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CHAPTER 1

Introduction and Outline

In this thesis new and miniaturized bioanalytical tools for the life sciences are pre-
sented. Two interrelated paths are described in this introduction: on one hand
how metabolomics can have an important impact in drug development and treat-
ment, and why this requires the analysis of sample volumes as small as those
from single cells. To analyze these minute sample volumes, new separation and
detection methods are reported in this thesis: isotachophoresis in nanochannels,
depletion zone isotachophoresis, and a surface enhanced Raman spectroscopy
sensor. On the other hand, working with nanochannels, has led to the discovery
of new unexpected fundamental phenomena, also reported in this thesis for the
first time: in nanochannels acidification of buffer solutions up to 1 mol/L occurs,
and extreme pressures > 1000 bar can be induced. This introduction provides
the rationale, concepts and terms as well as (theoretical) background for this re-
search.

Section 1.1 introduces the potentially large impact of the systems biology ap-
proach, and metabolomics in particular, on drug research and treatment. In sec-
tion 1.2, a gap is identified between the requirements of metabolomics and cur-
rent separation and detection methods, to analyze samples as small as an aliquot
of a single cell. Miniaturization of equipment platforms including Lab-on-a-Chip,
are also discussed. A potential solution to bridge this gap is discussed in section
1.3, namely the use of nanochannels for further downscaling. Special properties
and challenges in the use of nanochannels are described. Section 1.4 describes
electrophoretic separations, which are compatible with minute volume analysis,
particularly isotachophoresis. The principles of the new technique of depletion
zone isotachophoresis are also described. Section 1.5 explains the optical detec-
tion technique of surface enhanced Raman spectroscopy, a technique compatible

1



2 Chapter 1: Introduction and Outline

with the minute volumes and low abundance at which analytes of interest occur in
minute samples. The goal and outline of the thesis are described in section 1.6.

1.1 Systems Biology, a new approach in drug
research and treatments

In conventional drug research the target for an intervention was often reduced to
a single receptor or pathway, which was then modulated with a drug. Although
successful for various diseases in the past, this reductionist approach has not
proven sufficient to tackle more complex diseases such as cancer1, multiple scle-
rosis2, migraine3 and rheumatoid arthritis4 and osteoarthritis5. The complexity
of these diseases is attributed to the involvement of many pathways and multi-
ple potential targets. This is reflected in not fully understood efficacy variations
and various side-effects when studying a group or population of patients when
using one single pharmacologically active compound. In drug development, this
increases the risk of failing the demanded validation studies in a late stage, as
even for an active compound which initially may look promising the efficacy in a
wider population is much harder to predict. This higher risk of drugs that will not
reach the market and return their investment, directly results in increasing drug
development costs. In turn, this makes it less attractive to develop new drugs,
so that in the end fewer new drugs reach the market6. A new approach to drug
research is therefore critically needed.

In answer to this need, the vision of systems biology has recently gained mo-
mentum6. In contrast to the reductionist approach mentioned in the previous
paragraph, the philosophy of systems biology suggests a holistic approach: if the
relevant multiple biological processes and their interplay involved are mapped, the
disease mechanism can be better understood. In a drug development approach,
when starting from a systems perspective, better efficacy and toxicity predictions
are expected, resulting in an increase in drug development research efficiency,
and corresponding decrease in costs; this approach was recently termed sys-
tems pharmacology7,8.

Another important contribution to what makes a treatment intrinsically complex
are differences between individual patients, in genotype and from environmental
changes during development. As a consequence there is a variation in efficacy
between individuals, affecting not only the development of new treatments, but
the application of many existing pharmaceutical treatments as well. A drug might
not be effective for certain patients while in yet others it may require a differ-
ent dosage, be ineffective, or induce unexpected side effects that may even be
severely harmful. The treatment of rheumatoid arthritis in the Netherlands is an
example of this current approach where the same regime is applied to all patients:
first the common drug methotrexate is applied. When not effective in disease
modification, the dosage is increased and other drugs (sulfasalazine, leflunomide
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or hydroxychloroquine) are tried. When still not effective a combination of several
drugs is tried (abatacept, rituximab or tocilizumab), before finally drugs of a new
generation called biologicals (one of the TNF-alpha blockers) are applied9. This
trial and error process can take many months, with potentially no improvement in
patient condition or unnecessary worsening of the disease and additional patient
suffering. This again demonstrates the need for a more direct, evidence-based
way for selecting the proper pharmaceutical interventions, to maximize efficacy
and minimize side effects, in the clinical practice for the individual4.

A more direct evidence-based approach can be provided by the systems-
biology approach, not only providing indicators for the disease state that can be
monitored during treatment of the individual, but also those that provide an early
warning before the actual onset of the disease. This accelerates the process of
treatment optimization, to the benefit of the patient. First results have for example
identified indicators that predict efficacy of rheumatoid arthritis medication4 in in-
dividuals. This case illustrates how the benefits of the systems biology approach
need not be limited to the development of new drugs, but can also contribute to
the prediction of the efficacy of many existing pharmaceutical treatments. The
concept of tailoring a treatment to the individual patient is called personalized
medicine10.

days 

Seconds  sub-seconds 

years milliseconds 
lifetime 

mRNA Proteins Metabolites Phenotype Genotype 

Figure 1.1 Schematic view of systems biology components. This very simplified model shows how
genetic information within the DNA is transcribed into messenger RNA (mRNA), which is translated
into peptides and proteins, which in turn work among others as catalysts in catabolic and anabolic
pathways. The set of all metabolites therefore is an important contributor to the phenotype. In practice
this system is much more complex as transcription from the genome is in turn regulated by metabo-
lites, peptides, proteins and mRNA and vice versa. Whereas the genome, in combination with the
environment during development, contributes to the phenotype on a lifetime scale metabolites reflect
the actual phenotype on time scales from days to sub-second 11.

Figure 1.1 shows a schematic of the major molecular levels of a biological
system and their intricate relations. It shows the intermediate steps between the
genotype or genome, the collection of genes of the organism, towards the pheno-
type. An organism’s phenotype is the complex of its observable characteristics,
from shape down to sub-second variations in chemical composition. This includes
the aspects of health and disease. The interplay between genes, transcripts, pro-
teins and metabolites contributes to this phenotype, providing an indication why
diseases can be very complex. The relationships presented in Figure 1.1 illus-



4 Chapter 1: Introduction and Outline

trate the challenges involved in making the systems biology vision for drug devel-
opment and personalized health a reality as it requires understanding of many of
its mechanisms.

Several parts of the biological system have been extensively studied in previ-
ous decades. Enormous progress has been made in the field of genetics, with
the human genome now being available. Genes determine lifelong effects such
as eye color and are strongly related to the propensity to develop some diseases,
including cancer and hereditary diseases. For proteins enormous progress has
been made in the understandings of their workings. The understanding of the
complex interplay between genes and their transcripts however, remains incom-
plete. At the other end, an organism’s biochemical state on day and shorter time
scales, is predominantly reflected in its metabolic state (see Figure 1.1). The
entire composition of all metabolites, which includes all small molecules which
are intermediates and products of metabolism, is called the metabolome. The
metabolome includes communication and regulation compounds such as hor-
mones, neurotransmitters and central energy/carbon metabolites such as ade-
nine triphosphate (ATP). Studying the metabolome as a whole is a relatively
new field, whereby the comprehensive quantitative and qualitative analysis of the
metabolome is called metabolomics11,12.

Metabolomics is attractive for the evaluation of disease states for two reasons.
Firstly, the metabolome reflects the organism’s homeostasis, the property of a
system to maintain a stable condition and to withstand challenges and perturba-
tion. The metabolome represents an important part of the organism’s phenotype
as a whole including down to the cellular level, and on a time scale including days
down to sub-seconds. This makes the metabolome an attractive indicator for
monitoring the influence of medical treatment in personalized health. Secondly,
as indicated in Figure 1.1, the metabolome is not only closest to the phenotype,
but transcription and protein synthesis are also partly controlled through metabo-
lites. In conclusion, the metabolome is in a unique position to provide an indicator
for an individual’s health state. Making metabolomics available as a tool for diag-
nosis of diseases and the prediction of treatment outcome, and thus also enabling
personalized health strategies, is the main goal of the research at the Division of
Analytical Biosciences (Leiden, The Netherlands) and the Netherlands Metabolo-
mics Centre (NMC). Of course, on the longer term, integration of all available data
at different “-omics” levels can only further improve the diagnosis and prediction
of the disease outcome.
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1.2 Equipment in metabolomics and the impact of
miniaturization

1.2.1 Technological challenges in metabolomics measurement
equipment

This subsection describes some of the technological challenges in metabolomics
research in general, but with the emphasis on minute volume analysis. Discussed
is why the field of metabolomics, despite its vast potential, is less far developed
than genomics (genome analysis) and peptidomics (protein analysis).

First of all, due to the huge variety in physicochemical properties of metabo-
lites, a full metabolome analysis with a single method or technique is currently
not feasible. Today, a full metabolome analysis uses several platforms and takes
up to 1-3 hours per sample. Profiling of only the major metabolites in samples
where enough volume is available with NMR is faster, and takes only up to 10
minutes per sample. This stands in contrast with genomics, where the target,
DNA, is physicochemically relatively homogeneous and can be measured and
quantified by e.g. gel electrophoresis. In metabolomics, multiple methods, differ-
ing in sample pretreatment, separation and detection are needed. Arguably the
result of metabolomics in health and disease may identify clusters of compounds
which represent a single biomarker, so that not the entire metabolome needs to
be analyzed.

Secondly, in metabolomics there is a large variation in relative abundance of
metabolites, and in addition these are found in different compartments and matri-
ces12. Metabolomics requires comprehensive analysis of metabolites in different
matrices in the organism, from the whole body (e.g. blood), down to organs, tis-
sues and ultimately individual cells. In drug research, an important example of
the relevance of metabolomics on the smaller compartments tissues and single
cells), is cancer, a disease which may include (highly) differentiated cells. This
makes treatment difficult or a cure impossible, unless understanding of processes
on the cellular level is included. The variation in matrices presents a huge ana-
lytical challenge. An indication of the sample sizes involved on the various levels
from organism to sub-cellular level is illustrated in Figure 1.2. In comparison,
in DNA analysis the challenge of low amounts has been eliminated by the poly-
merase chain reaction (PCR), now widely available, which can amplify DNA from
even a single cell or one fragment, to detectable amounts. This has contributed
to the fact that the entire human genome is now known. At present next genera-
tion sequencing has even become available, lowering the time and costs for the
analysis of a whole genome significantly further.

Thirdly, to make optimal use of metabolomics, monitoring or time-resolved
analysis of the (fast) metabolic processes is highly desirable. If one wants to
take longitudinal samples of the same system, the amount of sample and the
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way in which it is obtained should not be of significant influence to the system.
This would not be possible in single-cell genomics where it would simple mean
removal of the cell’s DNA, killing it.

Fourthly, the amount of information itself and the requirements on analysis and
elucidation of the correlations places a high demand on data-analysis in terms
of new techniques and computational power. These challenges fall beyond the
scope of this thesis.

Note that the first three challenges mutually reinforce the requirements for
low sample volume and corresponding small amount of analyte: particularly cells
and tissues have a minute volume to begin with, the minimal disturbance needed
for a longitudinal analysis constrains the volume that can be sampled and the
need for multiple methods can necessitate splitting of this volume. Arguably, in
a significant portion of future metabolomics applications, in drug development
and personalized medicine, is not expected that a full metabolome analysis of
single cells is required. For example, a blood sample may suffice, or a set of
biomarkers as a group forms an adequate biomarker, and the technical challenge
is correspondingly less. Regardless of the potentially large impact of single-cell
metabolomics in the future, it is presently in its infancy with first results of whole
cells being published in recent years13–15 but developing very rapidly as reviewed
elsewhere16. In conclusion, to establish the potential of longitudinal single cell
metabolomics requires integrated analysis methods that can work with minute
amounts of analyte.

Body fluids Organ biopsies  Single-cells  Sub-cellular  

ml            µL nL      pL fL 

Figure 1.2 Overview of the sample volumes involved in bioanalysis of the various organism com-
partments. The sample volumes are indicative of the amount that can be extracted without disturbing
homeostasis.
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1.2.2 Current equipment in metabolomics, separation
and detection

Standard analysis methods in metabolomics currently comprise sample prepara-
tion, usually followed by separation, and detection/identification of the metabolites
of interest, or of all metabolites detectable with a certain method. Usually, me-
thods require 10,000 or more cells, or a few microliters of sample. However, some
methods can detect metabolites in principle also in smaller samples, as is shown
in Figure 1.4. Current methods for metabolomics are discussed below, particu-
larly their compatibility with minute volume analysis and low absolute amounts of
analyte, as needed for analysis down to single cells.

Conventional liquid chromatography (LC) is one of the most commonly used
separation techniques in metabolomics, as it is applicable to a wide range of com-
pounds and volumes (although volumes greater than of few tens of microliters are
predominantly used in preparative and/or purification applications). The separa-
tion mechanism is based on the difference in distribution per analyte, between
a stationary phase and a mobile phase17. Standardization and a high level of
automation of this method is available, making the method relatively easy to im-
plement. The extensive range of LC equipment commercially available includes
LC columns, automated systems and standard interfacing with detection instru-
ments and analysis software. Miniaturization of particle sizes in chromatography
enables improved resolving power. In order to apply the same linear flow rate as
for larger particles17 however, higher pressures are required, posing a challenge
for interfacing and necessitating more powerful pumps. The limits for downsizing
of particle sizes are currently about 1 µm. Sample sizes on the order of tens of
nanoliters can be analyzed with sufficient sensitivity by miniaturizing also the col-
umn inner diameter as demonstrated by nano-LC (Figure 1.3) which uses minute
columns and commonly uses small particle sizes17,18. Open tubular LC in nano-
channels may provide higher separation power19–21, but experimental challenges
limit this technique at the moment to a few specialized research labs.

Electrophoretic separation techniques are compatible with a wide range of
sample volumes, and are predominantly utilized in the capillary format17. Their
separation mechanisms are based on the difference in migration speed of ions in
a matrix, e.g. a solvent or gel, under influence of an electric field. Since many me-
tabolites are charged, electrophoretic separation can be applied to a wide range
of compounds. Electrophoretic techniques, such as capillary zone electrophore-
sis (See Section 1.4), also provide significantly higher resolving power compared
to most chromatography based techniques17. This is due to the absence of sev-
eral factors that contribute to peak broadening in most LC approaches: 1) Capil-
lary zone electrophoresis (CZE) takes place in an open capillary, whereas in con-
ventional LC the liquid travels in many parallel paths which differ in velocity past
the particles. 2) Bulk flow in LC is provided by pressure which has a parabolic
flow profile, which contributes to peak broadening, whereas electro-osmotic flow
in electrophoretic techniques has a flat flow profile. The downscaling of pressure-
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driven methods is challenging due the correspondingly higher pressures needed.
This requires pumps that can supply the higher pressures precisely and robustly,
and imposes higher demands on pressure resistance of connections and injection
methods. Although commercially available, these systems are not standard and
more expensive. Contrary to LC, implementation of miniaturized CE separations
only requires a smaller cross-section while most other experimental conditions
and equipment can remain the same. However, the consequences for detec-
tion (Figure 1.4) are not straightforward due to the decreasing analyte amounts
and are considered separately in section 1.2.3. Furthermore, miniaturization has
been shown to improve electrophoretic techniques, predominantly because it al-
lows the use of higher field strengths. Downscaling causes a reduction in heat
generation, where heat can cause bubble formation in the liquid and gradients
of physicochemical properties in a capillary resulting in band broadening. Higher
field strengths also enable faster separations with improved efficiency, as the dis-
persive effects from diffusion become smaller17. Electrophoretic techniques are
therefore more suited for metabolomics of ultrasmall samples than LC as they
provide the small volume compatibility and resolving power required.

Despite the advantages of electrophoretic techniques over LC, CZE as the
most applied electrophoretic technique remains far less popular than LC due to
several disadvantages, of which the following two are considered the most rel-
evant: 1) in CZE, by nature of the separation mechanism, each analyte zone
arrives at the detector at a different speed, affecting the observed length of the
zone. The migration velocity is very sensitive to changes in temperature (≈ 1-2%
per degree Celsius22), making quantitative analysis and identificationa more chal-
lenging compared to LC, where the flow speed can be set constant. 2) CZE is per-
formed in capillaries and small channels to prevent excessive heating. Although
the compatibility with small volumes can be considered an advantage of CZE, this
also proportionally reduces the loadability, when not hyphenated with preconcen-
tration techniques, considered a drawback as it challenges detection for dilute
analytes. Fortunately, the powerful electrophoretic technique of isotachophoresis
suffers neither of these disadvantages, as detailed in section 1.4.2.

Figure 1.4 shows the most common detection techniques used for metabolo-
mic analysis and an indication of their compatibility with smaller peak volumes,
which are obtained when downscaling analytical methods. NMR is often used for
profiling of the most abundant metabolites without prior separation, and for iden-
tification of (often isolated) compounds12; it is currently not suited as a fast online
or inline detector for the profiling of low-concentration metabolites in a wider set of
samples due to among others a lack of a sufficiently robust in-line interface. Mass
spectrometry (MS) is the most generic detection technique, as MS can selectively
detect a wide range of metabolites with good sensitivity. Furthermore, high reso-
lution MS supports identification of the detected metabolites via determination of
the elemental composition, if the mass resolution of a compound is high enough;

aConventionally, e.g. in CE-UV, peak area is used in quantification and as slower zones are seen
as broader peaks, experimental variations in speed likewise affect quantification accuracy 22.
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Scalability of metabolomic separation 

Techniques 

10-12 L 10-9 L 10-15 L 10-3 L 10-6 L 

Conventional Liquid  

Chromatography (LC) 

Gas Chromatography 

Nano-LC Open Tubular LC 

Electrophoretic Techniques 

Figure 1.3 Typical separation techniques in metabolomics and the sample volume range in which
they can be operated under optimal conditions. On the abscissa an estimate of the possible sample
volume is given at which a method can be used with good performance whereas the height provides
a tentative indication of how extensively the technique is presently used.

identification is further supported by controlled fragmentation of compounds and
determining the elemental composition of these fragments. MS can be used as
in-line detector with GC, LC, nano-LC and many electrophoretic techniques in-
cluding capillary zone electrophoresis (CZE)12. Not surprisingly therefore, mass
spectrometry is the most used detection technique in metabolomics. Conductom-
etry, measuring the local conductance of the eluate, is non-specific and provides
relatively poor detection limits. Amperometric detection is very sensitive but only
for a select few electroactive metabolites such as dopamine23. Fluorescence de-
tection is very specific and highly sensitive, most metabolites however requires la-
beling however, and when combined with laser illumination, detection limits down
to single molecule can be provided for a selected few compounds24.

1.2.3 Miniaturization of analysis methods & instruments: ad-
vantages and challenges for metabolomics

Halfway the 1970’s, technology from the semiconductor industry made it pos-
sible to machine channels with dimensions on the order of micrometers. This
enabled the downscaling of analysis platforms, with one of the first examples
being a gas chromatograph scaled down to a single chip, composed of minute
channels in 197925. It was recognized that integrated fluidic microchannel struc-
tures, so-called microfluidic chips, enabled a hitherto unprecedented control of
minute volumes of liquids26,27 Microfluidics has since developed into a still ex-
panding interdisciplinary research field characterized by the use of fluidic chan-
nels with dimensions on the order of micrometers. The growth of this research
field was stimulated because the significant benefits towards bio-analysis were
recognized early on. Obviously the intrinsic small size of the platform allows the
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Scalability of metabolomic detection 

Techniques 

SM 

Nuclear Magnetic 

Resonance (NMR) 

Mass Spectrometry (MS) 

Conductometry 
Amperometry 

Laser Induced Fluorescence (LIF) 

10-12 L 10-9 L 10-15 L 10-3 L 10-6 L 

Figure 1.4 Detection methods in metabolomics and the optimal peak volume at the detector, i.e. the
volume in which a peak introduced into the detector can be well measured. It should be noted that the
peak volume is not the same as the sample volume, but can be smaller or larger. On the abscissa an
estimate of volume compatibility is given down to the single molecule (SM) level, whereas the height
provides a tentative indication of the applicability or current use of the technique for metabolomics.

manipulation of liquid volumes on the order of several microliters down to nano-
liters, greatly reducing reagent use and sample sizes correspondingly. Even more
important, networks of these channels in a so-called microfluidic chip allow the
integration, automation and standardization of complex methods in a single flu-
idic chip. This so called Lab-on-a-chip concept can in principle improve speed,
robustness and operator-friendliness of analytical methods. Using advanced mi-
crofabrication techniques, very complex devices can be made allowing a high de-
gree of fluidic control28,29. Lastly, in combination with an in-line detection method
a complete miniaturized analysis platform can be realized, a so-called micro total
analysis system (µTAS).

In general, miniaturization poses a challenge to the sensitivity of most detec-
tion techniques. A detection method is needed that is suitable for low amounts of
molecules, and applicable in-line with micro- or even nanochannels. For the larger
microfluidic systems, MS interfacing meets most detection needs12, although it
has to be mentioned that mass spectrometry as yet has not been miniaturized
successfully to the footprint of the above mentioned liquid-manipulation and sep-
aration modules. Conductometric detection is also often encountered in microflu-
idics, as the required electrodes can be built into the chip, thereby fully integrating
the detection30. Laser-induced fluorescence (LIF) detection has so far been the
method of choice for most microfluidic and nanofluidic systems because of its ex-
cellent detection limits24, and its ease of use as an in-line detector in combination
with transparent chips (e.g. glass). Unfortunately most metabolites require flu-
orescent labels, necessitating the integration of a successful labeling step. Also
only a limited amount of different labels can be used, making LIF less suited for
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metabolomics profiling. Surface enhanced Raman spectroscopy (SERS) is an
optical detection technique that provides specificity for unlabeled (bio)molecules
in the form of vibrational signature spectra, and for a few compounds single mole-
cule detection limits have been reached31 (see section 1.5). These advantages
over other detection techniques such as LIF make SERS attractive as a detection
technique for miniaturized analysis in e.g. metabolomics. Unfortunately, SERS
is currently not compatible with in-line detection, due to irreversible binding of
analytes to the SERS surfaces, a challenge addressed in Chapter 5.

Microfluidic separations have been applied to DNA fragments, proteins and
metabolites32–36. Notable commercially available bio-analytical platforms based
on microfluidic chip devices include the Agilent® 2100 Bioanalyzer for the anal-
ysis of DNA, RNA and proteins. The company Fluidigm® provides a chip plat-
form for single cell gene expression, targeted DNA sequencing, DNA polymerase
chain reaction (PCR) and for protein crystallization29. On the field of personalized
health a lab-on-a-chip platform was developed by Medimate®, which enables the
measurement of the pharmaceutical agent lithium in a drop of blood, in a few
minutes, by patients themselves30.

In section 1.2.1 the technological challenges for different types of metabo-
lomics analyses were identified: the needs were stipulated for smaller volume
analysis, integration of multiple methods, increased speed and/or cost reduction.
In principle, miniaturization holds the promise to address all these aspects. Mi-
crofluidics provides minute sample compatibility, ease of use, automation and
standardization. Particularly electrophoretic techniques were identified to be well
suited for miniaturization, and in addition, downscaling may even improve the re-
solving power of electrophoretic techniques.

1.3 Nanofluidics

1.3.1 Nanochannels in separation science

The final frontier of miniaturization is the use of channels with at least one di-
mension smaller than a micron, so-called sub-micron channels or nanochannels.
Nanochannels may ultimately approach the dimension of a water molecule (3
Ångström), and are studied in the field of nanofluidics37–42. Nanochannels have
been made possible by means of technology translated from the semiconductor
industry43, with an example given in Figure 1.5. Integration into a fluidic chip
yields a promising analysis platform, capable of liquid manipulation on the picol-
iter to femtoliter scale. This provides a means to handle and manipulate minute
biosamples as required for single-cell and sub-cellular analysis (Figure 1.2). So
far, liquid chromatography44,45 and zone electrophoresis46,47 have been success-
fully demonstrated and studied in a nanofluidic environment. The advantages of
downscaling electrophoretic separations in microchannels also apply to nano-
channels42 as detailed in section 1.4.3.
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Figure 1.5 Scanning electron microscopy image of a cross-section of a nanochannel. The channel
is 40 µm wide and 50 nm in depth 43.

Nanochannels however, are not just smaller channels. Due to their high
surface-to-volume ratio, surface effects are more pronounced or even dominant
compared to the liquid37–41, with the most relevant phenomenon being related to
the electrochemical double layer (EDL)48. This EDL is theoretically detailed in
Chapter 2 of this thesis. The influence of surface effects on electrophoretic sepa-
rations is discussed in the introduction of Chapter 3. The increased relevance
of these surface effects differentiates nanofluidics from microfluidics, creating
unique challenges and opportunities, making chemical analysis in nanochannels
an exciting and fruitful field of research.

1.3.2 Nanofluidic concentration polarization

The concentration polarization effect, is a good example of a unique opportunity
offered by the use of nanofluidics in Lab-on-a-Chip devices. It forms the basis
of the novel separation technique depletion-zone isotachophoresis, described in
chapter 4 of this thesis. Concentration polarization is known from the field of
membrane physical chemistry and nanochannels function as a single membrane
pore to cause concentration polarization. Since its first demonstration at a micro-
nanochannel interface by Pu et al49, concentration polarization has been studied
by several groups39,50,51. In Figure 1.6 the principle is schematically shown. In
a nanochannel the countercharge from the walls in the double layer provides a
significant contribution to the total amount of ions in the solution, shifting the ra-
tio between co- and counter-ions. Under an applied electric field the asymmetric
conduction by positive and negative ions induces the effect of concentration pola-
rization. The charge asymmetry in the nanochannel as a function of ionic strength
and pH, and hence the amount of ions depleted per unit current at its interfaces
with a microchannel, is described by a model in Chapter 2.
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Figure 1.6 Principle of concentration polarization. Depicted is a nanochannel that connects two
microchannels. The surface charge is in this system is negative. A) The system is filled with a
solution of a monovalent salt. In the narrower nanochannel the counter ions of the surface charge
significantly contribute to the total amount of ions in the solution, yielding a positive to negative ion
concentration ratio of 3:1 in the solution. In the microchannel the contribution of the surface charge
contribution is negligible and the ratio is 1:1. B) Under application of an electric field a current of 4
elementary charges per unit time is carried by negative and positive ions equally in the microchannel.
In the nanochannel the asymmetric distribution of ions results in a correspondingly asymmetric charge
transport. Summation of the ions transported in region I yields a net result of 1 salt ion pair being
depleted per time unit. In zone II the net result is the enrichment by one salt ion pair per time unit.
Over time the net effect of this charge asymmetry in the nanochannel leads to expanding depletion
and enrichment zones

1.4 Electrophoretic separation techniques

1.4.1 Principles of electrophoretic techniques

Electrophoretic separation is based on the migration of ions in liquids effectuated
by an applied electric field, a principle established by Friedrich Kohlrausch in
189752. Each ionic species i has a different velocity, vi, in an electric field, E,
according to its electrophoretic mobility µi:

vi = qE/6ηπR = µiE (1.1)

with q the charge of the ion and R its effective hydrodynamic radius in a liquid
of viscosity η. The most straightforward separation technique that exploits the
difference in µi of each ion is zone electrophoresis (ZE)17. In capillary-ZE (CZE),
a sample is injected at the inlet of a capillary, commonly by pressure; next, under
influence of a subsequently applied electric field each ionic species migrates at
a velocity according to its mobility. Detection of the separated ions can be per-
formed with optical methods along the capillary or at the capillary end with for
example mass spectrometry or electrochemical detection17.

Electrophoretic techniques are particularly suited to miniaturization32–35 as
they benefit amongst others from improved heat dispersion as already described
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above. Electrophoretic separation techniques that have been successfully ap-
plied in microchannels include zone electrophoresis, iso-electric focusing and iso-
tachophoresis (ITP)32–35. With the advent of nanochannel fabrication technolo-
gies43 the nanofluidic domain is receiving increasing attention. So far, zone elec-
trophoresis46,47 and isoelectric focusing have been successfully demonstrated in
a nanofluidic environment46,47. Despite the benefits the use of nanochannels is
less popular than the use of microchannels, although the advancement of fabri-
cation techniques has mostly closed the gap with microchannels. Arguably this is
due in part to detection limits becoming a limiting issue, while also for many ap-
plications downscaling further than microfluidics is not necessary. An expansion
towards nanofluidic technology in future applications is expected for the analy-
sis of metabolites or other biomolecules in individual cells or even smaller, in
organelles.

1.4.2 Isotachophoresis

Isotachophoresis is an electrophoretic separation technique that also provides
the advantage of focusing53–56. Isotachophoresis is effectuated by placing the
sample (consisting of diluted analyte ions) next to a zone of fast ions of high
concentration (the leading electrolyte, LE) and applying a voltage difference. As
a consequence the sample ions undergo isotachophoretic focusing and separa-
tion as detailed in Figure 1.7. After some time an equilibrium is achieved when
all ions move at the same velocity (Figure 1.7B), hence the name iso-(same)-
tacho-(speed)-phoresis (migration). At equilibrium the analytes will have reached
a concentration Ci, the so-called plateau concentration, related by a factor k to
the LE concentration, CLE :

Ci = kCLE (1.2)

The factor k depends among others on the mobility of the analyte and the co-
and counterion mobilities in the leading electrolyte.

Isotachophoresis concentrates a sample zone containing a mixture of analy-
tes at low concentration into a sequence of concentrated zones of these ions.
In conventional ITP, a second electrolyte is added behind the sample, chosen to
have ions with a lower mobility than those in the sample, a so-called trailing elec-
trolyte (TE), as detailed in Figure 1.8. The LE is chosen to have a concentration
as high. and the trailing as low as practical, for instance as reported by Jung et
al57. These authors used 1 mol/L NaCl as LE and 5 mmol/L HEPES, pH 5.3 as
TE, demonstrating a concentration increase by a factor of 2 million. The added
benefit of a high concentration LE, besides causing a very high final plateau con-
centration for analytes, is that the voltage will drop predominantly over the sample
and trailing zone, and the correspondingly high local field will maximize the focus-
ing speed.

When available in sufficient amounts, a maximum concentration is reached
and analytes are separated in neighboring zones, in so-called plateau mode ITP.
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Figure 1.7 Principle of isotachophoresis. A) Sample ions (triangles), are positioned next to a high
concentration of co-ions (ions with the same charge sign) of the leading electrolyte (LE), selected for
having a higher electrophoretic mobility (counter-ion contributions are neglected). The electric fields in
each zone induces migration velocities (Eq 1.1) as schematically depicted by the arrows. The sample
ions move faster in the sample zone than the leading ions in the leading zone, as the concentration
of leading ions is higher, and therefore the local conductivity higher and the field strength lower.
Consequentially the sample ions increase in concentration at the interface which sharpens. B) In
equilibrium (after migrating further along the channel) the ion velocities have normalized, with the
sample ions having reached their plateau concentration, and a corresponding electric field is reached
(Eq 1.2).

The plateau concentration depends amongst others on the concentration of the
leading electrolyte (LE), (see Eq 1.2) and the mobility of the analyte53–56. In
conventional separations the resolution between analytes is expressed as the
distance between the, assumed Gaussian distributed, peaks relative to a mea-
sure of their width. In ITP however zones always partially overlap, in the form of a
diffused zone, and the ability to distinguish trace analytes in their individual zones
depends on the length of a zone, relative to their interfaces. Therefore, resolving
power in ITP can be expressed in terms of the length of the plateau zone nor-
malized by the characteristic length of diffused zone58–60. Since the length of a
plateau zone is proportional to the absolute amount of trace analyte, the sepa-
ration efficiency of ITP in equilibrium is also proportional to the absolute amount
of analyte. Note that this makes the resolving power in ITP independent of the
initial analyte zone width or the sample volume, as opposed to for instance zone
electrophoresis.

If not enough absolute amount of analyte is present, the plateau concentration
is not reached, and analytes focus as peaks (so-called peak mode ITP) which may
partially or even completely overlap with neighboring peaks or zones58.

1.4.3 Benefits of the miniaturization of isotachophoresis

ITP particularly benefits from miniaturization, as the length of the ITP plateau
zones, which are a measure of resolving power, increase proportionally with de-
creasing channel cross-section, if the amount of analyte is kept constant, as de-
scribed extensively by Bagha et al60. This inherent downscaling benefit originates
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Figure 1.8 ITP focusing over time for two analytes. Assumed is a minimal EOF (not shown), so that
displacement (towards the right) is due to net migration. Assuming ground at the origin, this figure is
equally applicable to describing ITP for positive analytes and a negative potential at x or the reverse.
The E field is inversely proportional to the concentration (not shown here, but for reference see Figure
1.7). A) Initial state. The sample analytes, assumed dissolved in trailing electrolyte, are interposed
between leading electrolyte (LE) and trailing electrolyte (TE) B) After application of an electric field
along the axis of the separation channel, focusing is ongoing. Part of the sample ions S1 and S2, have
reached their plateau concentration (Eq 1.2), but full separation is not complete. C) ITP in equilibrium,
with the analytes fully focused and resolved.

from the fact that ITP is a concentration-driven focusing technique that focuses
up to a plateau (Eq 1.2); in smaller cross-sections therefore a smaller amount of
analyte is needed for the same concentration per length. Or phrased differently:
the same amount of analyte forms a longer zone illustrated in Figure 1.9 . Optimal
use of this advantage is made in case of low abundant analytes and if the detector
is concentration sensitive. In case of detectors sensitive to the absolute amount
per cross-section, better detection limits are achieved with larger cross-sections
(e.g. a longer path length in optical detection), but the poorer separation requires
that the detector is capable of distinguishing simultaneously arriving compounds.

An important proof-of-principle of ITP downscaling has been given by Walker
et al.61, who were the first to demonstrate ITP in a microfluidic device. Many
applications of ITP in the microfluidic chip-platform have been reported since,
as extensively reviewed elsewhere33,62–64. Jung et al. reported concentration
factors of up to a million times, achievable due to downscaling to microfluidic
dimensions57. Isotachophoresis in nanochannels is assessed for the first time in
Chapter 3 of this thesis, for the purpose of ultra-small sample analysis such as
that from a single cell.
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Figure 1.9 Theoretical schematic of the effect of downscaling the channel cross-section on the res-
olution of ITP of two analytes of constant absolute amount. LE and TE concentration (not shown) and
field strengths are assumed constant; all subfigures are for ITP in equilibrium. The two analytes and
their constant amounts are indicated by the 3 circles and triangles each. Upon downscaling of the
cross-section from A to B to C, correspondingly less ions are needed to achieve the plateau concen-
tration per length. A & B correspond to peak mode equilibrium, with no separation, C Equilibrium in
plateau mode with the two compounds each in its own zone corresponding to an improved separation
vs. B.

1.4.4 Depletion zone isotachophoresis (dzITP)

A synergy between ITP and the nanofluidic effect of concentration polarization
can provide a new hyphenated separation and focusing technique, dzITP. An
important simplification compared to conventional ITP is that now only a single
background electrolyte is needed, that doubles as the leading electrolyte. The
zone depleted by the nanochannel provides a function similar to the terminating
electrolyte, from whereupon the rest of the process in the channel can be de-
scribed in analogy to ITP principles. Several of dzITP’s potential applications and
benefits are described in Chapter 5 of this thesis.

The working principle of dzITP can be described as a combination between
ITP and concentration polarization in a microchannel perpendicular to a CP-in-
duced by a tangential nanochannel. In a classical nanofluidic pre-concentration
device, ions are focused due to a local gradient in the electric field induced by
a depletion zone65 (For details on the depletion zone see section 1.3.2 & Figure
1.6). In such a device however, a form of ITP can be induced: dzITP. The principle
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of dzITP is illustrated in Figure 1.10. In short, the depletion zone locally increases
the electric field along the microchannel. While bulk flow, in this case by EOF, is
constant along the microchannel, locally the individual migration velocity of ions
is not, as a result of this difference in E-field; In the depletion zone migration is
dominant over EOF while elsewhere the EOF is dominant. This creates a focusing
condition at the interface between the leading electrolyte containing sample ions
and the depletion zone, at the location where electromigration is exactly balanced
by the EOF. This location is very stable and can be positioned by the applied
potentials.

The depletion rate is a function of the charge asymmetry in the nanochannel
per unit current (see section 1.3.2). The excess op positive ions, responsible for
the charge asymmetry in the nanochannel, may be predicted based on the results
reported on nanochannel deprotonation in Chapter 2, which give the amount of
charge per surface area as a function of pH and ionic strength.
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Figure 1.10 Principle of depletion zone isotachophoresis (dzITP) described by means of two nega-
tive analytes during the focusing and depletion process. The lower part of the graph shows part of a
chip with an H-shaped channel pattern, comprising a nanochannel connecting two microchannels with
reservoirs for fluidic and electrical connections at the ends (not shown). Indicated are the potentials
applied, with ground on the nanochannel side and two different positive voltages at the microchannel
ends. The gradient along the microchannel induces an EOF along the microchannel in the negative
direction (right to left). In the top part of the figure indications for the electric fields per region are
shown. The depletion zone created by the nanochannel (see section 1.3.2 & Figure 1.6, for details)
has a large E-field (in practice several tens of times that of the LE zone). Indicated for two analyte
ions (the LE ions are not shown) are the velocity contributions per zone. In the LE zone the EOF is
dominant and the net velocity of analytes is negative transporting them towards the nanochannel. In
the depletion zone the field is high, and migration of sample ions is positive. In the intermediate region
the velocity of EOF matches that of the individual migration, and focusing occurs in order of mobility,
as in ITP.

Depletion zone isotachophoresis belongs to the family of counter-flow gradient
focusing techniques (CFGF)66, more specifically to the electric field gradient fo-
cusing branch to which also other gradient focusing techniques such as gradient
elution isotachophoresis (GEITP)67, belong. These methods are characterized
by a gradient in electric field strength along a microchannel in the presence of an
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opposing bulk flow, and each analyte is focused at a unique location based on
its electrophoretic mobility. What sets dzITP apart from other gradient-focusing
techniques such as gradient elution isotachophoresis (GEITP)67, is that the de-
pletion zone takes on a role similar to that of the trailing electrolyte so that only
one electrolyte (a leading electrolyte) is needed in dzITP vs. e.g. GEITP. For
negative analytes furthermore only EOF is needed to generate bulk flow, with the
very high field in the depletion zone ensuring that there is a stable focusing po-
sition for any analyte. Technically the depletion zone is not a trailing electrolyte,
as the mobility of its co-ion is not lower than that of the analytes, but explicitly the
opposite, as it needs to function as leading ion.

The combination of depletion zone and focusing has been reported in liter-
ature before, in different configurations, as reviewed elsewhere68. For exam-
ple in bipolar electrode focusing, where the depletion zone is locally induced by
electrodes in the channel, also plateau concentrations as function of background
electrolyte were reported69. Another example by which a depletion zone can be
induced is by means of a Nafion membrane, either replacing the nanochannel in
the configuration by means of a junction in a capillary70, or in a chip71, or placed
locally on the bottom of a microchannel (filling only part of the height)72. What
sets dzITP apart from other depletion zone focusing techniques is the crucial real-
ization, that from the depletion zone onwards the interfaces between subsequent
(higher mobility) analytes and interfaces the principles of ITP apply (See Figure
1.8) and as a consequence the toolbox of depletion zone focusing can be used
in combination with that of ITP, as examples given in Chapter 5 of this thesis will
show. This realization has apparently not occurred in other groups, most likely as
they used only one analyte.

1.5 Surface-enhanced Raman spectroscopy

Surface enhanced Raman spectroscopy (SERS) is a special form of Raman spec-
troscopy, a technique that can detect very low amounts of molecules. Since it also
is a form of vibrational spectroscopy it provides fingerprint spectra. Furthermore,
particularly relevant for downscaling is that in SERS the signal originates from the
sample volume up to some tens of nanometers from a surface. This makes SERS
by its nature a detection principle suitable for nano-scale detection. These qual-
ities make SERS a strong candidate for the integration in an analysis platform
for minute metabolomic samples. Disadvantages include that a SERS surface
needs to be integrated in the system and that currently irreversible binding of
analytes and/or matrix compounds readily fouls the surface. This fouling makes it
not compatible with inline use although off-line applications have been abundantly
reported for some decades73

The use and principles of Raman spectroscopy and SERS are detailed below.
To make SERS suited as a dynamic biodetector for multiple analytes, fouling as
mentioned above should be prevented. This is the motivation for the evaluation of



20 Chapter 1: Introduction and Outline

a thin (to allow SERS), anti-fouling coating, to turn a SERS substrate into a sensor
responsive to concentration as well as concentration changes in time. This SERS
sensor concept we have called SERSOR, and it is the subject of Chapter 5 of this
thesis.

1.5.1 Raman & surface-enhanced Raman spectroscopy

In Raman spectroscopy a sample is irradiated using a laser of well-defined wave-
length, and the energy of the scattered photons measured. Most of these photons
will scatter away without a change in energy, so-called Rayleigh scattering, but
some, approximately 1 in 106 photons will have exchanged energy with the vibra-
tional levels of the samples molecules, so-called Raman scattering. The principle
of Raman scattering is theoretically described below.

In practice, Rayleigh scattering is filtered out and the residual Raman spec-
trum resolved by diffraction and imaged on a CCD. The vibrational information
in the spectrum is directly related to the functional groups of a molecule and
can provide a fingerprint. In addition Raman spectroscopy is quantitative as the
amount of scattering observed correlates with the molecular concentration. Last
but not least Raman spectroscopy, unlike infrared-absorption spectroscopy, which
is another vibrational technique, is not hindered by measuring in water. Acquiring
fingerprint spectra and the possibility of measuring in solution make Raman spec-
troscopy highly attractive in bioanalysis. An example of a Raman measurement
of some metabolites is shown in Figure 1.11.

Detection limits of Raman spectroscopy depend strongly on the molecular
species, or more specifically its type of functional groups as well as wavelength
and power of the laser used, but typically they are in the sub-millimole per liter
range for biomolecules. In case of lower concentrations or corresponding very low
abundance as in miniaturized systems, the detection limit of Raman spectroscopy
is therefore challenged. In 1974 however, an enhancement of the Raman signal
was observed on roughened silver or gold metal electrodes74. This significant
enhancement is maximized when the metal is rough on the order of some tens of
nanometers, preferably from the group of the coinage metals, and greatly decays
with distance from the surface, d, on the order of d−12.

The technique, called surface-enhanced Raman spectroscopy which makes
use of this principle has greatly improved detection limits compared to normal
Raman spectroscopy while still providing fingerprint spectra. These detection
limits can equal the detection limits of LIF, reaching down to a single molecule for
a select few compounds and generally providing nmol/L-µmol/L detection limits
for many endogenous (unlabeled) biomolecules. An example of a SERS mea-
surement of the biomolecule adenine is given in Figure 1.12 using silver metal
colloids.

Importantly, this interaction requires the proximity of the molecule near the
metal surface, at a distance on the order of tens of nanometers. For this reason
SERS is a nanoscale detection method by nature (as detailed below in section
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Figure 1.11 Raman scattering measurement of 20 mmol/L of ATP and ADP. On the x-axis the energy
lost between emitted and scattered photons to the vibrations of the molecule is given, a Stokes shift, in
so-called Stokes-Raman spectroscopy, Despite the similarity between ATP and ADP the difference in
the spectrum, related to the phosphate groups is readily apparent upon straightforward substraction.
Measured using a solid-state laser emitting at 785 nm, 10 s exposure time.

1.5.1). In addition, the SERS-active metals gold and silver adsorb analytes on
their surface, which is even more beneficial for the detection limit. Unfortunately,
this corresponds to fouling when dynamic measurements are required or surface
competition when multiple analytes are to be detected, preventing calibration and
quantitative measurements.

Principles of Raman spectroscopy

Consider a molecule in an incident oscillating electric field E (e.g. a laser light
source), at frequency ωI . This field induces a dipole moment P:

→
P= [α]

→
E (1.3)

with:

→
E= E0 cos(ωIt) (1.4)
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Figure 1.12 Surface-enhanced Raman measurement of adenine 50 nmol/L. The signal from adenine
(blue particle) is enhanced by the proximity to silver particles (orange spheres) of 30-100 nm in size.

with α the polarizability (a 3x3 tensor), a characteristic describing the properties
of the molecule’s electron cloud. It indicates how much the electron cloud will
shift in an electric field and affects the strength of the induced dipole.

If energy is absorbed in a vibrational level that changes the dipole moment
P (with α constant), this corresponds to a net shift of the electron cloud, for in-
stance in the linear molecule CO2: O-C-O excited to the asymmetrical vibration
from O—C-O to O-C—O. This process corresponds to those vibrations observed
in infrared absorption spectroscopy. A change in corresponds to a symmetric
perturbation of the electron cloud, so there is no net change in the polarization.
This corresponds to Raman scattering. For instance in CO2 the molecule can be
excited to the symmetrical vibration O-C-O to O—C—O. More complex molecules
can have a simultaneous change of both P and α, and can be observed in both
IR and Raman scattering.

Raman scattering can both lose and absorb vibrational energy from the mole-
cule, so-called Stokes and Anti-Stokes Raman respectively. In this work exclu-
sively Stokes Raman is used. When a volume containing N molecules is probed,
the total Stokes Raman signal ISR is proportional to the Raman cross section σR

and the incident laser intensity I0. In formula:

ISR = NI0σ
R (1.5)

Note that this relation illustrates why Raman is quantitative, since the signal
scales directly with the amount of molecules N.
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Principles of surface-enhanced Raman spectroscopy (SERS)

The principle of the enhancement is attributed to the metal, which has a much
larger chance of interaction with the photon, mediating the energy exchange be-
tween photons and molecule75,76. An incoming photon induces a dipole oscilla-
tion in a metal, with roughness on the order of tens of nanometers, carried by
displacement of surface electrons, a so-called surface plasmon. This surface
plasmon in turn produces an electric field. A molecule near the surface will feel a
total field from both the laser and the induced dipole,

→
ET=

→
E0 +

→
Edip (1.6)

The enhancement is defined as the ratio between the total field with and with-
out the metal present:

A =

→
ET
→
E0

(1.7)

This enhancement factor must be taken into account not only for the enhance-
ment of the field of the laser A(ωL), from laser to metal particle and metal particle
to laser: A(ωL)A(ωL), but also for the enhancement of the Raman scattered field
A(ωR)A(ωR), from molecule to particle and from particle to photon. Equation 1.5
then becomes77:

ISR = NI0σ
R |A(ωR)|2 |A(ωL)|2 (1.8)

Where ISR is the total Stokes Raman signal, N the molecules probed, σR the
Raman cross section and the incident laser intensity I0. This energy exchange
is by far the most efficient through dipole interactions. As metal structures with
roughness on the order of tens of nanometers support these exclusively (exact
size varies per metal), this is therefore the optimal size range.

The strength of the induced field, ET , scales strongly with the amplitude of the
plasmon oscillation, which in turn depends on the relative freedom of the elec-
trons in the metal which corresponds to the conductance. The coinage metals,
silver, gold and copper have the highest conductance of all metals. They are in
the same row of the periodic table, and share the property of having a full d shell
while the s shell has only one electron. In physics this comprises the definition of
a noble metal. This s electron grants the high conductance: in ascending order
copper gold and finally silver provide the strongest enhancement.

An approximation of the enhancement factors in Equation 1.8 can be given for
nanorough surfaces and as a model for the colloids used in Chapter 5, by means
of describing the enhancement factor for a small spherical metal particle77, equa-
tion 1.7 then becomes:

A(r,ω) =

→
ET
→
E0

≈ 1+
(

ε(ω,R)− εm

ε(ω,R)+2εm

)(
R

R+ r

)3

(1.9)
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with R the radius of the particle, r the distance between molecule and metal,
ε(ω,R) the dielectric function of the metal depending on ω and the radius of the
particle R (which explains why εm the dielectric constant of the metal, The approx-
imation of eq 1.9 illustrates the experimentally observed strong decay of SERS
signal with distance from the surface. Namely, the enhancement A(r,ω) drops
with increasing distance d as ≈ r−12. At approximately 100 nm, equation 1.9 is
reduced to 1, corresponding to normal Raman.

1.6 Goal & Scope of this thesis

Life sciences research, and especially metabolomics, will benefit greatly through
the development of improved bioanalytical separation techniques. New approaches
enabling the analysis of minute volumes of complex composition are therefore
urgently required. Small-volume analysis can be achieved by miniaturization in
fluidic chips, not in the least as the resolving power of both chromatographic and
electrophoretic techniques can improve upon downscaling. Analysis of complex
samples is possible by making use of the potential provided by Lab-on-a-Chip
platforms, which can in principle provide standardized, automated and also faster
analyses and integrated detection. Electrophoretic separation techniques provide
the greatest resolving power and can become more effective upon downscaling;
this is particularly true for isotachophoresis and trace analytes as explained in
the previous subsection. This makes the smallest practical channels available,
nanochannels, of great interest to explore for this purpose.

The goal of this thesis is to make analysis devices smaller, more efficient,
and simpler to use for the analysis of small biosamples, specifically in meta-
bolomics. For this purpose, nanochannels were utilized for electrokinetic sep-
arations and especially isotachophoresis and the new fundamental nanofluidic
phenomena encountered were studied and reported. Nanochannels are not just
smaller channels; many of their properties are still unknown, belonging to the
field of nanofluidics with phenomena relevant whenever a dimension approaches
the nanoscale including e.g. nanopores, biological ion channels, nanocavities
etc. This makes the study of nanochannels, from the perspective of a platform to
study nanofluidics, an interesting field of research. Possible limits of downscaling
by nanochannels are also explored in this thesis.

In Chapter 2, a fundamental property of silicon oxide nanochannels, relevant
when miniaturizing separations, is experimentally investigated for the first time
and theoretically modeled. Namely, in nanochannels the surface-to-volume ra-
tio is so large that the acidic glass is able to titrate solutions contained in them.
To illustrate the scale and relevance of this effect: a 50 nm deep channel eas-
ily titrates 1 mol/L of buffer. This effect is relevant for the understanding of the
electrochemical double layer on silicon oxide surfaces in general, including cap-
illaries and (micro)channels. When downscaling devices to perform separations
in nanochannels, this effect can be a dominant factor. A model to predict this
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behavior was established, and used in the further chapters to assist in the design
of miniaturized isotachophoresis.

In Chapter 3 the limit in miniaturization of isotachophoresis (ITP) is explored,
by assessing the performance of ITP in sub-micron channels and nanochannels
for sub-picoliter metabolomic samples. Successful focusing and separation of
a biosample representing approximately 5% (0.4 pL) of the volume of a typical
human cell was demonstrated. This represents the smallest application of ITP to
date. Furthermore, a hitherto unknown fundamental effect was discovered that
provided a practical, fundamental limitation on the further downscaling of ITP:
electrocavitation. Electrocavitation is also considered relevant on its own as a
new phenomenon for the study of cavitation of liquids.

Chapter 4 presents the new technique of depletion zone isotachophoresis (dz-
ITP), a successful synergy of nanofluidic phenomena and a microfluidic analysis
method. The effect of concentration polarization induced by a nanochannel was
used to create a depletion zone which in turn acts as the trailing electrolyte for
ITP in a perpendicular microchannel. This technique enabled ITP with a single
electrolyte, an important simplification of ITP, whose complexity until now ham-
pered the widespread application of this powerful separation technique. In addi-
tion, dzITP provides a far greater control of the separation process compared to
conventional ITP. This significant improvement of ITP resulting in dzITP provides
a new separation technique that is very attractive for the sample preparation or
analysis of complex samples such as in metabolomics.

In Chapter 5 the first steps in the development of a SERS based sensor are
reported. Protecting the surface with a coating of polyethylene glycol gives the
SERS surface the capability of being re-usable. This SERSOR concept was de-
veloped particularly with the purpose of inline detection of unlabeled biomolecules.
A proof of concept is provided but coating robustness remains to be improved.

In Chapter 6 the results of the research described in this thesis are summa-
rized and general conclusions and perspectives are provided.





CHAPTER 2

Solution Titration by Wall Deprotonation During
Capillary Filling of Silicon Oxide Nanochannelsa

2.1 Abstract

This paper describes a fundamental challenge when using silicon oxide nano-
channels for analytical systems, namely the occurrence of a strong proton re-
lease or proton uptake from the walls in any transient situation such as channel
filling. Experimentally, when fluorescein solutions were introduced into silicon
oxide nanochannels through capillary pressure, a distinct bisection of the fluores-
cence was observed, the zone of the fluid near the entrance fluoresced, while the
zone near the meniscus, was dark. The ratio between the zones was found to be
constant in time and to depend on ionic strength, pH and the presence of a buffer
and its characteristics. Theoretically, using the Gouy-Chapman-Stern model of
the electrochemical double-layer, we demonstrate that this phenomenon can be
effectively modeled as a titration of the solution by protons released from silanol
groups on the walls, as a function of the pH and ionic strength of the introduced
solution. The results demonstrate the dominant influence of the surface on the
fluid composition in nanofluidic experiments, in transient situations such as filling,
and changes in solvent properties such as the pH or ionic strength. The implica-
tions of these fundamental properties of silicon oxide nanochannels are important
for analytical strategies and in particular the analysis of complex biological sam-
ples.

aPublished as: Kjeld G. H. Janssen, Hanh T. Hoang, Jan Floris, Jeroen de Vries, Niels R. Tas, and
Jan C. T. Eijkel and Thomas Hankemeier, Analytical Chemistry, 80, 8095-8101 (2008).
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2.2 Introduction

The fabrication and application of nanochannels have gained considerable inter-
est in the past few years. Using bonding, 1D nanochannels are mostly formed
by shallow etching of trenches in silicon (or glass) wafers followed by bonding to
glass (or silicon) cover wafers to form enclosed channels43,78. 2D nanochannels
can be fabricated using nanolithography79–81, surface- and bulk- machining82,83

and electrospinning84. Nanochannels are created in various types of materials
such as silicon (silicon oxide, silicon nitride), glass and polymers85,86. An exten-
sive review on fabrication was made by Mijatovic et al.87.

Channels with such small dimensions are of interest because due to the ex-
tremely high surface to volume ratio, (electrical) interface effects between the fluid
and channel wall surfaces become dominant42. For example, S. Pennathur et
al.88,89 described a novel nanoscale electrophoretic separation method in a theo-
retical and experimental study on the electrokinetic transport in nanochannels. Pu
et al.49 demonstrated an ion-enrichment and ion-depletion effect when an electric
field was applied across two reservoirs connected by 60 nm deep channels.

Less known, the surface chemistry of silicon oxide has a large influence on
solutions in nanochannels. It has been known for a very long time that the silanol
groups present on silica are capable of protonating the solution in contact with it.
Actually, this effect has been used to assess the presence of silanol groups on
silica beads in chromatographic columns via the indicator methyl red which colors
red at a pH below 4.490.

2.2.1 General description of the phenomenon and hypothe-
sis.

In this paper we demonstrate that a solution introduced into an empty silicon
oxide nanochannel is acidified and dissolved substances protonated. For this
purpose we measured the fluorescence of solutions of fluorescein, which has a
strong pH-dependent fluorescence, introduced in empty channels through capil-
lary pressure. During filling, two distinct zones were observed, with the zone of
the solution starting from the entrance showing fluorescence, while in the zone
near the flow front no fluorescence was observed, as shown in Figure 2.1. The
movie belonging to this experiment, showing the filling of the nanochannel and
the progression in time of the two zones, has been provided in the electronic sup-
porting information at the ACS publications website belonging to the paper this
chapter is adapted from, Movie S-1.

To study this phenomenon in more detail we varied pH, buffer concentration
and ionic strength and determined for various solution compositions the ratio of
the lengths of the fluorescing and dark zones. From this ratio we calculated the
number of protons released per m2 and compared these data with a model based
on oxide surface chemistry theory91 which predicts the amount of released pro-
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Fluorescent front liquid front

Figure 2.1 Typical image of fluorescence observed in nanochannels during filling. In this experiment,
(experiment. no. 1 of Table 2.1, screenshot of Movie S-1), the partial filling of parallel channels, 20
µm wide and 40.5 nm deep, taken at t = 5 s, are shown. From left to right the channel is filling from
the reservoir, which is outside the image shown. Fluorescence is observed in the filled zone, from x =
0 to x = 0.92 mm, but not in the zone from x = 0.92 mm to 2.36 mm.

tons. The results obtained describe an effect relevant for nanofluidic experiments
because they indicate the influence of the surface chemistry on fluid composition
such as pH and wall charge in transient situations.

2.2.2 Considerations of relevance of other nanochannel ef-
fects.

Ion exclusion of the negatively charged fluorescein was first considered as a
possible explanation of the observed phenomenon, but discarded since the phe-
nomenon became more pronounced with increasing ionic strength. For the same
reason also the generation of a streaming potential was discarded as an expla-
nation. Straightforward retention due to adsorption to the wall, as in thin layer
chromatography, which could become significant due to the high surface to vol-
ume ratio, can also be ruled out. S. Pennathur et al.89 in fact demonstrated
experimentally that fluorescein effectively travels faster instead of slower through
silicon oxide nanochannels as compared to microchannels, due to exclusion of
the negative ion from the double layer. A final argument to support the titration
theory is that experiments we performed with a pH-insensitive dye (Alexa, molec-
ular probes; data not shown) showed no significant lagging of the fluorescent
front.

2.2.3 Chip manufacture.

Chip devices containing micro- and nanochannels were fabricated based on the
approach of Haneveld et al43. Nanochannels and microchannels (including rulers
for filling observation) were manufactured in the bottom-side silicon wafers by wet
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chemical etching and reactive ion etching, respectively. After etching, a dry ther-
mal oxide of 20 nm thickness was grown on the silicon wafers to ensure adequate
surface hydrophilicity for capillary filling of the nanochannels. The etch depths of
the channel structures were measured with a mechanical surface profiler (Dektak
8, Veeco Instruments Inc., Plainview, NY, USA). The processing of the top-side
Borofloat glass wafers consisted of powder blasting of access holes followed by
thorough wafer cleaning to remove residue from the abrasive powder blasting
particles. Prior to prebonding the top and bottom wafers were Piranha cleaned.
This step was followed by fusion bonding at 400◦C for 4 hours, to ensure identi-
cal starting conditions for the experiments. For a layout of the channel structure,
see Figure 2.2. Directly prior to the experiments the wafers were conditioned
by heating for 2 hours at 400◦C, to ensure identical starting conditions for the
experiments.

microchannels

access holes 

nanochannels
& rulers

Figure 2.2 Chip layout seen from the top. Vertically, the microchannels connecting the two pairs
of access holes can be seen and between them the rulers positioned along the nanochannels are
visible. The nanochannels are 50 nm deep and 20 µm wide, the microchannels are 20 µm deep, 15
mm long and 4 mm wide.

2.2.4 Fluorescence measurements.

To probe the pH in the nanochannels, we used the fluorescent activity of dis-
odiumfluoresceine (Sigma-Aldrich, St. Louis, MO, USA). Depending on the pH,
fluorescein can have a double or single negative charge or be neutral; the single
negatively charged form has a pKa of 6.68 and the neutral form has an apparent
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pKa of 4.3492. When the molecule is excited at 488 nm and emission is mea-
sured at 514 nm, the molar response of the ion having a valence of -1 is only
5.7% and that of the neutral form 0.8%93 in comparison to the ion having valence
-2; therefore the emission can be used as an indicator of the local pH.

Measurements were done on a fluorescence microscope (Leica DM LM, Wet-
zlar, Germany), using a 100 W mercury lamp, an I3 filter cube and a 510 nm
dichromatic mirror. Movies were taken with a CCD camera to record the move-
ment of the solutions entering the empty nanochannels and analyzed using Pin-
nacle software (Pinnacle, Mountain View, CA, USA). From the parallel channels
one was selected for measurement, as differences between parallel channels
were small (see Fig 2.1).

2.2.5 Composition of the introduced solutions.

To buffer the solutions, 2-amino-2-(hydroxymethyl)propane-1,3-diol (TRIS) was
used, having a pKa of 8.06 (Merck & Co., Inc., Whitehouse Station, NJ, USA). To
influence the ionic strength, various amounts of potassium chloride (KCl) (Sigma-
Aldrich, St. Louis, MO, USA) were added. The composition of the solutions
introduced in the channels were all made in deionized water (0.7 µS/cm) and are
described in Table 2.1.

Table 2.1 Composition of the solution, the height (h) of the channel and the measured pH for the
various experiments.

Expt (mol/L) of h(nm) pH
Tris HCl KCl

1 0 0 0 40.5 7.3
2 0 0 0 49.0 7.4
3 0 0 0.1 48.0 7.1
4 0 0 0.1 49.0 7.2
5 0 0 0.2 52.8 7.2
6 0 0 0.2 44.0 7.1
7 0 0 0.5 47.8 7.1
8 0 0 0.5 47.0 7.0
9 0.2 0.073 0 50.0 8.6
10 0.2 0.073 0 50.3 8.4
11 0.2 0.073 0.1 49.8 8.4
12 0.2 0.073 0.2 50.3 8.4
13 0.2 0.073 0.5 45.5 8.5
14 0.2 0.073 0.5 48.4 8.4
15 1 0.364 0 49.5 8.5
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2.3 Theory

2.3.1 Capillary filling.

The walls of the nanochannels in the chip device are assumed to have hydrophilic
silanol groups. When liquid comes into contact with such a nanochannel, the
liquid is pulled into the empty channel by capillary forces creating a pressure
gradient ∆P (Pa),

∆P =
−2γcosθ

h
(2.1)

with γ the gas liquid surface tension (Nm−1), θ the contact angle and h the channel
height. The position, x(m), of the liquid front in a nanochannel at any point in time,
t(s), is given in accordance with the Washburn equation for a rectangular channel
with the condition: width >> height94,95, and viscosity µ (Pa·s):

x =

√
γht cosθ

3µ
(2.2)

2.3.2 Experimental amount of protons released.

We explain the phenomenon observed in Figure 2.3, as follows. As the aque-
ous solution is introduced into the nanochannel from the reservoir, protons are
released from the wall into the solution, lowering the pH as well as protonating
compounds in the solution. When the fluid flows along the channel, the front of
the fluid continuously comes into contact with a new section of the wall, with which
it anew establishes equilibrium, again taking up protons. This process continues
until the fluid in the liquid front reaches a pH corresponding to the point of zero
charge (pzc) of SiO2, which is on the order of pHpzc = 2− 3. At a pH of the fluid
below this pHpzc the wall will no longer release protons. On the other hand, the
zone of fluid behind the front comes into contact with a wall already in equilibrium
with a solution of this composition. As a result, the fluorescein is no longer pro-
tonated, and the zone near the entrance will maintain its fluorescent activity (see
Figure 2.3).

We assume infinitely fast (de)protonation reactions (∝ fs) and we calculated
the diffusion time, from the wall to the center of the channel, using Einstein-
Smoluchowski96, to be 35 ns. Therefore for our experiments we assume the on-
set of radial equilibrium due to the small dimension of the channel to be infinitely
fast. The time scale of the axial diffusion of protons (∝ 1000 s for an average dif-
fusion distance of half the channel length) is 1 order of magnitude larger than the
timescale of filling the channel (∝ 100s). For our calculations we will assume that
the pH change from that of the introduced solution to the pHpzc occurs abruptly
at the fluorescent front. In the Results and Discussion we will show the validity of
this assumption based on experimental results (see Figure 2.3).



2.3. Theory 33

Fl2-

LDLFl

R
H+Fl2-

FlH2 FlH2 

FlH2 

FlH2 FlH2 

FlH2 
FlH2 

H+

H+

H+

H+ H+

H+ H+

H+

H+H+H+

H+

H+Fl2-

Fl2-

Fl2-

Fl2-
H+

H+ H+

H+

H+

FlH2 

FlH2 

FlH2 
FlH2 

Figure 2.3 Axial cross-section of a filling nanochannel. R indicates the reservoir from which the
nanochannel is filled. LFl and LD correspond to the fluorescent and dark zone of the channel, respec-
tively. In the fluorescent zone the pH is that of the introduced solution where fluorescein is present
mainly as doubly charged anions (Fl2−). The fluid in the dark zone contains an excess of protons, with
pH = pHpzc and fluorescein is mainly present as the uncharged fluorescein molecule (FlH2), having
negligible fluorescence.

We denote the length of the fluorescent and dark zone as LFl and LD re-
spectively as shown in Figure 2.3. The protons released from the walls in the
fluorescent zone of the channel are responsible for protonating the fluorescein in
the dark zone, so that LFl can be used to deduce the released number of protons,
NH+

released
via

NH+
released

= NSΘ
−LFl2(h+w) (2.3)

where Θ− is the fraction of the surface groups that is negatively charged, NS the
total number of SiOH sites, taken to be 4.6 · 1018 groups per m2 97, h (m) is the
measured height and w (m) the width of the channel; see also Table 2.2 for a
description of the general variables in the equations.

The amount of protons absorbed by the solution in the dark zone (LD), NH+
absorbed

,
can then be expressed using the number of protons necessary to change the pH
from its initial value to the point of zero charge, BS (in mol/m3), as

NH+
absorbed

= NABSLDhw (2.4)

with NA Avogadro’s constant. BS includes the concentration of protons needed
to protonate fluorescein and the concentration required to establish a pH equal
to pHpzc. If a buffer is present, the concentration of protons needed to protonate
the buffer is calculated based on the composition according to Table 2.1, e.g., 0.2
mol/L Tris buffer brought to pH 8.4 with 0.072 mol/L HCl requires 0.128 mol/L of
protons.

Typical results for the position of the fluid front and fluorescent front are given
in Figure 2.4. The linear relationship between the position of the fluid front and
the square root of time is in good agreement with the Washburn equation (2.2)
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Figure 2.4 Position of the meniscus (empty symbols) and the fluorescent front (filled symbols) versus
the square root of time for experiments 1, 6 and 9. All graphs could be linearly fitted using a least
squares method with a value of R2 > 0.99.

and earlier results reported by Tas et al95. A constant ratio between the positions
of the meniscus and the fluorescent front is observed, with the fluorescing zone
of the channel linearly dependent on the amount of channel filled. This means
that the ratio LD/LFl is constant per experiment and can be used to characterize
it. For example, the experiments 1, 6, and 9, (shown in Figure 2.4) have a ratio
of 0.41, 0.18, and 0.70, respectively. This actually supports our assumption that
axial proton diffusion does not have a significant effect on our experiments. If
this would be the case, this would show up as a nonlinearity of the plot of the
fluorescent front against time toward the end of the experiment, which is not seen
in the data.

We can derive the number of protons released per area of wall, NH+
exp

, as a
function of the observed ratio of dark and fluorescent zones, by equating the
absolute amounts of released and absorbed protons (eqs 2.3 and 2.4) and using
h << w:

NH+
exp
≡ NSΘ

− = NABSh
1
2

LD

LFl
(2.5)

Equation 2.5 provides an experimental expression for the amount of released
protons.
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2.3.3 Theoretical amount of protons released.

We will now construct a theoretical model to describe the theoretical amount of
released protons which can be verified by comparing it to the experimental data.
When the channel is filled with an aqueous solution it interacts with the silanol
groups as described by the following surface reactions

SiOH+
2 
 SiOH +H+

S (2.6)

characterized by the dissociation constant Ka1 and

SiOH 
 SiO−+H+
S (2.7)

characterized by the dissociation constant Ka2 and with H+
S the concentration of

protons at the surface. pKa2 has been reported to be 6.798 and pKa1 has been
reported to be -1.999.

When protons are released into solution, this induces a negative potential
on the silicon oxide surface, Ψ0, and a surface charge σ0. The surface charge
depends on the amount of SiOH sites, NS, the dissociation constants Ka1 and Ka2
and the proton activity at the surface aH+

S
and is given by91:

σ0 = qNS

 a2
H+

S
−Ka1Ka2

a2
H+

S
+Ka1aH+

S
+Ka1Ka2

 (2.8)

The negative potential affects the distribution of ions in the solution directly near
this surface such that there is a region containing its counter charge. This system
of charged wall and the region containing the counter charge density of ions in
solution is known as the electrical double layer (Figure 2.5).

At some distance from the surface, at least several Debye lengths, the bulk
solution is characterized by its bulk number concentration of ions, n0 (m−3, for a
1:1 ion equal to the ionic strength) and bulk pH, pHB. The difference in proton
activity between surface and electroneutral bulk is according to Boltzmann

pHS = pHB +Ψ0
q

2.3kT
(2.9)

with k Boltzmann’s constant, q the elementary charge, and T temperature. This
equation can be used to express measured bulk pH into σ0 via eq 2.8 and demon-
strates the dependence of σ0 on pHB. The combination of Poisson’s equation with
Boltzmann’s equation also gives an expression for the surface charge48:

σ0 =
√

8kT εε0n0 sinh
(

qΨ0

2kT

)
(2.10)

This equation demonstrates the dependence of σ0 on the ionic strength n0 and
it can be used to calculate Ψ0. The charge on the electrolyte side of the double
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Figure 2.5 Schematic representation of potential V versus the distance x from the silicon oxide wall.
Ψ0 is the potential at the wall. x2 is the position of the Stern plane, the plane of closest approach of
ions toward the surface, having the potential φ2. The region from the wall to the Stern plane is called
the Stern layer. σ0 (eq. 2.8 and eq. 2.13) indicates the surface charge per m2 from deprotonated
silanol groups at x=0. σDl is the countercharge to σ0 per m2 (eq. 2.11), composed of ions located in
the area beyond the Stern plane, the so-called diffuse part of the double layer (gray region).

layer, σDL is equal and of opposite sign to the surface charge σ0 and can be de-
scribed as a function of a double layer capacitance CDL (in F/m2) and the surface
potential Ψ0:

σDL =−CDLΨ0 =−σ0 (2.11)

For our model we make use of the refinement of double layer theory as pro-
posed by Stern48. Ions have a finite size and the closest distance they can ap-
proach the surface, equal to the radius of an ion, is the so-called Stern plane. This
causes the potential drop across the double layer to have a discontinuity (Figure
2.5). Directly near the surface the double layer is described by the potential drop
across the Stern plane from Ψ0 to φ2. The capacitance of the Stern layer, CStern
(in F/m2) is therefore given by:

CStern =
σ0

Ψ0−φ2
(2.12)

Beyond the Stern plane the surface charge density in the diffuse layer of counter
ions is now described by:

σ0 =
√

8kT εε0n0 sinh
(

qφ2

2kT

)
(2.13)
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and the capacitance of the diffuse part of the double layer, CDi f f is given by:

CDi f f =
σ0

φ2
(2.14)

The double layer capacitance is given by the Stern and diffuse layer capacitances
placed in series48:

CDL =
1

C−1
Stern +C−1

Di f f

(2.15)

To describe titration experiments of SiO2 surfaces, colloid experiments typically
take values for CStern of 0.8 to 1.4 F/m2 100. It has also been argued that for
a porous well ordered planar surface values for CStern between 0.8 to 1.7 F/m2

should be assumed100. As these values for CStern vary considerably and strongly
affect our model, we used CStern to fit the measurement results (2.5), with the
constraint of one CStern for all experiments.

From the above eqs 2.8 to 2.15 we can derive σ0 via an iteration procedure
(see footnote b), and therefore the amount of protons released per surface area
into the bulk solution:

NH+
theory

=
σ0

q
(2.16)

which can be fitted to NH+
exp

(eq 2.5). An overview of constants and parameters
used for fitting is given in Table 2.2.

2.4 Results & Discussion

2.4.1 Theoretical results.

Our theoretical model shows how the capacity of the solution to take up protons,
via a buffer and via fluorescein itself, affects the position of the fluorescent front.
More buffer for this reason leads to a larger fluorescent zone. The model shows
how a higher pH of the introduced solution increases the amount of protons per
nm2 to be released (eq 2.9, a higher pH induces a more negative surface potential
effectuated by proton release). It also shows how the ionic strength affects proton
release (eq 2.13, for a more in depth explanation see footnote c) as is seen in

bThe iteration procedure, has the ionic strength and measured pH (Table 2.1), as well as the
surface properties stated above (Table 2.2), as input parameters. Choosing a starting value for Ψ0,
it is entered into Boltzmann’s equation (eq 2.9) giving the surface activity of protons, which is used
to calculate σ0 (eq 2.8) and subsequently applied to yield φ2 (eq 2.13). Finally a new value for Ψ0 is
calculated from Ψ0 = φ2 +σ0/CStern (eq 2.12) and reentered into the Boltzmann equation(eq 2.9). The
stable value for σ0 is then used for equation 2.16.

cThe effect of the ionic strength is demonstrated by the Debye-Hückel approximation 48 of CDi f f as
CDi f f = ε/λD, with λD the Debye length. A higher ionic strength, n0, decreases the Debye length and
increases CDi f f , leading to a larger negative surface charge density and a larger proton release to
titrate the solution.
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Table 2.2 Constants and parameters used in fitting the data.

Constants description value
q elementary charge 1.6022x10−19 C
k Boltzmann’s constant 1.38x10−23 J/K
ε0 permittivity of free space 8.8542x10−12 C2/Nm2

NA Avogadro’s constant 6.022x1023 mol−1

Experimental variables Remarks
T temperature 297 K
ε relative permittivity of water 80, in presence of salt
NS silanol groups per m2 4.6x1018 97

h measured channel height Table 2.1
pHB measured bulk pH of introduced solutions Table 2.1
LD length of dark zone Figure 2.4
LFl length of fluorescent zone Figure 2.4
Calculated variables Remarks
pHS calculated pH at the surface eq 2.9
pHpzc pH at point of zero charge of SiO2 average of pKa1 & pKa2

n0 ionic strength in the bulk m−3, derived from Table 2.1
BS required protons to titrate from pHB to pHpzc, mol/m3 derived from Table 2.1 & pHpzc

includes those for fluorescein, and any buffer.
NH+

exp
amount of protons released per m2 of wall calculated from experiment, see eq 2.5

Ψ0 surface potential in V, calculated with fitted solved numerically, see footnote b p37
variables and Table 2.1

φ2 potential at the Stern plane in V calculated solved numerically, see footnote b p37
with fitted variables and Table 2.1

σ0 surface charge in C/m2, calculated with fitted solved numerically, see footnote b p37
variables and Table 2.1

NH+
theory

theoretical amount of released protons per m2 derived from σ0 eq. 2.16

of wall
Fitted variables Remarks
pKa1 dissociation constant eq. 2.6 -1.9 99 selected for the fitting of Fig.2.7
pKa2 dissociation constant eq. 2.7 fitted
CStern Stern capacitance in F/m2, affects H+

theory, fitted
eq. 2.16

our experiments. Hereby the buffer ions are incorporated in the determination
of the ionic strength. Figure 2.6 shows the theoretically calculated amount of
deprotonated groups as a function of pH and ionic strength. Using this model we
fitted our experimental results.

2.4.2 Fitting results.

The parameter space we investigated to fit the data was pKa2 = [4 to 7.5] and pKa1
= [-2.4 to 0]. Each pair of pKa values was used to fit the data of the unbuffered
and buffered results, under the constraint that CStern is equal for all data, using eqs
2.8 to 2.15 according to the iteration procedure described in footnote a p37. As
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Figure 2.6 Theoretical amount of deprotonated silanol groups per nm2 as a function of pH. The
different curves, belonging to 1, 10, 200, and 500 mmol/L of KCl, show the effect of the ionic strength
on proton release, with more salt inducing a higher release, which will be observed as a shorter
fluorescent zone.

a side note, interestingly, it appears that the fitting results could be described by
the empirical relation CStern = 2.32x10−4e3.77pHpzc (R2 = 0.99) and therefore many
pairs of dissociation constants pKa1 and pKa2 yielded a good fit as long as they
gave the same pHpzc.

Figure 2.7 shows measured data points as well as fitted curves, displaying the
amount of released protons as a function of ionic strength. To generate Figure
2.7, we chose pKa1 = -1.9 based on literature99, which yielded a dissociation
constant pKa2 = 6.77 close to the literature value of 6.7 reported by Davis et al.98,
accepting a somewhat high CStern of 2.30 F/m2.

High values of CStern (greater than 1.7 F/m2) for a nonporous surface can be at-
tributed to complexation of ions in solution with silanol groups98. This is because
ionic complexation has been reported to shift the point of zero charge101 from its
value as the mean of the pKa’s, when only protons are the potential determining
ions, to another value. According to our empirical relation a slight difference in
pHpzc results in a significant change in CStern, e.g. compared to pHpzc = 2.44 with
CStern = 2.3 F/m2, pHpzc = 2.36 yields CStern = 1.7 F/m2. A second explanation for
high values of CStern, according to Hiemstra et al.100 is the silicon oxide surface
having a less condensed surface structure and the presence of reactive surface
groups protruding from the surface.



40
Chapter 2: Solution Titration by Wall Deprotonation During Capillary Filling of

Silicon Oxide Nanochannels

0 100 200 300 400 500 600
0

0.2

0.4

0.6

0.8

1

1.2

1.4

Ionic strength (mmol/L)

P
ro

to
ns

 r
el

ea
se

d 
to

 b
ul

k 
pe

r 
nm

2

 

 

Experimental unbuffered solutions
Modelled unbuffered solutions
Experimental buffered solutions
Modelled buffered solutions

Figure 2.7 Results of the experiments, NH+
exp

, fitted with the model, NH+
theory

. Fits were made using

the input and fitting parameters from Tables 2.1 and 2.2, with the dissociation constants pKa1 = 6.77
and pKa2 = -1.90 and therefore a pHpzc = 2.44. A value of CStern = 2.30 F/m2 led to the optimal fit
with R2 = 0.93 for the unbuffered solutions and R2 = 0.37 for buffered solutions. The data point for
the buffered solution at an ionic strength of 386 mmol/L has a buffer strength of 1 mol/L, the others
0.2 mol/L. The dashed lines indicate the modeled values corresponding to the extremes of pH in the
introduced solutions, from top to bottom, pH = 8.6, pH = 8.4, pH = 7.4, and pH = 7.0.

A good fit was achieved for the solutions containing fluorescein and KCl,
R2=0.93, and a lesser fit was found for the solutions containing TRIS buffer
R2=0.37, due to the spread in experimental results (See variation in duplicate
experiments in Figure 2.7).

Figure 2.7 shows that the variation in amount of released protons is reason-
ably explained by the variation in ionic strength and the pH of the filling fluid. On
the other hand the buffer concentration in the filling fluid does not affect the re-
leased amount of protons per wall area (apart from its contribution to the ionic
strength). This is indeed expected since the model gives an amount of protons
released per wall area based only on the equilibrium with an infinite solution of the
initial pH and ionic strength. Though the buffer concentration affects the ratio be-
tween the dark and fluorescent zone, this is incorporated in eq 2.5, leading to an
amount of protons released per wall area independent from buffer concentration.
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2.4.3 Buffer effects.

Figure 2.7 shows a large spread in the duplicate measurements of several buffered
solutions. This is probably caused by substantial variations in the buffer composi-
tion. Inspection of Table 2.1 shows that the measured pH of the Tris-buffered so-
lutions varied between 8.4 and 8.6, though all solutions were prepared by adding
0.072 mol/L HCl to a 0.2 mol/L Tris solution. These pH differences would indicate
substantial differences in buffer capacity of the resulting solutions, affecting the
value of BS and NH+

exp
(eq 2.5).

2.4.4 Fluorescence front.

The results show a release of approximately 0.8 protons per nm2 for the solutions
around pH = 8.5, and 0.4 protons per nm2 for the unbuffered solutions, pH = 7-
7.4. We would like to stress the effect that such an amount of released protons
has in shallow channels of 50 nm in height and arbitrary width. For a released
amount of 0.5 protons/nm2, 1 proton is released into the 50 nm3 between the two
walls or 0.02 protons per nm3 (corresponding to a concentration of 33 mmol/L).
To titrate a solution of 0.6 molecules per nm3 (1 mol/L) the solution therefore has
to pass only 30 nm of channel.

Together with the very fast equilibration in radial direction, this can explain our
observation of a sharp fluorescence boundary for example in Figure 2.1. The
argumentation for this is as follows: the protons diffusing axially into the fluo-
rescent zone will be buffered by the solution, whereas fluorescein and/or buffer
molecules that diffuse into the dark zone will be instantly protonated. Even if axial
diffusion contributes significantly to proton transport relative to the flow of solu-
tion, this transient zone between dark and fluorescent regions will be the first to be
in contact with undeprotonated wall and become protonated to pHpzc. This effec-
tively conserves the sharpness of the boundary between the dark and fluorescent
zones, as is observed in our experiments.

2.5 Conclusion

A new phenomenon was observed unique to nanofluidics, namely a decrease in
the fluorescent activity of fluorescein during capillary filling. The observed dark
and fluorescent regions can be explained by acidification of the solution via de-
protonation of the silanol groups at the wall. This mechanism could be verified
by establishing a model based on the double layer theory and fitting this to the
data. This mechanism represents a unique way to titrate a solution without adding
additional counterions and to study the properties of a surface.

As chemical analysis in nanochannels is a growing field of research, the un-
derstanding of the effects of the nanostructure walls, due to a high surface to
volume ratio, on the solution pH and the resulting changes in wall potential are of



42
Chapter 2: Solution Titration by Wall Deprotonation During Capillary Filling of

Silicon Oxide Nanochannels

great significance. Importantly, this will occur in all transient cases, which means
not only during filling but also when the solution pH or ionic strength is changed.
This will be especially important for the analysis of biological samples because
of its complex matrix composition. Fortunately, these effects can be modeled as
demonstrated in this study.
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CHAPTER 3

Limits of miniaturization: Assessing ITP performance in
sub-micron and nanochannelsa

3.1 Abstract

The feasibility of isotachophoresis in channels of sub micrometer and nanometer
dimension is investigated. A sample injection volume of 0.4 pL is focused and
separated in a 330 nm deep channel. The sample consists of a biomatrix con-
taining the fluorescently labeled amino acids glutamate and phenylalanine, 20
attomoles each. In a 50 nm deep channel, isotachophoretic focusing is success-
fully demonstrated. Separation of the two amino acids in the 50 nm deep channel
however, could not be performed as the maximum applicable voltage was insuffi-
cient. This limit is imposed by bubble formation that we contribute to cavitation as
a result of the mismatch in electro-osmotic flow, so called electrocavitation. This
represents an unexpected limit on miniaturization of ITP. Nonetheless, we report
the smallest isotachophoretic separation and focusing experiment to-date, both
in terms of controlled sample injection volume and channel height.

aPublished as: Kjeld G. H. Janssen, Jiajie Li, Hanh T. Hoang, Paul Vulto, Richard J. B. H. N. van
den Berg, Herman S. Overkleeft, Jan C. T. Eijkel, Niels R. Tas, Heiko J. van der Linden and Thomas
Hankemeier, Lab On a Chip, 12, 2888, (2012).
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3.2 Introduction

The last three decades, major efforts have been invested in the miniaturization of
elecktrokinetic separation techniques, such as zone electrophoresis, iso-electric
focusing and isotachophoresis32–35. With the advent of nanochannel fabrication
technologies43 emphasis has shifted towards the nanofluidic domain. So far,
liquid chromatography44,45 and zone electrophoresis46,47 have been successfully
demonstrated in a nanofluidic environment.

Isotachophoresis (ITP) particularly benefits from downscaling as the resolu-
tion in equilibrium increases with decreasing channel cross-section, for a given
amount of analyte. This inherent benefit originates from the fact that ITP is a con-
centration driven focusing technique. In equilibrium, the achieved concentration
depends on the absolute amount of analyte, independent of initial concentration
or sample volume. When available in sufficient amounts, a maximum concen-
tration is reached and analytes are separated in neighboring zones, so called
plateau mode ITP. The plateau concentration depends amongst others on the
concentration of the leading electrolyte (LE) and the mobility of the analyte53–56.
In ITP the resolving power can be expressed as a signal-to-noise ratio (SNR)
given by the length of the analyte plateau zone normalized by the characteristic
length of diffused zone boundaries58,60. Upon downscaling the cross-section of
an ITP channel, a correspondingly lower absolute amount of analyte is required to
achieve the same ITP equilibrium concentration and separation. Therefore, with
the absolute amount conserved, downscaling the cross section by a certain fac-
tor, the same amount of compound will occupy a correspondingly longer section
of channel, thereby improving resolution and signal to noise ratio for ITP in equi-
librium by the same factor. In case of a detector based on absolute amount per
length of channel a trade-off needs to be considered between better separation of
compounds vs a lower signal per channel length and longer analysis times. If not
enough absolute amount of analyte is present, the plateau concentration is not
reached, and analytes focus as peaks (so-called peak mode ITP) that may over-
lap partially or even completely58. Sufficient downscaling will then allow these
compounds to be focused at a higher concentration in equilibrium or even to form
plateaus and be separated.

An important proof-of-principle of ITP downscaling has been delivered by
Walker et al.61, who were the first to demonstrate ITP in a microfluidic device.
Since then, many applications of ITP in the microfluidic chip-platform have been
reported, as extensively reviewed elsewhere33,62,63. Jung et al. showed that
concentration factors up to a million times can be achieved due to downscaling
to microfluidic dimensions57. A systematic theoretical and experimental study
demonstrating the advantages of cross-section miniaturization on ITP was per-
formed in microchannels60. Electroosmotic flow (EOF) profiles in nanochannels
are parabolic38. Parabolic flow increases dispersion in microchannels, and for
ITP specifically, it increases dispersion from EOF mismatch due to ion density
gradients102,103. In nanochannels, however, the contribution to dispersion from
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parabolic flow profiles becomes advantageously insignificant, as reflected in the
low Peclet number associated with this scale46.

Notwithstanding the inherent gain of miniaturization on isotachophoretic per-
formance the micrometer threshold has, to our knowledge, not been crossed in
peer-reviewed publications. This stagnation may be explained by the many com-
plications that occur when dealing with sub-micrometer channels, as this scale is
dominated by nanoeffects37–41. The very large surface-to-volume ratio in a na-
nochannel increases the influence of the electrochemical double layer (EDL)48.
When channel dimensions approach that of the EDL, electrophoretic separations
of ionic analytes are affected, as separation also occurs based on valence, rather
than on mobility only46,47,104. The extremely large surface to volume ratio favors
chromatographic effects as exploited in nano-chromatography44. This influences
the apparent electrophoretic mobility and diffusion rates of ions105 and ampholy-
tes106. Furthermore, the surface of siliconoxide nanochannels (e.g. glass) domi-
nates the pH of the solution, as demonstrated by a lowering of the solution pH by
6 units despite the presence of a 1 mol/L TRIS buffer107.

Since many boundary conditions of isotachophoresis are affected by down-
scaling to sub-micrometer dimensions, a reconsideration of experimental condi-
tions is required. An important observation is that positive-mode ITP in a neg-
atively charged nanochannel (i.e. glass) can be expected to be seriously ham-
pered due to analyte-wall interactions. Conventionally, ITP ion density gradients
are preferably chosen as large as possible to maximize the focusing efficiency,
e.g. 1 mol/L for the LE versus 5 mmol/L for the TE57. In nanochannels this
ratio needs to be as small as possible to circumvent wall-induced titration ef-
fects107. On the other hand, the fact that ITP is a focusing technique renders it
more resilient against nanofluidic dispersion effects than any other electrokinetic
separation technique.

In this work we demonstrate the feasibility of ITP in sub micrometer and na-
nochannels. We present an experimental framework that allows direct translation
of conventional capillary separation protocols to sub-micrometer platforms. We
show that this approach enables focusing and separation of attomole quantities
of amino acids, from a controlled volume of injected sample. Finally, the limits
on ITP miniaturization were explored in nanochannels, yielding the discovery of a
fundamental boundary on ITP downscaling imposed by the nanoscale dimension.

3.3 Experimental

3.3.1 Chip design & fabrication

Chip devices were made from borofloat glass wafers (SCHOTT AG, Mainz, Ger-
many). In the bottom-side wafer, nanochannels and rulers were made by HF
etching43. The nano and sub-micron channels were 50 nm deep and 10 µm wide
and 330 nm deep and 3 µm wide, respectively. Chip devices consisted exclusively
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of one channel depth. The depths of the channels were measured with a Dektak
8 mechanical surface profiler (Veeco Instruments Inc. Plainview, USA). Access
holes were powderblasted in the bottom-side and top-side wafers. This allows flu-
idic and electric interfacing from opposite sides. Wafers were placed for several
hours in an ultrasonic bath with deionized water. Then the wafers were transferred
into 100% HNO3 and left for 15 min, followed by thorough rinsing with water and
finally spin-drying. The wafers were aligned, contacted and fusion bonded at 600
◦C for 4 hours. Immediately prior to experiments, the wafers were pre-conditioned
at 400 ◦C for 2 hours in air, improving reproducibility between measurements.

Figure 3.1 shows the layout of the chips. The configuration of channels and
access holes incorporates T-junctions (Figure 3.1) that allow a sample volume to
be interposed between a leading electrolyte (LE) and a trailing electrolyte (TE)
and selection of different injection volumes. A 400 µm injection length corre-
sponds to a volume of 0.2 pL and 0.4 pL, for the nano and sub-microchannel
respectively.

D

E

A F

2 cm

D

E

F

B

C

A

100 µm

Figure 3.1 Schematic layout of the nanofluidic-ITP chip. A-F designate the access holes, approxi-
mately 1 mm in diameter, for placement of electrodes and fluidic access. The insert shows a brightfield
image of the injection area where channels D and E intersect with the separation channel, 400 µm
apart. The ruler etched along the separation channel, has 20 µm spacing between minor divisions,
with the numbers at the major divisions indicating hundreds of microns.

3.3.2 Setup

For on-chip nano-ITP experiments, brightfield and fluorescence imaging was per-
formed with a Olympus BX51WI microscope, equipped with a longpass filter cube
(488 nm excitation, 518 nm emission) and a 10x magnification lens, numerical
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Figure 3.2 On-chip ITP results in 330 nm deep channels for 0.4 pL of yeast matrix spiked with Glu-
FITC and Phe-FITC. The letters A, D, E and F refer to the sample reservoirs designated in Figure 3.1,
with corresponding voltages applied. a) An injection plug was successfully inserted in between of a
leading (left side) and trailing electrolyte (right side). b) Isotachophoretic focusing and separation of
Glu-FITC and Phe-FITC into distinguishable peaks. c) Overlay of the injection plug and the separation
profile scaled to concentration.

aperture 0.25 (Olympus Corporation, Tokyo, Japan). Electric potentials were ap-
plied and monitored using a HSV488 6000D power supply (LabSmith inc., Liv-
ermore, USA), controlled through the included Sequence software. Images and
movies during experiments were acquired with a Hamamatsu Orca-ER CCD cam-
era and included HoKaWa software (HAMAMATSU Photonics K.K., Japan). Digi-
tal (pre) processing and analysis of the data, images and movies was performed
using Matlab (MathWorks Inc., Natick, USA).

A custom-built chip interface provided a standardized electrode arrangement
from below and reservoirs from the top, aligned with the chip’s access holes. The
reservoirs were sealed to prevent evaporation and minimize interaction with CO2
as this influences ITP experiments108,109.

The movie frames from fluorescence experiments shown in this paper were
false coloured for intensity. Intensity profiles from such images were extracted
along the separation channel A-F (Figure 3.1), creating an intensity graph.

3.3.3 Isotachophoresis procedure

The amino acids glutamate and phenylalanine labeled with fluorescein isothio-
cyanate (FITC) were selected as analytes (see Appendix 3.7.1 for labeling and
purification procedure). The electrophoretic mobilities of those analytes were de-
termined with capillary zone electrophoresis (see Appendix 3.7.2). Test analytes
were spiked to a biomatrix of metabolites extracted from hydrolysate of delipi-
ded yeast biomass of P. pastoris (see Appendix 3.7.3). The ITP protocol was
developed in conventional capillary format (see Appendix 3.7.4). The leading
electrolyte (LE) was 10 mmol/L of NaCl and the trailing electrolyte (TE) 5 mmol/L
of HEPES. Both electrolytes were adjusted to a pH of 9.50 with sodium hydroxide,
verified with a Hanna HI 4521 pH meter (HANNA instruments Inc. Woonsocket,
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Figure 3.3 On-chip ITP results in 50 nm deep channels for 0.2 pL of yeast matrix spiked with Glu-
FITC and Phe-FITC. The letters A, D, E and F refer to the sample reservoirs designated in Figure
1, with corresponding voltages applied. a) An injection plug is successfully inserted in between of a
leading (left side) and trailing electrolyte (right side). b) Isotachophoretic focusing of Glu-FITC and
Phe-FITC. c) Overlay of the injection plug and the focused zone scaled to concentration. The blue
and red bar designate the injection plug length and focused ITP zone length, respectively.

USA) and stored under argon until used b. The sample consisted of 70:20:5:5
(v:v:v:v) of TE, yeast cell extract in DMSO, and the fluorescently labeled amino
acids phenylalanine and glutamate solutions (1 mmol/L solution in DMSO), re-
spectively. The final concentration of analytes in the sample was 50 µmol/L.

Trailing electrolyte was placed in reservoir F (Figure 3.1), whereupon the chan-
nels were filled by capillary action95, typically within a few minutes. When the chip
was completely filled, TE was also applied in well E, LE in well A and the sample
solution in well D, wells B and C were left empty. The electrolyte arrangement
characteristic for conventional ITP, with the sample volume interposed between
the leading and trailing electrolyte was achieved by means of EOF and the dou-
ble T-structure (Figure 3.1). The appropriate voltage settings on the reservoirs for
sample plug formation and those for ITP were obtained empirically and incorpo-
rated in an automated protocol of the Labsmith Sequence software. For details
and development of the injection procedure see Appendix 3.7.5.

3.4 Results & Discussion

3.4.1 Isotachophoresis in sub-micrometer channels

Figure 3.2 demonstrates an injection, isotachophoretic focusing and separation
of 0.4 pL of amino-acid spiked yeast extract in a sub-micron channel (330 nm
deep). In order to enable quantitative interpretation of the results we adapted the
classical T-injection strategy from electrophoresis chips to our nano-ITP platform.
The injection approach used (Appendix 3.7.5) enabled us to achieve a precisely
defined injection volume of 0.4 pL as can be seen in Figure 3.2a. This injection

bNote that HEPES is not in its buffering domain and therefore cannot be considered a buffer, nor is
NaCl a buffer. Although buffers should normally be used, this was done to evaluate potential titration
from the nanochannel, see introduction
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volume was 300,000 times smaller than that used in the experiments in capil-
lary (0.12 µL) and constitutes absolute quantities of 20 attomole of each labeled
amino acid. Figure 3.2b shows the downstream focusing and separation of the
fluorescently labeled Glu-FITC and Phe-FITC. The fluorescent intensities in the
CCD images in Figure 3.2a,b, were extracted and scaled to concentration (see
overlay Figure 3.2c). The area under the curve of the sample plug and focused
peaks were compared. It was found that the peak area of the ITP result was in
roughly qualitative agreement with that of the plug, indicating that the complete
injection plug has been focused and no significant losses have occurred.

Figure 3.2 clearly shows that separation was achieved. The profile appears
to correspond to peak mode ITP equilibrium. In order to verify this, we injected
a larger sample volume of 3.2 pL (Appendix 3.8.1), which showed higher peaks
instead of broader plateaus. Separation in peak mode is typically poor. Never-
theless we observe clear distinguishable peaks. The explanation for this is that
the biomatrix provides spacer compounds which focus in between the two fluo-
rescent analytes. This was verified by injecting a larger volume (Appendix Figure
3.9) as well as by conventional capillary ITP (Appendix Figure 3.6).

The above result indicates that translation of conventional ITP protocols to
sub-micrometer channels is feasible. As a side result, to our knowledge, this
work demonstrates for the first time the implementation of a cross T injection for
isotachophoresis. Larger injection volumes can easily be facilitated on a chip.
An elegant way to incorporate larger sample volumes for ITP is by means of
a large cross section followed by a smaller one, combining the higher sample
volume compatibility of the larger one with the improved resolving power of the
smaller one. This approach was already introduced by Everaerts et al.53 and
its theory and benefits were recently studied extensively60. This geometry can
be applied for instance to offset dilution from pretreatment, diffusion or world-to-
chip interfacing110 in order to conserve the amount of analyte and still make use
of the improved focusing and separation in a nanochannel. A nanochannel as
demonstrated here could well be used as the small cross-section part of such a
geometry.

The miniaturization of analysis techniques for sub-pL sample volumes is of
great importance in biological and clinical applications. Firstly, extraction of such
small volumes is expected to reduce invasiveness; lower sample consumption
allows increased temporal resolution of processes measurements and/or multi-
ple parallel studies on conventional sample volumes. Particularly the analysis
of single cells is an important example, promising unprecedented insights in cell
biology111,112. Whole cell analysis has motivated the miniaturization of analy-
sis platforms113,114, for which electrophoretic techniques were successfully ap-
plied115–119. The results in this paper, for absolute quantities of 20 attomole of
each analyte in a biomatrix can be directly translated to whole cell ITP analysis of
a 25 µm cell, for analytes at a concentration of ≈ 2.5 µmol/L. However, to study
a cell’s intracellular time-resolved metabolism, in e.g., cellular division, apopto-
sis, differentiation, or its response to drugs and stress, time resolved analysis
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Figure 3.4 Brightfield image of bubbles in a 50 nanometer deep channel, visible as brighter regions,
formed during ITP, during ITP at 500 V. in the 50 nm deep channel.

of sub-cellular aliquots is required. Thus the bioanalyis of sub picoliter sample
volumes and resolving the correspondingly low amounts of analytes is an impor-
tant challenge. The 0.4 pL of injection volume demonstrated here corresponds
directly to a sample volume of 5% from a 25 micron cell. Analysis of such minute
quantities and volumes as shown here represents the achievement of an impor-
tant downscaling milestone and indicates that nano-ITP has great potential as the
separation component in a single cell or subcellular aliquot analysis platform.

3.4.2 Isotachophoresis in nanochannels

To investigate the limit of downscaling, we performed ITP in a fluidic chip con-
sisting exclusively of nanochannels (50 nm deep) (see Figure 3.3 and Appendix
3.8.3). Concentrations and composition of sample were identical to those used
in Figure 3.2. As can be seen in Figure 3.3a and b, sample injection could be
performed followed by isotachophoretic focusing. Unfortunately we were not able
to inject the complete sample volume. Based on the overlay in Figure 3.3c, we
estimate an injection loss of 42%. A separation into separate peaks could not be
observed for the voltages used here. Application of higher voltages (500 V) in this
channel depth lead to bubble formation in the channel (see Figure 3.4).

Given the extremely high surface to volume ratio and corresponding efficient
heat transfer plus the fact that we did not observe bubble formation at this voltage
in larger channels, allows the conclusion that this phenomenon is unlikely to result
solely from Joule heating effects. The phenomenon of bubble formation is likely
explained by cavitation, induced by extreme pressure gradients originating from
EOF mismatch between electrolyte zones in nanochannels. As such it may not
only affect ITP in nanochannels, but other techniques using concentration gradi-
ents as well. First findings on electrocavitation have been reported120, and a full
paper is in preparation.

Table 3.1 compares conditions and results achieved for the sub-micron chan-
nels and the nanochannels. For 200 V, isotachophoretic focusing, but not sepa-
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ration, was demonstrated in sub-micron channels (Appendix Figure 3.10) as well
as in nanochannels (Figure 3.3). In sub-micrometer channels both focusing and
separation could be achieved for potentials of 500 V. In the nanochannels such
higher voltages lead to the formation of bubbles, and separation could not be
demonstrated. The 500 V applied for 330 nm deep channels also represents an
upper limit, above which bubble formation occurred. This corresponds to 75% of
the electric field used in capillary ITP (Appendix 3.7.4). Nonetheless, in contrast
to the nanochannels, the applicable potential was still sufficient for separation.
These results indicate that a limit of downscaling for ITP using standard protocols
is reached.

Table 3.1 Summary of ITP settings for sub-micron and nanochannels and their corresponding per-
formance.

Channel depth Injected vol. Potential Focusing Separation
330 nm 0.4 pL 200 V yes no
330 nm 0.4 pL 500 V yes yes

50 nm 0.2 pL 200 V yes no
50 nm 0.2 pL 500 V bubble bubble

formation formation

3.5 Conclusions & Perspectives

In this paper we have investigated the scalability of conventional ITP into the
nanofluidic domain. We have shown isotachophoretic focusing and separation
in sub-micrometer channels, which, to our knowledge, represents the smallest
demonstration of ITP focusing and separation to date, both in terms channel di-
mension and injection volume. Separation was performed in the presence of a
biomatrix, demonstrating real-sample compatibility. Also, the concept of ITP spac-
ers was shown to be conserved. A controlled quantitative injection scheme based
on a double-T geometry was for the first time implemented for ITP, demonstrating
that quantitative assessment of analyte composition is feasible. Subsequently,
we demonstrated isotachophoretic focusing in 50 nm deep channels. Separation,
however, could not be achieved as the applicable voltage was restricted by bubble
formation in the channel. Despite successfully circumventing known nanodimen-
sion complications, we encountered an unexpected limit of ITP efficiency upon
downscaling. Future research will focus on a more precise assessment of the
restrictions on ITP miniaturization, including the origins of the bubble formation.
Last but not least, we have shown the applicability of ITP to subcellular volumes
containing attomoles of analyte and will continue our efforts to enable a subcel-
lular analysis platform by means of low volume ITP. Despite the miniaturization
limit reported here, ITP remains best positioned for effective downscaling and
bioanalysis of ultra low compound quantities.
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3.7 Appendix, Methods

3.7.1 Fluorophore labeling of amino acids

All chemicals were acquired from Sigma-Aldrich Co. (Zwijndrecht, The Nether-
lands), unless noted otherwise. Labeling of glutamate, phenylalanine, and leucine
with fluorescein isothiocyanate (FITC) was performed as follows. To 0.5 mmol of
amino acid an aqueous solution of potassium hydroxide, 1 g/ml, was added in a
ratio of 1:1 (weight:volume), followed by addition of 1 ml of ethanol. Under vig-
orous stirring, on ice, a suspension of FITC, 1 mol/L in ethanol was added to
the amino acid 1:1 (mol:mol) together with 1 ml 0.5 mol/L potassium hydroxide
and 0.5 mL ethanol. This mixture was left on ice to react for 2 h in the dark
under continued stirring. Purification of the reaction product was performed us-
ing a Gilson preparative HPLC system (Gilson, Inc., Middleton, USA) equipped
with a Phenomex Gemini C18 column, 15x21 mm, 5 micron (Phenomenex, Tor-
rance, USA) using an acetonitrile/water (10 mmol/L ammonium acetate, pH =
8) gradient. Purity of compounds was established with liquid chromatograpy ul-
traviolet mass spectrometry (LC-UV-MS) and CZE-LIF and found to be >99%.
After freeze-drying, each purified FITC-amino was dissolved in dimethyl sulfoxide
(DMSO), 1 mmol/L, and stored at -80 ◦C awaiting experiments.

FITC, having a pKa of 6.792, fluoresces strongly when negatively charged
at valence -2. FITC labeled biosamples are of general interest. FITC-labeled
amino acids have been studied with CZE24,121,122 chip ZE32,123 and ITP in capil-
lary124–126 and microchannels127 as well as other techniques128. As unpurified
reaction product is used almost exclusively in these publications, the two most
abundant fluorescent by-products of this labeling are considered to be of interest
and were purified and identified with LC-UV-MS (Data not shown). One reaction
by-product consisted of FITC where its isothiocyanate group (-N=C=S) was de-
graded to an amine, which in turn reacted with FITC thus forming a fluorescent
dimer (MW 737). As degraded FITC was low abundant in the reaction mixture
this implied that the degradation was slower than the reaction with another FITC
molecule. This dimer has an almost 4 times lower fluorescent intensity (at 488 nm
excitation, 514 nm emission) compared to FITC, due in part to a shifted fluores-
cence wavelength optimum. The other abundant by-product (MW 436) was FITC
that had reacted with ethanol (-N=C-S-O-C2H5). FITC is commonly dissolved in
ethanol, but our data suggests this should be avoided.

3.7.2 Capillary electrophoresis

A PACE 5000 capillary electrophoresis apparatus equipped with laser-induced-
fluorescence detection, operating at 488 nm excitation and 518 nm emission
(Beckman Instruments, USA) was used for CZE. CZE was applied to determine
the mobilities of the FITC-amino acids as well as establishing their purity for the
purpose of fluorescence measurements. The temperature during all experiments
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Figure 3.5 Typical CZE electropherogram of labeled amino acids and FITC by-products. From
left to right first at 3 minutes the EOF marker bodipy is seen, then FITC-ethanol, leucine-FITC,
phenylalanine-FITC , fluorescein amine-FITC and glutamate-FITC, all except FITC-Ethanol at 10
µmol/L.

was maintained at 25 ◦C by the instrument thermostat. The fused silica capil-
lary (Inacom Instruments, Overberg, The Netherlands) used for CZE had a 50
µm inner diameter and a total length of 56.9 cm measuring 50.3 cm from inlet
to detector. Runs were performed at 20 kV, giving a typical current of 14.4± 0.1
µA during runs. The background electrolyte was a 10 mmol/L solution of dis-
odium tetraborate (Na2B4O7). It was adjusted to pH = 9.50 with sodium hydrox-
ide solution (to ensure maximum fluorescence intensity of fluorescein, as this is
pH dependent pKa = 6.792), verified with a Hanna HI 4521 pH meter (milli-pH
unit resolution, HANNA instruments Inc. Woonsocket, USA). As a marker for the
electro-osmotic flow (EOF) the uncharged fluorophore 4,4-difluoro-4-bora-3a,4a-
diaza-s-indacene (bodipy), was added.

CZE of the labeled amino acids and the two reaction by-products was per-
formed establishing their purity for fluorescence measurements (Appendix Figure
3.5). Their calculated electrophoretic mobilities are given in Table 3.2. Based
on their mobility phenylalanine-FITC and glutamate-FITC were selected for the
ITP protocol, as their difference increased the potential of spacing by compounds
in the yeast biomatrix. As ITP electrolytes, chloride was chosen as leading ion,
4-(2-hydroxyethyl)-1-piperazine-ethanesulfonic acid (HEPES) as trailing ion and
sodium as the common counterion (See Table 3.2).

3.7.3 Yeast pretreatment for metabolite extraction

To hydrolysate of delipided yeast biomass of P. pastoris (YPp(N)-HyBm1, Protein
Labeling Innovation PLI, Leiden, The Netherlands) cold (-20 ◦C) 80:20 methanol:
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Table 3.2 Electrophoretic mobilities (µ) and valences at pH 9.5 of the FITC labeled amino
acids, FITC by-products and the ions in the ITP electrolytes.

Ion valence µ (10−9m2V−1s−1)
HEPES56,(trailing ion) -1 -21.8
FITC-ethanol -2 -31.5
Leucine-FITC -3 -38.4
Phenylalanine-FITC -3 -39.0
Fluorescein amine-FITC -4 -42.0
Glutamate-FITC -4 -47.3
Chloride55, (leading ion) -1 -79.1
Sodium55, (counter ion) +1 51.9
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Figure 3.6 Capillary-ITP for a 0.12 µL sample of yeast biomatrix and 5 glutamate-FITC and
phenylalanine-FITC both 50 µmol/L. The measurement using LIF shows from left to right, Phe-FITC
and Glu-FITC, spaced by the yeast biomatrix, with TE to the left and LE to the right of the sample.

water was added. After placement for 30 minutes in an ultrasonic bath, this mix-
ture was centrifuged and the supernatant collected. This extraction procedure
was repeated and the combined supernatants were freeze-dried, after removal
of methanol. These extracted compounds were redissolved in dimethyl sulfoxide
(DMSO) to 10 mg/mL (relative to the original weight of the hydrolysate prior to
pretreatment) and stored at -80 ◦C awaiting experiments.

3.7.4 Isotachophoresis protocol development in capillary

A PACE 5000 capillary electrophoresis apparatus equipped with laser-induced-
fluorescence detection, operating at 488 nm excitation and 518 nm emission
(Beckman Instruments, USA) was used for ITP experiments. The temperature
during all experiments was maintained at 25 ◦C by the instrument thermostat.
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Figure 3.7 Capillary-ITP result for a 0.12 µL sample containing glutamate-FITC and phenylalanine-
FITC both 50 µmol/L. The measurement using LIF shows from left to right, Phe-FITC and Glu-FITC,
shown to be concentrated so far as to saturate the detector (>250 µmol/L).

The developed protocol for capillary ITP was as follows. ITP electrolytes
were introduced into the fused silica capillary (27.22 cm total length, 20.38 cm
from inlet to detector, 50 µm ID; Inacom Instruments, Overberg, The Nether-
lands) by pressure. The capillary was first flushed with trailing electrolyte (TE),
5 mmol/L of HEPES. A plug of sample was then injected, consisted of 80:20:10
TE:pretreated yeast extract:labeled amino acid solutions (v:v:v, final concentra-
tion of each amino acid 50 µmol/L) by applied pressure of 0.5 psi for 60 s which
according to the Hagen-Poiseulle equation corresponds to a volume of 0.12 µL
or 20% of the total capillary (6 cm). Lastly that end of the capillary was placed in
a vial with leading electrolyte (LE), 10 mmol/L of NaCl, the other in one with TE.
ITP was then induced by applying 5 kV. The electrolytes were prepared anew in
deionized water each day, adjusted to pH 9.50 with sodium hydroxide, and stored
under argon until used. Vials for experiments were covered with caps contain-
ing septa. Although sample ions migrated opposite to the EOF, at pH 9.50 the
EOF was dominant. For ITP this is an advantage as more time is available to
equilibrate before the analytes pass the detector.

A typical capillary ITP result is shown in Figure 3.6. Equilibrium formation
could be concluded from the current during the run129. Spacing is seen between
the bands of Glu-FITC and Phe-FITC. ITP of just the labeled amino acids only,
does not show spacing (Appendix Figure 3.7). ITP of yeast alone shows negligi-
ble native fluorescence (Appendix Figure 3.11). From ITP results of each of the
amino acids alone (Appendix Figures 3.12 & 3.13), showing single zones, and
in the presence of yeast extract (Appendix Figures 3.14 & 3.15) showing added
bands for Phe-FITC, it may be concluded that the fluorescence observed in the
spacing is from Phe-FITC that interacted with compounds in the yeast biomatrix.
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Figure 3.8 On-chip double-T injection for quantitative ITP. a) The chip is filled with trailing electrolyte
by capillary filling. b) After placement of the other electrolytes in the wells, leading electrolyte is flushed
towards well E, which serves as waste reservoir. c) The sample volume in the nanochannel chip
(dashed box), is created by means of an exclusive EOF, from sample well D to waste E. Appropriate
empirical voltage settings correspond to contanement of the fluorescence between the side channels.
Settings were found to vary per channel depth. After an ITP experiment, the injection plug can be
recreated by directly re-applying the sample injection voltages, e.g. those given in Figures 3.2 & 3.3.

3.7.5 Chip injection protocol

Effectively translating quantitative ITP to the nano-chip format requires a well de-
fined sample injection volume, to be interposed between a leading electrolyte (LE)
and a trailing electrolyte (TE). Here, on chip T-junctions were used in combination
with EOF, see Figure 3.1. The appropriate voltage settings on the reservoirs for
sample plug formation and those for ITP, were obtained empirically by observ-
ing the effects of manual voltage changes with the fluorescence microscope, see
Appendix Figure 3.8 for details. The voltage settings used for the submicron chan-
nels are tabulated in Table 3.3 and those for the nanochannels in Table 3.3. These
were incorporated in an automated protocol of the Labsmith Sequence software
to execute the fast and/or simultaneous stepwise voltage changes required.

Table 3.3 ITP voltage steps used for 3 µm wide, 330 nm deep channels.

Well Sample plug Pre ITP ITP, Appendix ITP final
Figure 3.2a 100 ms Figure 3.10 Figure 3.2b

A LE 125 V 125 V 100 V 400 V
D Sample 100 V 0 V float float
E TE, waste 0 V 0 V float float
F TE 100 V 100 V -100 V -100 V
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Table 3.4 ITP voltage steps used for 10 µm wide, 50 nm deep channels.

Well Sample plug ITP
Figure 3.3a Figure 3.3b

A LE 25 V 100 V
D Sample 25 V float
E TE, waste -50 V float
F TE 25 V -100 V

For a nano-ITP experiment first the sample plug creation step was activated.
Typically after a few minutes the plug would reform and traces of fluorescence in
the separation channel were removed, allowing repeated experiments. When the
stable plug was observed the ITP step was initiated manually. ITP itself was au-
tomatically preceded by a pre-ITP step of 100 ms. The pre-ITP step was needed
to actively regulate the electrode in well D to zero, when set to float directly the
Voltage would decrease to 0 V on a time scale of a few seconds, affecting injec-
tion accuracy. Afterwards the Voltage on well A could be increased manually to
increase separation, as was done in the results in Figure 3.2b.

Implementation of the voltage settings was non-trivial and only feasible with
fast and accurate computer control of the applied voltages. Switching without
losing or extracting sample into or from the sidechannels proved the most critical
step, being the main source of injection errors.

3.8 Appendix, Results

3.8.1 Large sample volume injections in sub-micron channels

ITP experiments were also performed on larger sample volumes, e.g. 3.2 pL (Ap-
pendix Figure 3.9). The ITP result for this larger volume demonstrated increased
peak height and spacing, compared to results with smaller sample volumes (Fig-
ure 3.2). This indicates that the ITP results in Figure 3.2b & 3.3b correspond
to so-called peak mode ITP58, in contrast to plateau-mode in which case more
analyte leads only to broadening of the zones53,55. Therefore, if more absolute
amount of compound would be injected, even higher equilibrium concentrations
can be expected. However, this requires either higher initial concentrations (>50
µmol/L) or injecting even larger volumes.

3.8.2 ITP in submicron channels at 200 V

Figure 3.10 shows the result of ITP in a 330 nm deep channel for an applied Volt-
age of 200 V. This result is with the injection shown in Figure 3.2a, demonstrating
that 200 V is sufficient for isotachophoretic focussing but is insufficient to separate
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Figure 3.9 ITP result in a 330 nm deep channel. Based on the areas under the curves, the ITP
result corresponds to an injection of 3.2 pL. This larger injection volume resulted in higher peaks and
more spacing compared to the 0.4 pL sample in Figure 3.2c.

the amino acids. By subsequently increasing the voltage during the experiment
to 500 V the separation result shown in Figure 3.2b was achieved.

3.8.3 Movie of nano ITP in a 50 nm deep channel

NanoITP.avi, in false color, background corrected and filtered. Provided in the
Electronic Supporting Information of the paper this chapter was adapted from130

3.8.4 Additional capillary ITP Figures

Additional Figures as referenced to in section 6.4.
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Figure 3.10 ITP foccussing result in a 330 nm deep channel, part of the same experiment as in
Figure 3.2. The applied voltage difference of 200V (A = 100 V, F = -100 V).
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Figure 3.11 Graph showing the capillary-ITP result of yeast extract, same protocol as used for Figure
3.6.
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Figure 3.12 Graph showing the capillary-ITP result with 50 µmol/L phenylalanine-FITC same proto-
col as used for Figure 3.6.
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Figure 3.13 Graph showing the capillary-ITP result with 50 µmol/L glutamate-FITC same protocol
as used for Figure 3.6.
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Figure 3.14 Graph showing the capillary-ITP result with 50 µmol/L phenylalanine-FITC in pres-
ence of yeast extract, same protocol as used for Figure 3.6. Clearly showing the interaction of
phenylalanine-FITC with the biomatrix.
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Figure 3.15 Graph showing the capillary-ITP result with 50 µmol/L glutamate-FITC in presence of
yeast extract, same protocol as used for Figure 3.6.



CHAPTER 4

Single-Electrolyte Isotachophoresis Using a
Nanochannel-Induced Depletion Zonea

4.1 Abstract

Isotachophoretic separations are triggered at the border of a nanochannel-induced
ion-depleted zone. This depletion zone acts as a terminating electrolyte and is
created by concentration polarization over the nanochannel. We show both con-
tinuous and discrete sample injections as well as separation of up to four analytes.
Continuous injection of a spacer compound was used for selective analyte elu-
tion. Zones were kept focused for over one hour, while shifting less than 700 µm.
Moreover, zones could be deliberately positioned in the separation channel and
focusing strength could be precisely tuned employing a three-point voltage actua-
tion scheme. This makes depletion zone isotachophoresis (dzITP) a fully control-
lable single-electrolyte focusing and separation technique. For on-chip electroki-
netic methods, dzITP sets a new standard in terms of versatility and operational
simplicity.

aPublished as: Jos Quist†, Kjeld G. H.Janssen†, Paul Vulto, Thomas Hankemeier and Heiko J. van
der Linden, Analytical Chemistry, 83, 7910-7915 (2011)
† Equally contributing authors.
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4.2 Introduction

Isotachophoresis (ITP) is a powerful electrokinetic technique for the concentra-
tion, separation, purification and quantification of ionic analytes, especially when
downscaled to microfluidic devices33,131. In 1998, Walker et al. were among
the first to demonstrate on-chip ITP using Raman spectroscopy to detect herbi-
cides61. Kanianski et al. coupled ITP to capillary electrophoresis (CE) on a chip
and showed isotachopherograms of up to 14 analytes132. Several reports de-
scribe over 10,000-fold concentration133–135. Jung et al. even reported millionfold
sample stacking using transient ITP57. Miniaturized ITP is applicable to a broad
range of samples, including toxins from tap water59, explosive residues136, pro-
teins137, DNA from PCR samples138,139, nucleic acids from whole blood140 and
small RNA molecules from cell lysate141. Hybridization of RNA’s with molecular
beacons by ITP142 was applied to bacterial rRNA’s from urine143, demonstrating
the potential of on-chip ITP for biochemical assays. A major recent achievement
was the integration of an ITP chip and laser-induced-fluorescence (LIF) detec-
tion into a single handheld device144. Nevertheless, ITP has still to come to its
full potential, as until now it has not been widely used for bioanalytical appli-
cations145–147. A major limitation is that ITP requires a sample to be injected
between a leading electrolyte and a terminating electrolyte. Compared to e.g.
capillary electrophoresis (CE), which uses a single electrolyte only, handling and
method development is not straightforward. Another limitation of conventional ITP
is that analyte zone positions are difficult to control. This is due to the different
conductivities of the ITP zones, resulting in continuous changes of electric field
distributions during electromigration. Several stationary ITP strategies have been
developed to alleviate this limitation. One such strategy employs a hydrodynamic
counterflow, but this has the disadvantage of dispersion due to a parabolic flow
profile148. A more elegant strategy is balancing the electrophoretic motion of
the ITP zones by an opposite electro-osmotic flow (EOF)149–152. However, with
this method it is still complicated to change analyte zone positions in a controlled
manner without changing pH or electrolyte concentrations.

In this paper we overcome the mentioned limitations by a radically differ-
ent approach which combines the strengths of on-chip ITP with the merits of
nanofluidic concentration devices65,153. These devices, which have been exten-
sively reviewed by Kim et al.68, are in fact miniaturized variants of electrocap-
ture devices. Electrocapture is a powerful method which utilizes capillaries with
perm-selective membrane junctions for trapping and selective release of ionic
compounds154,155. In nanofluidic concentration devices, at least two parallel mi-
crochannels are connected by a nanochannel, over which an electric field is ap-
plied (Figure 4.1a). Asymmetric distribution of anions and cations107,156 makes
the nanochannel perm-selective, leading to concentration polarization49,50,157.
This causes the formation of a depletion zone in the anodic microchannel. A
tangential EOF through this microchannel transports analytes towards the bor-
der of the depletion zone, where they are trapped (Figure 4.1b). Various groups
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have investigated devices based on similar principles51,158–163, showing that this
has become a very active research field within a short time. Potential applica-
tions include immunoassays164–167, enzyme assays167–169, massive paralleliza-
tion170,171 and desalination172. Here we employ a depletion zone to induce iso-
tachophoretic separations. To our knowledge, this is the first time such sepa-
rations are demonstrated in nanofluidic concentration devices. Depletion zone
isotachophoresis (dzITP), as we coin this novel approach, is performed with a
single electrolyte only. A three-point voltage actuation scheme gives complete
control over the position of the zones and the sharpness of their borders, utiliz-
ing the fact that the method is quasi-static. The simplicity and versatility of our
method makes it a powerful new tool in the electrokinetic focusing and separation
toolkit.

Figure 4.1 a) Chip layout consisting of two microchannels and one nanochannel. An example of
three-point voltage actuation is provided: A is the downstream voltage, B the upstream voltage, while
the lower channel is connected to ground, as represented by voltages C1,2 = 0 V. Downstream and
upstream directions are indicated by dashed arrows. b) Example of dzITP separated zones. The
channel contains a depletion zone that extends mostly in the downstream channel. Analytes focus
at the border of the depletion zone and order themselves in clearly distinguishable zones. Lines that
indicate micro- and nanochannels were drawn onto the CCD image.
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4.3 Experimental

4.3.1 Chemicals

Lithium carbonate was obtained from Acros Organics (Geel, Belgium); disodium
fluorescein was obtained from Riedel-de Haën (Seelze, Germany); 6-carboxy-
fluorescein was obtained from Sigma-Aldrich (Steinheim, Germany); and sodium
acetate was obtained from Merck (Darmstadt, Germany). FITC-labeled amino
acids were synthesized as described in Section 3.7.1. In all experiments, 2.0
mmol/L lithium carbonate, pH 10.6 was used as the background electrolyte. So-
lutions were prepared fresh before experiments.

4.3.2 Chip preparation

Chips were fabricated in Pyrex® wafers using standard lithography techniques
and deep reactive ion etching (DRIE). The chip fabrication procedure is described
in detail in the appendix Section 4.7.2. The microchannels had 1.7 µm depth and
20 µm width. Microchannel lengths between fluid reservoirs and the nanochannel
were 0.91 cm. The nanochannel that connected the two microchannels was 60
nm deep, 25 µm wide and 50 µm long. The chip was prefilled with ethanol to elim-
inate air trapping, after which the chip was flushed at least 15 minutes with 100
mmol/L NaOH, 15 minutes with demineralized water and 15 minutes with back-
ground electrolyte (2.0 mmol/L lithium carbonate). Fluid replacement and flush-
ing was accomplished by leaving the fluid reservoir at one end of a microchannel
empty. A combination of capillary action and evaporation of fluid generated a flow
which was sufficient to replace all fluid in a microchannel in approximately 3 min-
utes. Reservoirs were washed 3 times after fluid replacement. After flushing, all
channels and reservoirs were filled with the background electrolyte (2.0 mmol/L
lithium carbonate).

4.3.3 Setup and microscopy

Access holes were extended with fluidic reservoirs (volume 100 µL) using a cus-
tom-build interface that was attached to the chip surface using a vacuum. The
fluidic reservoirs were electrically connected using gold electrodes. Two power
supplies (ES 0300 045, Delta Elektronika BV, Zierikzee, The Netherlands) were
controlled via the analog outputs of an NI USB 6221 data acquisition system us-
ing LabVIEW 8.2 software (National Instruments, Austin, TX). For fluorescence
microscopy, an Olympus IX71 microscope (Olympus, Zoeterwoude, The Nether-
lands) was used in combination with an Hamamatsu Orca-ER digital camera and
Hokawo version 2.1 imaging software (Hamamatsu Photonics, Nuremberg, Ger-
many). The magnification was 40x. To minimize photobleaching, low lamp inten-
sities were combined with 1.0 second integration times.
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4.3.4 Data processing

Spatiotemporal plots (Figure 4.2) were composed using MATLAB®, by adjoining
fluorescence profiles obtained from image sequences that were recorded during
the experiments. Fluorescence profiles were obtained by averaging 50 image
lines and correcting them for background signal. False colors were assigned
to represent fluorescence intensity. Raw CCD images were used in Figure 4.3.
Fluorescence profiles were obtained from the CCD images and were smoothed
by averaging over 5 pixels. Slope values were determined at the inflection points
of the smoothed profiles and normalized with respect to the maximum intensity
value of the corresponding analyte zone. Locations of the edges of the zones
were obtained by determining the position of the inflection point relative to the
upstream edge of the nanochannel.

4.4 Results and Discussion

4.4.1 Device operation

4.1a and b show the general device operation for dzITP. The upper channel in
Figure 1a, b is the separation channel, this is the channel where isotachopho-
retic zones are formed during the experiment. Three-point voltage actuation is
utilized: to each of the access holes of the separation channel a voltage source
is connected, while the other channel is connected to ground. Upon voltage ap-
plication, concentration polarization takes place: an ion depletion zone forms in
the separation channel, while in the other channel an ion enrichment zone forms
(not shown here, see ref. 29). Asymmetric voltage application over the separation
channel yields an EOF through this channel. The channel arm between the higher
voltage and the nanochannel is referred to as the ”upstream channel”, while the
arm between the lower voltage and the nanochannel is referred to as the ”down-
stream channel” (see Figure 1a). Downstream, the depletion zone continues to
grow until the fluid reservoir is reached. This process sometimes appears to lead
to fluctuations during the first 30-60 seconds of an experiment. In the upstream
direction, depletion zone growth becomes balanced by the opposing EOF. When
the downstream depletion zone reaches the outlet, the electrical resistance in this
channel reaches a more stable value, resulting in a near-stable position for the
upstream depletion zone border. At this border, analytes are focused based on
a difference in ion density (for detailed theory see Zangle et al.50). Meanwhile,
analyte concentration and separation into adjacent zones is achieved according
to isotachophoretic principles (see Figure 4.1b). The depletion zone serves here
as a terminating electrolyte, the background electrolyte takes the function of the
leading electrolyte. They define the ionic mobility window of analytes that can be
focused. The upper boundary of this mobility window is defined by the mobility of
the leading ion in the background electrolyte: analytes with higher mobilities will
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be transported towards the reservoir. The lower boundary depends on the electric
field in the depletion zone, which is very high. For example, Kim et al measured
a 30-fold amplified electric field in the depletion zone173. Only analytes with very
low mobilities are transported through this barrier by EOF transport.

As the current setup is based on a glass chip, the channels have a negative
surface charge. Consequently, only anions are focused and separated at the
depletion zone border. In order to enable focusing and separation of cations, the
surface charge of the device should be reversed by applying a surface coating or
by choosing a different substrate.

4.4.2 Discrete and continuous injections

dzITP is demonstrated for both discrete and continuous injections (see Figure
4.2a, b). Fluorescein, 50 µmol/L and 6-carboxyfluorescein, 50 µmol/L were used
as analytes; applied voltages were 120 V (upstream) and 40 V (downstream).
For discrete injections, only the separation channel was filled with sample, while
remaining channels and fluid reservoirs contained background electrolyte only.
This resulted in a 309 pL injection volume, as calculated from the microchannel
dimensions. Figure 4.2a shows that isotachophoretic separation continues until
all analytes from the discrete sample are focused, after which the zone widths
become constant. Over time, bending points can be observed in the growth rate
of the analyte zones, as indicated by the arrows in Figure 4.2a. These bending
points correspond to the exhaustion of fluorescein (arrow I) and 6-carboxyfluor-
escein (arrow II). Lower mobility compounds are exhausted at an earlier stage
than compounds of higher mobility, the reason being that lower mobility com-
pounds have a lower electrophoretic drift to counter the EOF, resulting in a higher
net velocity. In continuous injections, the analytes were also placed in the up-
stream fluid reservoir, providing a practically inexhaustible supply of analytes.
Therefore zone broadening was continuous (see Figure 4.2b). Clearly, no bends
due to analyte exhaustion were present. Zone broadening speed of the lower mo-
bility compound (fluorescein) is higher than for the higher mobility compound (6-
carboxyfluorescein), again due to a higher net velocity. Continuous injections are
therefore most advantageous for the extraction and focusing of low-concentration,
low-mobility analytes, while discrete injections are useful in the quantitative anal-
ysis of multiple analytes.

4.4.3 Four-compound separation

4.2c shows concentration and separation of four compounds. A discrete sample
containing fluorescein, 6-carboxyfluorescein, FITC-leucine and FITC-glutamate,
40 µmol/L each, was injected. External voltages were 120 V (upstream) and
40 V (downstream). Within 100 seconds, four zones of clearly distinguishable
fluorescence intensity were formed. Standard addition was used to assign the
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Figure 4.2 Spatiotemporal plots of dzITP separations. a) Discrete injection of fluorescein and 6-
carboxyfluorescein. Arrows I and II indicate exhaustion of fluorescein and 6-carboxyfluorescein re-
spectively. b) Continuous injection of fluorescein and 6-carboxyfluorescein. c) Discrete injection and
separation of four compounds: fluorescein (1), FITC-leucine (2), 6-carboxyfluorescein (3) and FITC-
glutamate (4). Arrows I-IV indicate exhaustion of these respective analytes. d) Discrete injection of
fluorescein and 6-carboxyfluorescein combined with a continuous injection of acetate.

four zones to each of the four analytes: a doubled concentration of the respective
analyte led approximately to a doubling of the width of the corresponding zone
(see appendix 4.7.3). Here, too, bends in the profile coincide with the exhaustion
of each of the respective analytes.

4.4.4 Spacer compounds

A combination of a continuous and a discrete injection is shown in Figure 4.2d.
The upstream fluid reservoir was filled with electrolyte containing 100 µmol/L
sodium acetate as a spacer compound, but no analytes. The separation channel
was filled with electrolyte containing 30 µmol/L of both fluorescein and 6-carboxy-
fluorescein as analytes, but no spacer compound. External voltages were 120 V
(upstream) and 40 V (downstream). Initially, fluorescein and 6-carboxyfluorescein
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are focused in adjacent zones. After 70 seconds, acetate, which has an ionic mo-
bility in between that of fluorescein and 6-carboxyfluorescein, arrives and spaces
the two compounds. The fluorescein zone remains focused at the depletion zone
border, while the 6-carboxyfluorescein zone is pushed away in upstream direction
by the continuously broadening acetate zone. Spacer addition enables baseline
separation of fluorescent compounds enabling more precise identification and
quantification. Furthermore, a single compound or a specific group of compounds
can be selectively transported away from the depletion zone and can eventually
be eluted from the system, while other compounds remain at their near-stationary
position at the border of the depletion zone. Advantageously, all compounds re-
main focused during this process. Thus, spacer addition is a powerful method for
purification and transport.

4.4.5 Positional stability

A crucial feature of dzITP is the positional stability of the depletion zone border.
A near-stationary condition is reached after a rather short period, typically in the
order of 100 seconds (see Figure 4.2), in which depletion rate and EOF velocity
reach a balance. A discrete injection experiment was performed with 50 µmol/L
of both fluorescein and 6-carboxyfluorescein; external voltages were 120 V (up-
stream) and 40 V (downstream). In this experiment, the depletion zone border
shifted less than 700 µm in 1 hour. A previous report on nanofluidic concentration
devices indicated a near-zero shift after 3 hours of actuation65, although under
different experimental conditions, indicating that the result reported here could be
further optimized. However, the near-stability of the isotachophoretic separations
demonstrated here greatly enhances monitoring of focusing and separation pro-
cesses by microscopy without x/y control of the microscope stage. Additionally,
the experimental time range is much larger than for non-stationary ITP methods,
allowing higher concentration factors to be achieved.

4.4.6 Three-point voltage actuation

In 4.3 we demonstrate the versatility that is provided by a three-point voltage
actuation approach. In Figure 4.3a and b the magnitude of the upstream and
downstream voltages was varied, while maintaining the ratio between them. This
enables tuning of the extent to which analytes are focused. For low voltages
the two zones are barely distinguishable, while for high voltages sharp edges of
the zones can be observed. Figure 4.3b shows normalized slope values in flu-
orescence intensity per µm. The results suggest a linear trend between voltage
magnitude and zone sharpness. Analyte zone positions are not greatly influenced
by a change of the voltage magnitude as long as the ratio between upstream and
downstream voltages is kept constant. In principle this enables a free choice of
the maximum field strength and resulting focusing strength. However, small shifts
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Figure 4.3 Three-point voltage actuation. a) Focusing and separation of fluorescein and 6-car-
boxyfluorescein at several voltage magnitudes. b) Dependence of focusing strength on the voltage
magnitude. Focusing strengths are represented by the steepness of the slopes between the fluores-
cein plateau and the depletion zone; voltage magnitudes are represented by the upstream voltage.
c) Fluorescein and 6-carboxyfluorescein zones at different ratio’s between upstream and downstream
voltages. d) Distances of the edge between the depletion zone and the fluorescein zone from the
nanochannel. Measurements were triplicated and randomized.

in analyte zone positions are observed at higher voltage magnitudes. We mea-
sured maximum shifts of 364 ± 21 µm. In Figure 4.3c and d the voltage ratio is
varied by means of the downstream voltage. The zones can be shifted over a
range of 1.4 mm by varying the voltage ratio between 0.25 and 0.67 (downstream
voltage : upstream voltage). Zone positions appear to relate rather linear to the
voltage ratio. Separations are maintained, although at increasing ratios defocus-
ing occurs. The 1.4 mm zone shift is accompanied by a decrease of slope values
in the order of 0.006 µm−1.

Complete control over analyte zone position and sharpness is a crucial and
unique advantage of dzITP over conventional ITP methods. In conventional me-
thods, a single stable position can be obtained by EOF balancing, but during the
experiment this position can not be easily changed without changing parameters
like pH or electrolyte concentrations. Contrarily, in dzITP this is easily done by
tuning the upstream and downstream voltage magnitudes. Real-time image anal-
ysis of fluorescent markers can be used as feedback input for three-point voltage
actuation, enabling automated zone positioning control. Moreover, great benefit is
offered to experimental readout, as analyte zones can be scanned in a precisely
controllable manner by steering them along a sensor.
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Table 4.1 Comparison of dzITP with conventional ITP methods and nanofluidic concen-
tration devices (NCD). != intrinsic or standard possibility; - = not possible or not demon-
strated in literature; m = possible with modification.

Property ITP NCD dzITP
analyte focusing ! ! !

separation of ions ! - !

spacer insertion ! - !

single electrolyte - ! !

near-stationary m ! !

voltage controlled zone positioning - - !

4.4.7 Synergy of dzITP

Table 1 summarizes the synergy that emerges from the combination of ITP and
nanofluidic concentration devices, as provided by dzITP. Except for the require-
ment of multiple electrolytes, dzITP has all key characteristics of ITP: focusing
towards plateau concentrations and separation into adjacent zones that are or-
dered according to ionic mobility. Spacer compounds can be used to segregate
adjacent zones. From nanofluidic concentration devices, dzITP takes the single-
electrolyte advantage, as well as positional stability. Three-point voltage actua-
tion adds to this synergy the possibility of precise control of focusing strength and
zone positioning.

4.5 Conclusion and Outlook

In this paper we have demonstrated isotachophoretic separations employing a
nanochannel-induced depletion zone as a trailing electrolyte. dzITP requires only
a single background electrolyte to be injected and can be performed easily with
both discrete and continuous injections. We demonstrated separations of up to
four compounds in clearly distinguishable zones within 100 seconds. A spacer
was inserted to improve baseline separation of fluorescent compounds, and to
induce selective transport of analytes while maintaining sharply focused zones.
Moreover, full control over analyte position and zone sharpness was demon-
strated using the unique three-point voltage control of dzITP. Scanning of analyte
zones using three-point voltage actuation will enable simple integration of sensors
such as surface-enhanced Raman spectroscopy (SERS), surface plasmon reso-
nance (SPR), and conductimetry or electrochemical detection. As dzITP is much
easier to use than conventional ITP, integration into a microfluidic platform for ev-
eryday laboratory use will be very attractive, as exemplified by the Agilent 2100
Bioanalyzer for on-chip capillary electrophoresis. Integration in hand-held anal-
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ysis devices, as has been recently done for conventional ITP144, may find inter-
esting applications in water quality monitoring, explosive detection, point-of-care
screening, etc. Future research focuses on coupling of the technique to sampling
and detection modules. We see great potential for dzITP in our metabolomics
research, particularly for the extraction, preconcentration and quantification of
low-abundant metabolites from small complex biological samples. Thanks to its
unique combination of voltage-controlled versatility and single-electrolyte simplic-
ity, dzITP holds the promise to become a core component in the electrokinetic
chip-based platforms of the future.
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4.7 Appendix

4.7.1 Additional movies

Several movies are available in the electronic supporting information online with
the publication belonging to this chapter174: Movie 1: dzITP-separation after a
discrete injection of four compounds: fluorescein, FITC-leucine, 6-carboxyfluor-
escein and FITC-glutamate. Movie 2: Discrete injection of fluorescein and 6-
carboxyfluorescein combined with a continuous injection of acetate as a spacer.
Movie 3: Fluorescein and 6-carboxyfluorescein zones are positioned by using
different ratios between upstream and downstream voltages.

4.7.2 Chip fabrication

Photoresists (SU 8-10 and ma-P 1275) and developers (mr-Dev 600 and ma-D
331) were obtained from Microresist Technologies (Berlin, Germany). N-methyl-
pyrrolidone (NMP) was obtained from Rathburn Chemicals (Walkerburn, Scot-
land). AbsorbMaxT M film, fuming nitric acid (100%) and hexamethyldisilazane
(HMDS) were obtained from Sigma-Aldrich (Steinheim, Germany). Chips con-
taining micro- and nanochannels were fabricated in 4” Pyrex® wafers (Si-Mat,
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Kaufering, Germany). The wafers were spin coated with SU 8-10; the wafer was
first accelerated to 500 rpm in 5 seconds to allow resist spreading, directly fol-
lowed by an acceleration to 2000 rpm in 5 seconds, which was maintained for
30 seconds. After spin coating, the resist was allowed to settle for 8 hours at
room temperature, after which the resist was prebaked using a hotplate by con-
trolled heating to 95 ◦C in 8 minutes, followed by ambient cool down. The resist
was exposed at 6 mW/cm2 for 25 seconds in a Suss MA 45 mask aligner (Karl
Suss KG, München-Garching, Germany) in which a Hoya UV34 filter (LG opti-
cal, Churchfield, UK) was installed to prevent SU 8 T-topping. During exposure
AbsorbMax film was attached to the back side of the wafer, to prevent undesired
reflections. The microchannel pattern was transferred using a 5” chromium mask
(Delta Mask, Enschede, The Netherlands). A post-exposure bake was done by
controlled heating to 95 ◦C in 8 minutes, followed by ambient cool down. Devel-
opment was done for 3 minutes in mr-Dev 600 developer followed by washing
in isopropanol and demineralized water. Using the developed SU 8 resist as a
mask, microchannels were etched into the glass wafers by a 1 hour deep reac-
tive ion etching (DRIE) step. DRIE was performed in an Oxford Plasmalab 90+
parallel plate reactor (Oxford Instruments, Abingdon, United Kingdom) using an
argon/SF6 plasma. Gas flows were 20 sccm for argon and 25 sccm for SF6.
After establishing a stable plasma at 10 mTorr, pressure was set at 2 mTorr. For-
ward power was 200 W. After etching, the SU 8 resist was stripped by placing
the wafers in NMP for several hours at 70 ◦C, followed by removal of remaining
particles in a fuming nitric acid bath. The wafers were rinsed in water, spin-dried,
and baked for 5 minutes at 110 ◦C for dehydration. The wafers were spin coated
with HMDS followed by a curing bake at 150 ◦C for 5 minutes. Next, ma-P resist
was spin coated at 1000 rpm for 30 seconds preceded by 10 seconds of accelera-
tion. The resist was prebaked for 5 minutes at 95 ◦C. Transfer of the nanochannel
pattern was performed by an exposure step as performed as described above.
Development was done with ma-D 331 developer for 5 minutes. To etch the na-
nochannels, DRIE was performed with same parameters as described above,
except for the etch time, which was 100 seconds. The ma-P resist was stripped
with acetone. Resulting micro- and nanochannel depths were 1.7 µm and 60 nm
respectively, as measured with a Dektak 150 profilometer (Veeco, Tucson, AZ)
and by scanning electron microscopy using a FEI NovaT M NanoSEM apparatus
(FEI, Hillsboro, OR). Each etched wafer was bonded with a second pyrex® wafer.
In these wafers, fluidic access holes were ultrasonically drilled using a diamond
bit. Both wafers were subsequently cleaned in acetone, piranha acid and nitric
acid, followed by a 1 minute dip in KOH. A pre-bond was realized upon application
of manual pressure, after which direct bonding was performed in an oven (Model
P320, Nabertherm GmbH, Lilienthal, Germany). The temperature was ramped to
600 ◦C in 3 h, which temperature was maintained for 4 h, followed by cooling to
room temperature with a rate of 50 ◦C/h. After bonding, wafers were not diced, a
whole wafer was used from which a single chip was selected.
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4.7.3 Analyte zone identification by standard addition

(a)
(b)
(c)
(d)

Figure 4.4 Analyte zone identification by standard addition. In each experiment, the four analytes
(fluorescein, FITC-leucine, 6-carboxyfluorescein and FITC-glutamate) were present in concentrations
of 30 µmol/L, except for the analyte to be identified, which had a concentration of 60 µmol/L. Discrete
injections were performed. From left to right, the four zones were identified as follows: a) first zone:
fluorescein; b) second zone: FITC-leucine; c) third zone: 6-carboxyfluorescein; d) fourth zone: FITC-
glutamate.





CHAPTER 5

From SERS to SERSOR: Investigation of PEG-thiol
coatings to make a dynamic Surface-Enhanced Raman

Scattering sensORa

5.1 Abstract

A surface enhanced Raman spectroscopy (SERS) substrate, when improved with
a coating inert towards the analyte but thin enough to allow surface enhancement
of analytes in solution, can operate without irreversible adsorption taking place
and can therefore be responsive to changes in analyte concentration as opposed
to conventional SERS substrates. The range of use of this powerful detection
technique can then be significantly expanded to include re-use, cleaning and cali-
bration. Ultimately this concept of dynamic SERS can provide a chemical sensor,
or SERSOR, that not only detects but also identifies unlabeled (bio)analytes in
applications such as process monitoring or as a non-invasive detector in-line with
separations such as HPLC, or especially, in Lab-on-a-Chip and µTAS systems.
Described in this chapter are first measurements of a SERSOR, a SERS active
substrate coated with self-assembled monolayers (SAM) of oligo(ethylene glycol)
terminated thiol (PEG-SH). Consecutive measurements of water and adenine so-
lutions, a molecule known for its irreversible adhesion, demonstrated no reversibil-
ity of adenine signal for the uncoated SERS substrates whereas the coated sub-
strate demonstrated an initial adenine signal reversibility of 90%. Although ade-
quate robustness of the sensor was not yet obtained, the device represents a first
step towards the envisioned SERSOR concept.

aK. G. H. Janssen, S. J. Trietsch, Z. Liu, H. J. van der Linden, J. P. Abrahams and T Hankemeier.
Published Patent Application: K.G.H. Janssen and T. Hankemeier, US20130050694 A1.
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5.2 Introduction

5.2.1 Surface-enhanced Raman scattering (SERS)

SERS is a detection technique based on Raman scattering, where detection lim-
its of analytes are improved by the proximity of a metal surface, typically silver or
gold. The surface features of the metal, typically in the order of tens of nanome-
ters such as for a rough metal surface or for separate nanoparticles or metal
colloids175, supports surface plasmons that when exited by an incident Raman
photon induce a very strong localized field. This increases the Raman signal
from molecules near the surface, typically within 10 nm176. Several recent books
and reviews dedicated to SERS are available focusing on practical applications as
well as the theoretical understanding of the phenomenon176–183. SERS provides
a combination between molecular structural information from vibrational spec-
troscopy, with sensitive label-free detection. The ability of SERS to measure and
identify many unlabeled biomolecules including for example glucose, enkaphalin,
thrombin and adenine at excellent detection limits allows in principle its applica-
tion in the biomedical field182,184,185. SERS was also successfully applied for
off-line detection after various analytical separation methods186.

Silver and gold irreversibly adsorb many molecules due to their inherent nega-
tive surface charge187,188, particularly the molecules with thiol and amine groups.
This adsorption ensures the close proximity of these compounds to the enhancing
surface, improving detection limits as molecules accumulate onto the surface over
time. However, such irreversible adsorption also has important disadvantages:

1) Substrates cannot be re-used. Therefore calibration is not possible with the
same substrate, obstructing quantitative measurements if the substrate charac-
teristics vary.

2) Dynamic measurements in solution are not possible. The signal increases
over time until the surface is saturated, and the analytes can be only detected as
an integrative signal. Upon a change of the solution composition the signal does
not , as opposed to what would be desirable in e.g. chemical process monitoring
or for an in-line detection. A measurement therefore does not reflect the current
composition of SERS-active compounds in the solution but depends on the whole
history of the substrate.

3) Simultaneous detection and identification of multiple analytes is in princi-
ple possible with SERS when yielding vibrational spectra that allows them to be
differentiated, supported possibly by chemometrics. Irreversible adsorption may
obstruct this, due to surface competition between analytes or between analytes
and non-SERS active components of the sample matrix.

4) The measurements are invasive. Adsorption implies the extraction of com-
pounds from the measurement solution so that the sample cannot be recovered
for a further analysis. In-vivo applications will be invasive as well (even if the
adsorption would be reversible).

These four aspects limit the current application of SERS substrates for single-
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use invasive measurements, and cause it to be at most as an integrative detector,
which may be quantitative only if the substrate can be reproducibly manufactured
(but used as disposables) and there are no competition effects due to a complex
sample composition.

5.2.2 Strategies so far for SERS implementation

Although many processes can already be monitored with Raman spectroscopy,
an enhanced detection limit in dynamic process monitoring would be of great
value189. SERS can provide enhanced detection limits but since the desirable
strongest SERS enhancements are achieved by binding to the surface, at the
same time this imposes a large constraint on their applicability. Adhesion leads
to fouling, restricting the sensor to single use, preventing calibration, in-line use
and dynamic measurements. Secondly SERS substrates in a complex mixture
are subject to surface competition between analytes and/or matrix compounds,
making SERS enhancement strongly susceptible to matrix effects. These chal-
lenges have been recognized from the beginning of SERS, and development of a
means for dynamic quantitative SERS measurements has been a dominant driv-
ing force in SERS substrate development. Several strategies attempt to enable
quantitative measurements as well as their limitations are listed below.

The most popular strategy is the reproducible manufacturing of substrates, as
this allows measurements with separate but identically performing substrates. A
multitude of methods has been applied in manufacturing substrates190, from col-
loid deposition191–200, roughening a flat metal surface electrochemically201,202,
using direct nanofabrication203 and microfabrication techniques to create an ap-
propriate scaffold for the metal204–209 in combination with e.g. sputtering and va-
por deposition techniques. One SERS substrate yielding reproducible enhance-
ments is commercially available (Klarite ™, D3 Technologies Ltd. UK). Re-use
of substrates or dynamic measurements are not possible with this strategy, nor
does it offer a solution for the surface competition between analyte and sample
matrix and/or other analytes.

A strategy to allow SERS detection in the presence of a complex matrix has
been to use surface coatings that have a strong binding preference with the an-
alyte of interest. Such coatings selectively enrich the analyte near the surface
as opposed to matrix compounds. This principle was applied in e.g. qualita-
tive protein measurements210,211 immuno-assays212 and anthrax markers213. A
rarely reported coating type which however is of interest for our approach is what
can be called unselective enrichment coatings. These coatings have an inter-
action similar to retention mechanisms as used in reversed phase high perfor-
mance liquid chromatography (RP-HPLC), and may therefore be potentially re-
versible and interact with a range of compounds. One work using such a coat-
ing reports measurements on benzene and tert-butylbenzene aqueous solutions
with n-alkanethiols, on substrates coated with 1-propanethiol (C3) up to octade-
canethiol (C18)214 , although rinsing or reuse was not reported. The only use
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as a reversible coating in an actual separation was demonstrated with a coating
of 1-propanethiol, in GC analysis215 and as the stationary face in LC for BTEX
(benzene, toluene, ethylbenzene, and o-, m-, and p-xylene)216. The only down-
side of this coating approach is that since it may interact reversibly with multiple
analytes the affinity and hence signal enhancement is very dependent on the ma-
trix. Hence surface competition occurs when used during a separation, or after.
Another coating type uses a coating of reporter molecules, which have a strong
inherent SERS signal and high affinity for the analyte of interest. Analyte-induced
conformational changes on the coating are measured, allowing indirect detection
of the analyte. Reporter molecule coatings have been applied to e.g. Cu2+ and
Pb2+ 217, pH218–220, lactate221 and viruses222. In-vivo experiments have been
performed with this approach and include measurements of glucose in rats200,223

and intracellular pH224–226. A review on SERS in cells is also available227. With
the appropriate coating the binding between analyte and reporter molecule may
be reversible, allowing dynamic measurements. In practice this may solve the
challenge for a dynamic quantitative SERS substrate, but for one or a few se-
lected compound(s) only. Unfortunately thus, the high selectivity of enrichment
when using reporter coatings excludes the capability for the measurement of
multiple constituents of a complex mixture. This capability is needed e.g. for
a generic detector for SERS active analytes after a separation of unknown com-
pounds. Furthermore the requirement for binding makes these coatings invasive
in-vivo.

5.2.3 SERS as a sensOR: the SERSOR concept.

We propose to overcome the main constraint on the broad application of SERS
by means of a dense coating that is inert towards the analyte(s). This prevents
adsorption of compounds and endows the SERS substrate with the ability for
dynamic detection with the signal reflecting the concentration. By default this
prevents bias from surface competition. Also, this changes the substrate from a
disposable into a re-usable one. Most importantly, such a coated substrate may
be tested and evaluated before use, or even calibrated. For such a SERS-sensOR
device we propose the name SERSOR.

Since SERS enhancement greatly diminishes with distance from the metal
surface177–181, the coating must be as thin as possible, preferably thinner than
10 nm176. Since we will measure compounds in solution instead of enriched on
the surface of the uncoated substrate this will result in lower detection limits. The
properties of the various SERS strategies so far compared to each other and the
proposed SERSOR are summarized in Table 5.1.

A SERSOR will have a broad potential in applications such as process mon-
itoring or as a non-invasive detector in-line coupled with separations such as
HPLC. As the signal originates from within a few tens of nanometers from the
surface, applications include the monitoring of highly localized process in (bio)-
chemical reactions228, relevant for in-vivo measurements.
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Table 5.1 Properties of the various types of coated SERS substrates (see section 5.2.2).
Analyte Indicates selectivity of the substrate. Detection limit General/average indication,
or in case of selectivity vs. intended analyte only. *Depends on the coating thickness.
No surface competition ”No” indicates that the coating does not disable competition for
the surface (either temporarily or permanent) Dynamic Whether the SERS response may
respond to changes in solution over time, e.g. composition and concentration. †May be
dynamic if the affinity is reversible: e.g. pH sensitive reporte coating224–226. Quantitative
Wether the SERS response can be calibrated to reflect concentration. ‡Potentially if the
total amount adhering is fixed by selecting the volume of solution e.g. dried (non-dynamic)
or: if the accumulation over time from solution can be calibrated.

Uncoated Reporter Selective Unselective SERSOR
coating Enrichement enrichement

coating coating
Analyte All SERS Target com- Target com- Potentially All SERS

active pound only pound only multiple active
Detection limit Excellent (Very) good Good* Average* Average*

No Surface No Yes (Target Yes (Target No Yes
competition compound) compound)
Dynamic No Potentially† Potentially† Yes Yes

Quantitative Potentially‡ Potentially‡ Potentially‡ No Yes

As SERS is an inherent nanoscale effect, it is well suited for downscaling of
analytical systems. A coating, such as for a SERSOR, is not expected to increase
the difficulty of downscaling SERS. Therefore, downscaling a SERSOR is primar-
ily a microfabrication challenge for the substrate itself. Of particular interest is
that a SERSOR can be implemented in lab-on-a-chip (LOC) and µTAS systems,
a field in which the potential for SERS has already been recognized34.

5.2.4 SERSOR development

Substrates based on silver colloid deposition provide the strongest SERS en-
hancement184. Since it is the target of our research to evaluate a coating for a
SERSOR, and not to develop a SERS substrate, an established method of colloid
deposition on glass was selected to prepare the SERS substrate195.

A good candidate for a SERSOR coating, reported to be inert towards bi-
ological molecules such as proteins, is a self assembled monolayer (SAM) of
oligo(ethylene glycol) terminated thiols (PEG-SH)229 on gold and silver230. Cov-
erage results of coating protocols using PEG-SH have been studied as a func-
tion of metal surface roughness231 and for different solvents232. Interestingly,
two types of thickness and surface coverage for PEG-SH coatings have been re-
ported in relation with SERS, a dense 25 nm, PEG-SH coating (5 kDA) to block
out the environment233, and a very disperse coverage with a different PEG-SH
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on colloids to stabilize the particles in solution while explicitly keeping the surface
accessible234. Neither method is suited for a SERSOR as an optimum thickness
and coverage is required in between. However, this research did establish that
the complete PEG-SH coating did not appear to influence normal biological be-
havior in-vivo233, making a SERSOR compatible with in-vivo measurements. In
a different field, particular PEG-SH coatings with low molecular weights (<750
Da) have been reported to provide a surface coverage dense enough to inhibit
the etching of flat gold in an aqueous cyanide etch bath235. Notably, thiol based
coatings have been reported to adhere more slowly to silver than to gold236. In
conclusion, PEG-SH may prevent molecules from adsorbing to the surface but
can be made thin enough to allow SERS of molecules in solution. It however
needs to be evaluated on our non-flat silver substrate.

The goal of this paper is to prove the concept of a SERSOR using an PEG-SH
coating on a SERS-active substrate. The investigation will focus on the questions
whether this particular coating applied on silver surfaces is sufficiently inert, and
dense to prevent small biomolecules from adsorbing while at the same time thin
enough to allow sensitive SERS.

5.3 Experimental

5.3.1 Chemicals

Silver nitrate 99.9999%, Sodium Citrate, 3-aminopropyltrimethoxysilane (APTMS),
adenine, sulphuric acid and hydrogen peroxide were acquired from Sigma Aldrich
(Sigma Aldrich, Zwijndrecht, The Netherlands). Deionized water (DI-water) used
was generated by a Milli-Q ®Gradient A10 ®(Millipore, Amsterdam, The Nether-
lands). When very pure solvent was required, water and MeOH were of UL-
CMS grade (Biosolve, Westford, USA). Isopropanol and acetone were obtained
from VWR (BASF, VLSI Selectipur grade). Oligo(ethylene glycol) terminated thiol
(CH3−O−[CH2−CH2−O]3−[CH2]5−SH) was a kind gift from Dr. Nicole Botter-
huis(department of supramolecular polymer chemistry, Eindhoven University, The
Netherlands). Standard microscope slides were obtained from Menzel (Menzel
GmbH & Co. KG, Braunschweig, Germany). SERS measurements were per-
formed with an aqueous solution of 10 mmol/L adenine.

5.3.2 Raman instrumentation

Measurements were performed using a RAMANRXN1® Microprobe (Kaiser Opti-
cal Systems Inc., Ecully, France) controlled with the included Holograms®software,
equipped with a solid state laser, 785 nm at 200 mW. The Raman system was in-
tegrated with an Olympus BX51 microscope with a 60x water immersion lens
(Olympus Corporation, Zoeterwoude, The Netherlands). The microscope was
equipped with a high-accuracy xyz positioning stage (SCAN IM 120x100, 1 mm



5.3. Experimental 83

lead screw pitch, linear encoders, Märzhäuser Wetzlar GmbH & Co. KG, Wet-
zlar, Germany) driven by a Corvus high-resolution positioning controller and the
included software Winpos (miCos GmbH, Eschbach, Germany). Spectra were
acquired by summation of three 1 second acquisitions, with the immersion lens
in the analyte solution, focused on the surface of the SERS substrates. Data
(pre)processing and analysis of spectra was performed using Matlab (The Math-
Works Inc., Natick, USA). A scanning electron microscope (SEM) (Nova 200
NanoSEM, FEI Company™, Hillsboro, USA) was employed to image the colloid
distribution on the surface.
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Figure 5.1 SERSOR manufacturing steps. (A) An extensively cleaned microscope slide (B) was
modified with 3-aminopropyltrimethoxysilane (APTMS), prior to (C) incubation with a Ag hydrosol to
ensure a strong adhesion of the colloids. (D) This SERS-active substrate was then coated with PEG-
SH.

5.3.3 SERSOR manufacturing.

A citrate-reduced silver hydrosol was made in ULCMS grade water237 and its
SERS activity confirmed by measurement of adenine (results not shown). These
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silver colloids were then immobilized onto a microscope slide using the proce-
dure as detailed by Park et al.195, shown schematically in Figure 5.1A-C. Briefly,
microscope slides were cleaned thoroughly by wiping with a tissue and house-
hold dish washing soap solution followed by extensive rinsing with DI-water. For
further cleaning the slides were then placed in an ultrasonic bath in acetone and
then MeOH for 10 minutes each and dried for 20 min at 110 °C in an oven to re-
move organic solvent. After evaporation of all solvent the slides were submerged
in piranha solution (H2O2:H2SO4 1:3 v:v for several days (Caution! Piranha acid
is very corrosive and potentially explosive upon contact with organic substances.
Appropriate safety measures should be taken while handling) to both clean and
activate the surface. Afterwards the slides were rinsed with water and stored in
MeOH (both ULCMS grade) awaiting further processing. The slides were rinsed
with isopropanol and placed in a solution of 8% APTMS in isopropanol (v:v) for
21h. After rinsing with isopropanol the APTMS was annealed on the slides at
110 °C in an oven. The trimethoxy silyl group of APTMS reacts with the activated
glass surface, and the amine group then present a positive surface charge to-
wards the solution at neutral pH. This positive surface charge facilitates a strong
adhesion between the inherently negative Ag colloids187,188 and the slides. The
slides were incubated in undiluted silver hydrosol for 1 day on an orbital shaker,
followed by rinsing with water (ULCMS grade). SERS substrates were coated
by submersion in an aqueous 1 mmol/L PEG-SH solution for 1 day. Afterwards
the coated substrates were rinsed with and stored in water (ULCMS grade), prior
to measurements. Uncoated SERS substrates were retained in water (ULCMS
grade) for reference measurements.

5.4 Results & Discussion

5.4.1 SERSOR manufacturing

SERS active substrates were successfully produced and coated with PEG-SH.
The colloid density on the microscope slides was studied with scanning electron
microscopy (SEM) (Figure 5.2). The manufacturing method was relatively quick
and simple but the colloid density was found to be inhomogeneous over the micro-
scope slide. The colloid density was found to correlate positively with the SERS
signal strength and observed scattering of the laser from the surface. In prac-
tice, the laser scattering was successfully used to locate strongly enhancing sites
rapidly without analyte, by moving the SERS substrate under the laser spot and
observing the reflection intensity by eye.

5.4.2 SERSOR measurements

A SERSOR needs to demonstrate reversibility in analyte signal, in order to mea-
sure concentration changes in a dynamic manner. To evaluate the effectiveness
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of the coating for this purpose, the biomolecule adenine was selected as a test
analyte. Adenine has a strong SERS signal and normally adheres irreversible to
a silver surface238, and is therefore a challenging analyte for a SERSOR.

The PEG-SH coated SERS substrate successfully demonstrated surface en-
hancement of Raman detection of adenine. This was established by placing a
solution of 10 mmol/L of adenine on the SERS substrate and measuring the sig-
nal with the Raman microscope focused on the surface through the solution using
an immersion objective. While with a bare glass slide only, adenine could not be
detected, while it was clearly detectable with the SERS substrate.

1 μm

50 μm

Figure 5.2 SEM image of a SERS substrate coated with PEG-SH. The image shows an area of 300 x
300 µm with the surface covered with silver colloid clusters, associated with the strong enhancements
from these locations. The insert shows that clusters are on average 1-2 layers of colloids thick and
several microns in size. Also present are silver nanowires several microns in length and tens of
nanometers wide.

Subsequent SERS measurements of water, a solution of 10 mmol/L adenine,
and after intermediate rinsing with water, again water, were acquired for coated
and uncoated SERS substrates. The uncoated SERS substrate showed no signif-
icant reduction in signal of adenine after even very extensive rinsing with DI-water
(data not shown), as has been previously reported in literature238. The spectra
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of a set of consecutive measurements from an identical position for the PEG-SH
coated SERS substrate are shown in Figure 5.3.
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Figure 5.3 Subsequent SERS measurements of adenine and DI-water at an identical surface posi-
tion of an PEG-SH coated substrate. Experiment No. 1 corresponds to adenine (10 mmol/L), No. 2
DI-water, No. 3 reapplied adenine (10 mmol/L) and No. 4 DI-water. The most intense band, charac-
teristic for adenine, is apparent at 734 cm−1

The PEG-SH coated substrate demonstrated an initial reduction of adenine
signal of almost 90% after rinsing with water. When the substrate was exposed
again to adenine, the signal of adenine returned (albeit weaker), and was re-
duced again by rinsing (albeit not entirely). It can be concluded that the coating
prevented the irreversible adsorption of adenine to the SERS substrate and was
thin enough to allow SERS, as opposed to other PEG-SH coatings that were
intentionally thick to obstruct SERS signals from beyond the coating233. The pos-
itive identification of adenine, while limiting its irreversible adsorption to the SERS
substrate demonstrates the feasibility of the SERSOR concept.

As can be seen from the measurement series of Figure 5.3, with consecutive
measurements a reduced intensity of the adenine signal and increased carry-
over was seen. Immersion in DI-water for 1h as well as extensive rinsing did not
affect the carry-over signal strength. This indicates that adenine was attached to
the silver and therefore the coating did not completely prevent adsorption to the
SERS substrate. The increasing carry-over signal of adenine (Figure 5.3, mea-
surements No. 2 and No. 4) may therefore be explained by decreasing coverage
of the coating on the SERS substrate.

The reduced response to adenine during the experiment (Figure 3, experiment
No. 1 and No. 3) is a typical result and found in other measurement series we
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performed, but it is less readily explained, particularly since with uncoated SERS
substrates no loss of signal was found, despite rinsing efforts. In further investi-
gation of this observation it was found that the signal of PEG-SH itself, although
unaffected by storage for extensive periods in water, is strongly affected by laser
exposure for sub-second periods, much shorter than the order of the acquisition
time used. We hypothesize that the apparent wear of the coating with consecutive
measurements (Figure 5.3), is due to the reaction of silver with the thiol group of
the coating, accelerated by irradiating with the laser. This corresponds to silver
tarnishing, the well known reaction of silver with sulphur groups, such as in H2S
and SO2, forming the characteristic black silver sulfide (Ag2S), known to affect
the surface plasmon resonance of silver239,240. Although this particular effect is
of potential interest for tarnishing studies of silver, it is beyond the scope of this
paper and the kinetics were too fast to evaluate effectively with our setup.

5.4.3 Perspectives

For the purpose of the development of a robust SERSOR, improving the present
colloid coating protocol is needed in coverage and reproducibility, although col-
loid coatings of similar quality as we show in Figure 5.2 have been reported241.
Notably, in a later stage we achieved much improved colloid substrate manufac-
turing, with a homogeneous colloid distribution and correspondingly a maximum
variation in surface signal intensity by a factor of 2. A SEM image of this surface
is provided in the appendix Figure 5.4. Unfortunately these new substrates could
not yet be tested with the SERSOR coating. A different SERS substrate may
also be used, e.g. Klarite, or one of the many other strategies to manufacture
substrates (See introduction for a selection reported in literature). A reproducible
substrate would enable quantification of the effect of the coating on SERS en-
hancement. In addition, it will be of interest to study the effect of a coating on the
SERS activity of the different surface geometries provided by the various SERS
substrate manufacturing methods. Also, the influence of these variations on the
coating effectiveness or its application procedure may be investigated.

The particular coating used here for a SERSOR, i.e. thiol chemistry to coat
silver, potentially induces unwanted effects. To solve these problems, gold sub-
strates could be used, or a coating relying on other binding principles could be
considered such as amine, which also adheres to silver.

For future SERSORs, no single coating can be expected to block the interac-
tions in all applications as the interactions depend on the analyte(s) of interest
and its matrix. Therefore, as each application field imposes a different condition
on inertness, different customized coatings need to be developed. These can be
based on polymers, metals or oxides. A successful SERSOR coating will require
optimization of the surface coverage, stability and thinness of the coating on a
SERS-active substrate. Lastly the potential of a SERSOR for downscaling is not
limited by the coating but manufacturing of the substrate. With state of the art
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technology we expect that a SERSOR can be integrated in µTAS and Lab-on-a-
Chip systems.

5.5 Conclusions

A proof of concept for a dynamic surface enhanced Raman sensor, a so-called
SERSOR, was demonstrated. An initial reversibility of the signal of 90% was
achieved by coating a SERS active substrate with a non fouling coating that was
inert and thin. The coating, PEG-SH, was evaluated with the biologically relevant
molecule adenine, a normally strong binding molecule to silver whose signal could
not be reduced by rinsing with water. Although further optimization of the coating
is needed, this proof-of-concept opens the way for the development of appropriate
coatings for applications requiring the measuring of unlabeled (bio)molecules in
process monitoring in large reaction vessels, as well as detection in-line with
separations in systems, potentially as small as µTAS or lab-on-a-chip.
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5.7 Appendix

2 µm

20 µm

Figure 5.4 SEM image of a SERS substrate. The image shows an area of 50 x 50 µm with the
surface covered with silver colloids and fused silica. A much larger area, ≈ 1x1mm showed the same
coating state.





CHAPTER 6

Summary, Conclusions & Perspectives

6.1 Goal of the thesis

Metabolomics holds the promise to understand mechanisms of health and dis-
ease, by means of elucidating the role of metabolic processes involved. This
understanding in turn can accelerate drug development and enable personal-
ized medicine. The proper study of metabolomics however, requires cheaper and
faster methods. Additionally, sometimes metabolomics will require the analysis of
small to ultra-small samples, such as from single cells, which currently is not at all
possible with conventional lab equipment. Ultimately, in order to understand the
dynamic processes in the metabolic state of an entire human, an organ, tissue
or a cell, time resolved studies will be required, taking samples of body fluids in
a longitudinal manner or, when studying individual cells, at the level of individual
cells.

A Lab-on-a-Chip platform in principle allows integration of complex separation
methods in a miniaturized fashion and in that manner provides a standardized
and automated analysis at reduced time and analysis costs. Such an efficient,
standardized analysis platform could be also designed to allow the analysis of
small sample volumes of complex samples such as a blood droplet to acquire
information on the metabolome. Analyzing ultra-small samples volumes such as
that of an individual cell, or an aliquot of an individual cell, then requires even
further miniaturization.

Miniaturization towards the microscale will also allow sample volumes much
smaller than possible with current conventional lab equipment, and it may en-
hance the resolving power of separations. However, this may require new ana-

91
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lytical approaches and not only down-scaling of existing methods. Actually, mi-
crofluidics analysis systems are increasingly described in literature, and a few are
commercially available, which handle volumes on the order of nanoliters (10−9 L).

Analysis on the sub-cellular scale, which is on the order of sub-picoliters
(<10−12 L) is rarely described in literature and not commercially available yet.
For this purpose nanochannels, intrinsically small enough for sub-picoliters, hold
great promise. Nanochannels are not just smaller channels; many of their prop-
erties are still unknown, making their study, nanofluidics, a fascinating field of re-
search. Electrophoretic separation techniques provide a greater resolving power
compared to LC separations, and become even more effective upon downscal-
ing. Notably an electrophoretic separation technique with a very high separation
potential is isotachophoresis.

The goal of this thesis is the exploration of nanofluidics for the analysis of
minute metabolomic samples in miniaturized analysis devices. In this exploration
we included the study of phenomena unique to nanofluidics. This understanding
was used not only to bypass side effects while exploring the limit of miniaturization
of isotachophoresis, but also to exploit them by the hyphenation of microfluidic ITP
with nanofluidic phenomena.

6.2 Solution acidification in nanochannels, a sur-
face charge model

In Chapter 2, the discovery of the unexpected dominant acidity of glass in na-
nochannels is described. This led to advanced modeling of the electrochemical
double layer. The knowledge gained on nanochannels can be used to avoid un-
wanted titration effects in nanoscale analysis, or to possibly exploit them. The
titration model can be used as a tool to study further fundamental nanochannel
properties. For instance, in a follow-up of this work the effect of polymers on the
surface of a nanochannel was studied by Anderson et al.242 and recently used to
study the influence of energetic surface heterogeneity on proton desorption dur-
ing capillary filling of silica nanochannels by Piasecki et al.243 Secondly, it offers
the unique opportunity to study the titration of solutions without adding co-ions to
the solution and resulting changes in ionic strength, e.g. from chlorine in HCl and
sodium in NaOH, as the counter ion is a stationary group on the surface. This
titration effect has since even been shown to allow actuation by an externally ap-
plied potential on the channel surface to actuate proton release and uptake, and
titrate the filling solution244.

This titration effect may be relevant for all applications in nanofluidic chips
where changes in solvent composition occur. Particularly, it has implications for
various separation methods when applied in nanochannels: for example in liquid
chromatography often solvent gradients are used, and in electrokinetic methods
such as field-enhanced sample stacking or isotachophoresis which are based on
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discontinuities in solvent composition. On the other hand this model can support
the understanding of large scale applications that utilize surface interface effects
and interactions occurring at the nanoscale, including for instance open-tubular
liquid chromatography in nanochannels.

Based on the insights obtained in Chapter 2, new approaches are also possi-
ble for the analytical method isoelectric focusing (IEF). Conventionally, this method
separates amphoteric analytes, e.g. proteins, by an axial pH gradient. This gra-
dient is imposed by adding a mixture of amphoteric background molecules. The
constituents of this mixture are selected such that a continuous range of isoelec-
tric points is present and that each of the compounds have a strong pH buffering
capability. The in- and outlet of the channel or capillary are then placed in vials
corresponding to the pH extremes of the ampholytes. When an electric field is ap-
plied over this mixture, the ampholytes migrate until they have reached a position
where their net charge is zero, so that they are ultimately arranged on the order of
their isoelectric point. This mixture is generally referred to as carrier ampholytes.
Ampholitic analytes such as proteins, stop migrating at the position where the pH
corresponds to their isoelectric point. This process simultaneously separates and
concentrates these compounds. Unfortunately, the presence of carrier ampholy-
tes can be unwanted or impractical, e.g. in combination with detection methods
such as mass spectrometry. As a future prospect to exploit the nanochannel
titration effect, the wall buffer capacity in a nanochannel can be used to perform
isoelectric focusing (IEF). Nanochannels strongly buffer pH and do so inversely
proportional to their channel depth. Potentially a nanochannel with slopes from
deep to shallow may therefore induce a pH gradient, from low to high pH respec-
tively, buffered by the wall. If so, such a nanochannel could enable IEF without
any carrier ampholytes. The technology needed to make sloping channels with a
continuous gradient is to our knowledge not available at this time. A stepped slope
(≈ 10 nm step size) however has been demonstrated245, so selective trapping of
compounds in batches may be attempted. A different approach could be the cap-
ping of the silanol groups in a standard non-tapered microfluidic or conventionally
capillary channel, in a gradient from less to more capping to also achieve a buffer
capacity gradient.

The model implicitly describes the charge asymmetry in solution (the number
of protons released) in the nanochannel on the surface charge in charges per
nm2, as a function of pH and ionic strength. This in turn can allow prediction on
the rate of filtration in membranes246 and may be used to predict concentration
polarization as used in depletion zone isotachophoresis (Chapter 5).
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6.3 Isotachophoresis in nanochannels for sub-pL
injection volumes

In Chapter 3 nanochannels were used for isotachophoretic separations of 0.2
and 0.4 pL samples to assess the limits of miniaturization. The developed setup
demonstrated the feasibility of advanced separations and fluidic control on the
nanoscale. The ITP separation was actually achieved for the smallest sample
volume so far reported in the literature.

The feasibility of ITP in nanochannels is important for metabolomic analysis
of minute sample amounts. ITP, being a focusing technique, can substantially
improve detection limits, a crucial aspect for the challenging detection of very
low abundant compounds. ITP can simultaneously be considered a sample pre-
treatment technique, purifying analytes while separating them in their respective
zones. Nanochannels in turn can maximize the resolving power of ITP. So in case
of low sample amounts, perhaps counter-intuitively, the minute nanochannels can
improve detection limits by improving resolution. Of course in nanochannels, de-
tection techniques are challenging and some optical ones even impossible to use,
but detection limits are imposed by the amount of analyte and not by the channel
dimensions.

With the feasibility of nanochannel ITP established, in the future this technol-
ogy can be developed and applied for the downscaling of several micro capillary
and microfluidic analysis techniques. Possible other techniques of interest for
further downscaling are hyphenated separation strategies such as ITP-CZE, tran-
sient ITP etc. It should be noted that with the demonstrated feasibility of nano-ITP,
the application of the method is not limited to samples from single cells only. A
targeted approach for one or a few compounds only is of value in many applica-
tions that involve rare or expensive compounds. The reported nano-ITP method
can then contribute in two straightforward ways. Firstly, for a targeted analysis of
one or a few compounds that are available in very low absolute amounts, using
the advantage of enhanced separation that ITP in nanochannels offers. Secondly,
for the analysis of intrinsically small volumes or small amounts which can be an-
alyzed with nanochannel ITP after a first separation step, which can be achieved
with zone electrophoresis, ITP or another separation technique.

At first glance, the minute size of nanochannels may not appear appealing for
separations from the perspective of current standard sample volumes and world
to chip interfacing challenges. In practice however, loadability of larger initial sam-
ple volumes in ITP is conventionally achieved by initiating the separation in a
large cross-section while converging inline into a smaller one. This process takes
longer but the final resolution is demonstrated to be independent of its history
(at the same field strengths), and most importantly the resolution is independent
of the original sample volume60,247. For the envisioned minute sample amounts
ITP can then be started in a (large) microchannel (or capillary, or both, provid-
ing multiple steps as needed) converging to a final nanochannel cross-section.
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This process will allow for potential sample dilution (from sample pretreatment of-
ten required for proper sample handling or hyphenated techniques) or simply for
much larger sample sizes that contain a very low amount of the compound of in-
terest. Effectively this means that the nanochannel ITP demonstrated here shows
the potential for the analysis of 40 attomole of an analyte, regardless whether the
original sample volume was 1 µL or 0.4 pL.

In this thesis ITP was successfully performed in a nanochannel in the pres-
ence of a biomatrix. A next step in the application of metabolite profiling can be
the analysis of an individual cell. Although the injected volume was 400 fL, the
injection was carried out from a larger sample volume because of the dead vol-
ume still present in the set-up. Therefore, integration of the sampling procedure
and handling on the chip prior to analysis is crucial when analyzing ultra-small
samples of less than 1 pL as mentioned in the previous paragraph. The proof
of concept of nanoscale ITP was achieved for two labeled amino acids and flu-
orescent detection. For the analysis of a larger set of analytes in a complex
sample however, such as needed for metabolomics of a single cell, the separa-
tion has to be coupled to a suitable detection technique. The addition of both very
small-scale sampling and detection techniques will determine also the way how
to set up the ITP separation. Fluorescence is probably the most suited detection
technique at this scale; another candidate, investigated in this thesis is surface
enhanced Raman spectroscopy (See Chapter 1).

A limit on miniaturization of ITP, in terms of maximum potential was unex-
pectedly imposed by a newly discovered nanofluidic phenomenon: electrocavi-
tation120. It was discovered that a water column can be broken in a controlled
manner in a nanochannel, with negative pressures developing on the order of
-2000 bar. The feasibility to use nanochannels as a platform for controlled cavita-
tion studies is currently underway. Positive pressures have also been realized, by
straightforwardly reversing the polarity of the voltage, to the limit of breaking the
bonding between bottom and top substrate in the chip, delaminating them. Po-
tentially counter intuitively, micro and nanochannels may handle very high pres-
sures: > 1400 bar248. This is because pressure is force per area, so that with
the very small surface area the force is relatively low. The realization that huge
pressures, potentially exceeding 1400 bar, are possible in nanochannels without
any pumps is particularly interesting for ultra-high pressure liquid chromatography
(UHPLC) applications. Pumps based on the related principle of electro-osmotic
flow are actually commercially available from several sources e.g. Dolomite Mi-
crofluidics, UK. Normally the application of UHPLC is limited by availability and
cost of pumps and interfacing, with currently pressures of up to 1200 bar avail-
able, whereas the aforementioned large pressures are developed inside the na-
nochannels and require in principle no pressure interfacing to the outside world
at all. In addition nanochannels, due to their high surface-to-volume ratio are
an ideal open-tubular platform for LC19–21. This hyphenation of very high pres-
sures and nanochannel open-tubular LC could therefore yield ultra-high pressure
open-tubular/nanochannel liquid chromatography.
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6.4 Depletion zone Isotachophoresis

In Chapter 4 the advantages of hyphenating microfluidics and nanofluidics for
isotachophoretic separations was investigated, which led to the discovery of a
new powerful separation method: depletion zone isotachophoresis (dzITP). This
microfluidic separation method utilizes a nanochannel/microchannel interface to
generate concentration polarization, forming an ion depletion zone in the microflu-
idic channel. This depletion zone acts similar to a trailing electrolyte allowing the
performance of isotachophoresis with a single electrolyte.

dzITP is of high value in metabolomic sample analysis as it inherits from ITP
the double function of being both a sample pretreatment and/or purification tech-
nique as well as a focusing and separation technique. In addition, its gradient
focusing aspect grants a significant greater control of the analyte zone position,
while the depletion zone removes the need for a trailing electrolyte. The need for
only a single electrolyte adds a very important degree of freedom and experimen-
tal simplification to ITP, increasing its applicability.

The focusing abilities of dzITP, on one hand depend on the leading electrolyte,
a feature which has been extensively modeled and described for conventional
ITP60,247. On the other hand it depends on the formation of a depletion zone
at the interface of a single nanochannel with a microchannel as has also been
investigated and modeled50,157. The latter study shows that the rate of depletion
zone growth is linear in time at constant current, ∆Ldepletion ≈ t, or as time squared
for constant voltage, ∆Ldepletion ≈ t2. This means that the nanochannel pumps
ions at a constant rate over time, and hence that the charge asymmetry over
time does not change in the nanochannel, so that the pumping property of the
nanochannel can be described with a single value. As already mentioned, an
estimate of this value can be based on the model provided in Chapter 2, which
allows the charge asymmetry in solution in the nanochannel to be calculated, in
charges per nm2, as a function of pH and ionic strength. This knowledge would
for instance allow tuning the EOF in the microchannel to a maximum value while
just maintaining the depletion zone, to maximize the accumulation of analytes in,
and the sharpness of the focused zones. Still, despite these available pieces of
the puzzle and its potential benefits, the combined fundamental principle of dzITP
remains to be studied and modeled in more detail.

The electric field in the depletion zone vs. the EOF determines its function
similar to a trailing electrolyte, and can be considered therefore to be a very rel-
evant subject for study. In practical applications, if the electric field is known, the
mobility cut-off value of the depletion zone can be described in analogy to the
trailing ion and assigned a value in terms of a ”virtual” electrophoretic mobility.
Also, the field strength in the depletion zone not only depends on fixed param-
eters such as the channel geometry and chosen parameters such as pH and
ionic strength, but also on parameters which can be adjusted such as the ap-
plied potentials. Particularly relevant is the field along the microchannel, which
determines the EOF, vs. the field over the nanochannel towards ground, which
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determines the depletion rate per unit time. That means that the value of the
depletion zone’s ”virtual” electrophoretic mobility may be modulated (and in fact
changed under constant potential actuation) by setting the voltages and monitor-
ing the current. More preferably the current is actuated directly as it translates
directly into the ionic fluxes. Compared to conventional ITP, where the trailing ion
is selected, dzITP would have the added advantage of what is defined here as
virtual mobility actuation. Once the current and voltages have been calibrated,
the need for visual confirmation or monitoring is not any more needed. This will
be relevant for when optical access is impractical, e.g. when the channels are not
accessible or compounds do not fluoresce, and particularly for integration with
non optical detection techniques such as mass spectrometry.

A more direct mode of selective release for dzITP, effectuated by locally and/or
temporarily collapsing the depletion zone, has been demonstrated in our group249,
by leveraging the voltages so that the bulk flow elutes past the depletion zone at a
length of focused zone per unit time. This process can be pulsed so that a select
length of analyte zone may be released, or controlled so that a specific length per
unit time is released. The instability of this process was overcome and tunable
release was achieved by means of visual monitoring. Interestingly when elution
has been matched to the slowest compound (the compound that focuses nearest
the depletion zone), it is no longer focused itself (its flux along the depletion zone
is now the same as along the whole channel) and it has taken over the role from
the depletion zone as the trailing ion.

Although dzITP reported here uses bulk flow from EOF alone, which is prac-
tical as pumps are not needed, this feature is not required, and the combination
of EOF with pressure flow would enable all field strengths to be applied over
the nanochannel, resulting in a simplified system with a potentially faster ana-
lyte focusing speed. Likewise, dzITP is not limited to a depletion zone made at
a nanochannel/microchannel interface68 but its principles should also hold for a
depletion zone made by other means, adding to the versatility of the technique,
which remains to be fully explored. For instance, with bipolar electrode focusing,
where the depletion zone is locally induced by electrodes in the channel69, also
plateau concentrations as function of the background electrolyte concentration
were reported, but apparently not considered associated with ITP by the authors.
Another example by which a depletion zone focusing was induced is by means of
a Nafion membrane, replacing the nanochannel71, or placed locally on the bot-
tom of a microchannel72. In a functionally analogous system, the depletion zone
function may also be fulfilled by an organic phase as in electroextraction250. Al-
though the EOF is absent in such a system, when the electrolyte into which the
ions are extracted is chosen to be a leading electrolyte vs. the desired analytes,
the lower mobility ions will focus at the interface, and ions faster than the leading
ion will merely stack and travel onwards, creating a cutoff filter for high-mobility
ions.

In experiments using just a single nanochannel (during our studies on electro-
cavitation) a focused analyte plug was maintained at constant position in a long
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nanochannel under influence of an applied field. It is tentatively hypothesized that
this is a fundamental form of dzITP. The EOF in the single nanochannel, like in
dzITP provides a net transport of negative analytes towards the cathode down the
nanochannel, but is met from the other end by a depletion zone forming at the an-
ode from nanochannel concentration polarization, with focusing at the interface:
single nanochannel dzITP (K.G.H. Janssen et al, manuscript in preparation).

6.5 Surface enhanced Raman spectroscopy

In Chapter 5 the first results of a surface enhanced Raman spectroscopy sen-
sor (SERSOR) are reported. In contrast to conventional SERS, dynamic analyte
detection can be performed as a coating protects the surface from irreversible
binding and/or fouling, while it is thin enough to allow SERS. This strategy is un-
conventional as it creates a distance between analyte and surface and forgoes
the standard drying of the sample on the substrate. Since the measurement is
performed in solution, its detection limits are much higher than reported in con-
ventional SERS for dyes. We believe this disadvantage to be more than offset
however by the ability to perform Raman spectroscopy at an improved detection
limit and to perform dynamic measurements of biological compounds in solution.

A SERSOR has significant potential in miniaturized metabolomic analysis, or
bioanalysis in general. Firstly, as it provides vibrational spectra, a SERSOR also
supports identification of unlabeled biomolecules while it is more sensitive than
Raman alone. Secondly, by its nature as a surface detection technique it de-
tects analytes within only tens of nanometers (Eq 1.9) from its surface, and by
its concentration sensitivity (the coating ensuring that the signal predominantly
originates from solution), it is intrinsically compatible with minute volume and/or
low abundant compound detection.

Although of interest for inline detection or process monitoring in general, in-
cluding detection in microchannels, the potential advantages of a SERSOR may
stand out most as an inline detector for miniaturized separation techniques, partic-
ularly for concentration-driven techniques such as ITP or dzITP. Before the SER-
SOR can fully prove its potential, two aspects need to be improved. First of all, the
coating stability needs to be improved beyond the first results reported in Chap-
ter 5, preferably with the new generation of improved colloid coated substrates
that has already been achieved (section 5.7). For this purpose a coating based
on amine binding to the silver should be evaluated, because the coating inspired
by gold coating chemistry, which was based on a thiol group, has likely reacted
with the silver upon irradiation, damaging both surface and coating and contribut-
ing to the poor initial robustness observed. Secondly the SERSOR needs to be
implemented in a micro- or nanochannel. Fortunately, a promising process that
may integrate a SERS surface in small channels was already demonstrated, in a
nanochannel, in the form of silver mirrors for a Fabry-Perot interferometer manu-
factured into the side walls of the nanochannel251.
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6.6 Roadmap for nanofluidic tools in metabolomics
and bioanalysis

Within bioanalysis in general and metabolomics in particular, the need for minia-
turized sample analysis challenges analytical methods and instrumentation. In
answer, nanofluidic tools can address these challenges.

Developing a method for metabolomic analysis for samples down to those
from a single cell, has proven to be a tremendous multidisciplinary challenge.
Ultrasmall volumes have to be handled, which requires working in nanochan-
nels. However, analytical approaches in nanochannels require full understanding
of processes originating from the significant surface/volume ratio, for example
theoretical modeling of silicon oxide surface chemistry. For the analysis of small
volumes, isotachophoresis is a promising analytical method. Designing a nanoflu-
idic chip allowing isotachophoresis of 400 fL injection volumes has proven to be
a challenge which can ultimately be solved. It was found that development of a
fluidic setup to provide the macro- to nano-interfacing of the fluidic, optical and
electrical connections is required to realize such a device. Such a development is
actually often neglected. Also, the development of an automated and standard-
ized protocol and the design and manufacturing of devices to allow this is crucial,
and requires at the nanofluidic level much attention.

In the described research nanofluidics has been established as a platform ca-
pable of supporting the handling of the low sample amounts required for single-
cell analysis and for the achievement of separations. Still, single-cell metabolo-
mics can only be realized if the envisioned nanofluidic platform allows integration
of sampling, separation and detection steps. As a consequence the following
next research steps are: 1) Developing of non-invasive cell-sample extraction on-
nanochip or at least compatible with introducing the sub-cellular sample volume
into a nanochannel. A device with these properties has been demonstrated by J.
Emmelkamp et al.252; 2) Interfacing the analysis device with a label-free detec-
tion method of metabolites such as mass spectrometry or SERS. If the detection
method provides sufficient detection limit, but requires fully resolved compounds,
the techniques of transient ITP or ITP-CZE can be considered. Other than these
aspects, the required know-how of nanofluidics, interface engineering and sepa-
ration methods is now available.

We expect that the successful performance of metabolomics down to the sin-
gle cell level, will grant insight not only into the cell on its own but also its workings
as smallest functional component of an organism. The understanding of individ-
ual cells is fundamental in processes such as developmental biology from stem
cell to tissue or even embryo to organism. A single cell metabolomics method will
not only be useful for those cells that are rare or unique but it will for the first time
allow the validation of studies that relied so far on the averaging of many cells.
The search for mechanisms and pathways relevant in apoptosis, cancer, diabetes,
and neuronal diseases could be significantly accelerated if these processes can
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be investigated in a time resolved manner at the individual cell level. Nanofluidics
can greatly contribute to providing the tools for applications like these in meta-
bolomics, not just by the use of smaller channels with lower volume, but since
knowledge of fundamental nanofluidic phenomena can help in designing novel
analytical approaches, whether at the nanoscale or larger, as was demonstrated
in this thesis.
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Samenvatting

Dit proefschrift beschrijft nieuwe en geminiaturiseerde bioanalysetechnieken voor
de levenswetenschappen. De drijvende kracht hierachter is het mogelijk maken
van de analyse van sub-picoliter volumes in het algemeen, en voor metabolomics
in het bijzonder. Centraal staat het verkennen van nanokanalen hiervoor, wat
op zijn beurt de ontdekking van nieuwe fundamentele fysisch-chemische eigen-
schappen in de nanofluidica oplevert.

In Hoofdstuk 1 wordt uiteengezet hoe systeembiologie, en metabolomics
in het bijzonder, een grote bijdrage kunnen leveren aan het inzicht in ziekte en
gezondheid. Daarmee kan het een belangrijke impuls aan de ontwikkeling van
nieuwe behandelmethodes en medicijnen geven en de efficiëntie van bestaande
vergroten. Om het potentieel van metabolomics te verwezenlijken, is het van
belang ook de stofwisseling op meerdere niveaus en hun interacties in kaart te
brengen, waaronder in weefsels en zelfs binnen één cel. Hiervoor zijn analy-
ses nodig die om kunnen gaan met subcellulaire volumina, ofwel kleiner dan 1
picoliter (10−12 L), met een dus zeer beperkt aantal analietmoleculen.

Zulke kleine hoeveelheden zijn buiten het bereik van bestaande methodes.
Het Lab-on-a-Chip concept, de miniaturisatie van scheidingstechnieken in micro-
kanalen in een zogenaamde fluı̈dische chip, lijkt een geschikt uitgangspunt om
dit aan te pakken. Verdere miniaturisatie is dan wel nodig naar kanalen die met
de gewenste ordegroottes qua volume zouden kunnen omgaan, en wel kanalen
met een diepte in de orde van tientallen nanometers: nanokanalen. De prak-
tische inzetbaarheid van nanokanalen in fluı̈dische chips lijkt in eerste instantie
echter erg ongunstig; sterke verdunningen zijn mogelijk nodig naar minimaal mi-
croliters voor sampletransport van de buitenwereld naar het minuscule kanaal.
Ten opzichte van picoliters betekent dit een verdunningsfactor van een miljoen,
waarmee het voordeel van nanokanalen komt te vervallen. Daarnaast zijn nano-
kanalen niet zomaar kleinere kanalen, op deze schaal is sprake van een ander
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regime met eigen fysica en chemie; het onderwerp van het opkomende vakge-
bied nanofluidica.

In de introductie van dit proefschrift worden ook scheidingstechnieken geı̈nven-
tariseerd. De door een elektrisch veld gedreven technieken in het bijzonder, want
deze zijn intrinsiek compatibel met miniaturisatie. Een daarvan, isotachopho-
rese (ITP) heeft als kenmerkende eigenschap dat het stoffen scheidt door ze op
te concentreren in aangrenzende zones tot aan een bepaalde eindconcentratie.
Voor ITP is een concentrerende factor van 1 miljoen in de literatuur gerappor-
teerd. Daarnaast geldt voor ITP een synergie met miniaturisatie. Dit komt doordat
in kanalen met een kleinere doorsnee minder analiet-moleculen nodig zijn voor
dezelfde eindconcentratie. Dit levert naar rato van miniaturisatie van de doorsnee
langere zones op, wat een betere scheiding betekent. De combinatie van grote
belaadbaarheid synergie met kleinere kanalen, maakt ITP een goede kandidaat
voor miniaturisatie. Deze techniek is echter nog niet op nanoschaal toegepast.

Het doel van dit proefschrift is het onderzoeken van de uitdagingen en gren-
zen van de miniaturisatie van bioanalyses. Hiervoor zullen nanokanalen en hun
eigenschappen bestudeerd worden als platform. Voor de compatibiliteit met gro-
tere volumes zullen de grenzen van de miniaturisatie van isotachophorese ver-
kend worden.

Hoofdstuk 2 beschrijft de ontdekking van de onverwachte dominantie van
de zure eigenschappen van glas in nanokanalen. Deze eigenschap kwam naar
voren bij het laten vullen van nanokanalen met vloeistof door middel van capillaire
werking. De stof fluoresceı̈ne, aanwezig in de oplossing, fluoresceert normaal
zeer sterk. Het was toegevoegd om het vulproces te verduidelijken, maar was
niet zichtbaar in het eerste deel van de vloeistof. Bij nader inzien bleek de fluo-
rescente activiteit van deze stof sterk afhankelijk van de zuurtegraad (pH). Bek-
end is ook dat glas zwakzure silanol groepen (SiOH) aan zijn oppervlak heeft. De
realisatie echter dat de hoeveelheid oppervlak ten opzichte van het volume in het
kanaal, extreem genoeg kan zijn om de oplossing deels te titreren, ondanks een
molair aan buffer, kan als tegenintuı̈tief ervaren worden. Het donkere en oplich-
tende deel van de vloeistof zijn te verklaren doordat de vloeistof die als eerste
het kanaal instroomde werd getitreerd, waarna de vloeistof daaropvolgend een
reeds van protonen uitgeputte wand tegenkwam en wel gewoon fluoresceerde.
De verhouding tussen het wel en niet fluorescerende deel van de vloeistof in het
kanaal bleek een maat voor de hoeveelheid protonen die per oppervlakte door de
wand waren afgegeven, en de verhouding (tussen de twee delen) hing af van de
hoeveelheid zouten en de pH van de oplossing.

Deze experimentele gegevens geven inzage in het gedrag van de overgangs-
laag tussen glas en de vloeistof; de elektrochemische dubbellaag. Hiermee kon
een kwantitatief model dat het gedrag van deze elektrochemische dubbellaag
beschrijft opgesteld worden. Siliciumoxides, zoals glas en kwarts, zijn een be-
langrijk materiaal in Lab-on-a-Chip toepassingen, en deze bevindingen zijn dan
ook relevant voor de verdere miniaturisatie van microfluı̈dische chips, alsook voor
microkanalen, capillairen, membranen, en zelfs in zand en gesteentes.
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Hoofdstuk 3 beschrijft hoe met nanokanalen de grenzen van de miniaturisatie
opgezocht worden door ITP toe te passen op 0.4 en 0.2 pL volumes, de kleinste
volumes ooit gerapporteerd met deze techniek. Uitgevoerd in respectievelijk 20
µm bij 50 nm en 3 µm bij 330 nm kanalen. Deze volumes zijn van belang omdat
deze in de orde zijn van ongeveer 5% respectievelijk 2.5% van het volume van
een 25 µm doorsnee cel, of ongeveer het volume van 1 bacterie. Het sample
bestond uit een oplossing van cel-extract met 2 fluorescent gelabelde aminozuren
(respectievelijk 40 en 20 attomol analiet in 0.4 en 0.2 pL). In de 330 nm diepe
kanalen werden de stoffen ook duidelijk geconcentreerd en gescheiden. In de 50
nm diepe kanalen lukte het opconcentreren met ITP wel maar het scheiden niet
omdat de elektrische veldsterkte niet even hoog gemaakt kon worden.

Deze onverwachte grens voor de miniaturisatie van ITP werd opgelegd door
een nieuw fenomeen: electrocavitatie. Afhankelijk van de elektrische veldsterkte
kon de waterkolom in het kanaal gecontroleerd gebroken worden; hoe ondieper
het kanaal, des te lager de benodigde veldsterkte. Een te ondiep nanokanaal legt
dus een praktische grens op aan de maximale veldsterkte bij ITP, en daarmee
de scheidingsefficiëntie. Op basis van een voorlopige berekening kan worden
geschat dat dit veroorzaakt wordt door een onderdruk in de orde van 2000 atmos-
feer. Het verkennen van de mogelijkheid om daarmee nanokanalen te gebruiken
voor gecontroleerde cavitatie-experimenten is momenteel gaande. Overigens
kon dit effect ook omgekeerd worden, zodat ook positieve drukken gegenereerd
werden van dezelfde orde, iets wat mogelijk erg interessant kan zijn voor ultra-
high pressure liquid chromatography (UHPLC) toepassingen.

In Hoofdstuk 4 wordt de nieuwe scheidingstechniek depletiezone isotacho-
phorese (dz-ITP) gepresenteerd. Deze techniek is een voorbeeld van de synergie
van een nanofluidisch fenomeen met microfluidica (voor een uitleg over dz-ITP
in detail zie sectie 1.4.4). Een nanokanaal wordt gebruikt om door middel van
concentratie-polarisatie een deel van de vloeistof van de lokaal (bij de ingang
naar het nanokanaal) te ontzouten. Haaks daarop loopt daar een microkanaal
langs, waardoor in het microkanaal heel lokaal achtergrondbuffer wordt wegge-
pompt en een gradiënt in zoutsterkte ontstaat, en dus in de lokale elektrische
veldsterkte. Op het grensvlak tussen het ontzoutte gedeelte en de buffer vindt
dan zogenaamde gradiëntopconcentrering plaats. Het ontzoutte deel vervult de
rol die lijkt op die van het zogeheten trailing elektrolyt in ITP, de achtergrondbuffer
fungeert dan als de leading buffer. Dit betekent dat de isotachophorese wordt uit-
gevoerd met slechts één elektrolyt. Dit is een groot voordeel van deze techniek,
wat in de praktijk een belangrijke simplificatie en toename van de keuzevrijheid
betekent. Nu beperkt een gebrek aan keuzes nog de inzet en de toegankelijk-
heid van isotachophorese. Deze belangrijke verbeteringen maken deze nieuwe
techniek van grote waarde voor de bio-analyse, waar analyse van vaak complexe
samples nodig is. Het heeft namelijk niet alleen de mogelijkheden van gewone
ITP zoals techniek voor monstervoorbewerking, opzuivering en/of concentratie
en scheidingstechniek. Daarnaast is, in tegenstelling tot standaard ITP, in dz-ITP
de positionering statisch en is door middel van het variëren van de veldsterktes



116 Samenvatting

een grote controle over het systeem mogelijk. Een demonstratie van deze eigen-
schappen worden gegeven in het hoofdstuk.

Surface enhanced Raman spectroscopy (SERS) is een techniek waarmee op
nanometers vanaf een zilveren oppervlak met grote gevoeligheid (bio)moleculen
gemeten kunnen worden, van sommige stoffen is één molecuul detecteerbaar.
Hierbij worden vibratiespectra gemeten, die zijn informatierijk wat betreft het mole-
cuul en ondersteunen identificatie. Dit zijn ideale eigenschappen voor een de-
tectieprincipe in een nanokanaal. Op dit moment is SERS op die manier niet
inzetbaar: het oppervlak vervuilt en SERS wordt daarom nu ingezet voor eenma-
lig gebruik. Om SERS hiervoor toch inzetbaar te maken worden in Hoofdstuk 5
de eerste resultaten van een dynamische SERS-sensor (SERSOR) beschreven.
Een coating van polyethyleenglycol beschermt het oppervlak tegen irreversibele
binding en vervuiling, maar is tegelijkertijd dun genoeg om analiet-moleculen
dicht genoeg bij het zilver te laten voor SERS. Voordat de SERSOR zijn potentieel
waar kan maken moet echter de stabiliteit van de coating-procedure worden ver-
beterd. Op het vlak van de coatingchemie is er daarvoor al veel kennis voorhan-
den. Ten tweede zal de SERSOR geı̈mplementeerd moeten worden in een micro-
of nanokanaal. Gelukkig is er al een essentiële stap reeds gedemonstreerd in de
vorm van een zilverspiegel gefabriceerd in de wanden van het nanokanaal251

(voor een Fabry-Perot interferometer)
In Hoofdstuk 6 wordt de inhoud van de voorgaande hoofdstukken beschouwd

en worden enkele conclusies gegeven en aanbevelingen gedaan over de moge-
lijke vervolgonderzoeken.

Tot slot mag geconcludeerd worden dat met dit onderzoek op het vlak van
fysica, chemie en platformontwikkeling een stap is gezet in het verleggen van
de grenzen van bioanalyses naar de nanoschaal. Het hiervoor verkennen van
nanofluidische chips heeft de analyse van het kleinste volume ooit met isotacho-
phorese opgeleverd. De haalbaarheid van isotachophorese op deze schaal is
belangrijk voor de analyse van kleine volumes in het algemeen en complexe bi-
ologische monsters zoals in metabolomics in het bijzonder. Onderweg werden
ook nieuwe fysische inzichten verkregen door fenomenen die optraden in nano-
kanalen. Behalve nanokanalen en kennis van hun bijzondere fenomenen, zijn
voor de praktische haalbaarheid van een sub-pL bioanalysemethode twee an-
dere aspecten essentieel. Ten eerste een techniek als isotachophorese, om de
noodzakelijke brug te slaan tussen de kleine volumes in een nanokanaal en de
buitenwereld via welke het sample vanaf de monsterafname, doorgaans in grote
volumes getransporteerd wordt. Ten tweede, de integratie van een meettechniek
zoals een SERSOR die gevoelig biomoleculen in een nanokanaal zou moeten
kunnen meten. Het doorontwikkelen van deze nanofluidische gereedschapsset
zal een meettechniek mogelijk maken die het metabolisme en de ontwikkeling
van een enkele cel kan volgen, zoals van een stamcel, neuron, of eicel.
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