated in resins with a 1% weight loading of the sulfonium and iodonium salts.  

Although, limited experimental details were provided in the report, it can be assumed that 

high powers and long exposure times were required due to the typically small two-photon 

Figure 3.4.  Chemical structures of two commercially available PAGs and a sensitizer
utilized by Belfield et al.4 and Boiko et al.6 to initiate cationic polymerization under two-
photon excitation. 
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cross sections of these initiators.  In the case of CD-1012, a two-photon cross-section of 

16 ×10-50 cm4 s photon-1 has recently been reported at 265 nm.208  In the work of Boiko et 

al., an isopropylthioxanthone/diaryliodonium salt (CD-1012) initiating system (Figure 

3.4) was used to induce cationic polymerization of an epoxide at 710 nm.  Removal of the 

sensitizer resulted in no polymer formation at near-IR excitation provided by a 

Ti:sapphire femtosecond laser (150 fs pulses @ 76 MHz rate).  Polymer conversion was 

monitored in-situ by interferometry and used to measure the polymerization rate and 

threshold.  A polymerization threshold of 1 GW/cm2 with a dynamic range of >100 

without damage is reported for the cationic polymerization of an epoxide.  It was inferred 

that the extended conjugated electronic structure of the thioxanthone provides a low 

energy excited state that can be accessed via TPA.6  Though use of ITX facilitates the 

activation of CD-1012 in the near-IR, the low two-photon cross section (5 ×10-50 cm4 s 

photon-1)208 ultimately limits the rate of polymerization.  Utilization of commercial PAGs 

with and without sensitizers, though able to initiate cationic polymerization, exhibit poor 

two-photon sensitivity, which makes their widespread application prohibitive.  

3.4 Design of Efficient Two-Photon Activatable Photoacid Generators   

Realization of high efficiency two-photon activatable PAGs requires a molecule 

with three features.  First, the structure of the molecule must provide for a large two-

photon cross section, such as those based on a D-π-D motif, where D represents an 

electron donating group and π a conjugated backbone.5,110  Secondly, the molecule must 

possess a chemical functionality capable of efficiently generating acid, such as a 

sulfonium or iodonium salt.194,209  Lastly, a mechanism must exist by which excitation of 
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the chromophore results in activation of the chemical functionality.  Previous research in 

our group has shown that triarylamine dialkylsulfonium salts generate protons with a high 

photochemical quantum efficiency of ΦH
+ ≈ 0.50 for excitation in the near-UV range.209  

From spectroscopic and electrochemical measurements by Saeva194,206 and our 

group,5,110,209 we determined that bis(diarylamino)-substituted bis(styryl)benzene and 

stilbene (D-π-D) chromophores would possess ample reducing power (suitable π*/σ* 

ordering) to activate the dialkylsulfonium moiety through transfer of an electron when the 

molecule is in an excited state, and thus could result in acid generation.  With our design 

strategy and previous research results in mind, we have developed a series of two-photon 

activatable photoacid generators based on D-π-D chromophores covalently linked to 

dialkylsulfonium salts (1-3) shown in Figure 3.5. 

In 1 and 2, two sulfonium groups are covalently bound to the opposite terminal 

phenyl rings of bis(diarylamino)-substituted stilbene and bis(styryl)benzene 

chromophores, whereas in 3, the sulfonium moiety is covalently bound to the π-backbone 

of a bis(diphenylamino) bis(styryl)benzene chromophore.  The effect of covalently 

attaching strongly electron deficient sulfonium moieties to D-π-D chromophores on the 

one and two-photon spectroscopic properties will be explored for 1-3 and compared to 

the unsubstituted chromophores, 4-5 (Figure 3.5).  The different location of the sulfonium 

moiety in 1 and 2 with respect to 3 will be shown to have a profound effect on the 

chemical quantum yield for acid generation and fluorescence quantum yield.  

Fluorescence quantum yields and electrochemical data will provide insight into the origin 

of the discrepancy in chemical quantum efficiencies.  In addition to characterizing 1-3,  
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the new PAGs will be applied to the cationic polymerization of epoxides and compared to 

commercially available PAGs.  The increased two-photon cross section of the new PAGs 

in conjunction with a high chemical quantum yield for acid generation will be shown to 

decrease the polymerization threshold for epoxides by one to two orders of magnitude 

compared to sensitized PAGs6 and commercially available PAGs.4 

Figure 3.5.  Molecular structures of D-π-D photoacid generators, 1-3, and base 
chromophores, 4-5 studied in this chapter.
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3.5 Results and Discussion 

 The one and two-photon spectroscopic parameters and quantum efficiency for 

fluorescence and acid generation measured for dyes 1-5 are summarized in Table 3.1 and 

will be discussed and referred to in subsequent sections.  All measurements were 

conducted in spectrophotometric grade acetonitrile unless otherwise noted. 

 

 

 

 

 

 

 

 

 

 

3.5.1 One-Photon Spectroscopy The linear absorption spectra of 2, 3, and 5 are 

displayed in Figure 3.6 and 1 and 4 in Figure 3.7.  The one-photon absorption spectra for 

the bis(diarylamino) stilbene (1, 4) and bis(styryl)benzene (2, 3, 5) based molecules 

exhibit a low energy peak, (1)
max1λ , associated with electronic transitions within the π-

conjugated backbone and a high energy peak associated with electronic transitions within 

the terminal phenyl groups, (1)
max2λ .  The lowest energy transition of 5, the unsubstituted 

Table 3.1.  Experimentally measured values for the one-photon absorption maximum
( )1(

maxλ ) of peak 1 and 2, extinction coefficient (εmax), fluorescence maximum (λFl), two-

photon absorption maximum ( )2(
maxλ ), peak two-photon absorptivity (δmax), fluorescence

quantum yield (ΦFl), and chemical quantum yield for acid generation (ΦH+) for dyes 1-5 in
acetonitrile.  (♦ Error bar: ± 6 %; ^ Measured using a two-photon-induced fluorescence
method5; * 1GM = 1×10-50 cm4 s photon-1, The experimental uncertainty of δ is on the order
of 15%; #  Error bar: ± 10 %, εmax error bar: ± 3 %. 

Dye )1(
1maxλ

 (nm) 

)1(
2maxλ

 (nm) 
εmax 

(M-1cm-1)
λFl 

(nm) ΦFl
♦ 

)2(
maxλ ^ 

(nm) 
δmax* 
(GM) ΦH+

# 

1 381 309 46,000 451 0.00085 670 115 0.55 
2 392 312 55,000 500 0.013 705 670 0.50 
3 427 297 75,500 599 0.11 735 950 0.013 
4 384 302 53,000 450 0.89 690 160  
5 405 303 76,000 510 0.86 715 580  
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bis(diarylamino) bis(styryl)benzene chromophore for 2 and 3, has a maximum at (1)
max1λ = 

405 nm (3.06 eV) with an extinction coefficient of ε405 = 76,000 M-1 cm-1 and a high- 

 

 

 

 

 

 

 

 

 

 

energy absorption maximum at (1)
max2λ = 303 nm (4.09 eV).  In 3, in which the sulfonium 

group is bound directly to the bis(styryl)benzene backbone, (1)
max1λ is red shifted 22 nm 

(0.16 eV) compared to 5 and the extinction coefficient is ε427 = 75,500 M-1 cm-1.  The 

observed red shift in (1)
max1λ is expected for substitution of an electron-withdrawing group 

on a conjugated molecule, which decreases the energy of the LUMO and concomitantly 

increases the energy of the HOMO.  Conversely, when the sulfonium group is bound to 

the terminal phenyl ring as in 2, a blue shift of 13 nm (0.10 eV) in addition to a 30% 

decrease in the extinction coefficient (ε392 = 55,000 M-1 cm-1) is observed for 

Figure 3.6.  One-photon absorption spectra for 2 (), 5 (- ), and 3 (---).  The vertical
axis is the wavelength dependent excitation coefficient.  
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(1)
max1λ compared to 5.  The opposite trends are observed for the high energy transition 

( (1)
max2λ ) of the substituted bis(styryl)benzene molecules.  Attachment of sulfonium 

groups on the terminal phenyl rings in 2 results in a 9 nm red shift (0.12 eV) in 

(1)
max2λ compared to 5.  In 3, a blue shift of 6 nm (0.08 eV) is observed for (1)

max2λ compared 

to 5.  In the case of 1, the addition of the sulfonium moiety on the terminal phenyl ring 

results in a 3 nm (0.03 eV) blue shift in (1)
max1λ and a 7 nm (0.09 eV) red shift in 

(1)
max2λ compared to the unsubstituted bis(diphenylamino)stilbene chromophore, 4.   

 

 

 

 

 

 

 

 

 

As observed in the substitution of the sulfonium moieties on the π-conjugated backbone 

in 5, substitution of the electron-withdrawing sulfonium moieties on the terminal phenyl 

rings decreases the energy of the LUMO and concomitantly increases the energy of the 

HOMO, resulting in the observed red shift of (1)
max2λ .  The extinction coefficient at 

Figure 3.7.  One-photon absorption spectra for 1 () and 4 (---).  The vertical axis is the
wavelength dependent extinction coefficient. 
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(1)
max1λ for 1 (ε381 = 46,000 M-1 cm-1) is reduced by 13% compared to 4 (ε384 = 53,000 M-1 

cm-1) and is similar to the reduction observed between 2 and 5.  The effect of substituting 

an electron-withdrawing group onto a π-conjugated molecule are consistent with spectral 

shifts observed previously by our group for D-π-D chromophores5,110 and observed by 

Saeva for addition of sulfonium groups on π-conjugated aryl groups in class 1 

PAGs.194,206 

  To prevent photodegradation of 1-3 during fluorescence collection, a flow cell 

was utilized.  The flow rate was set so that less than a 1% change in fluorescence signal 

was observed over the time required to collected a spectrum as determined by a preceding 

time-base plot.  The fluorescence maxim (λFl) for dyes 1-5 are found to follow similar 

trends as those observed for the (1)
maxλ  absorption maxima, as seen in Table 3.1.  Addition 

of the sulfonium moiety to the terminal phenyl ring in the bis(diphenylamino) substituted 

bis(styryl)benzene dye results in a blue shift of 10 nm (0.05 eV) for 2 compared to 5.  

Addition of the sulfonium group to the π-backbone of the bis(styryl)benzene in 3 results 

in a 89 nm (0.36 eV) red shift compared to 5  and is the result of the electron-

withdrawing strength of the sulfonium salt.  A negligible shift of 1 nm (0.01 eV) is 

observed in 1 compared to 4.  The fluorescence quantum yields (ΦFl) of 1 (8.5 × 10-4), 2 

(0.013), and 3 (0.11) are all found to be substantially reduced compared to the 

unsubstituted chromophores, 4 (ΦFl = 0.89) and 5 (ΦFl = 0.86).  For long exposures times 

though, the fluorescence intensity of 1, 2, and 3 is found to dramatically increase and in 

the case of 1 and 2 is accompanied by a 40 nm red shift in the fluorescence maximum.  
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These observations indicate that covalent linkage of sulfonium moieties on D-π-D 

chromophores may provide adequate driving force to facilitate PET, thus effectively 

quenching the fluorescence signal of the base chromophore.  In the case of 1 and 2, it can 

be inferred that the quenching mechanism results in a structural change as indicated by 

the increased fluorescence and red shift upon long exposures.  These results may also 

indicate that addition of the sulfonium groups provide other non-radiative processes such 

as rotational or vibrational modes through which the ground state can be reformed.  To 

confirm either of these pathways, the chemical quantum yield for acid generation must 

also be taken into consideration.    

3.5.2 Two-Photon Spectroscopy The position of the TPA maximum ( )2(
maxλ ) and 

peak two-photon absorptivity (δmax) are summarized in Table 3.1.  The two-photon 

emission spectra for 1-3 are found to be identical to that obtained under one-photon 

excitation into the first excited state (S1).  This suggests that there was a rapid relaxation 

from the second excited state reached by TPE (taken to be S2) to S1 and subsequent 

fluorescence from that state.  From previous studies of D-π-D molecules such as 4 and 5, 

a rapid transfer from S2 to S1 through non-radiative internal conversion is expected.110   

The two-photon excitation (TPE) spectra, for 2, 3, and 5 obtained using ns and fs 

pulses are shown in Figure 3.8.  The TPE spectrum in Figure 3.8 shows that 2, 3, and 5 

exhibit strong TPA from 600 to 850 nm (δ > 100 GM).  In 2, placement of the sulfonium 

moiety on the terminal phenyl ring results in a 10 nm (0.03 eV) blue shift in )2(
maxλ  

compared to 5.  Previous studies on donor-substituted π-conjugated molecules suggest 
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that as the electron-donating strength of the donor-groups decreases, S1 and S2 should 

shift to higher energy.210  A weakening of the amine donor strength by the electron- 

 

 

 

 

 

 

 

 

 

 

withdrawing sulfonium group in 2 thus likely causes the blue shift in )2(
maxλ .  The two-

photon absorptivity (δmax) of 2 (670 GM) and 5 (580) are found to be comparable (the 

experimental uncertainty is on the order of 15%).  In 3, the placement of the sulfonium 

group on the π-backbone results in a 22 nm (0.05 eV) red shift of )2(
maxλ  and an increase 

in δmax (950 GM) compared to 5.  It has been shown in previous reports that δmax can be 

enhanced and )2(
maxλ  red shifted by attachment of electron-accepting substituents to π-

conjugated backbones.110  Placement of the strong electron-withdrawing (electron 

accepting) sulfonium moiety increases the extent of charge transfer from the amine 

groups to the bis(styryl)benzene core resulting in an increased two-photon absorptivity 

Figure 3.8.  Two-photon absorption spectra of 2 (  - ns pulses;  - fs pulses), 3 (  - ns
pulses;  - fs pulses), and 5 (  - ns pulses;  - fs pulses) in acetonitrile.  The lines are
provided as a guide to the eye. 
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(δmax) and corresponding red shift.  The broadness of the peak in 3 may be due to the 

presence of a shoulder that corresponds to the direct two-photon pumping of S1, which 

would occur around 854 nm.  These results indicated that placement of the sulfonium 

moiety on the π-backbone can have a profound effect on the two-photon absorptivity and 

)2(
maxλ  while substitution on the terminal phenyl ring has a reduced effect on these 

properties.  

The TPE spectra for 1 and 4 obtained using ns and fs pulses are shown in Figure 

3.9.  Shortening of the π-backbone from a bis(styryl) benzene to a stilbene results in a 

decrease in δmax for 1 and 4 as expected from previous results.5,110  In 1 (as also seen for  

 

 

 

 

 

 

 

 

 

2), attachment of the sulfonium moieties to the terminal phenyl rings results in a 20 nm 

(0.05 eV) blue shift in )2(
maxλ  compared to 4 and is the result of the electron withdrawing 

sulfonium groups weakening the donor strength of the diarylamino groups as consistent 

Figure 3.9.  Two-photon absorption spectra of 1 (  - ns pulses;  - fs pulses) and 4 (  - ns
pulses;  - fs pulses) in acetonitrile.  The lines are provided as a guide to the eye. 
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with results presented earlier.  Substitution of the sulfonium moiety on the terminal 

phenyl ring as in 2 has little effect on the two-photon absorptivity of the molecule as 

similar two-photon absorptivity (δmax) are observed for 1 (115 GM) compared to 4 (160 

GM). 

3.5.3 One and Two-Photon Initiated Photoacid Generation Evaluation of the 

one-photon fluorescence data of 1-3 indicates that addition of sulfonium groups on D-π-

D chromophores effectively quenches the fluorescence of the unsubstituted chromophore.  

Quenching can be due, in 1-3, to either PET to the sulfonium group or to the opening of 

new non-radiative relaxation pathways by the sulfonium groups.  When PET results in 

the occupation of the σ* MO of a sulfur-carbon bond, photoacid generation can occur if 

the rate of back-electron transfer or non-radiative decay is slow compared to the rate of 

bond cleavage.194  From the fluorescence maximum red shift upon exposure to light in 1 

and 2, it can be inferred that quenching can be attributed to PET and subsequent 

decomposition of the sulfonium group.  Utilizing a spectrophotometric acid indication 

method with one-photon excitation, a high chemical quantum yield for proton production 

is observed when the sulfonium salt is bound to the terminal phenyl ring as in 1 (φH+ = 

0.55) and 2 (φH+ = 0.50).  When the sulfonium groups are bound to the π-backbone, 

however, a poor quantum yield is observed as seen for 3 (φH+ = 0.013).  The acid 

generation quantum yields for 1 and 2 are comparable if not slightly higher than 

commercially available UV-activated PAGs.195,211,212  Within the one-photon absorption 

band, the quantum yield for acid generation for 1-3 is found to be independent of 

excitation wavelength.  Acid generation increases linearly with both the excitation time 
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and intensity, consistent with acid generation initiated by one-photon excitation.  These 

results reconfirm that dimethyl sulfonium groups bound to a bis(diarylamino) substituted 

stilbene and bis(styryl)benzene provide adequate driving force to facilitate PET, as 

predicted from the low fluorescence quantum yields of the sulfonium containing dyes 

compared to the unsubstituted chromophores.  In the case of 1 and 2, the rate of bond 

cleavage is higher than the rate of back-electron transfer and non-radiative processes as 

indicated by the high acid yield.  Although a reduced fluorescence quantum yield is 

observed for 3, the quantum yield for acid generation is low, which indicates that the rate 

of back-electron transfer or of non-radiative processes is greater than the rate of bond 

cleavage.  This prediction is supported by electrochemical analysis of 3, which indicates 

that the presence of the sulfonium moiety on the backbone sufficiently reduces the energy 

of the π* MO (-2.00 eV) such that this orbital is below the σ* orbital of a dimethylaryl 

sulfonium salt (as determined by its reduction potential, -2.19 eV) as measured by Saeva 

et al.194  Additionally, a reversible reduction potential is observed for 3; whereas the 

reduction potentials for 1 and 2 are non-reversible.     

Under TPE, acid generation for 1 (670 nm) and 2 (745nm) are found to increase 

with the square of the excitation intensity (Figure 3.10) and linearly with dose time as 

expected for a two-photon activated processes.  Plotting the logarithm of the 

concentration of photoacid generated against the logarithm of the excitation power for 1 

and 2 yields two lines with slopes ~2, which indicates that the acid generation increases 

quadratically with the excitation power.  To further demonstrate that acid generation is  
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Figure 3.10.  Plot of the log [H+] versus log excitation power (mW) for 1 (○- excited at 670
nm) and 2 (□- excited at 745 nm).  The slope of 1 and 2, as determine by a best-fit line, is
2.2 and 2.3 respectively, which indicates that acid generation increases with the square of
the excitation intensity. 
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Figure 3.11.  The one-photon absorption spectrum (solid line), TPA spectrum (  - fs 
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being activated by TPE, an acid-action spectrum was recorded for 2 and is shown in 

Figure 3.11.  Two-photon initiated photoacid generation by 2 is found to qualitatively 

follow the two-photon absorption spectrum.182  Plotting the two-photon absorption 

spectrum of 2 at half the excitation wavelength with the one-photon absorption spectrum 

demonstrates that the excited state accessed by absorption of two photons lies at higher 

energy than the one-photon excited maximum, as would be expected for a 

centrosymmetric chromophore.  Together this data demonstrates that acid generation 

occurs though the population of a two-photon accessible excited state.   

 3.5.4 Threshold for Epoxide Polymerization  The few reported examples of 

two-photon-initiated cationic polymerization, as discussed in Section 3.3, involve the use 

of commercially available UV-sensitive PAGs4 or sensitized PAG systems.6  Though 

capable of initiating cation polymerization through TPE, the use of commercially 

available PAGs is prohibitive due to their very low two-photon sensitivity (<20 GM).208  

To demonstrate the improved two-photon efficiency for acid generation, the 

polymerization thresholds for 1 and 2 in two epoxide monomers have been measured and 

compared with that of four commercially available PAGs listed in Figure 3.12.  Samples 

of 1, 2, CD1012 (Sartomer), CD1012/ ITX (1:1.6 molar ratio), TPS, and DPI-DMAS 

were dissolved in 4-vinyl-1-cyclohexene diepoxide and Araldite CY179MA epoxide 

resin and excited at 710 and 760 nm with femtosecond pulses from a CW mode-locked 

laser.  An excitation wavelength of 710 nm was utilized as it is near the TPA peak of 2 

and 1 and allows for the duplication of conditions utilized in previous two-photon 

polymerization studies with CD1012/ITX (1:1.6 molar ratio).6  The samples were also 
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irradiated at 760 nm to match conditions used in previous studies of CD10124 and should 

be the optimal two-photon wavelength to activate DPI-DMAS.   

 

 

 

 

 

 

 

 

 

 

 

 

The measured polymerization thresholds for 1 and 2 in 4-vinyl-1-cyclohexene 

diepoxide resin are summarized in Table 3.2.  At 710 and 760 nm, the polymerization 

threshold power for 2 is nearly an order of magnitude lower than the best performing 

commercially available system, CD1012/ITX, and at least two orders of magnitude lower 

than TPS and DPI-DMAS.  Though exciting at wavelengths on the edge of the TPE band 

for 1 at 710 and 760 nm, the polymerization threshold power is still almost an order of 

magnitude lower than the best performing commercial dye.  We reported180,182 similar 

threshold powers for 2 in Araldite CY179MA epoxide resins as shown in Table 3.3.  Due 

Figure 3.12.  Chemical structure of commercially available PAGs used for comparison of
the polymerization efficiency of dyes 1 and 2.  CD1012 = [4-[(2-hydroxytetradecyl)oxy]
phenyliodonium hexafluoroantimonate, TPS = triphenylsulfonium hexafluoroantimonate,
ITX = isopropylthioxanthone, and DPI-DMAS = diphenyliodonium 9,10-di-
methoxyanthracene sulfonate. 
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to the inability of 1 to dissolve completely in Araldite CY179MA, only the threshold 

power of 2 could be compared to the commercial PAGs.  Again, the polymerization 

threshold for 2 is found to be an order of magnitude lower than the best performing 

commercial PAG. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The two-photon acid generation efficiency for a PAG can be estimated by taking 

the product of the two-photon absorption cross section with the chemical quantum yield 

Initiator 710 nm 760 nm 

1 4.42 6.43 
2 1.73 4.69 

CD1012/ ITX 33.0 44.8 
CD1012 185 >645* 

TPS >344* >645* 
DPI-DMAS >344* >645* 

* Polymerization was not observed at the maximum power available. 

Table 3.2.  Polymerization threshold powers (mW) for 4-vinyl-1-cyclohexene diepoxide 
resin containing the indicated PAGs (10 mM) under femtosecond laser excitation at 710 and
760 nm. 

Initiator 710 nm 760 nm 

1 N/A N/A 
2 2.40 5.60 

CD1012/ ITX 44.0 50.0 
CD1012 212 560 

TPS >317* >655* 
DPI-DMAS >317* 468 

* Polymerization was not observed at the maximum power available. 

Table 3.3.  Polymerization threshold powers (mW) for 3,4-epoxycyclohexylmethyl-3,4-
epoxyccyclohexanecarboxylate (ECEC) diepoxide resin containing the indicated PAGs (10
mM) under femtosecond laser excitation at 710 and 760 nm. 
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for acid generation.  The chemical quantum yield for acid generation for the 

commercially available PAGs (φH
+ = 0.3-0.5), 1 (φH

+ = 0.55), and 2 (φH
+ = 0.5) are found 

to be comparable.  The origin of the dramatic increase in two-photon-sensitivity for 1 and 

2 can thus be attributed to the fact that both PAGs are based on D-π-D chromophores, 

which possess large two-photon cross sections5,110 that are at least an order of magnitude 

larger than the commercially available UV-activatable PAGs.208 

3.6 Conclusion 

 A series of new two-photon activatable PAGs based on sulfonium salts bound to 

D-π-D chromophores have been characterized and applied to the initiation of cationic 

polymerization.  Photoacid generation occurs through a sulfur-carbon bond cleavage 

following the occupation of the σ* LUMO of the sulfonium moiety through PET.  The 

ability of a PAG to exhibit both high chemical efficiency for acid generation and high 

two-photon-sensitivity has been found to depend on the ordering of the MO’s involved in 

PET.  Binding of the electron deficient sulfonium salt onto the π-backbone of a D-π-D 

chromophore is found to lower the π* LUMO of the chromophore to a point in which 

PET to the σ* LUMO of the sulfonium group is energetically unfavorable.  When the 

sulfonium group is bound to the terminus of a D-π-D chromophore, however, a high 

quantum yield for acid generation is observed.  Effectively insulating the electron 

withdrawing sulfonium group from the conjugated core is thus required to obtain the 

driving force needed for efficient PET in these D-π-D chromophores.  When applied to 

cationic polymerization, these new PAGs provide up to two orders of magnitude 

improved sensitivity compared to commercially available UV-activatable PAGs 
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previously utilized for two-photon initiated polymerization.  These results should provide 

a model to design other high-sensitivity two-photon initiators based on radical and base 

generators.  Development of high-sensitivity initiators that possess both high chemical 

efficiency and two-photon sensitivity should facilitate new applications and advance 

current applications.    
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CHAPTER 4.  THREE-DIMENSIONAL MICROFABRICATION 

 

4.1 Introduction 

 Two-photon absorption has attracted substantial attention in the last decade, as it 

affords the possibility to activate a wide range of chemical and physical processes with 

high three-dimensional resolution and improved depth penetration.  When applied to 

lithographic microfabrication, two-photon excitation provides a means to realize complex 

three-dimensional (3-D) structures that are otherwise difficult or time consuming to 

fabricate by one-photon lithography.119,181  In recent years, two-photon induced 

polymerization (TPIP) has been demonstrated as a promising technique for 3-D 

lithographic microfabrication (3DLM) of optical devices,127,177,213 MEMS,178,179 and 

microfluidic devices.214  Relative to other fabrication techniques such as laser rapid-

prototyping,170 TPIP is advantageous in that structures can be fabricated in a single 

exposure/development process without the need for multiple complex and time-

consuming steps.  TPA has been demonstrated as a highly versatile technique for 3DLM 

in a wide range of materials including polymers,109,119,130 polymeric hydrogels,129 

inorganic-organic hybrid materials,172 metals,173 and protein matrices.174-176   

Two-photon initiated 3DLM is a promising technology for the fabrication of 3-D 

microstructures that are difficult, time-consuming, or otherwise impossible by current 

techniques.  As mentioned previously, a range of materials can be fabricated in utilizing 

the technique, though monomer-based “negative-tone” resin systems are currently the 

most common.4,202,203,213,215  In negative-tone fabrication, the region exposed by the 
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excitation beam becomes insoluble in the post-exposure development solvent, thus the 

fabricated polymeric structure is identical to the exposed pattern.117  Recently, we have 

reported fabrication in solid-state positive-tone resists using two-photon excitation in 

which the exposed regions become soluble in the developing phase.180,182,204  Due to the 

quadratic dependence of the transition probability for TPA on the excitation intensity, 

activation of a photoinitiator dissolved in a resin is confined to the vicinity of the focal 

spot.  In the case of TPIP, polymerization is thus confined to a voxel (3-D volume 

element) which is defined by the focal spot size and energy.  The solidified voxel is the 

basic building block of 3DLM.  Structures are fabricated by translating the focal point of 

a laser through a material.  Since photons of half the energy of the excited state to be 

reached are used, improved depth penetration can be achieved in materials such as 

monomers by reducing scattering and linear absorption.  This allows structures to be 

fabricated continuously in three-dimensions.  One limitation of current applications of 

3DLM is that most of the photoinitiators used to date are optimized for UV excitation and 

possess low two-photon sensitivity.131,132,171,208  The two-photon cross sections for these 

molecules have recently been measured and confirmed to be low (≤ 30 × 10-50 cm4 s 

photon-1).208  With these initiators, high excitation intensities, which can sometimes be 

close to the damage threshold of the material, and long exposure times are typically 

required.   

As described in the introduction, previous research in our group has demonstrated 

that improved two-photon sensitivity can be realized through use of D-π-D molecules 

with extended conjugation.5,110  Utilization of such D-π-D chromophores, where D 
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defines an electron donating group and π represents a conjugated backbone, has been 

shown to afford improved two-photon sensitivity for application in TPIP.109,117  Due to 

the low oxidation potential of these chromophores, photoexcitation of these dyes can 

result in photo-induced electron transfer to relatively weak electron acceptors such as 

acrylates.109  When coupled with multifunctional acrylate monomers, these chromophores 

can initiate the formation of cross-linked, mechanically stable polymers.109  This chapter 

will focus on the application of two such two-photon photoinitiators based on D-π-D 

chromophores (Figure 4.1). 

 

 

 

 

 

 

 

 

 

These molecules have been shown to exhibit strong two-photon absorptivity in 

the near-IR (6: 900 GM at 730 nm and 7: 1,250 GM at 775 nm in toluene) and 

demonstrate polymerization threshold powers that are an order-of-magnitude lower than 

commercially available UV-initiators.109  Utilizing a photopolymer that incorporates 

these high sensitivity chromophores, multifunctional monomers, and a polymer binder, 

Figure 4.1. Molecular structures of two D-π-D chromophores utilized for 3-D
microlithography.  
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an array of complex microstructures such as photonic bandgap crystals, tapered 

waveguides, and cantilever structures can be fabricated.109  Although these examples 

demonstrate possible applications of 3DLM, further research is required to fully 

characterize the polymerization process and extend the technique for the fabrication of 

functional devices.     

In this chapter, previous work on the characterization and application of D-π-D 

chromophores for 3DLM will be extended to the fabrication of microstructures for use in 

such fields as microfluidics and MEMS.  Methods to characterize the chemical and 

structural properties of our semi-solid acrylate resin will be presented.  Fabrication of 

microstructures with predetermined feature sizes requires elucidation of the relationship 

between excitation power and polymerized voxel size.  Voxel characterization data will 

be presented for 6 (characterization of dye 7 has been previously reported117) and used in 

the fabrication of a range of microstructures.  Methods to realize high fidelity 

microstructures will be presented that take into consideration the inherent shrinkage 

effects associated with acrylate based resins.  These methods will include the addition of 

micromechanical supports and voxel spacing techniques.  

4.2 Microfabrication: Methods and Techniques  

When a near-IR laser beam is focused, the spatial density of photons is highest at 

the focal point.  In a photosensitive resin if the excitation intensity is high enough, 

localized two-photon excitation of a dissolved photoinitiator can occur.  Two-photon 

excitation of many D-π-D chromophores can result in photoinduced electron transfer to 

relatively weak electron acceptors such as acrylate monomer.  This is especially true for 6 
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and 7 where a significant quenching of the fluorescence intensity and lifetimes are 

observed in the presence of the alkoxylated triacrylate monomers utilized in this 

research.109  Electron transfer to the triacrylate results in radical polymerization of the 

monomer, which is localized to a 3-D volume referred to as a voxel.  Translation of the 

focal spot through the resin thus results in the formation of a polymeric feature that is 

defined not by the single-voxel attributes (shape and size), but rather by the spatial 

arrangement of the voxels.  Though conceptually simple, the process of translating 

localized excitation/polymerization into a complex microstructure requires substantial 

forethought.  Both material and instrumental limitations must be considered when 

designing structures.  In this section, methods to fabricated structures by 3DLM will be 

presented. 

Structures are fabricated by TPIP by scanning a focused laser beam through a 

photosensitive resin.  The two basic methods to scan a laser through a resin are that of 

vector scan (also referred to as profile scanning) and raster scanning.  The raster scan 

method, the most common method for 3DLM, involves three main steps as seen in Figure 

4.2.  TPIP is initiated by first tightly focussing a near-IR excitation laser beam into a 

photosensitive material.  Near the focal spot, if the excitation intensity is above the 

polymerization threshold, a polymerized voxel is formed.  The shape of the polymerized 

voxel has been characterized as ellipsoidal with a height (in the propagation direction) 

generally two to three times the width.117,214,216  The size of the voxel is dependent on the 

excitation intensity, exposure time, photoinitiator type, and photoinitiator concentration.  

Translating the resin relative to the focal spot using a three-axis micropositioner creates a 
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polymerized feature composed of a string of voxels.  With fluid translation of the 

excitation laser beam, a continuous line feature is fabricated, while the axes perpendicular 

to the translation axes retain the ellipsoidal profile of the voxel.  Microstructures are  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

patterned under computer-control using programs that define all the translation points 

within a structure.  The excitation laser beam is shuttered while translating between 

features to be fabricated.  After the entire predetermined structure has been exposed, the 

Figure 4.2.  Fabrication strategy for the construction of polymeric structures using a
negative-tone resist material with the raster scan method.  Exposure of the resin to a the
focused beam from a pulsed laser results in formation of a polymerized voxel.  Translation
of the beam in the x-y-z directions results in the creation of a polymeric feature.  In the
development stage, the resin not exposed during fabrication is washed away, leaving behind
the polymeric feature.  The feature adheres to the glass substrate through a
monomer/siloxane adhesion promoter. 
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resin is immersed in a developing solution and the unexposed monomer is dissolved, 

leaving behind the polymerized structure.  The polymeric structure remains affixed to the 

glass substrate during development by pre-treating the substrate with a siloxane-acrylate 

adhesion promoter.  The simplicity of the single polymerization step and the wide variety 

of structures and shapes that can be obtained have made the raster scan method the most 

common technique for TPIP, and the technique utilized in this work. 

In the vector scan method developed by Kawata et al., the fabrication time is 

reduced by only scanning the surface profile of a microstructure.217  After scanning the 

outline of a structure, unexposed resin is removed by submersion in a developing 

solution.  The inside of the structure is solidified though a one-photon process via 

exposure to a high intensity UV lamp.217  One limitation of this technique is that care 

must be taken to ensure that the surface scan is sufficiently thick to support the inner 

monomer upon development and before one-photon exposure and that the developer does 

not penetrate the polymer layer and extract the monomer.  The technique does not reduce 

the overall fabrication time, due to the secondary-processing step, though it does reduce 

the fabrication time required for TPIP.  This is advantageous for commercial applications 

where the TPIP process would be the cost prohibitive step.  Currently, this technique is 

not widely utilized,172,217 although the short fabrication time could be advantageous for 

commercial fabrication of microstructures.   

Regardless of the fabrication method, the fabrication rate can be reduced through 

the use of photoinitiators with larger two-photon cross sections.109,117  The improved 

sensitivity of 6 and 7 compared to conventional photoinitiators132,218 allows features to be 
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written at increased speeds.109,117  This is extremely important for possible industrial 

applications where mass production is required.  A typical write speed for dyes 6 and 7 is 

50 µm/s at ~1-7 mW excitation power in the standard semi-sold acrylate resin described 

in Section 2.3.7.  The write speed with our system is limited by the translation speed of a 

three-axis micropositioner.  Faster translation times have been realized by rastering the 

focus of the laser through the sample rather than rastering the sample through the focal 

spot.  Figure 4.3 shows a polymer block that has been rapidly fabricated by scanning the 

excitation laser through a multifunctional acrylate resin containing initiator 6.  

 

 

 

 

 

 

 

 

 

 

 

The polymeric structure (190 × 200 × 5.9 µm3) is fabricated by passing the excitation 

laser (1 mW) through a confocal scan-head in which the beam can be rastered in two 

dimensions in the focal plane of the objective by deflection from galvo-driven mirrors.  

Figure 4.3.  SEM image of a polymer block fabricated using TPIP by rastering a 1 mW
laser beam at a scan speed of 9 cm/s (excitation wavelength: 730 nm, initiator 6).  (a) Top 
image of the 190 × 200 × 5.9 µm polymer block.  (b) Angled imaged of (a) highlights the 
smoothness of the polymer block surface.  
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In this case, the linear scan speed is 9 cm/s and the fabrication time for the whole 

structure is reduced to less than 30 s, which is much shorter than the times needed to 

fabricate the other structures presented in this chapter.  The uniform nature of the surface 

makes it difficult to determine the spacing between lines though it has been estimated at 

0.35 µm in films containing initiator 7.117  By translating the excitation focus through the 

material, exceptional write speeds can be realized with the raster scan method.  However, 

further application of this technique will require the addition of a beam-steering 

mechanism into our standard fabrication setup and a fast shutter to control the exposure 

of the sample (Figure 2.6).         

Except for the structure in Figure 4.3, the structures presented in this chapter have 

been fabricated using a point-to-point reference system in which a structure is broken 

down into planes and each plane is broken down into lines defined by beginning and end 

points in space, as described in Section 2.2.7.  The focus of the excitation beam is 

translated through all the points of the structure within a x-y plane, then translated along 

the z-axis and moved through all the structural points in the new x-y plane.  The process 

is repeated until the entire structure has been fabricated.  An example of a structure 

fabricated using this standard raster scan method is shown in Figure 4.4.  The points 

defining the ‘UA’ structure are those lying on the front and back faces of the letters.  

Lines are drawn along the y-axis and are spaced 1 µm apart along the x-axis and 2 µm 

along the z-axis.  Though simple in form, the structure in Figure 4.4 has been designed to 

demonstrate not only the raster scan method but also how post-fabrication processes such 

as shrinkage and voxel shape and orientation can effect the fidelity of a structure.  Of 
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these effects, shrinkage can have drastic consequences on the size and shape of the 

structure during the post-fabrication development process and must be taken into 

consideration when designing a structure, especially for acrylate based resins.   

 

 

 

 

 

 

 

 

 

 

 

 

In Figure 4.4, the bars on the bottom and top of the ‘A’ are designed to have the 

same dimensions (30 × 20 × 20 µm3) for the width (along x), height (along z), and depth 

(along y).  Upon development, the dimensions of the bars on top of the ‘A’ are reduced to 

just 20 × 12 × 17 µm3.  The bar at the bottom of the ‘A’ is bound to the glass substrate 

through a silane-methacrylate adhesion promoter, thus is restricted from shrinking.  An 

interesting feature of the bar on the top of the ‘A’ is that shrinkage is more substantial 

along the x and z-axes.  Along the translation axis (y-axis) a continuous polymeric 

Figure 4.4.  SEM image of a U of A logo fabricated using two-photon induced 
polymerization (power: 5.2 mW at 730 nm, initiator 7).  The bars on the letter ‘A’ illustrate 
the effect shrinkage has on a structure’s final dimensions: when fabricated the dimensions
of the top and bottom bars of the ‘A’ were identical.  To prevent the arms of the ‘U’ from
collapsing during development, a space filling fabrication process was used half way up the
arms (see text).  
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feature is drawn, while in the z and x-axes the polymer density is dependent on the 

spacing between parallel lines and the excitation power.  In the y-axis, a 15% change in 

length is observed and can be attributed to inherent shrinkage of the acrylate resin.  The 

observed ~33% change in the defined length along the x and z-axes is due not only to 

shrinkage inherent to the resin but also due to the spacing between the written lines.  The 

shrinkage disparity is the result of the ellipsoidal shape of the polymerized voxel, the 

distance between written lines, and the excitation power as illustrated in Figure 4.5(a) and 

(b).  At high power, as seen in Figure 4.5(a), there is sufficient overlap between voxels to  

 

 

 

 

 

 

 

 

 

create a dense polymer block.  At low power though, as seen in Figure 4.5(b), large gaps 

can remain between voxels and porous polymer is formed, unless the spacing between 

adjacent lines is reduced appropriately.  The ‘A’ in Figure 4.4 is written with a line 

spacing of 1 µm along the x-axis and 2 µm along the z-axis at an excitation power of 5.2 

mW.  As can be observed by the extreme level of deformation from the intended shape, 

Figure 4.5.  Illustration of the orientation of polymerized voxels along the x and z-axis if 
the excitation beam is translated parallel to the y-axis.  The overall polymer density is 
dependent on the spacing between lines written along the x and z-axis.  (a) At high power, 
adjacent voxels overlap and increase the filling ratio and density of the polymer.  (b) At
lower power, the overlap is small and the structure is less dense.  (c) Polymer density can 
also be increased by using a space filling method, in which layers are displaced by a half
unit from the layer below 
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the excitation intensity in Figure 4.4 is too low to afford sufficient voxel overlap and 

yield dense polymer, therefore a disparity in shrinkage along the x, y, and z-axes is 

observed. 

   In initial attempts to fabricate the structure in Figure 4.4, the arms of the ‘U’ 

collapsed inwards.  The low mechanical strength of the arms was the result of insufficient 

voxel overlap along the z-axis at the excitation power used to obtain the structure.  Two 

methods have been employed to increase the fidelity and strength of polymeric features, 

in Figure 4.4 and are found to strengthen the arm sufficiently to keep the arms upright: 

one is the reduction of the spacing between planes along the z-axis, the other is the 

utilization of a space filling method (Figure 4.5(c)).  In the space filling method, lines in a 

given layer along the z-axis are displaced by half a unit along the x direction with respect 

to the layer immediately below.  Due to the ellipsoidal shape of the voxel, the space 

filling method increases polymer density by filling the voids created in preceding layers.  

In Figure 4.4, lines are written every 1 µm along the z-axis using the space filling method 

halfway up the arms of the ‘U’.  The increased polymer density afford the structure 

sufficient strength for the arms to remain vertical.  Additionally, the reduced spacing 

along the z-axis and the space filling method reduce the observed shrinkage along the x-

axis by 27% compared to the upper half of the ‘U’.  In order to determine which line 

spacing should be used in a given fabrication to obtain a final structure of sufficient 

mechanical strength and with shrinkage below a set value, it is critical to understand the 

relationship between voxel size and excitation power. 
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4.3 Voxel Characterization 

 Fabrication of microstructures with well-defined size and mechanical integrity 

requires knowledge of the polymerized voxel size as a function of excitation power.  As 

demonstrated in previous research, a simple means to characterize the voxel height and 

width is through the fabrication of an appropriate test structure.117  The test structure used 

in this work is shown in Figure 4.6.  The test structure, referred to as a ‘box and peg’  

 

 

 

 

 

 

 

 

 

 

structure, consists of a polymer block (20 × 20 × 20 µm3) from which three lines parallel 

to the x and y-axes protrude 4 µm from each side of the box.  One set of lines is 

embedded 10 µm above the substrate and the other set is at the top of the box.  The lines 

protruding from the top and embedded in the box are spaced 5, 10, and 15 µm from the 

edge.  The box and lines are fabricated at the same power to ensure structural fidelity, the 

line spacing in the box is reduced concomitant with the reduction in excitation power.  

 

Figure 4.6.  SEM images of the “box and peg” test structure (initiator 6, wavelength: 730 
nm) used to measure voxel size as a function of laser power and write direction.  Voxel
width and height is measured from side and top view SEM images.  The polymer block and
lines are fabricated at powers ranging between 1-7 mW. 
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The excitation power is measured at the input of the microscope.  The power at the 

sample is determined using an appropriate conversion factor.  This was obtained daily by 

measuring the power at the output of the microscope objective using a high sensitivity, 

large surface area power meter and the power at the input of the microscope over a range 

of powers and calculating the slope of the line interpolating the data.  In this way, the 

‘box and peg’ structures can be fabricated continuously at a known power without 

removing and repositioning the sample when the power is changed.     

The test structure in Figure 4.6 was fabricated using the standard acrylate resin 

described in Section 2.3.7 with dye 6 as the initiator, at an excitation wavelength of 730 

nm and a write speed of 50 µm/s.  Test structures were fabricated using excitation powers 

from 1-6.8 mW.  The voxel height and width were measured by taking top and side-view 

SEM images of each structure, as demonstrated for dye 7 by Kuebler et al.117  Two sets 

of structures were fabricated so that the embedded lines were written by translating the 

excitation laser along both the x and y-axes.  This was done to determine if there was a 

difference between lines written embedded within a solid polymer structure and lines that 

are partly embedded within a polymer block.  The voxel height and widths measured 

from these test structures are summarized in Figure 4.7.  The results in Figure 4.7 indicate 

that for a given power, the voxel height is much larger than its width, indicating that 

excitation confinement is higher in the plane perpendicular to the laser propagation 

direction than along the propagation axis.117,216  In this experiment, the voxel height to 

width ratio ranges from 3-1.2 and decreases with excitation power.  Since the box was 
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fabricated at the same power as the lines, the measurement of line widths and heights 

became difficult at low fabrication powers due to deformation of the structure.   

 

 

 

 

 

 

 

 

 

 

 

 

The smallest feature recorded in these experiments was a line width of 450 nm at an 

excitation power of ~1 mW.  The line width as a function of power is comparable to 

results obtained using initiator 7 in the same acrylate resin system though smaller feature 

sizes (200 nm) were reported.117  Utilizing a test structure introduced in Chapter 5, 

feature sizes as small as 200 nm can be observed after development.  A surprising feature 

of these results is that an axial dependence for the voxel width was observed.  Translation 

of the excitation beam along the x-axis is found to produce line widths that are larger than 

those produced by translation along the y-axis.  Although this feature has not been 

Figure 4.7.  Height and width of written lines protruding from the test structure shown in
Figure 4.6 as a function of input laser power (initiator 6, wavelength: 730 nm).  Lines were
written parallel to either the x or y axis.  Height is the dimension along the z-axis.  The
beam power is the one at the sample.  Each data point is the average of three independent
data sets (error bars: ±5%). 
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observed previously within our group, other groups have reported similar effects.216,219  In 

the work of Sun et al., variations in the lateral dimensions of the voxels have been 

correlated to polarization-induced deshaping caused by the laser system.  Similarly, by 

measuring the spatial profile of the beam entering the microscope, it has been determined 

that the axial size disparity in the polymerized features in our system is the result of 

ellipticity of the beam caused by the laser and not by the directing optics, filters, scan-

head, microscope, or aperture.  Discussions with the manufacturer of the laser have 

confirmed that the far field ellipticity is inherent with the laser system.  At 18” from the 

output of the laser, an ellipticity ratio is 1.10.  At 48” from the laser output, just before 

entering the microscope, the beam ellipticity ratio increases to 1.42.  This ellipticity ratio 

explains the observed ellipticity ratio of ~1.5 for the polymerized features measured from 

the test structures in Figure 4.7.  Being this ellipticity is an inherent feature of the fs laser 

utilized in this research, it must be considered during fabrication of high fidelity 

structures.  No substantial difference in line widths are observed for lines embedded in 

the structure compared to those written on top of the structure, as expected when the box 

and lines are written at the same powers and experience the same level of shrinkage.  

With knowledge of the voxel size to power relationship, line spacing can be adjusted 

accordingly to observe uniform shrinkage and obtain structures with sufficient 

mechanical strength to withstand their own weight and to be used for the desired 

applications. 
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4.4 Microfluidics 

 Microfluidic technology promises significant improvement compared to current 

fabrication techniques in terms of cost, speed, efficiency, and automation for application 

in micro-analytical and micro-synthesis devices.220  Micro-analytical systems have been 

reported for a wide range of applications such as the monitoring of insulin secretion from 

living cells,13 detection of nitrates,221 and the detection of pathogens/infectious 

diseases.222  Similar micro devices have been utilized in synthetic applications such as 

heterogeneous catalysis223 and the synthesis of azobenzene.224  Currently, microfluidic 

channels and components are typically fabricated using silicon microfabrication and 

polymer molding/imprinting techniques.223,225  These techniques though are 

predominately limited to two-dimensional microfluidic structures.  In silicon etching 

technology, fabrication of 3-D microfluidic architectures requires complex layer-by-layer 

techniques that are prohibitively time consuming and costly for widespread 

application.220  Molding/imprinting techniques in materials such as 

poly(dimethylsiloxane) (PDMS) offer a simpler solution, but the technique requires the 

use of impression masks that are generally fabricated using silicon etching techniques.  

PDMS is a material commonly used in the fabrication of microfluidic chips due to its 

ability to yield conformal contact and highly complex manifolds.220,225-227  Transfer 

masks are often constructed on glass substrates that are chemically etched or coated with 

photoresist such as SU-8 and patterned by UV lithography.  PDMS is poured over the 

mask and cured at 70°C for ~1 h to create an inverse of the desired fluidic structure.228  

Major limitations of these chip fabrication methods are the difficulty in integrating 
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components such as micro-valves or nozzles into a structure and in constructing complex 

3-D architectures with interconnected channels.  The high spatial resolution of two-

photon excitation coupled with 3DLM provides a means to realize complex microfluidic 

architectures with integrated components that can be fabricated in a single-step process. 

 Figure 4.8 demonstrates the fabrication of a series of microtubes/micronozzles of 

varying width and pitch.  The microtubes in Figure 4.8 were fabricated at an excitation  

 

 

 

 

 

 

 

 

 

 

 

power of 5.2 mW at 800 nM using initiator 7.  The microtubes have a minimum inner 

diameter of 20 µm, a maximum inner diameter of 32 µm for the tube on the right and 50 

µm for the other tubes, and a wall thickness of 10 µm.  The pitch (total angle between the 

side walls) of the tubes from left to right is 86°, 60°, 20° with a height of 16 µm, 26 µm, 

and 34 µm.  These structures demonstrate the versatility of the technique for fabricating 

Figure 4.8.  SEM images of three bowl structures fabricated using two-photon induced 
polymerization (power: 5.2 mW at 800 nm, initiator 7).  The minimum inner diameter is 20 
µm in all cases.  The maximum inner diameter is 32 µm for the bowl on the right and 50 
µm for the other two bowls.  From left to right, the slope between the walls is 86°, 60°, and 
20°, and the height of the wall16 µm, 26 µm, and 34 µm, respectively. 
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structures of varying forms.  A close-up image of another tube structure is shown in 

Figure 4.9.  The tube was fabricated similarly to the tubes in Figure 4.8 at an excitation  

 

 

 

 

 

 

 

 

 

 

intensity of 5.2 mW at 800 nm with initiator 7.  The tube has a maximum inner diameter 

of 75 µm, a minimum inner diameter of 40 µm, a 10 µm wall thickness, and height of 26 

µm.  In order to obtain a smooth inner surface for use in microfluidic application, the 

tube structures are written by translating the focal point circularly through the resin, 

instead of along straight lines, as in the other examples presented so far.  This is achieved 

through software that calculates the translation points from a given diameter and step 

size.  The step size determines the voxel spacing in the circular translation and is 

therefore responsible for the surface smoothness.  In Figure 4.9(a), the top of the tube 

reveals the ellipsoidal nature of the voxels as observed from the valleys formed between 

circular write paths.  A slight discontinuity is observed at the start and stop point for each 

Figure 4.9.  SEM images of a bowl structure fabricated using two-photon induced
polymerization (power: 5.2 mW at 800 nm, initiator 7).  (a) Angled close-up image of the
bowl with a minimum inner diameter of 40 µm, a maximum inner diameter of 75 µm, and
10 µm thick walls.  (b) Side image of the bowl. 
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circle and is due to incomplete overlap between the end and start points.  Shifting the 

location of the start and end points for each layer/line can reduce this effect.  These tube 

structures could find application as micronozzles, for the integration of microfluidic chips 

with electrospray mass spectroscopy, as microtubes for fluid transport within a chip, or as 

microreactors.   

In addition to providing a means to fabricate components such as 

microtubes/micronozzles, two-photon microfabrication can also be utilized in the 

construction of templates for use in imprinting or moulding polymer substrates.225  

Complex mask designs can be obtained by 3DLM without the need for multi-step 

substrate processing as is required for wet-etching techniques.  Two examples of possible 

channel masks can be seen in Figure 4.10.  Figure 4.10(a) shows a microstructure (400 ×  

100 µm2) composed of three 8 µm wide sinusoidal ridges, spaced by 10 µm, with a  

 

 

 

 

 

 

 

 

 

 

Figure 4.10.  SEM images of sinusoidal ridges fabricated using two-photon induced
polymerization (power: 5.6 mW at 800 nm, initiator 7).  (a) Angled image of the whole
structure (400 × 100 × 8 µm3), (b) Close up image of two sinusoidal ridges from a similar
structure to (a) though without a surrounding wall. 
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retaining wall surrounding them (height: 8 µm, width: 10 µm).117  The microstructure 

was fabricated using initiator 7 at a write power of 5.6 mW at 800 nm.  This structure 

demonstrates the ability to create structures of varying shape over large surface areas.  

When looking down the channel formed by the ridges, as can be observe in a second 

sinusoidal structure shown in Figure 4.10(b), the effect of shrinkage can be clearly seen.  

A 25% width change is observed from the top to the bottom of the ridges.  For use as a 

high fidelity template, a low shrinkage material such as SU-8130,199,200,229 could be 

utilized.            

Fabrication of a complete microfluidic system using a negative-tone method is 

prohibitively time consuming because it requires polymerization of a relatively large 

volume of material.  One method to realize a complete fluidic system using a negative-

tone resist could involve the scanning processes demonstrated in Figure 4.3.  In this 

technique, the base of the chip would be fabricated rapidly using the laser scanning 

technique.  The microchannels and other functional components would then be fabricated 

using a standard rastering technique on top of the base.  Since the fluidic components are 

not bound directly to the glass substrate, more uniform shrinkage should be observed.  

The top of the chip would then be fabricated using the laser scanning method again.  By 

coupling these methods, complex, 3-D microfluidic devices could be fabricated.  Another 

means to realize a practical microfluidic device using 3DLM is through use of a positive-

tone resist in which the region exposed to the excitation laser becomes soluble in the 

developing solution, reducing the volume that needs to be exposed, and thus the 

fabrication time, with respect to negative-tone resists.  Utilizing this technique, a 
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microchannel device has been fabricated in a chemically amplified positive resist 

combined with PAG 2 and further demonstrates the versatility of two-photon 

excitation.180,182,204  In conclusion, the structures described in this section demonstrate 

that 3DLM provides a means to fabricate a range of micro-parts, templates, and structures 

of arbitrary form for use in microfluidic applications. 

4.5 MEMS 

 The most common means to fabricate microelectromechanical systems (MEMS) 

is utilizing conventional lithographic processes designed for the integrated circuit 

industry.230  To realize high-fidelity structures with small feature sizes (< 25 µm), the 

process must be conducted under clean room conditions.  Each layer requires deposition 

of a resist, a photomask to pattern the resist, and finally an etching step.  Iterative 

photolithographic steps must therefore be used to fabricate 3-D structures as required for 

MEMS.  Due to the increasing complexity of MEMS devices, conventional lithographic 

process can be prohibitively time consuming and difficult.  TPIP allows for complex 3-D 

structures to be fabricated in a single step without the need for expensive photomasks or 

clean room facilities.  Additionally, due to the high spatial resolution of the technique, 

interlocking parts can be fabricated with ease.   

To demonstrate the application of TPIP in MEMS, a microchain structure has 

been fabricated.  Figure 4.11 shows two SEM images of a free-standing inter-locked 

microchain structure that demonstrate the complexity that can be realized in 3DLM by 

TPIP.  The microchains in Figure 4.11 were fabricated using a layer-by-layer raster-scan 



 303

technique starting at the glass substrate.  An excitation power of 6.6 mW at 800 nm was 

utilized to photoinitiate 7 in the standard acrylate resin.  Features were polymerized at a  

 

 

 

 

 

 

 

 

 

translation rate of 50 µm/s, which translates to an effective exposure time of 

approximately 14 ms/ voxel.117  The dimensions of the individual chain links as designed 

(as observed) are: height = 44 µm  (46 µm), length = 60 µm (59 µm), and width = 8 µm 

(10-16 µm).  The variation in the observed width of the chain links was due to the fact 

that adjacent links are sitting in positions orthogonal one to the other and are alternatively 

perpendicular or parallel to the write direction, which was parallel to the substrate, and 

that there is a disparity in voxel height and width sizes, as described in Section 4.3.   

This chain structure demonstrates the ability of 3DLM to fabricate freely moving 

components in a single process.  Inspection of Figure 4.11(b) reveals that the chain links 

are indeed free from each other.  For example, the central link appears tilted on one side, 

while during fabrication, all the equivalent links were parallel to the substrate and at the 

Figure 4.11.  (a) SEM image of a micro-chain structure fabricated using two-photon
induced polymerization (power: 6.6 mW at 800 nm, initiator 7).  (b) Close-up image of the
center link in (a). 

 

(a) (b)
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same height.  This structure also demonstrates an architecture that would be difficult if 

not impossible to fabricate utilizing standard silicon etching methods or laser rapid 

prototyping due to the inter-connectivity of the features and the high amount of undercut.  

Producing this structure by conventional 2-D mask exposure as in silicon etching would 

require piling up a prohibitively large number of 2-D layers.  This would also require 

precise layer-by-layer alignment and sacrificial processes in order to produce the freely 

moving components observed in Figure 4.11.  The use of laser rapid prototyping to 

fabricate such a chain structure would also be difficult due to the use of liquid resins.  In 

a liquid resin system, the bottom of the vertical chains would be free to move after 

fabrication, this destroying the registry with the next fabricated layer.  The use of a 

semisolid resin in this application is thus advantageous because structural components, 

such as the bottom of the vertical chain links, which are not bound to other components 

of the structure at some state of the fabrication, are restricted from moving by the 

surrounding unpolymerized resin.   

To demonstrate the mechanical properties of the acrylate resin in addition to the 

ability to fabricate freely moving components, a chain structure was fabricated in which 

the chain links were free to move away from the lateral support towers, as seen in Figure 

4.12.  As in Figure 4.11, the chain structures in Figure 4.12 were fabricated with the 

chain links suspended on the support towers, in which the top restraining caps are 

missing.  In Figure 4.12(a) and (b), one side on each of the chain structures has fallen 

from one of the support towers.  In falling from the tower, the chain links have assumed 

random orientation, positions clearly different from those they held during fabrication.  
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This illustrates that each chain link can move freely and is independent from the adjacent 

ones.  In an extreme case, two links in the top structure have rotated a full 90 degrees.  By  

 

 

 

 

 

 

 

 

 

 

transmission microscopy, the chains were observed to move when solvent was flowed 

over the slide.  The mechanical strength of the acrylate resin can be observed in Figure 

4.12(b) in which the weight of the hanging chain causes the support tower to bend.     

4.6 Conclusion 

 Two-photon photoinduced polymerization provides a simple, fast, and high 

fidelity method to fabricate a wide range of complex three-dimensional structures.  

Structures are fabricated by either translating the sample through the focal point of a 

tightly focused laser or by moving the laser through the sample.  The latter method has 

been demonstrated as a means to substantially decrease fabrication times for 3DLM 

though more research is required to include in our set-up additional beam steering and 

Figure 4.12.  SEM images of micro-chain structures fabricated using two-photon induced 
polymerization (power: 6.5 mW at 800 nm, initiator 7).  (a) Angled image of two micro-
chain structures in which one of the terminal links has fallen off the side support during
development.  Links on the left structure are rotated 90 degrees with respect to their
fabrication direction.  (b) Close-up image of the right structure in (a). 
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shuttering capabilities.  The ability to construct structures with high fidelity requires 

knowledge of the polymerized voxel size as a function of power.  Characterization of the 

voxel size provides a means to adequately space fabricated lines and utilize adequate 

power such that dense polymer is produced and undesirable effects of shrinkage 

perpendicular to the fabrication axis are minimized.  This information can be utilized to 

fabricate structures with freely moving parts, complex topologies, and high fidelity, over 

a wide size range in a single step process.  Structures have been fabricated that 

demonstrate the application of this technology in such fields as microfluidics, and 

MEMS.  In microfluidics, TPIP can be used to fabricate components for integration into 

fluidic devices constructed using standard lithographic process or used to fabricated 

templates for use in the construction of polymeric microchips with complex architectures.  

Applications for MEMS include the fabrication of interlocking components with large 

undercuts that would be difficult or time consuming with current methodologies. 
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CHAPTER 5.  FABRICATION OF  

PHOTONIC BANDGAP CRYSTALS 

 

5.1 Introduction 

 Since photonic bandgap crystals were first predicted231 and demonstrated in 

diamond lattices,232,233 interest in their fabrication has steadily grown.109,234,235  Photonic 

bandgap (PBG) crystals are three-dimensional periodic dielectric lattices that possess a 

forbidden gap for the propagation of electromagnetic waves through them that is 

analogous to the electronic bandgap observed in semiconductors.234  A PBG exhibits a 

photonic bandgap that determines which photon wavelengths can propagate through the 

crystal.  The lattice spacing determines the energy at which the forbidden gap is observed 

in the crystal and is of the order of the wavelength of light.  Light with photon energy 

inside the forbidden gap is inhibited from propagating through the crystal, because the 

interference between the waves reflected by the various parts of the photonic crystal 

structure can lead to the formation of standing (non-propagating) waves.  In a complete 

three-dimensional (3-D) PBG crystal, perfect cancellation of light inside the forbidden 

gap is exhibited in all angles of propagation through the crystal.  The depth of the 

forbidden band is dependent on the dielectric contrast within the crystal and is usually the 

contrast in the refractive index between the lattice material and air.  Photonic bandgap 

crystals can be currently found commercially in low-loss, high capacity optical fibers, 

though these applications are limited to 2-D PBG crystals in which light propagation is 

only inhibited in one plane.  Scientific and engineering applications of complete 3-D 
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PBG crystals include use in zero-threshold lasers, the telecommunication industry, and 

photonic integrated circuits for optical computing.234,236-238  Despite intensive research, 

the fabrication of inexpensive, high quality, complete 3-D PBG crystals, with bandgaps at 

visible and near IR wavelengths have been largely unsuccessful.   

A major application of PBG crystals is in the telecommunications field for use at 

near-IR wavelengths.  For these applications, lattice constants on the sub-micron scale are 

required.  The precision of the lattice components though must be even higher than this, 

on the order of sub-10 nm precision, as lattice fluctuations as small as 5% can destroy the 

functionality of the crystal.239,240  To realize the full potential of PBG crystals, especially 

for application telecommunications, the fabrication method should be able to produce 

PBG crystals with complete 3-D photonic bandgap at near optical wavelengths and have 

the ability to introduce arbitrary defect states into the crystal at arbitrary positions.239  By 

introducing specific defects into a PBG crystal, the flow of photons within the crystal can 

be manipulated, which is particular interesting for use of PBG crystals in all optical 

computing.241  Additionally, the technique should be able to pattern high refractive index 

materials such as III-V semiconductors.239  Three common methods to construct PBG 

crystals are self-assembly,242-247 holographic lithography,248-250 and advanced planar 

semiconductor microstructuring.239,251,252  Self-organization of colloidal particles 

followed by infiltration by a high dielectric material has been demonstrated successfully 

as a means to construct PBG crystals.242,244,253,254  Due to the limited control over the 

assembly process, these structures are found to suffer from defects such as cavities and 

dislocations which result in relatively small PBGs.255  Holographic lithography utilizes 
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the interference pattern from four lasers beams to selectively harden a light-sensitive 

resin, which can be subsequently back-filled with a high dielectric material to realize a 

range of 3-D PBG crystals.248-250  Though capable of creating regular crystals over large 

areas and with short fabrication times, the technique is limited because it lacks the ability 

to add defect states without the use of a secondary process.256  In semiconductor 

microstructuring, PBG crystals are created layer-by-layer using selective etching 

techniques followed by alignment and stacking procedures.  Utilization of this technique 

has produced some of the best examples to date of a PBG at visible and near-IR 

wavelengths,236,239 though the prohibitively complex and time consuming nature of the 

fabrication procedure has limited its widespread use.  PBG crystals have been fabricated  

using these techniques.  However, they have very limited flexibility for introducing 

arbitrary defects within a crystal and changing lattice spacing, in addition to being time 

consuming or involving prohibitively complex fabrication processes. 

As demonstrated in Chapter 5, TPIP with 3DLM provides a means to realize 

complex 3-D structure of arbitrary shape and size in a single step.  These advantages have 

led to the application of 3DLM for the fabrication of polymeric PBG crystals by our 

group109,117 and others.213,257  However, polymeric PBG crystals may not exhibit a 

complete bandgap due to the effect of shrinkage109,117,172 and/or the low polymer/air 

dielectric contrast.127,177,213  The PBG crystals fabricated in most TPIP studies are based 

on a ‘stack-of-log’ motif, which refers to a face-centered-cubic (f.c.c.) lattice as 

illustrated in Figure 5.1.  In this lattice, the structure repeats itself ever four layers (see 
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numbers on the lines in Figure 5.1) and is characterized by the lattice constant c and a 

lattice spacing a.  The second nearest-neighbor layers are displaced by a/2 relative to  

 

 

 

 

 

 

 

 

each other.  When (c/a)2 = 2, a f.c.c unit cell is exhibited  In order to observe a complete 

bandgap in a f.c.c. lattice, a dielectric contrast of ~7.29 is required.242,258  As is often the 

case, air is the secondary material and thus the lattice material must posses a refractive 

index ≥ 2.7, which is substantially higher than the typical refractive index of polymers 

(<1.5).213  The location and depth of the bandgap is determined by the line spacing, which 

is of the order of the wavelength of the light to be blocked, and the line width, which 

determines the filling ratio and effective dielectric constant of the PBG.213,236,239  Defect 

states can be introduced in f.c.c. lattices by simple removal of a lattice line.  In addition to 

straight defects, 90° defects can be introduced by line removal from two layers.  

Structures with either line and bend defects have been shown to possess transmittance of 

more than 95% over a wide frequency range.259,260  To observe a PBG in a f.c.c. crystal 

Figure 5.1.  Illustration of a ‘stack-of-logs’ f.c.c lattice for use as a photonic bandgap 
crystal.  A f.c.c lattice has a 4 layer repeat unit as defined by the numbers on the lines.  The
line width (w), lattice spacing (a), and dielectric contrast within the crystal determine the
location and depth of the bandgap.   

a w

1 1 1 1

3 3 3 2

24

4

4
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for use at telecommunications near-IR wavelengths of 1.5 and 1.3 µm the in-plane lattice 

spacing must be of the order of a 1µm with lateral rod widths of ~200 nm.   

The realization of PBG crystal with complete bandgaps requires the development 

of fabrication methods that allow for high fidelity between layers and a means to 

integrate high dielectric material into a crystal.  In this chapter, a new design strategy will 

be introduced that can increase the vertical fidelity of PBG crystals fabrication by 3DLM 

through use of integrated structural supports.  The supports will be shown to provide a 

physical means to reduced shrinkage.  Advantageously, the support structure can also 

facilitate the backfilling of crystals with high dielectric materials.  Inhibition of the 

natural shrinkage of the polymer lines makes voxel characterization data described earlier 

non-applicable.  Though multiple methods have been reported to characterize voxel 

size,117,261 none of these methods take into consideration how the surrounding structural 

environment effects the final voxel size.  For this reason, a new polymerized voxel 

characterization technique will also be presented that takes into consideration how new 

methods for the construction of photonic bandgap crystals affects the post-development 

voxel size.  This data will be utilized in the fabrication of coherent photonic bandgap 

crystals with high periodicity and well-defined line defects for use at IR wavelengths 

5.2 Structural Precompensation for Reduced Shrinkage 

 Fabrication of photonic bandgap structures in previous research has resulted in 

crystals with poor fidelity due to shrinkage effects.109  A ‘stack-of-logs’ PBG crystal with 

4 µm line spacing fabricated using initiator 6 is shown in Figure 5.2.  The crystal (100 × 

100 × 14 µm3) with a (c/a)2 ratio of ~2 was fabricated with a power of 1.8 mW at 730 nm 
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using the layer-by-layer raster scan method.  Since the crystal is bound to the glass 

substrate, the base of the crystal is restricted from shrinking.  The tension caused by  

 

 

 

 

 

 

 

 

 

 

 

adhesion to the glass substrate slowly releases in the higher layers of the structure and 

results effectively in reduced spacing between lines and in the disruption of the 3-D 

periodicity of the overall structure.  In solid structures with robust features, this effect can 

be reduced through use of high excitation powers and tighter line spacing.  This solution 

is not applicable though for the fabrication of PBG crystals, as high fidelity features with 

small dimensions or fixed filling ratios are required.  The disparity in shrinkage from top-

to-bottom results in a 1.2% change in width per µm in the vertical direction, which 

translates to ~16% overall width variation in Figure 5.2.  The substantial shrinkage 

  

10 µm 10 µm

Figure 5.2.  SEM images of a photonic bandgap crystal fabricated using two-photon 
induced polymerization (power: 1.8 mW at 730 nm, using initiator 6).  (a) Angled view and 
(b) side image of the crystal, which highlights the effect of shrinkage on the structure.  The
width of the crystal changes by 1.2% per micron of height change.    

(a) (b) 
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effectively destroys the periodicity of the crystal thus rendering it unable to generate a 

band gap if backfilled with an appropriate dielectric material. 

 One method to restrict shrinkage across the crystal is through the addition of a 

secondary structure.  If the secondary structure is written at sufficiently high power and 

designed appropriately, the structure should impart its rigidness onto the crystal that has 

been fabricated at lower power.  Figure 5.3 shows a PBG crystal similar to that in Figure 

5.2 but with the addition of a support wall surrounding the PBG crystal. 

 

 

 

 

 

 

 

 

 

 

 

The structure in Figure 5.3 was fabricated by first writing the f.c.c crystal at low power 

(1.8 mW).  The excitation power was then increased to 5.2 mW to write a 10 µm thick 

retaining wall.  To ensure a uniform shrinkage within the wall, this was fabricated using a 

continuous square pattern around the crystal.  Through use of the retaining wall, the 

10 µm 10 µm 

Figure 5.3.  SEM images of a photonic bandgap crystal fabricated using two-photon 
induced polymerization (power: 5.2 mW (wall), 1.8 mW (crystal) at 730 nm, initiator 6). 
(a) Angled image and (b) side image of the crystal.  The effect of shrinkage is reduced
through use of a wall and anchored side supports.  Shrinkage as a function of height (µm) is 
reduced to 0.4%.  

(a) (b) 
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lateral shrinkage is reduced to 0.4% per µm of height in the structure.  This is a 

considerable improvement over the 1.2% shrinkage for a crystal without a retaining wall.  

As predicted, the increased polymer density of the wall imparts strength to the crystal, 

thus inhibiting the non-uniform shrinkage observed in Figure 5.2.  Conveniently, the 

support wall can also serve as a retaining wall for containment of liquid precursors for 

backfilling with high dielectric material.    

5.3 Voxel Characterization 

 Section 5.2 illustrates how the addition of secondary structural supports improves 

the fidelity of a PBG crystal.  Addition of secondary structures, though, alters the natural 

shrinkage of the material written at low power.  In Figure 5.3, the polymer lines written at 

low power are restricted from shrinking as their terminal sections are imbedded in the 

wall written at high power.  The dimensions of these lines are thus different from those of 

the lines fabricated at the same power but without lateral supports.  By inhibiting the 

natural shrinkage of the polymer though, voxel characterization data collected using the 

‘box and peg’ structure are not applicable.  The ability to design PBG crystals for 

application at specific wavelengths requires strict control of not only the line spacing but 

also the line width.  For this reason, a new characterization structure has been designed to 

determine voxel sizes within the PBG crystal with support walls.  The new test structure 

consists of three polymer blocks, written at high power, which are connected by three 

lines along the x and y-axes fabricated at varying power.  A representative example of the 

test structure fabricated using initiator 6 is shown in Figure 5.4.  The design of the test 
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structure prevents the lines written between the polymer blocks from shrinking along the 

fabrication axis as is observed in the PBG crystal in Figure 5.3.  By taking SEM images  

 

 

 

 

 

 

 

 

 

 

 

 

from the top (Figure 5.4(a)) and from the side(b)) the voxel heights and widths can be 

measured.  For comparison, pegs were drawn off the edge of the test structure.  Voxel 

height and width data as a function of excitation power at the sample is summarized in 

Figure 5.5.  As in Figure 4.7, a disparity in voxel width is observed with respect to the 

translation axis.  The height to width ratio is ~2.25 at high powers though is tends to 

unity as the power is reduced.  When Figure 5.5 is compared with Figure 4.7, the latter is 

found to produce ~25% larger voxels at a set power.  In both test structures, a fabricated 

line is free to shrink along the axes perpendicular to the translation axis.  The observed 

  

(b) (a) 

5 µm 2 µm

Figure 5.4.  Top view (a) and side view (b) of a test structure (initiator: dye 6, wavelength: 
730 nm) used to measure voxel size as a function of laser power and write direction. 
Translation of the laser focus in the y-axis yields wider line widths than observed when 
translating in the x-axis because the beam profile is not circular.  The large polymer blocks
are fabricated at 4.86 mW while the lines are fabricated at powers ranging between 5.4-0.54 
mW (power at the sample).    
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voxel size disparity between the two test structures must therefore be the result of 

shrinkage along the translation axis, which may lead to line puckering, and thus larger  

 

 

 

 

 

 

 

 

 

 

 

feature sizes observed in Figure 4.7.  As observed in Figure 4.7, beam ellipticity results in 

a width disparity for features written along the x and y-axes.  The beam ellipticity ratio 

for powers between 1.6 and 5.5 mW ranges from 1.4 to 1.6, which is in agreement with 

the laser beam ellipticity of 1.42 measured at the input of the microscope.   

The smallest feature size that was observed to remain intact during the developing 

phase using this test structure was 200 nm as seen in Figure 5.6.  The line in Figure 5.6(a) 

was written with an excitation power of 0.54 mW.  A feature sizes as small as 180 nm 

were measured from line fragments and stubs though they are not included in Figure 5.5 

due to their low mechanical strength.  The ability to fabricate line widths below the 

Figure 5.5.  Height and width of written protruding lines for test structure shown in Figure
5.4 as a function of input laser power.  The laser power is measured before input into the
scope then converted power at the sample using a conversion factor measured daily.  Each
data point is the average of three independent data sets (error bars: ±7%). 
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diffraction limit of the excitation wavelength is the result of the interplay between the fact 

that the excitation probability depends on the square of the beam intensity, that the square 

of a gaussian light distribution is narrower than the first power distribution, and that the 

polymerization process is governed by a threshold, as shown in Figure 5.6(b).  As the  

 

 

 

 

 

 

 

 

 

 

 

excitation intensity is reduced, so does the region of space in which the light intensity lies 

above the polymerization threshold.  The reduced beam waist affords the subdiffraction 

limit voxels that are observed.216,217  The information garnered from these experiments 

allows for photonic crystals of known line width and correct z-axis spacing to be realized, 

which is critical if complete PBG crystals are to be realized. 

 

 

x

Polymerization
threshold Decreasing

power

 

200 nm

(a) (b)

Figure 5.6.  SEM image of one line from a bridge test structure written with a power of 
0.54 mW at 730 nm using initiator 6.  (a) The line width is 200 nm, which is below the
diffraction limit for this excitation wavelength.  (b) The ability to draw features below the
diffraction limit is due to the interplay between the gaussian intensity distribution of the 
excitation laser and the polymerization threshold.
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5.4 Photonic Bandgap Crystals 

 Utilizing the strategy outline in Section 5.2, a series of PBG crystals have been 

fabricated with improve periodicity.  The fabrication of high fidelity PBG crystals 

requires a minimization of shrinkage across the entire crystal.  Though effective at 

substantially reducing the effect of shrinkage, the use of just a wall around the crystal still 

allows for a slight deformation of the crystal, as seen in Figure 5.7. 

 

 

 

 

 

 

 

 

 

 

Closer inspection of the crystal from Figure 5.7 reveals a bowing of the wall towards the 

center.  Bowing results in a non-uniform shrinkage across the crystal thus modifying the 

periodicity across the structure.  Another anomaly that can be observed in Figure 5.7 is 

the merging of lines on the top of the crystal.  This feature is the result of solvent 

evaporation, which through surface tension pulls the lines on top of the crystal together.  

10 µm

Figure 5.7.  Top view of the photonic bandgap crystal fabricated in Figure 5.3.  Shrinkage
of the crystal results in bowing towards the center of the wall and a reduction in the 
periodicity of the crystal.  
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The effect can be minimized by reducing the z-axis spacing, though this leads also to the 

reduction of the lattice ratio, (c/a)2 < 2. 

 To further improve the crystal periodicity, additional micromechanical supports 

can be added to the retaining walls as seen in the SEM image in Figure 5.8. 

 

 

 

 

 

 

 

 

 

 

 

The crystal dimensions are similar to those in Figure 5.3 though the crystal was 

fabricated at an excitation power of 1.9 mW and the wall height was 20 µm (4 repeat 

units).  Addition of the micromechanical supports affords greater strength to the 

surrounding wall thus minimizing non-uniform shrinkage across the crystal.  Shrinkage in 

the crystal is reduced to just 0.2% per micron height change compared to 1.2% for a 

crystal with no wall and 0.4% for a crystal with a wall but no side supports.  The 

  
10 µm 10 µm 

Figure 5.8.  SEM images of a photonic bandgap crystal fabricated using two-photon 
induced polymerization (power: 5.2 mW (wall), 1.9 mW (crystal) at 730 nm using initiator
6).  (a) Angled image and (b) side image of the crystal.  The effect of shrinkage is reduced
through use of a wall and anchored side supports.  Shrinkage as a function of height (µm) is 
reduced to 0.2%.  

(a) (b) 
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periodicity of the crystal and regularity of the structural features can be seen in the close-

up SEM image in Figure 5.9.  As expect for a f.c.c crystal, the top row is displaced a half  

 

 

 

 

 

 

 

 

 

 

 

 

unit from row 3, while the perpendicular rows 2 and 4 show a similar relationship.  The 

aberration in the upper left of Figure 5.9 is the result of the merging of the top layer as 

observed in Figure 5.7.  Another defect within the crystal is the line width disparity 

between line written along the x and y-axes.  One method to reduce the axial variation of 

the line width is to overfill the focussing objective.  The line width in Figure 5.9 is ~1 

µm, which is roughly 10% larger than that predicted by Figure 5.5.  The variation 

between the test structure and the crystal fabricated in Figure 5.9 may be due to slight 

variations in dye concentrations or slight variations in the calibration curve for 

Figure 5.9.  Close-up SEM image of a photonic bandgap crystal fabricated using two-
photon induced polymerization (power: 1.9 mW at 730 nm, initiator 6).  The structure was
fabricated with a wall and side supports as in Figure 5.8.  The top layer is displaced a half
unit from layer three, while the perpendicular layers two and four are also displaced a half
unit cell.  

1 µm
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calculating the power at the output of the microscope objective.  These results 

demonstrate that further work is required to fully characterize the polymerized voxel size 

for bandgap crystals fabricated utilizing a support wall and to increase the repeatability of 

the microstructures.  Despite the observed defects, Figure 5.9 demonstrates the ability of 

micromechanical supports to improve the periodicity of high aspect ratio PBG crystals. 

5.5 Line Defects within Photonic Bandgap Crystals 

 Through the introduction of line defects within PBG crystals, light flow within a 

bandgap structure can be manipulated, thus facilitating the realization of such 

applications as optical computing.  A key advantage of 3DLM by TPIP compared to 

other fabrication methods for PBG crystals is the ability to add and subtract material from 

a structure by simply removing a line of code from a computer program.  Figure 5.10 

demonstrate the introduction of a line defect and a 90° bend defect into two f.c.c crystals. 

 

 

 

 

 

 

 

 

 

 

Figure 5.10.  Two-photon fluorescence images of horizontal slices of a photonic bandgap
crystal fabricated using two-photon induced polymerization (power: 5.2 mW (wall), 1.7
mW (crystal) at 730 nm, initiator 6).  (a) Crystal with a vertical line defect in the center and
(b) a crystal with a 90 degree line defect.  

(a) (b) 
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The two-photon fluorescence Z-scan images (similar to confocal microscopy) in Figure 

5.10 were taken before development at a depth of 10 µm in a crystal with a total height of 

20 µm.  Since the images were take before developing, no structural data can be garnered 

from these images.  The images clearly demonstrate the ability to arbitrarily and 

controllably introduce defects within a crystal.  To determine the effect line defects has 

on the overall periodicity of the crystal, a crystal similar to that in Figure 5.10(a) was 

developed and then imaged by two-photon fluorescence Z-scan microscopy as seen in 

Figure 5.11.  The only difference between the crystal in Figure 5.11 and Figure 5.10(b) is 

the number of angled side supports.  Figure 5.11(a) is imaged at the glass/crystal interface 

as indicated by the location of the angled side supports.  Translation along the z-axis to a 

depth of 10 µm exposes the line defect as seen in Figure 5.11(b).  Slight line bowing is 

observed for lines directly above and below the line defect.  Figure 5.11(c) is taken near 

the top of the crystal (z =19 µm) and demonstrates that no long-range disorder results 

from the presence of the line defect and has minimal effect on the overall periodicity of 

the crystal.  The top image also demonstrates the ability of the angled side supports to 

reduce wall bowing observed in Figure 5.7.  Slight bowing is observed between the 

angled side supports and the corners of the wall and led to the use of three angled side 

supports as used in Figure 5.10 and 5.8.  From these results, the line defects are found to 

have no effect on the overall periodicity of the crystal though results in a slight 

perturbation to neighboring layers.  These results represent the first application of TPIP to 

fabricated PBG crystals with arbitrary line defects. 
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Figure 5.11.  Two-photon fluorescence images of horizontal slices of a photonic bandgap 
crystal fabricated using two-photon induced polymerization (power: 5.2 mW (wall), 1.7
mW (crystal) at 730 nm, initiator 6).  (a) Image of the bottom layer of a f.c.c. bandgap
crystal, (b) image  of an intermediate layer that has a line defect, and (c) image of the top 
layer of the crystal.  No noticeable errors can be seen in the top and bottom layers as a result
of the center line defect. 

 

(a) (b)

(c) 
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5.6 Conclusion 

 3DLM with TPIP has been demonstrated as an effective method to fabricate f.c.c. 

photonic bandgap crystals with high-fidelity.  By integrating mechanical supports into the 

design of these crystals, the overall periodicity and regularity is substantially improved 

compared to crystals fabricated without these supports.  In order to fabricate crystals of 

known line widths, a new voxel characterization structure has been developed.  The test 

structure has been designed to mimic the structural constrains placed on the lines that 

compose the crystal due to the presence of a support wall written at high power.  The 

presence of the support wall is found to reduce the voxel size compared to non-

constrained systems as measured using the ‘box and peg’ test structure in Section 4.3.   

Compared to other PBG crystal fabrication methods, TPIP is advantageous as it 

allows for rapid fabrication of crystals of arbitrary shape and size in a single fabrication 

process.  Additionally, the technique affords the integration of line defects within f.c.c 

crystals by simple removal of a line or lines of code from the structural program.  The 

first example of line and 90° bend defects has been presented here for crystals fabricated 

by TPIP.  To realize a complete PBG crystal, the dielectric contrast within the material 

must be substantially increased.  Another advantage of the structural supports utilized to 

reduce shrinkage within the crystal is that they can be utilized to contain the liquid 

precursors for backfilling.  The fabrication of PBG crystals for use at telecommunication 

wavelengths will also require reduction of the lattice line spacing.  Attempts to reduce the 

line spacing to under 2 µm with the current multifunctional acrylate resin was met with 

failure due to loss of mechanical strength within the fabricated crystal.  Further 



 325

improvement on the multifunctional resin will be required to realize PBG crystals for use 

at optical wavelengths. 

During the preparation of this dissertation, a paper was published on the use of 

micromechanical supports to realize high fidelity PBG crystals similar to those discussed 

in this chapter.127  In the work of Deubel et al., PBG crystals were fabricated in thick-film 

negative photoresist SU-8 using 3DLM.  Lattices were written with an f.c.c. unit cell and 

a lattice ratio of ~2.  To prevent non-uniform shrinkage laterally within the crystal, a 

retaining wall was written around the crystal similarly to the structures presented here.  

As observed in Figure 5.7, the walls were found to bow towards the center of the crystal 

due to strain caused by shrinkage of the crystal during development.  This effect has been 

reduced in the PBG crystals fabricated in this research through the addition of angled side 

supports.  These micromechanical supports have been demonstrated to reduce distortions 

in the retaining wall by 50%.  The report does present an alternative fabrication material 

as features with line widths on the order of 100 nm are reported.  These results make SU-

8 an appealing alternative to the multifunctional acrylates utilized in these studies. 
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CHAPTER 6.  CONCLUSIONS 

 

 Two-photon absorption (TPA), the process by which a molecule simultaneously 

absorbs two photons of light, provides a means to activate chemical or physical processes 

with high spatial resolution.  Under tight focusing conditions, TPA is confined at the 

focus to a volume of the excitation wavelength cubed.  The small excitation volume 

provides a means to localize subsequent processes such as fluorescence or photoinduced 

chemical reactions.  TPA also affords improved depth penetration by reducing linear 

absorption and scattering within materials such as tissue since photons of half the energy 

are utilized to reach an excited state.  These advantages of TPA have facilitated the 

development of three-dimensional lithographic microfabrication (3DLM) in which 

complex polymeric features can be fabricated in a single processing step.  Current 

application of 3DLM has been limited by the use of photoinitiators with small two-

photon cross sections (δ ≤ 30 × 10-50 cm4 s photon-1) for predominately initiating radical 

polymerization.  A series of chromophores have been characterized that exhibit large 

two-photon cross sections and high chemical efficiency for activation of radical and 

cationic polymerization.  Compared to commercially available UV-activatable 

photoinitiators, these chromophores exhibit one to two orders of magnitude reduction in 

polymerization threshold power.  Demonstrated application of 3DLM using these 

chromophores is presented for application in the fabrication of microelectromechanical 

systems (MEMS), microfluidic devices, and microoptical components such as photonic 

bandgap crystals. 
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 Three new photoacid generators (PAGs) have been presented that can be 

efficiently activated by two-photon excitation.  Based on D-π-D chromophores coupled 

to dimethyl sulfonium salts, the efficiency for acid generation has been found to be 

dependent on the placement of the sulfonium moiety with respect to the π-conjugated 

backbone.  Photoacid generation is facilitated by an electron transfer process between the 

π* LUMO of the chromophore and the σ* LUMO of the sulfonium moiety, which results 

in bond cleavage and secondary chemistry that liberates a proton.  Covalent bonding of 

the electron deficient sulfonium salt to a bis(styryl)benzene backbone is found to reduced 

the π* LUMO of the chromophore to an electronically unfavorable position with respect 

to the σ* LUMO of the sulfonium moiety to lead to efficient bond cleavage thus 

photoacid generation.  Binding of the sulfonium to the terminus of diarylamino 

substituted stilbene and bis(styryl)benzene chromophores though results in a high 

chemical quantum yield for acid generation (ΦH
+ ≈ 50).  In addition to a high acid 

generation efficiency, the PAGs exhibit large two-photon cross sections that are at least 

an order of magnitude larger than cross sections of commercially available UV 

activatable PAGs.  When applied to the cationic polymerization of epoxides, the 

chromophores initiate polymerization at an incident intensity that is one to two orders of 

magnitude lower than required for conventional UV-activatable PAGs.  These molecules 

provide a means to realize high sensitivity 3DLM in cationic polymers, which is 

advantageous due the oxygen insensitivity and reduced shrinkage effects observed in 

cation polymerization.  Additionally, this work provides a strategy for the development of 

new chromophores with additional chemical functionality such as photobase generators. 
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  The radical photoinitiation characteristics for a series of D-π-D chromophores 

have been explored and applied to 3DLM.  The high spatial resolution afforded by TPA 

allows polymerization to be confined to an ellipsoidal volume referred to as a voxel.  The 

ability to fabricate high fidelity structures relies on an understanding of this basic 

building block in 3DLM.  The polymerization voxel has been characterized as a function 

of excitation intensity using a series of test structures.  The information garnered from 

these experiments has been utilized to fabricate structures with proper line spacing 

between voxels such that high-density polymer is formed.  Without proper voxel spacing, 

non-uniform shrinkage is observed between the translation axis and the other two axes.  

High-density polymer has also been formed using a space filling technique in which 

voxels are displaces one half unit between layers to fill in the voids created by parallel 

ellipsoidal voxels.  The space filling method has been demonstrated as a means to impart 

increased mechanical strength for fabricated structures by increasing the overall polymer 

density.  Similarly, high-density polymer can be realized using high excitation powers 

though this results in larger voxel sizes which can be prohibitive in the fabrication of high 

fidelity structures with small feature sizes.   

In an effort to reduce the time required to fabricate a structure by 3DLM, a laser 

scanning technique has been presented which utilizes the laser scanning ability of a 

confocal microscope to rapidly raster the excitation laser beam through a photosensitive 

resin.  Features can be fabricated over large areas at a substantially faster rate than by 

translating the sample through the laser beam focus using a piezoelectric stage as is 

predominantly utilized.  Currently the laser scanning technique is limited to the x-y plane.  



 329

Even in this reduced form, the technique provides a means to realize polymerized 

features over a large area rapidly, which when combined with other fabrication 

techniques could provide a means to realize functional devices. 

Utilizing a standard raster scan method, 3DLM has been used to fabricate a series 

of structures for application in microfluidics and MEMS.  Structures were fabricated 

utilizing two D-π-D chromophores that possess both large two photon cross sections and 

a high chemical efficiency for initiation of radical polymerization.  The initiators were 

combined with a multifunctional acrylate resin to fabricate a variety of complex 3-D 

structures by two-photon induced polymerization (TPIP).  Using TPIP, a series of 

microfluidic tubes/nozzles were fabricated with varying pitches and sizes.  Additionally a 

series of sinusoidal structures were fabricated and demonstrated the ability to fabricated 

small features sizes over large areas with high fidelity.  One application of these types of 

structures would be as a template for use in imprinting or moulding of polymer substrates 

for use in microfluidic chips with complex architectures or as microreactors.  In addition 

to microfluidic devices, TPIP allows for complex 3-D structures to be fabricated without 

the need for expensive and time consuming photomasking techniques nor clean room 

facilities.  These advantages make the technique ideal for application in 

microelectromechanical systems (MEMS).  To demonstrate this, a microchain structure 

was fabricated which would require a prohibitively complex fabrication strategy to 

fabricate utilizing standard lithographic techniques currently used in MEMS research.  

When developed, the chain links relaxed from their fabricated position thus 

demonstrating the ability to fabricate interlocking components with substantial undercut.  
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These structures illustrate that TPIP can be a highly versatile method to fabricated 

complex 3-D microstructures in a single step process for potential application in 

microfluidics and MEM devices. 

Strategies for realizing high fidelity photonic bandgap (PBG) crystals have also 

been reported.  PBG crystals fabricated using standard lithographic strategies are found to 

deform during development due to non-uniform shrinkage.  This effect reduces the line 

spacing and disrupts the 3-D periodicity of the overall structure thus rendering it unable 

to generate a bandgap.  Through the addition of a retaining wall written at high power, 

the effect of shrinkage has been substantially reduced.  Additional use of 

micromechanical supports has been demonstrated as a means to further improve the 

fidelity of PBG crystals fabricated using TPIP.  Advantageously, the retaining walls can 

provide for the containment of liquid precursors for chemistries used in backfilling the 

structures with high dielectric materials.  In addition to demonstrating fabrication 

strategies to improve the periodicity of PBG crystals, placement of line defects within 

f.c.c crystals has been demonstrated.  When integrated into a PBG crystal, line defects 

provide a high efficiency means to manipulate light and has implication for use in all 

optical computing.  Through use of micromechanical supports and introduction of line 

defects, TPIP has been demonstrated as a viable method to fabricate high fidelity 3-D 

PBG crystals. 
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APPENDIX A: PIPERAZINE RADICAL GENERATOR 

 

This appendix summarizes the characterization work that was conducted on a 

two-photon radical generator based on a D-π-D-TPS, where TPS represents a triphenyl 

sulfonium salt.  The sulfonium salt is bound to the chromophore through a piperazine 

moiety as seen in Figure A-1. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Chromophore 8, [4-(4-{4-[(E)-2-(4-{(E)-2-[4-(dibutylamino)phenyl]ethenyl}-2,5-

dimethoxyphenyl)ethenyl]phenyl}piperazine-1-yl)phenyl](diphenyl)sulfonium 

hexafluorophosphate, was synthesized by Wenhui Zhou in Professor Seth Marder’s 

group. 

 The spectroscopic parameters for 6 and 8 are summarized in Table A-1.  As in the 

PAGs presented in Chapter 3, it was hoped, that the excited state of a D-π-D 

chromophore would posses the driving force and pathway to effectively transfer an 

electron to a S-C bond localized on the pendent triphenyl sulfonium salt (TPS) resulting 

Figure A-1.  Molecular structure of radical generator 8.  Dye 6 was used as the 
unsubstituted chromophore for comparison. 
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in bond cleavage and formation of a phenyl radical.  The phenyl radical could then be 

utilized to initiate radical polymerization. 

 

 

 

 

 

 

 

From the linear absorption spectra for 8 and 6 in Figure A-2, it can be seen that 

the piperazine linker effectively shields the core chromophore from the electron deficient 

triaryl sulfonium moeity as indicated by the small blue shift (7 nm). 

 

 

 

 

 

 

 

 

 

 

Table A-1.  Experimentally measure values of the one-photon ( )1(
maxλ ), fluorescence (λFl),

and two-photon absorption ( )2(
maxλ ) peak positions, extinction coefficient (εmax), quantum 

yields for fluorescence (ΦFl), and two-photon cross section (δ), for dyes 8 and 6 in 
acetonitrile.  ^ Measured using a two-photon-induced fluorescence method5; * 1GM = 
1×10-50 cm4 s photon-1, The experimental uncertainty of δ is on the order of 15%. 

Dye )1(
maxλ  

(nm) 
εmax 

(M-1cm-1)
λFl 

(nm) ΦFl
♦ 

)2(
maxλ ^ 

(nm) 
δ* 

(GM) 

8 422 76,000 536 0.62 ± 0.02 705 730 
6 429 74,000 516 0.72 ± 0.01 715 740 

Figure A-2.  One-photon absorption spectra for 8 () and 6 (---) plotted as a function of
the wavelength dependent extinction coefficients.  
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An additional high energy transition appears in the linear absorption spectrum of 8 and 

can be attributed to amine-phenyl transitions between the piperazine and triphenyl 

sulfonium group.     

The two-photon absorption maximum of 8 is found to be blue shifted (10 nm) 

compared to 6.  The cross section for 6 and 8 are comparable at ~735 GM. 

 

 

 

 

 

 

 

 

 

 

The following figures summarize the polymerization experiments that were 

conducted to compare the polymerization threshold power of 8 versus 6 in a range of 

monomers and co-monomers.  The addition of the TPS moeity is found to have little to 

no affect on the polymerization threshold power.  The polymerization mechanism of 8 

can be inferred to occur predominately through a direct electron transfer mechanism with 

the monomer similarly to 6.  The key indicator of this mechanism is the minimal 

Figure A-3.  Two-photon absorption spectra for 8 ( ) and 6 ( ) in acetonitrile.  The lines
are provided as a guide to the eye. 
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reduction in the fluorescence quantum yield of 8 compared to 6.  These results indicate 

that dye 8 does not provide an advantage for initiating radical polymerization. 

 

 

    

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure A-4.  Polymerization threshold powers (mW) of 8 (□) and 6 (○) as a function of
concentration in a 1:1 comonomer of SR454/ MMA.  Samples were excited at 730 nm. 
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Figure A-5.  Polymerization threshold powers (mW) of 8 (□) and 6 (○) as a function of
concentration in neat SR454.  Samples were excited at 730 nm. 
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SbF6
-

S

TPS

O

NN

UV5

Figure A-6.  Chemical structure of commercially available initiators used for comparison
of the polymerization efficiency of dyes 8 and 6.  TPS = triphenylsulfonium 
hexafluoroantimonate and UV5 = 4,4’-bis(dimethylamino)benzophenone. 

Initiator 710 nm 

8 0.46 
6 0.36 

6 + TPS 0.44 
UV5 1.80 
TPS >10*

Table A-2.  Polymerization thresholds (mW) of 12 mM solutions of 8, 6, TPS, 6 + TPS, 
and UV5 in neat SR454.  Samples were excited at 730 nm.  *Denotes that polymerization 
was not observed before the damage threshold was reached. 

Initiator 710 nm 

8 0.58 
6 0.58 

UV5 2.93 

Table A-3.  Polymerization thresholds (mW) of 12 mM solutions of 8, 6, and UV5 in 
neat SR9008.  Samples were excited at 730 nm.  *Denotes that polymerization was not 
observed before the damage threshold was reached. 
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