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ABSTRACT
This work presents the fundamental study of biological and chemical interfacial
phenomena and (bio)chemical sensing applications using high frequency resonator arrays. To
realize a versatile (bio)chemical sensing system for the fundamental study as well as their
practical applications, the following three distinct components were studied and developed: i)
detection platforms with high sensitivity, ii) novel innovative sensing materials with high
selectivity, iii) analytical model for data interpretation. 8-pixel micromachined quartz crystal
resonator (QCR) arrays with a fundamental resonance frequency of 60 – 90 MHz have been
used to provide a reliable detection platform with high sensitivity. Room temperature ionic liquid
(RTIL) has been explored and integrated into the sensing system as a smart chemical sensing
material. The use of nanoporous gold (np-Au) enables the combination of the resonator and
surface-enhanced Raman spectroscopy for both quantitative and qualitative measurement. A
statistical model for the characterization of resonator behavior to study the protein adsorption
kinetics is developed by random sequential adsorption (RSA) approach with the integration of an
effective surface depletion theory.
The investigation of the adsorption kinetics of blood proteins is reported as the
fundamental study of biological phenomena using the proposed sensing system. The aim of this
work is to study different aspects of protein adsorption and kinetics of adsorption process with
blood proteins on different surfaces. We specifically focus on surface depletion effect in
conjunction with the RSA model to explain the observed adsorption isotherm characteristics. A
number of case studies on protein adsorption conducted using the proposed sensing system has
been discussed. Effort is specifically made to understand adsorption kinetics, and the effect of
surface on the adsorption process as well as the properties of the adsorbed protein layer.
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The second half of the dissertation focuses on chemical sensing and biosensing
applications. For chemical sensing, we describe the characteristics of room temperature ionic
liquid (RTIL) as a chemical recognition material and integrate it into the quartz crystal resonator
arrays to realize chemically selective microsensor arrays. The quartz crystal resonator array
integrated with RTIL doped ionomer is then used to detect the presence of volatile organic
compounds (VOCs) and to qualitatively and quantitatively discriminate the composition of VOC
mixtures. For multianalyte discrimination, we explored the linear discriminant analysis (LDA)
technique.
For biosensing application, nanoporous gold (np-Au) fabricated by selectively dealloying
Ag/Au alloy, is integrated onto the sensor array as an active Raman substrate to provide a special
structure for enhancement of Raman signal. Using thiol based biomolecular functionalization in
combination with the quartz crystal resonator array based gravimetric sensing and surfaceenhanced Raman spectroscopy (SERS) based molecular identification, both quantitative and
qualitative (dual-mode) sensing has been achieved. The use of nanoporous gold electrode enables
label-free biomolecular fingerprinting via SERS. 24-mer oligonucleotide binding reaction was
investigated to prove the usefulness of np-Au for a possible dual mode sensing application using
the proposed sensing system and SERS.
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Chapter 1
Introduction

2
1.1 Biological and Chemical Sensor
The market for biological and chemical sensors is expected to experience the highest
growth among the global market for sensors and is projected to reach $17.28 billion by the year
2015 according to new report by global industry analysts, Inc. This reflects that there is an
enormous amount of demand for biological and chemical sensors since biological and chemical
sensor industries have a broad range of potential applications, as shown in Fig. 1-1. For example,
(bio)chemical sensors can be used to improve point-of-care diagnostics in medical applications
and clinical diagnostics, to control agriculture and food safety, to provide compact, fast, low
power, and sensitive tools for quality and process control in industrial applications. Moreover,
recent increasing threats of bio/chemical terrorism, and accumulating industry-related pollution
have further accelerated the R&D activities in bio(chemical) sensor technologies. The market for
(bio)chemical sensors is also being driven by growing use of these sensors in large-scale
industrial and environmental applications in addition to the increasing needs in the
medical/diagnostic test market due to rapidly aging population, and increased occurrences of a
number of chronic diseases. Similarly, the needs of gas sensors are also showing steady growth
due to increasing environmental concerns, such as water quality monitoring, increasing demands
for CO2 sensors in bulk food storage where the CO2 concentrations are used as indicators of
incipient spoilage detection, and continuous needs for the detection of volatile organic
compounds (VOCs) due to their short- and long-term adverse health effects, e.g., eye, nose and
throat irritation, loss of coordination, nausea, damage to liver, kidney, and central nervous system,
and a cause of cancer.

3

Security/ Terrorism

Environmental Monitoring

Medicine/ Pharmaceutics
Industrial Processes

(Bio)Chemical Sensor

Food Processing

Toxicology

Figure 1-1. Potential area of (bio)chemical sensors for various applications 1.

1

Images from: http://www.theguardian.com/commentisfree/2013/apr/16/boston-marathonexplosions-notes-reactions; http://ravica.com/blog/environmental-monitoring/top-3-advantages-of-webbased-temperature-monitoring-systems/; http://www.co2crc.com.au/imagelibrary3/capture.php?screen=3;
http://www.into-french.fr/medicine-pharmaceutics.html; http://www.all-about-forensicscience.com/forensic-toxicology-phd-topic.html; http://tiki.oneworld.net/food/food5.html
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Fig. 1-2 schematically illustrates the components of a (bio)chemical sensing system. A
(bio)chemical sensing system typically consists of a physicochemical element at its core which in
turn can be considered as two functional components: (i) a sensitive biological/chemical
recognition element, also referred as a receptor, transforming the biological/chemical information
into a form of energy, or modulation of a property which can be converted to a signal by the
transducer, and (ii) a transducer or detector element capable of quantifying this transformed
energy or the modulated property upon interaction with the analyte into an electrical signal which
can then be electronically manipulated and displayed in the desired form.

Transporter of
Target Analyte

Recognition Layer

Transducer

Signal
Processor
Figure 1-2. Generalized schematic representation of a (bio)chemical sensor.
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Research in the field of (bio)chemical sensing systems can be categorized into four
distinct conceptual steps: (i) development of detection platforms capable of quantitative
measurements with high sensitivity, and capable of operating at the ultimate thermodynamic
limits of signal-to-noise ratio under the given use conditions, (ii) development of novel innovative
sensing materials capable of specific or selective interaction with various analytes of interest to
meet the analyte compositional discrimination and identification requirement, (iii) development
of techniques for the effective integration/immobilization of these materials onto sensor platform,
and (iv) development of signal processing electronics and algorithms for signal interpretation and
data analysis.
Vast amount of published literature is available detailing the developments in each of
these areas and in the following a selective and limited review is included for the sake of brevity.
Recent advances in microelectromechanical and nanomechanical devices and microelectronics
have been used to demonstrate sensor platforms with the sensitivity at atomic and submolecular
level [1-4]. The development of immobilization techniques allow sensitive and specific label-free
detection by creating recognition surface on the sensor platforms capable of interacting with the
target with high specificity, speed, and reliability, while maintaining the original sensitivity of the
transducer [5, 6]. Trends toward miniaturization of sensing systems have led to an interest in
integrating two or more sensors into the system, so that a single device can perform multi-analyte
detection with various recognition material immobilized in each sensors. The field of
(bio)chemical sensing possesses great room for the selection of innovative sensing materials with
capabilities of selective interaction with various analytes of interest. Also, the development of
appropriate signal interpretation algorithms and theoretical data analysis models depends highly
on task specificity. Consequently, there are a number of important factors to consider in
developing novel and advanced sensing systems.
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1.2 Classification of (Bio)chemical Sensors
A number of different sensors have been developed for biological/chemical sensing
applications. Depending on the nature of the transduction signal, (bio)chemical sensors can be
classified into various classes. A visual review of the types of (bio)chemical sensors is shown in
Fig. 1-3. Regardless of the signal source, the transducer must have sufficient sensitivity to detect
limited analyte levels and to produce an adequate detection signal for complete analysis.
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Figure 1-3. A classification of (bio)chemical sensors2.

2

Images correspond to: Metal oxide gas sensor from Fraunhofer IPM; photometric sensor for nitrate from
Viomax; Paramagnetic Oxygen analyzer from Servomex; hydrogen cyanide HCN sensor from RAE
systems; Thermal Conductivity Gauge from Xensor integration
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Optical sensors are very powerful and intensively used detection tool that has vast
application in biological and chemical researches. Optical sensors use photons to obtain
information about analytes [7]. There are various optical sensor structures for label-free detection.
Many optical sensors are based on the phenomenon of surface plasmon resonance (SPR)
techniques and have used for studying various kinds of biological and chemical reactions and
many reports have been published [8-13]. It measures the refractive index near a sensor surface
with an optical method to get information of the target analytes, e.g., protein, DNA, RNA,
bacteria, virus, cell, and gas molecules. Surface-enhanced Raman Scattering Spectroscopy (SERS)
is also one of the promising techniques to probe and identify molecules [14]. Other optical
sensors like interferometer [15-17], waveguides [18, 19], and fiber gratings [20, 21] are advanced
and have even been commercialized. Also, relatively new optical sensor technologies, such as
ring resonators (whispering-gallery modes microresonators) [22-26] and photonic crystals [27,
28], may have great potential for next generation label-free biosensors. Some disadvantages of
these types of sensors are increased cost by complex associated electronics and software.
Electrochemical sensors consist of a bio/chemical recognition element which can be used
to detect electrochemical changes during a recognition event, electrode as a conversion
components, and electric potential or current as the detection signal. This type of sensors produce
an electrical signal obtained from selective reaction of the recognition element with the analytes
of interest. Electrochemical sensors are normally based on enzymatic catalysis of a reaction that
produces or consumes electrons. Electrochemical bio/chemical sensors can be further classified
into amperometric, potentiometric, impedance, and conductometric, based on whether current,
potential or resistance is being measured during an electrochemical reaction between the
electrode surface and the analyte of interest. Macro scale electrochemical sensors have been
widely used in biological and chemical sensing for a couple of decades [29]. Recently, owing the
advanced electrochemical sensor researches, sensors utilizing nanotechnologies and
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nanomaterials exploit unique properties, i.e., Nanoporous electrodes, nanoparticles, nanotubes,
etc. [30-32]. The main advantages of electrochemical biosensors are robustness, capability of
miniaturization, great detection limits, and small volumes of analyte consumption. The known
disadvantages are long term stability, and reliability associated with incorporation of liquid
electrolytes [33] and in many cases reference electrode is required for accurate quantification of
analyte and can further increase the complexity of the sensors especially the miniaturized devices.
Electrical sensors show significant advantages over optical and electrochemical
techniques in terms of high sensitivity and real time detection, and high spatial resolution for
localized detection. Over the past few decades, effort has been made to exploit metal-oxidesemiconductor field-effect transistors (MOSFETs) in biological and chemical sensing
applications due to its suitability to low-cost portable sensors, and capability to provide large
arrays of sensors in addition to the advantages discussed above [34]. Recently, field-effect
devices have attracted great attention because of the fact that they can directly translate the
interactions between the device surface and the analytes of interest, such as DNA hybridization
and protein interactions, into readable electrical signals [35]. Owing the nanofabrication and
nanotechnologies, FET biosensors based on nanowires, e.g., Si, In2O3, ZnO, SnO2, nanotubes,
and graphene have been widely used for the detection of proteins and DNA sequences based on
monitoring changes in conduction, impedance, or capacitance [36-39]. In FET based biosensors,
biological reactions occur at a metal gate by adsorbing analytes, resulting in modifying the gate
potential and hence the FET’s threshold voltage changes, indicating the presence of the analyte.
The principle operation of metal oxide chemical sensors is based on the change in conductance of
the oxide on absorption of gas molecules and the change is usually proportional to the
concentration of the analytes [40-42]. Application of this technology to (bio)chemical sensing is
very promising since it is inherently low cost and capable of providing potable integrated circuits.
Conducting polymer is also one of the most commonly utilized classes of conductivity sensors
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[43]. The interaction between surface and analytes at the interface affects the transfer of electrons
along the polymer chain. Uses of conducting polymer for FETs [42] and piezoelectric crystals as
semi-selective coating materials [44] have also been investigated. They have high sensitivities
and short response time.
Microsensors using acoustic waves comprise a very versatile class of sensors. As of now,
temperature, pressure, torque, and viscosity sensors based on acoustic wave are to have reached
commercialization. In addition, a great variety of acoustic wave sensors have been developed and
demonstrated for biological and chemical sensing applications in the gas and liquid phases. They
can determine various properties of solid and liquid in contact with device surfaces, e.g., density,
viscosity, modulus, and electrical conductivity [45]. These are still expected to show a great
growth across different applications due to their competitive advantages over the other
technologies. The sensing mechanism of acoustic wave sensors is that the changes of amplitude
and/or velocity of the acoustic wave, propagating through or on the surface of the detection
materials, are monitored by measuring the frequency or phase characteristics and analyzed based
on the corresponding physical quantity being measured [46]. According to the wave types and
wave-guiding mechanism, acoustic wave sensors can be classified into thickness shear mode
(TSM) devices, surface acoustic wave (SAW) devices, Leaky SAW devices, surface transverse
wave (STW) devices, Love wave devices, shear-horizontal acoustic plate mode (SH-APM)
devices, flexural plate wave (FPW) devices, and thin film resonators [47]. All these devices are
made of a piezoelectric substrate coupled with thin film or interdigitated metal electrodes to
provide the conversion of electrical energy to mechanical energy in the form of acoustic waves
and vice versa. Acoustic wave based (bio)chemical sensors offer a promising technology
platform for the development of label-free, sensitive and cost-effective detection of analytes in
real time which include robust interface electronics, excellent baseline stability, simple design
and fabrication, and well-developed response models [48].
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1.3 Quartz Crystal Resonator
The most representative acoustic wave sensors are the surface acoustic wave (SAW)
device and the quartz crystal resonator (QCR). The SAW device generates a surface wave
traveling along the surface of the sensor whereas the QCR generates a wave traveling through the
bulk of the sensor [45]. Both types of devices work on the principle that a change in the mass of
the layer loaded on the sensor surface results in a change in the resonance frequency on
absorption and/or adsorption of the analytes [49, 50]. The SAW device can only be used for vapor
sensing applications since the device is completely damped out in an aqueous environment [48].
On the other hand, QCR can be used in a liquid environment to study interfacial processes. QCR
transmit acoustic waves into a medium of interest and measure the medium properties by
measuring the parameters of the acoustic waves interacting with the medium. Shear waves can
penetrate only a small distance in liquids due to dissipation, and monitor properties of a liquid in
the surrounding area of the sensor at the sensor-liquid interface [50].
Since Sauerbrey introduced the research of experimental verification of the massfrequency shift relation for QCR [49], the QCR has been widely used as gravimetric sensor under
various environments, e.g., film thickness monitors in deposition systems under vacuum,
discriminative chemical sensors in atmosphere, and electrochemical and biological sensors in
liquid ambient. Because of the applicability of QCR, during the last decade, it has found
widespread acceptance as versatile technique for the analysis of biomolecular interactions and
related phenomena at the interface [51-54]. This trend is well reflected by the steady growth of
related research with more than 1400 articles referencing “QCR” for the period 2001–2005 as
reported in the reference [55]. Therefore, quartz crystal resonator technology has potential to
become a very effective approach for development of a highly sensitive technique capable of real
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time monitoring of interfacial phenomena in which changes in contact mechanics, interfacial
dynamics, surface roughness, viscoelasticity, density, and mass.

1.4 Metrics of Biological and Chemical Sensor
The ideal biological and chemical sensing system needs to be low-cost, mobile, and
robust which can responds with absolute and instantaneous selectivity to a particular target
biological and chemical analyte present in any medium in order for generating a readable and
analyzable signal output at any desired concentration. However, for now, this remains an ideal
quest – with biological/chemical sensors in reality being fairly complex, with modest reliability,
and generally optimized for limited applications. In order to describe the various aspects of the
performance of (bio)chemical sensors, several important metrics are first defined. Fig. 1-4 shows
a brief summary of various biological/chemical sensor metrics.


Sensitivity: One of the most commonly reported metrics of a sensor is the sensitivity.
Sensitivity is a measure of the magnitude of the output signal produced in response to an
input quantity of given magnitude. However, one should avoid confusion between
sensitivity and limit of detection (LOD) which is important performance parameters of a
chemical sensor. LOD is defined as the minimum detectable quantity of an analyte and is
obtained from the minimum sensor response. LOD depends upon not only the transducer,
but also the stability and selectivity of the recognition layer, background fluctuations of
the analyte, and system noise.
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Figure 1-4. A brief summary of various biological/chemical sensor metrics.
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Selectivity: Selectivity is a value associated with a sensor’s ability to distinguish between
different analytes of interest in the presence of background interferences. Since the
transducer in a (bio)chemical sensing system is blind for recognizing targets, the
selectivity must be achieved by integrating a recognition layer employing principles of
molecular and biomolecular recognition. In other words, the sensing system must involve
intimately coupling functional molecules such as; ssDNA probes, antibodies, aptamers,
lipids, self-assembled monolayer (SAM), polymer coatings, and other surface attachable
molecular probes that possess selective interactions to the analytes of interest. High
selectivity is one of the most desired aspects of (bio)chemical sensors but often hard to
achieve, especially for vapor and gas sensing since recognition materials for chemical
sensing are at most semi-selective as opposed to absolutely-selective. In contrast,
selectivity can be very high for certain biosensors because the selectivity to complex
biomolecules such as proteins and pathogens can be better achieved due to very selective
molecules that have evolved over the billions of years of life on earth. Thus, biosensors
typically include a bio-recognition element which responds to only a certain biological
substance, e.g., antigen-antibody binding, DNA hybridization, enzymatic interactions,
nucleic acid interactions, etc. The selectivity is then accomplished with a specific
biological/chemical reaction on the functionalized surface of the device. However,
absolute selectivity still remains a major challenge in (bio)chemical sensing due to nonspecific interactions of a sensing system which can complicate the sensor response,
produce false positives, and hence affect the reproducibility and the appropriateness of
the sensing system for a particular application. Thus, the recognition layer must be
carefully selected and designed to convey maximum sensitivity of the system to the
specific response.
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Reliability: The reliability of (bio)chemical sensors for target analytes depends both on
the sensors selectivity and reproducibility. In reliable sensors, the response should be
directly related to the concentration and should not vary with fluctuations of
concentrations of interfering materials within the sample matrix. Therefore, the reliability
should be determined by considering the reasonable interference and quantifying the
influence of interference for accuracy assessment.



Reproducibility: Reproducibility is a measure of the drift in a series of measurements or
results performed over a period of time.



Reversibility: Reversibility is one of the most important metrics for chemical sensors. The
reversibility of the gas detection system is a function assigned to the sensor which
describes the system’s ability to return to a steady-state after being exposed to a change
in the challenge analyte concentration.



Response time: This is the time required to obtain the sensor response in presence of an
input stimulus. In the chemical sensing systems, rapid response time is indispensable for
fast detection. In biological sensing systems, however, steady-state and transient response
time have more meaning in terms of analysis of biological phenomena. Steady-state
response time is the time necessary to reach over 90% of the steady-state response, and
transient response time corresponds to the time necessary for the first derivative of the
output signal to reach its maximum value following the analyte addition.



Durability or lifetime: The assessment of lifetime or durability can be done by referring
initial sensitivity, accuracy or reproducibility of the sensing systems. The lifetime may be
defined as the operational time necessary for the sensitivity to decrease by a factor of 10
or 50% [56].
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1.5 Purpose and Objectives
Owing to advanced developments in micro-electronic and micro-mechanical fabrication
technologies, there have been remarkable developments in acoustic wave resonator systems
which enables the fabrication of QCR with high fundamental resonance frequency of over 200
MHz by using “inverted mesa” structure and in array format for multianalyte sensing and
discrimination applications [57, 58]. In the recent work from our group [59], QCR arrays with 60
to 90 MHz resonance frequency were designed, fabricated; however, it has not been fully
explored in terms of (bio)chemical sensor for implementations and applications. This work
continues to explore the miniaturized high frequency quartz resonator platform starting with the
fundamental study, i.e., modeling protein adsorption kinetics and describing the adsorbed protein
layer properties. We then converted it into practical (bio)chemical sensing applications to
advance our sensing system.
As the fundamental study, the dissertation will discuss some of the common models in
routine use today for protein adsorption kinetics and develop new analytical model capable of
adequately analyzing the measured data, and therefore providing a deeper understanding of the
protein adsorption process at interface.
For a practical chemical sensing application, we investigated our sensing system for
chemical vapor detection, classification, and mixture discrimination, specifically volatile organic
compounds (VOCs). We focus on developing smart recognition materials which can provide high
selectivity to our sensor. A new functionalization technique is introduced to achieve multifunctionalization on QCR array for multianalyte detection and the analysis.
Finally, our sensing system has been exploited for the biosensing application. In this
study,QCR array combined with another powerful analytical method to achieve selectivity for
biosensing, i.e., surface-enhanced Raman spectroscopy (SERS). To realize dual-mode sensing
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withQCR array and SERS, nanoporous gold has been fabricated and introduced into the sensing
system as a new engineered structure at the interface.
In summary, the specific goals are as follows:
 Review the theory and modeling of bulk acoustic waves in QCR
 Development of analytical model for the study of the adsorbed layers at solidliquid interface
 Development of innovative recognizing materials for chemical sensing
applications
 Development of an adequate method for multi-functionalization of QCR array
for multianalyte sensing
 Development of statistical models for signal interpretation and data analysis in
multianalyte sensing applications


Investigation of a novel structure on QCR array for dual-mode sensing
applications
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Chapter 2
Micromachined Quartz Crystal Resonator ( QCR) Array
In recent years, there has been a rapid growth in the number of papers in which the QCR
technique has played a key role to understand various aspects of biological and chemical
materials and their interactions, e.g., affinities, binding specificities, kinetics and conformational
changes accompanied with a molecular recognition event. This chapter reviews the fundamental
operational principles of QCR followed by highlighting some advanced theoretical and practical
aspects of the QCR technologies, i.e., dissipation monitoring, enabling the measurement of two
independent properties of the analyte. This provides the basic understanding of QCR and its
response, and offers the fundamental models capable of analyzing the results based on the QCR
operations. In addition, the evolution of QCR techniques, i.e., micromachining, miniaturizing,
and integrating as array type, will open the great potential of QCR as sensing system in practical
applications ranging from biomolecular adsorption to exceedingly sensitive chemical sensors.
This chapter also introduces the design and fabrication of QCR array as well as its
characterizations.
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2.1 The Fundamental Principles of Operation
The fundamental QCR operation is based on the inherent property of piezoelectricity of
quartz crystal. The most common QCRs consist of a circular piece of quartz sandwiched between
two metal electrodes, typically gold (see Fig. 2-1). Resonance is excited by a sufficiently applied
AC voltage to the electrodes with a frequency close to the resonance frequency f0 of the crystal
used in QCR. The fundamental resonance frequency of a quartz resonator can simply be given by
[49]
1/2

𝑓0 =

1 𝜇𝑞
( )
2ℎ𝑞 𝜌𝑞

(2.1)

where hq is the thickness of the quartz slice, q = 2.947x1010 kg/m-s2 and q = 2650 kg/m3 are the
shear modulus and density of quartz, respectively. Fig. 2-2 shows a typical resonance
characteristic of a quartz resonator.
The exceptionally low phase noise characteristic exhibited by quartz resonators allow for
a precision of few parts in 1014 and is the primary reason for their widespread use in frequency
control applications. There are two ways to quantitatively identify the phase noise of QCR, one is
the Q-factor defined as the half width at the full maximum of the resonance curve, and the other
is an energy dissipation factor D, which is inversely proportional to the decay time constant and is
also equal to the 1/Q-factor.

19

Ultra-thin Inverted-Mesa region

Supporting Region (100 mm)

Top side electrode

Bottom side electrode
and contact pad

-Cut Quartz

d

de

rode
Cross section view
Figure 2-1. Schematic drawing of a quartz crystal resonator showing the top and bottom
electrodes and cross sectional view of its operation.
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2.1.1 Thickness Shear Mode (TSM) Resonators
Depending on the cut-angle of quartz crystal, a large number of different quartz crystal
resonators can be obtained, e.g., TSM, plate, and flexural resonators with resonance frequency
ranging from 5 × 102 to 5 ×108 Hz. Generally, AT-cut quartz crystals are used for a quartz crystal
Resonator (QCR) because these exhibit a high frequency stability of f/f ~ 10-8 as well as great
temperature stability with a temperature coefficient of almost zero [60]. A QCR typically consists
of a thin AT-cut quartz plate with circular electrodes patterned on both sides as shown in Fig. 2-1.
When an alternating voltage is applied to the QCR electrodes, shear waves are generated
at the electrodes on both surfaces of the QCR with opposite polarities. A superposition of shear
waves describes the displacement ux in the crystal [61],
𝑢𝑥 (𝑦, 𝑡) = (𝐴𝑒 𝑗𝑘𝑦 + 𝐵𝑒 −𝑗𝑘𝑦 )𝑒 𝑗𝜔𝑡

(2.2)

where A and B are constants,  (= 2f) is the angular excitation frequency, k is the wavenumber, t
is time, and j = (-1)1/2. The function ux(y,t) describes two transverse waves traveling in opposite
directions, which thus form a standing wave for wavelengths that experienced a total round-trip
phase shift of (2khs + 2r), where hs is the thickness of the crystal. When (2khs + 2r) = n(2), n =
1,2,3, …, constructive interference between the incident and the reflected waves leads to crystal
resonance. With k = 2/ = /vs, where  is acoustic wavelength and vs is the shear wave velocity,
resonance can be described as follows,
𝜆
2

(2.3)

𝑁𝑣𝑠
2ℎ𝑠

(2.4)

ℎ𝑠 = 𝑁
and
𝑓𝑁 =
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where N = 1, 3, 5,…, indicating that the surface electrodes can excite only the odd harmonics. As
it can be seen in Eq. 2.2, resonance occurs when the thickness of the crystal hs is equal to a
multiple of half the acoustic wavelength . Finally, shear wave phase velocity vs is given by
1/2

𝜇𝑞
𝑣𝑠 = ( )
𝜌𝑞

(2.5)

where q and q are the shear stiffness and mass density of the crystal, respectively.
Assuming stress-free surfaces (∂ux/∂y = 0 at both crystal surfaces), the shear displacement
profile can be described as a simple cosine function,
u𝑥 (𝑦, 𝑡) = 𝑢𝑥0 𝑐𝑜𝑠(𝑘𝑁 𝑦)𝑒 𝑗𝜔𝑡

(2.6)

where ux0 is the surface displacement amplitude and kN = Nhs. Eq. 2.6 represents a maximum
standing shear wave at the resonator surfaces and describes a family of thickness shear modes.
The resonator mass sensitivity is then described by considering the relationship between
surface mass accumulation and resonance frequency change derived from a simple variational
principle proposed by Rayleigh [62]. A relationship between resonance frequency f and the
surface mass density s is given by
Δ𝑓
𝜌𝑠
=−
𝑓0
ℎ𝑠 𝜌𝑞

(2.7)

where f0 is the unperturbed resonance frequency when s = 0.
Combining Eq. 2.3, 2.4, 2.5, and 2.7 gives the well-known equation, the Sauerbrey
equation, that is commonly used to relate changes in frequency of the QCR resonator to surface
mass density s [49]:
Δ𝑓 = −

2𝑓02 𝜌𝑠
1/2

(𝜇𝑞 𝜌𝑞 )

(2.8)
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2.1.2 Electrical Characteristics of an Unperturbed TSM Resonator
The resonator uses a piezoelectric material between two electrodes on which the opposite
faces couples the electric field generated from the mechanical displacement. The mechanical
information can readily be transformed into the electrical characteristics in terms of an equivalent
electrical circuit which describes the impedance, ratio of applied voltage to current, or admittance
over the range of frequencies near resonance. A general 1-D acoustic model, so called the
transmission line model [63], provides a fundamentals for the theoretical description of complex
composite TSM resonators. In particular cases, e.g., low load condition, the transmission line
model can be converted into the simpler equivalent electrical circuit, known as Butterworth-vanDyke (BVD) circuit with lumped elements. Fig. 2-3 shows both the transmission line model and
BVD model. The transmission line model consists of one electrical port and two acoustic ports
used for coupling the acoustic variables, i.e., stress T and particle velocity v, to an electrical port
and provide the electrical response of the device by terminating the acoustic ports in mechanical
impedance Zs, indicating the “loading condition”.
The BVD circuit consists of a parallel and series resonance circuit, and a motional
contribution (Lm, Cm, Rm). A static capacitance C0 is generated between the electrodes on both
sides of the crystal plate. The motional branch is associated with the motion of the resonating
crystal in parallel with this static capacitance C0. This model simulates the electrical
characteristics of the resonator over a range of frequencies near resonance. Table 2-1 summarizes
the elements of the circuit in the case of fundamental vibration.
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Figure 2-3. Equivalent circuit models to describe the near resonant electrical characteristics of the
resonator: (a) the Mason model, A is the area of the resonator, Z the characteristic impedance of
the quartz, and k the complex wave number. (b) The BVD model. Rm represents the energy losses
arising from viscous effects, internal friction, and damping induced by the crystal holder, Lm is
the initial mass, and Cm is the mechanical elasticity of the quartz.
Table 2-1. The elements of the BVD circuit and their relationship to the physical characteristics
of AT-cut quartz. A is the area of the electrode, hs thickness and q (= 3.5×10-4 kg/m-s) the
viscosity of the quartz, q (= 2.947×1010 N/m) is the piezoelectrically stiffened quartz elastic
constant, 22 (= 3.982×10-11 F/m) the dielectric constant of the quartz crystal, K2 the square of the
quartz electromechanical coupling coefficient and K2 = e262/22𝑐 66, and 𝜔𝑠 = 2𝜋𝑓𝑠 The parameters
and derivations are described in detail elsewhere [64].
Parameter

Expression

C0

𝜀22 𝐴
ℎ𝑠

Cm

8𝐾 2 𝐶0
(𝑁𝜋)2

Lm

Rm

1
𝜔𝑠2 𝐶𝑚
𝜂𝑞
𝜇𝑞 𝐶𝑚

25
The electrical characteristics of the resonator are typically described in terms of electrical
admittance which can be determined with the electrical equivalent circuit model:
1

𝑌(𝜔) = 𝑗𝜔𝐶0 + 𝑍

(2.9)

𝑚

where the motional impedance Zm for the unperturbed resonator is given by
𝑍𝑚 = 𝑅𝑚 + 𝑗𝜔𝐿𝑚 +

1
𝑗𝜔𝐶𝑚

(2.10)

The series resonance frequency fs is defined as the frequency where the damping
resistance Rm is zero, and
𝑗𝜔𝑠 𝐿𝑚 +

1
=0
𝑗𝜔𝑠 𝐶𝑚

(2.11)

Noting that s = 2fs, from Eq. 2.11 the series resonance frequency can be given by
𝑓𝑠 =

1
2𝜋 (𝐿𝑚 𝐶𝑚 )1/2

(2.12)

for the unperturbed resonator. In the case of f > fs, Eq. 2.10 and 2.11 indicate that the motional
branch has a net inductance. This resonates with the parallel capacitance C0, resulting in a parallel
resonance. The parallel resonance frequency fp is then defined as the frequency where the total
reactance is zero, and
𝑓𝑝 =

1 1 1
1 1/2
[ ( + )]
2𝜋 𝐿𝑚 𝐶𝑚 𝐶0

(2.13)

The admittance magnitude |Y| shows maximum at fs and minimum at fp.

2.1.3 Electrical Characteristics of the TSM Resonator with Surface Perturbation
The electrical characteristics of the TSM resonator, such as the admittance or impedance,
can be influence by the mechanical interactions of a surface perturbation, i.e., mass loading, with
the resonator. The admittance can be related to the properties of the perturbing objects, e.g., mass
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or liquid layer, by using a continuum model which can describe the coupled mechanical
displacement and electrical potential [65].
The electrical response of the perturbed resonator can be described by using the BVD
circuit model. Fig. 2.4 shows the BVD equivalent circuit for the resonator with perturbation. The
motional impedance increases as the resonator has perturbation at the surface and can be
described by the complex electrical element Ze [66]:
𝑍𝑒 =
1/2

where 𝑍𝑞 = (𝜇𝑞 𝜌𝑞 )

𝑁𝜋
𝑍𝑠
( )
2
4𝐾 𝜔𝑠 𝐶0 𝑍𝑞

(2.14)

is the characteristic impedance of the quartz shear wave. Zs is the shear

mechanical impedance at the resonator surface and is given by
𝑍𝑠 =

𝑇𝑥𝑦
|
𝑣𝑥 𝑦=0

(2.15)

where Txy is the sinusoidal steady-state shear stress, and vx is the shear particle velocity in xdirection. Zs is a complex number in which the real part stands for mechanical energy losses (RL)
whereas the imaginary part represents mechanical energy storage (LL) at the surface.
With the BVD model, the complex impedance element can be written as 𝑍𝑒 = 𝑅𝐿 + 𝑗𝜔𝐿𝐿
and combining this with Eq. 2.14 gives the relationship between the surface mechanical
impedance and the motional impedance elements LL and RL by [67]
𝑅𝐿 =

𝑁𝜋 𝑅𝑒(𝑍𝑠 )
4𝐾 2 𝜔𝑠 𝐶0 𝑍𝑞

(2.16)

and
𝐿𝐿 =

𝑁𝜋
4𝐾 2 𝜔𝑠 2 𝐶0

𝐼𝑚(𝑍𝑠 )
𝑍𝑞

(2.17)

The total impedance of the loaded resonator (resonator with surface perturbation) with
the motional impedance is then given by
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𝑍𝑚 = (𝑅𝑚 + 𝑅𝐿 ) + 𝑗𝜔(𝐿𝑚 + 𝐿𝐿 ) +

1
𝑗𝜔𝐶𝑚

(2.18)

Since a change in series resonance frequency fs is driven by the motional inductance LL, a
frequency shift can be written as
Δ𝑓𝑠 = −

𝐿𝐿 𝑓𝑠
𝐿𝐿 𝑓𝑠
≅−
2(𝐿𝑚 + 𝐿𝐿 )
2𝐿𝑚

(2.19)

when mass and liquid loading are small, i.e., Lm »LL.
Eq. 2.19 will be used to determine a change in the series resonance frequency of a QCR
in the case of (i) an ideal mass loading, (ii) a semi-infinite liquid loading, and (iii) a viscoelastic
film.

(a)

(b)
Rm

Rm

Lm
Lm

C0

C0
Cm

Ze

Cm
RL

LL

Figure 2-4. The BVD equivalent circuit models for the perturbed resonator (a) with complex
impedance element Ze, and (b) with motional inductance LL and resistance RL.
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2.2 Modeling the QCR Response
A quantitative specification of the QCR behavior with respect to its loading is necessary
to extract physical information regarding the nature of the load from the changes in resonance
frequency and Q-factor. The resonance frequency and the Q-factor of the resonance are
significantly affected by any surface load placed on the quartz crystal. Three relevant cases of
loading on the resonator surface are: (i) pure elastic loadings (rigid solids), (ii) pure viscous
loadings (liquids) and (iii) viscoelastic loadings (polymers) and/or a sequential combination of
any of these. The problem of interaction of the transverse shear wave with these surface loads has
been treated using three fundamental approaches: (i) evaluation of electrical admittance
characteristics upon mechanical surface perturbations [68, 69], (ii) continuum mechanics
approach with appropriate material properties and boundary conditions for each loads [70, 71],
and (iii) the energy transfer model in which the quartz resonator and the deposited film are treated
as a compound resonator, and energy balance methods are used to evaluate the perturbed
characteristics of the resonator [72]. Because the lateral size of the resonators is typically much
larger than the relevant dimensions such as the penetration depth of the acoustic waves (d) in the
direction perpendicular to the surface of the resonators, the approaches mentioned above are
considered as a one-dimensional problem.

2.2.1 Electrical characteristics of QCR with an ideal mass layer
Under the assumption that the acoustic phase shift across the film is smaller than , a
change in resonance frequency can be determined by considering the equivalent circuit for the
mass loaded QCR with the surface mechanical impedance Zs as discussed in the previous section.
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The sinusoidal shear stress of a mass layer Txy is then given by [67]
𝑇𝑥𝑦 = 𝜌𝑠 𝑣̇𝑥 = 𝑗𝜔𝜌𝑠 𝑣𝑥

(2.20)

where s is the areal mass density of the load, and vx is the surface particle velocity. Substituting
Eq. 2.20 to Eq. 2.15, Zs can be obtained as
𝑍𝑠 =

𝑇𝑥𝑦
|
= 𝑗𝜔𝜌𝑠
𝑣𝑥 𝑦=0

(2.21)

From Eq. 2.17,
𝐿𝐿 =

𝑁𝜋
4𝐾 2 𝜔𝑠 2 𝐶0

𝐼𝑚(𝑍𝑠 )
𝑁𝜋𝜌𝑠
=
1/2
𝑍𝑞
4𝐾 2 𝜔𝑠 𝐶0 (𝜇𝑞 𝜌𝑞 )

(2.22)

Eq. 2.22 implies that sinusoidally accelerated load cause energy storage (LL), but no
power dissipation (RL = 0). This represents that the mass layer moving synchronously with the
QCR surface leads the increase in kinetic energy. As derived in Eq. 2.19, the frequency shift is
can be written as
1

𝜇𝑞 2
𝐿𝐿 𝑓𝑠
2𝑓𝑠 2 𝜌𝑠
2𝑓𝑠 2
1
Δ𝑓𝑠 ≅ −
=−
=
−
(
)
Δ𝑚
=
−
(
(
) ) Δ𝑚
1
1
2𝐿𝑚
𝑁ℎ𝑠 2 𝐴(2𝜌𝑞 ) 𝜌𝑞
2
2
𝑁(𝜇𝑞 𝜌𝑞 )
𝑁𝐴(𝜇𝑞 𝜌𝑞 )
where 𝑓𝑠 =

1

𝜇

1/2

( 𝑞)

2ℎ𝑞 𝜌𝑞

(2.23)

from Eq. 2.1.

Eq. 2.23 describes the frequency response of a QCR upon deposition of thin, rigid, and
uniform films. A mass layer loaded on one of the electrodes results in a frequency shift which is
directly proportional to the deposited mass m if it is operated in air or vacuum environment. The
negative sign indicates a decrease of the resonance frequency upon ideal mass loading.
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2.2.2 Electrical characteristics of QCR contacted by liquid
The Sauerbrey equation does not apply for the several cases, such as thick films, viscous
liquids, elastic solids, and viscoelastic layers. In most of the biological/chemical sensing and
electrochemical applications, the viscous properties of the liquid medium can have strong impact
on the vibration behavior of the crystal and diminish the Q-factor; thus, theoretical models are
needed to account for the observed frequency shifts and impedance spectra accomplished by the
viscous drag effects [50, 65, 66, 68, 73, 74]. In this section, the response of QCR, changes in
frequency and Q-factor, in contact with a Newtonian fluid, is derived by using the equivalent
circuit model, see Fig. 2-4.
The shear stress and the gradient in fluid velocity of a Newtonian fluid can be given as
𝑇𝑥𝑦 = −𝜂𝐿𝑖𝑞

𝜂𝐿𝑖𝑞 𝑣𝑥0
𝜕𝑣𝑥
| 𝑦=0 =
(1 + 𝑗)
𝜕𝑦
𝛿

(2.24)

where  is the shear viscosity of the liquid.
The velocity field, vx, is then generated in a contacting liquid by the in-plane oscillation
of the resonator surface and can be determined by using the Navier-Stokes equation [75]:
𝜂𝐿𝑖𝑞

𝜕 2 𝑣𝑥
= 𝜌𝐿𝑖𝑞 𝑣̇𝑥
𝜕𝑦 2

(2.25)

where Liq and Liq are the density and viscosity of the liquid, respectively, and 𝑣̇ 𝑥 = 𝜕𝑣𝑥 /𝜕𝑡. The
solution for this equation is then
𝑦
𝑣𝑥 (𝑡, 𝑦) = 𝑣𝑥0 𝑒 −𝑦/𝛿 cos ( − 𝜔𝑡)
𝛿

(2.26)

where y is the distance from the surface, vx0 is the surface particle velocity , and 𝛿 =
1/2

[2𝜂𝐿𝑖𝑞 /(𝜔𝜌𝐿𝑖𝑞 )]

is the decay length of the damped shear wave within the liquid. The shear

wave radiated into the medium propagates deeper with increasing (LiqLiq), see Fig. 2-5.
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Figure 2-5. Cross-sectional view of a quartz resonator contacted by liquid ambient.
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Substituting Eqs. 2.24 and 2.25 to Eq. 2.15 gives the surface mechanical impedance Zs
due to a semi-infinite liquid,
𝑍𝑠 =

𝑇𝑥𝑦
𝜔𝜌𝐿 𝜂𝐿 1/2
| 𝑦=0 = (
) (1 + 𝑗)
𝑣𝑥
2

(2.27)

, and combining Eqs. 2.16, 2.17 and 2.27 gives
1/2

𝐿𝐿𝑖𝑞 =

𝐿𝑚 2𝜔𝑠 𝜌𝐿𝑖𝑞 𝜂𝐿𝑖𝑞
(
)
𝑁𝜋
𝜇𝑞 𝜌𝑞

𝑅𝐿𝑖𝑞 =

𝜔𝑠 𝐿𝑚 2𝜔𝑠 𝜌𝐿𝑖𝑞 𝜂𝐿𝑖𝑞
(
)
𝑁𝜋
𝜇𝑞 𝜌𝑞

1/2

=

𝜌𝐿𝑖𝑞 𝜂𝐿𝑖𝑞
𝑁𝜋
(
)
2
4𝐾 𝜔𝑠 𝐶0 2𝜔𝑠 𝜇𝑞 𝜌𝑞

(2.28)

and
1/2

1/2

=

𝜌𝐿𝑖𝑞 𝜂𝐿𝑖𝑞
𝑁𝜋
(
)
2
4𝐾 𝐶0 2𝜔𝑠 𝜇𝑞 𝜌𝑞

(2.29)

where 𝑅𝐿𝑖𝑞 ≡ 𝜔𝑠 𝐿𝐿𝑖𝑞 for loading of a Newtonian fluid [67].
Changes in the resonance frequency can be described by using Eq. 2.19 with this
motional inductance LLiq, and
𝐿𝐿 𝑓𝑠
2𝑓𝑠 3/2 𝜌𝐿𝑖𝑞 𝜂𝐿𝑖𝑞
Δ𝑓𝑠 ≅ −
=−
(
)
2𝐿𝑚
𝑁
𝜋𝜇𝑞 𝜌𝑞

(2.30)

which is consistent with the prediction of Kanazawa and Gordon [50].
Changes in the Q-factor can be described by equating Q-factor in air and in liquid. In air
applications, the Q-factor is given by
𝑄=

𝜔𝑠 𝐿𝑚 𝜌𝑞 𝑣𝑞 ℎ𝑠
=
𝑅𝑚
2𝜋𝑓𝑠 𝜂𝑞

(2.31)

where vq is the velocity of shear wave in quartz (= 3322 ms -1) for AT-cut quartz crystal, and in
liquid applications, the Q-factor is given by
𝑄=

𝜔𝑠 (𝐿𝑚 + 𝐿𝐿𝑖𝑞 )
𝜋𝜌𝑞 𝑣𝑞
≈
1/2
𝑅𝑚 + 𝑅𝐿𝑖𝑞
2(𝜋𝑓𝑠 𝜌𝐿𝑖𝑞 𝜂𝐿𝑖𝑞 )

Therefore, changes in the Q-factor Q can be written as

(2.32)

33
∆𝑄 =

𝜋𝜌𝑞 𝑣𝑞
1/2

2(𝜋𝑓𝑠 𝜌𝐿𝑖𝑞 𝜂𝐿𝑖𝑞 )

−

𝜌𝑞 𝑣𝑞 ℎ𝑠
2𝜋𝑓𝑠 𝜂𝑞

(2.33)

It is consistent with the observations from Muramatsu et al. [76], and Beck et al. [77]
experimentally showing that the motional resistance RLiq arising from liquid contact is
proportional to (LiqLiq)1/2.

2.2.3 Electrical characteristics of QCR with a liquid covering viscoelastic solids
The surface loading of a sufficiently thin viscoelastic film covered by a semi-infinite
Newtonian fluid layer cannot be treated as a simple linear combination of the mechanical
impedances of each individual layers as was valid for the two previous cases. Interaction terms
between the two different materials need to be taken into account to derive the mechanical
impedances for composite loading. The response of the QCR can be analyzed using a continuum
mechanics approach [71] if the viscous layer also has an elasticity in addition to the viscosity. To
model this situation, the QCR electrode is considered to be in intimate contact with a layer of
continuous viscoelastic slab under infinitely thick Newtonian liquid on its working electrode.
The elastic properties of viscoelastic materials can be described by a complex modulus,
i.e., G = G’ + jG”, where G’ is the storage modulus and G” is the loss modulus. For the
viscoelastic film loading, film displacement is not synchronous with the driving resonator surface
but varies across the film thickness due to significant shear deformation causing elastic energy to
be stored and dissipated. Consequently, resonance frequency and damping depend upon film
thickness, density, and shear elastic properties. The device sensitivity toward these parameters
enables the sensor to be used to extract film properties.
The case where a viscoelastic layer on the resonator surface in air can be first considered
and then expanded for the case with a viscoelastic layer covered by a semi-infinite Newtonian
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fluid. The surface mechanical impedance Zs seen at the resonator-film interface for a viscoelastic
film on the resonator surface when the system oscillates in air can then be given by [71]
𝑍𝑠 =

𝑇𝑥𝑦
|
= 𝑍0 tanh(𝛾ℎ𝑣𝑖𝑠𝑐 )
𝑣𝑥 𝑦=ℎ𝑞

(2.34)

where 𝑍0 = (𝐺𝜌𝑣𝑖𝑠𝑐 )1/2, 𝛾 = 𝑗𝜔(𝜌𝑣𝑖𝑠𝑐 /𝐺)1/2 , G, visc, hvisc are shear modules , density, and
thickness of viscoelastic film, respectively, and hq is thickness of quartz crystal.
Combining Eqs. 2.14 and 2.34, change in electrical motional impedance cab be obtained
as
1/2

𝑁𝜋
𝐺𝜌𝑣𝑖𝑠𝑐
𝑍𝑒 =
(
)
2
4𝐾 𝜔𝑠 𝐶0 𝜇𝑞 𝜌𝑞

tanh(𝛾ℎ𝑣𝑖𝑠𝑐 )

(2.35)

For viscoelastic film, the loss modulus G” is no longer zero, and Ze becomes complex with the
real part (RL) representing power dissipation in the film.
Using Eqs. 2.19 and 2.35, changes in the resonance frequency and Dissipation factor can
be determined as [71]
Δ𝑓𝑠 ≈ −

2
1
2ℎ𝑣𝑖𝑠𝑐
ℎ𝑣𝑖𝑠𝑐 𝜌𝑣𝑖𝑠𝑐 𝜔 (1 − 2
)
2𝜋𝜌𝑞 ℎ𝑞
3𝛿 (1 + 𝜒2 )

(2.36)

3
2ℎ𝑣𝑖𝑠𝑐
𝜌𝑣𝑖𝑠𝑐 𝜔
𝜒
2
3𝜋𝜌𝑞 ℎ𝑞 𝛿 (1 + 𝜒2 )

(2.37)

and
Δ𝐷 ≈ −

where 𝜒 = 𝜇𝑣𝑖𝑠𝑐 /(𝜂𝑣𝑖𝑠𝑐 𝜔), and 𝛿 = (2𝜂𝑣𝑖𝑠𝑐 /𝜌𝑣𝑖𝑠𝑐 𝜔)1/2 are the viscoelastic ratio  between real
part and imaginary part of complex shear modulus and a viscous penetration depth, respectively.
hvisc,visc, visc, and visc are the thickness, density, viscosity, and elastic modulus of the
viscoelastic layer, respectively. As shown in Eqs. 2.36 and 2.37, the changes in resonance
frequency and the dissipation factor are functions of film viscoelasticity and can be measured
with QCR.
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These expressions can be further expanded to investigate the electrical characteristics of
QCR response with a viscoelastic layer covered by a semi-infinite Newtonian fluid. Because of
the phase shift across the viscoelastic layer, total impedance is not equal to a sum of the
characteristic impedances of the individual layers. Granstaff and Martin [66] derived a general
formula for a layer system with n different materials given by

𝑍𝑠 =

(n+1)
(𝑛)
(n)
(𝑛)
𝑍𝑠
cosh (𝛾 (n) ℎ𝑣𝑖𝑠𝑐 ) + 𝑍𝑠 sinh (𝛾 (n) ℎ𝑣𝑖𝑠𝑐 )
(n)
]
𝑍𝑠 [ (n)
(𝑛)
(n+1)
(𝑛)
𝑍𝑠 cosh (𝛾 (n) ℎ𝑣𝑖𝑠𝑐 ) + 𝑍𝑠
sinh (𝛾 (n) ℎ𝑣𝑖𝑠𝑐 )

(2.38)

where Zs(n) is the characteristic mechanical impedance of the nth viscoelastic layer as described by
Eq. 2.34, and Zs(n+1) is the characteristic mechanical impedance of the nth Newtonian fluid as
described by Eq. 2.27. Fig. 2-6 shows geometry and response of a QCR loaded with three
different layers, an ideal mass layer next to the resonator, a viscoelastic layer, and a semi-infinite
Newtonian liquid on top. In our case of study, these three layers are self-assembled monolayer
(SAM), adsorbed protein film, and buffer solution, respectively.
Using Eq. 2.38, the simplest and most commonly encountered example of a nonlinear
system, i.e., a finite viscoelastic layer with a Newtonian fluid on top can be described. If the
condition that the decay length of the acoustic wave in the liquid is much smaller than the
thickness of the bulk liquid layer is satisfied, the frequency, Q-factor, and dissipation factor
changes with respect to liquid loading conditions can be written as
2

𝜂𝑙𝑖𝑞
1
𝜂𝑣𝑖𝑠𝑐 𝜔2
[ℎ𝑣𝑖𝑠𝑐 𝜌𝑣𝑖𝑠𝑐 𝜔 − 2ℎ𝑣𝑖𝑠𝑐 (
]
Δ𝑓𝑠 ≈ −
) 2
2
2𝜋𝜌𝑞 ℎ𝑞
𝛿𝑙𝑖𝑞 𝜇𝑣𝑖𝑠𝑐 + 𝜂𝑣𝑖𝑠𝑐
𝜔2

(2.39)

2

𝜂𝑙𝑖𝑞
1
𝜂𝑣𝑖𝑠𝑐 𝜔
[2ℎ𝑣𝑖𝑠𝑐 (
]
Δ𝐷 ≈
) 2
2
2𝜋𝑓𝑠 𝜌𝑞 ℎ𝑞
𝛿𝑙𝑖𝑞 𝜇𝑣𝑖𝑠𝑐 + 𝜂𝑣𝑖𝑠𝑐
𝜔2
and

(2.40)
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2ℎ𝑣𝑖𝑠𝑐
Δ𝑄 ≈ −2𝜋𝑓𝑠 𝜌𝑞 ℎ𝑞

𝜇𝑣𝑖𝑠𝑐 𝜔
2
+ 𝜂𝑣𝑖𝑠𝑐
𝜔2

2
𝜇𝑣𝑖𝑠𝑐

[1 + (2ℎ𝑣𝑖𝑠𝑐 (

𝜂𝑙𝑖𝑞
𝜇𝑣𝑖𝑠𝑐 𝜔
)]
2
2
𝛿𝑙𝑖𝑞 ) 𝜇𝑣𝑖𝑠𝑐
+ 𝜂𝑣𝑖𝑠𝑐
𝜔2

(2.41)

From the equations above, it can be found that the contribution of the film to the QCR
response for ultrathin film is small in comparison with the bulk liquid acoustic response, i.e.,
f ~ – 3/d3, D ~ – 3/d3. Nevertheless, a thin layer with finite thickness affects a different
acoustic response depending on the ratio between the viscosity and the elasticity of the film.

liq,liq

Viscoelastic
film
Ideal Mass

QUARTZ

visc,visc,visc
s,s

q,q

Figure 2-6. Geometry and response of a quartz crystal Resonator (QCR) covered by three
different layers, an ideal mass layer on the resonator surface, a viscoelastic layer, and a semiinfinite Newtonian fluid on top.
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2.3 Design, Fabrication and Characterization of QCR array
We have discussed the metrics for the ideal biological and chemical sensor in the
previous chapter. These metrics can be used as figures of merit (FOM) to determine the
effectiveness of a given sensor device for specific applications. Depending upon the demands of
the sensing applications, the sensor platform needs to be sufficiently designed and developed to
meet the requirements of applications, e.g., the absolute sensitivity of QCR has to be improved
when it is used in liquid due to significant attenuation which precludes QCR from liquid sensing
applications. Motivated by these requirements, the former research in our group, Ping Kao,
explored to develop resonator arrays and have done its characterization, including cross talk
measurements and device calibration under liquid ambient with various concentrations of
glycerol-water mixtures which enables to understand how the response of the micromachined
quartz resonators under various loading conditions.
In this section, we begin by discussing on the systematic approach toward designing
micromachined QCR (QCR) for biological and chemical sensing applications, followed by an
introduction to the fabrication of QCR array and experimental setup. We then continue to
discuss about electrical characterization of as-fabricated QCR array.

2.3.1 Design of the QCR array

2.3.1.1 Sensitivity
The integral mass sensitivity of QCR for the solid loading condition in air can be
determined by Eq. 2.23. Generally speaking, the higher the sensor unperturbed frequency f, the
greater the frequency shift at parity of measurand value. From the Eq. 2.23, we can conclude that
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an increase in the integral mass sensitivity of QCR can be realized by decreasing the thickness of
the quartz plate hs as well as the area A of the resonator electrode of the side where a measurand
is loaded. Therefore, it is greatly beneficial to minimize QCR so long as the performance of the
sensor is improved in terms of the integral mass sensitivity by miniaturization.
For the expression of a mass sensitivity of QCR, Eq. 2.23 can be simplified as following:
2𝑓𝑠 2

Δ𝑓𝑠 = − (
1 ) Δ𝑚 = −𝑆Δ𝑚
𝑁𝐴(𝜇𝑞 𝜌𝑞 )2

(2.42)

where S is the sensitivity of the QCR. Typical commercial QCRs operate in 5 – 10 MHz
resonance frequency range with 333 – 167 m thick and 25.4 – 12 mm diameter AT-cut quartz
circular discs. With the electrode diameter of 4.91×10-4 cm2, these QCRs exhibit a mass
sensitivity of 17.7 – 4.42 ng·cm-2·Hz-1, respectively.
In practical manufacturing processes and applications, the minimum thickness, thereby
the maximum resonance frequency is limited by the mechanical strength of the crystals. The
application of advanced fabrication techniques, such as photolithography and dry/wet etching
processes, has been found to be a promising approach to develop mechanically stable QCR with
higher resonance frequencies and smaller diameters [78] and to allow the fabrication of sensor
arrays on one quartz substrate [79]. Using these techniques, QCR sensors with high resonance
frequencies can be fabricated with an inverted-mesa structure having only the central area etched.
For the fabricated 25–18 μm thick quartz crystal with the electrode diameter of 4.91×10-4 cm2, the
fundamental resonance frequency is expected to be in the range of 66.72 – 90 MHz with the mass
sensitivity of 0.099 – 0.055 ng·cm-2·Hz-1, respectively. These high frequency micromachined
QCRs exhibit over two orders of magnitude higher sensitivity than the common commercially
available QCRs.
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In fact, a higher value of the nominal sensitivity as apparently granted by a higher
resonance frequency is not the only one factor to describe a higher value of the usable sensitivity
in a practical device. The resolution of the device also needs to be considered, such as a
discrimination capability of small incremental values of the measurand. High resolution implies
good frequency stability and can be quantitatively described with the signal to noise ratio. The
experimentally measured smallest frequency noise in a state-of-art oscillator that uses an AT-cut
quartz has been approximated to be ~ 1.2×10-20·fs [80]. By taking ratio of this expression to the
mass sensitivity S in Eq. 2.42, the maximum mass resolution achievable with a given QCR can be
described by
1/2

Δ𝑚𝑚𝑎𝑥

1.2 × 10−20 𝐴(𝜇𝑞 𝜌𝑞 )
=
2𝑓𝑠

= 5.3 × 10−15

𝐴
𝑔
𝑓𝑠

(2.43)

where A is the area of the electrode in cm2 and fs is the resonance frequency of a given QCR.
From Eq. 2.43, it can be noted that the mass sensitivity can be improved by decreasing the area of
the resonator, i.e., with the electrode diameter of 100 μm the absolute mass resolution in the range
of 10-19 g can be realized. In addition to the improvement in the sensor sensitivity, miniaturization
is beneficial in terms of economy so long as such sensors require much smaller sample volume.
One of the challenging tasks of realizing resonators operating in high frequency is to
suppress the inharmonic modes, often called spurious modes, characterized by movement of
particles in several regions of the quartz surface in antiphase. These spurious modes cause an
unwanted effect, e.g., frequency jumps of quartz oscillators, by coupling with the harmonic
modes and obstruct a reliable frequency measurement. From the eigenfrequencies of a circular
quartz disc, it can be seen that the frequency difference between harmonic and inharmonic modes
increases with decreasing electrode radius-quartz crystal thickness ratio [81]. Therefore, the size
of the QCR electrode must be reduced when increasing the resonance frequency. The excessive
decrease in the size of the electrode, however, will cause acoustic energy leakage and poor
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confinement of energy resulting in low Q-factors. These opposing demands entail a design
compromise. It is found that the optimal electrode diameter-quartz crystal thickness ratio is in the
range of 10 – 20 for the50 – 70 MHz QCR with 100nm thick gold electrode on both sides of the
QCR [59]. The methods of suppressing these unwanted modes to higher frequencies are: (i)
contouring [81], beveling [82], and using an inverted MESA structure [83]. The former two
methods are not applicable to the quartz crystal resonators since these methods are not feasible
for etching processes [78]. In our design, consequently, the inverted MESA structure is employed
to effectively suppress the spurious modes.

2.3.1.2 Sensor array for multianalyte measurement
In many current applications, a single sensor platform is used to obtain a steady-state
and/or equilibrium response which is more or less specific to a single analyte of interest. The
single sensing approach is not reliable in terms of the sensor specificity due to the interference
from all the enormous numbers of species which may appear undesirably in a sample, so the
specificity is never high enough to avoid all the possible false positives, i.e., even immunoassay,
particularly designed for realizing extremely high specificity, is known to show cross-sensitivity
to similarly structured molecules [84]. Thus, the high dimensionality of the space is a problem for
the single sensor approach, especially for the chemical sensing applications.
The design of array platform leads to the simultaneous detection of a group of analytes
and enables to even measure the presence of interfering species in the sample. The advantages of
arrays-based sensors over individual sensors are sensitivity to a wider range of analytes, improved
selectivity, simultaneous multianalyte analysis, and the capability for analyte recognition rather
than mere detection.
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Motivated by these advantages, in this work, 8-pixel micromachined resonators arrays
with 60 to 90MHz resonance frequency have been fabricated and used in fundamental study of
(bio)chemical materials as well as practical (bio)chemical sensing applications.
On top of it, the appropriate and advanced selective functionalization techniques and
multianalyte data analysis have to be developed to fully exploit the array-based sensor.

2.3.2 Fabrication of the micromachined QCR arrays
Suitable photolithographic and etching processes were developed and optimized to meet
the design requirements for our study. In order to provide a sufficient mechanical stability for
handling as well as an effective suppression of spurious modes, the inverted MESA structure is
employed. The creation of an abrupt step in the quartz substrate for each pixel acoustically and
energetically isolates each of these for the shear mode operation [79, 85]. Only a part of the 1”
diameter polished AT-cut quartz is etched down to the desired thickness by using inductively
coupled plasma (ICP) etch process. Fig. 2-7 shows an optical photograph of the fabricated
resonator array with eight pixels in the array platform. The Cr/Au electrodes with 500 m
diameter are patterned on both sides of QCR for individual resonator pixels.
Each resonator is individually addressed through etched-side electrodes which are
extended to the rim of the sensor array chip. The top electrode is common to all the pixels of the
array and will be used as working electrode where the measurand is loaded. In order to effectively
confine the acoustic energy in each pixel, the pixel thickness-electrode diameter ratio has been
carefully optimized as per the conditions described in Eq. 2.43 [86]. The mounting and packaging
of the array and the interconnection were also carefully optimized to maintain a high-quality
factor of the resonators. The packaged device is placed in the Teflon test cell for the liquid testing
experiments, as shown in Fig. 2-7. For the fabricated 25–18 μm thick pixels, the fundamental
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resonance frequency is expected to be in the range of 66.72 – 90 MHz. Further details of the
fabrication process can be found in elsewhere [59].

Figure 2-7. Optical photograph of the packaged quartz resonator array in a 24-pin modified dualin-line ceramic package. Teflon liquid-cell is specially designed for the experiments with protein
solutions. Rubber O-ring in the holder acts as a seal and prevents leaking. The designed cell can
hold up to 800 l of analyte solution.
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2.3.3 Measurement setup
The device is packaged in a modified 24 pin, dual-in-line ceramic package in which a 6
mm x 6 mm square hole is cut using water-jet machining. The fabricated resonator array is
attached using silicone adhesive and cured at room temperature for 24 hours to avoid build-up of
thermally induced stresses in the quartz and the individual pads of each resonator are wire
bonded. All measurements are carried out using Agilent 4395A impedance analyzer inside a
special aluminum die-cast (4.7” x 4.7” x 3.54”) to prevent RF interference and to control the
temperature during the experiments at 23 (±0.1) °C. Impedance analyzer was initially calibrated
to obtain accurate QCR resonance parameters and was set to simultaneously measure the
magnitude |Z| and phase of impedance Z as a function of frequency at the first and third
resonance modes. For simultaneous multi-pixel measurement, National Instruments RF
multiplexer module was used to switch between the pixels of the QCR array. 801 data points
were acquired in a specified frequency span around the resonance frequency and is recorded by
specifically designed software coded in Labview developed by Matthew Chang. To extract
desired parameters from measured data (changes in resonance frequency and Q-factor), a nonlinear regression was used to fit the phase angle data Z to a Lorentzian function by Wolfram
Mathematica® programs.

2.3.4 Electrical device characterization: Application of the BVD circuit model to QCR
array response in liquid ambient
Using the BVD circuit model, the characteristics of an experimentally obtained QCR
response can be described. Fig. 2-8 (a) shows the at-resonance real and imaginary impedance
curves for one of the 8 pixels of the array in air. All the fabricated pixels show similar impedance
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characteristics. The equivalent BVD circuit model for the quartz resonator yields the following
expression for the real part of the impedance (Re Z):
𝑅𝑒(𝑍) =

𝑅𝑚
(−𝐵0 𝑋𝑚 )2 + (𝐵0 𝑅𝑚 )2

(2.44)

1

where 𝐵0 = 𝜔𝐶0 , and 𝑋𝑚 = 𝜔𝐿𝑚 − 𝜔𝐶 .
𝑚
The 801 data points of experimentally measured Re Z near resonance was fitted to the
equivalent BVD circuit model of the resonator with C0, Cm, Lm, and Rm as parameters. Using nonlinear fitting function in Mathematica® software, the best fit was used to obtain the values of the
four equivalent circuit parameters. Fig. 2-8 (b) shows the experimental data and the fit obtained in
air and water and the values of the resonators parameters obtained using this method. As can be
seen an excellent fit was obtained using this technique and the method was followed for all
concentration of water-glycerol mixtures as well. Using this method and equations for pure liquid
loading, the parameters for the various water-glycerol concentrations has been deduced and are
listed in Table 2-2 along with the equivalent circuit parameters deduced by non-linear fitting.
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Figure 2-8. (a) Real and imaginary components of the impedance of one of the pixels of the
QCR array at resonance. (b) The experimentally obtained real part of impedance and the fit to
the data using non-linear regression is used to extract the motional circuit element parameters.
The resulting simulated curve shows a very close fit to the obtained data in both air and water
ambient.
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Table 2-2. The extracted equivalent circuit parameters of the QCR array in air and various liquid
loading conditions. These values are used to calculate the density-viscosity product of various
water-glycerol mixture concentrations and compared to the listed values in literature.
C0
(pF)

Cm (fF)

Lm(mH)

Rm ()

Rliq ()

liqliq

Calc

liqliq

List

%Error

Air

1.5332

1.09644

3.74238

79.5620

Water

1.5332

0.80954

5.07558

3725.65

3646.08

1.2872

1.0015

28.52

10% Glycerol

1.5332

0.77299

5.31636

3697.47

3617.91

1.2195

1.1575

5.36

20% Glycerol

1.5332

0.83761

4.90795

4392.42

4312.86

1.5752

1.3608

15.75

30% Glycerol

1.5332

0.81377

5.05300

5076.26

4996.70

1.7729

1.6379

8.24

40% Glycerol

1.5332

0.78477

5.24207

6282.81

6203.25

2.1224

2.0303

4.53

50% Glycerol

1.5332

0.78756

5.22758

8232.40

8152.84

2.7988

2.6103

7.22

Table 2-3 shows the typical Q-factors obtained from micromachined QCR with the
resonance frequency of 72.5 MHz under the various conditions, including, air, water, high
viscous loading (room temperature ionic liquid), and viscoelastic loading (room temperature ionic
liquid doped ionomer). As can be seen, QCR exhibit a Q-factor very close to the predicted Qmax
from Eq. 2.32, indicating that the resonator is primarily damped by viscous loading of water.
With highly viscous loading, such as room temperature ionic liquid (>200 mPa·s), the viscous
properties of the liquid medium can have strong impact on the vibration behavior of the crystal
and diminish the Q-factor due to the significant viscous drag effects. The theoretical maximum
Q-factor for the viscoelastic loading cannot be obtained from Eq. 2.32 since a loss under this
condition is completely different from that of viscous loading.
Table 2-3. A list of the fundamental Q-factors of the micromachined QCR under various
conditions, including air, water, high viscous loading, and viscoelastic loading. The obtained Qfactors are close to the limit of maximum Q-factor that can be obtained in water and high viscous
loading, shown in parenthesis. (f0 = 72.5 MHz)

Q-factor

Air

Water

36295

850 (919)

Ionic liquid

Ionomer

([Bmim][BF4])

([Bmim][BF4]+Polymer)

0 (56)

2715
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Chapter 3
Investigation of Spontaneously Adsorbed Blood Protein Films
The present chapter describes the work concerning protein adsorption on various surfaces
to study interfacial phenomena using QCR array. The aim of the chapter is to study different
aspects of protein adsorption and kinetics of adsorption process with blood protein on different
surfaces. The chapter begins with an introduction to proteins and adsorption phenomenon in
general, followed by describing the useful models for interpretation of measured data based on
Random Sequential Adsorption (RSA). In particular, this chapter will specifically focus on
effective surface depletion in conjunction with the RSA model to explain the observed adsorption
isotherm characteristics. A number of case studies on protein adsorption conducted using QCR
will then be discussed.
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3.1 Introduction
Understanding the phenomenon of the aggregation and assembly of biological molecules
such as proteins, lipids, and other biomaterials at the liquid-solid interface has significant
practical consequences, such as in the mediation of foreign body response to medical implants in
the body [87]. The consequences of such adsorption processes are critical in the regulation of
metabolism, and the etiology of several diseases such as dementia. In addition, adsorption of
proteins on surfaces is critical for the development of biosensors and stationary phases in
chromatographic separations, and in the design of biocompatible surfaces and structures [88, 89].
Development of robust techniques for the analysis of proteins – protein interactions, protein – cell
interactions, and protein – surface interactions are critical for the development of new drugs and
next-generation disease diagnostics [90]. Despite the realization of the biological significance,
knowledge of protein adsorption mechanisms and their kinetics are still not very well understood
and several important questions remain unanswered. Furthermore, while several techniques are
currently available for studying biomolecular assembly processes at interfaces such as, atomic
force microscopy (AFM) [91-93], ellipsometry [94, 95], neutron reflectivity [96, 97], optical
waveguide spectroscopy [98, 99], surface plasmon resonance (SPR) [100], and protein labeling
(e.g., radioactive isotopes), most of these techniques are optimized for either identifying the
molecular species or the characterization of simple properties such as aerial mass or number
density. To better understand the adsorption phenomena and protein properties as a function of
the surface functionalization, this work investigates the following: (a) analysis of protein
adsorption kinetics with random sequential protein adsorption (RSA), (b) expansion of the
standard RSA model with the effective surface depletion theory, and (c) the effect of surface
functionalization, especially surface charge effects and hydrophobicity, on the protein adsorption
process. As will be demonstrated in this chapter, the technique can be used to study adsorption of
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proteins on various surfaces with resolution approaching few angstroms to nanometers of the
assembling layer.

3.2 Modeling Protein Adsorption

3.2.1 Basic Concepts
Due to the complexity of protein molecules as well as their many interaction sites,
modeling the adsorption of proteins, at first seems impossible. However, simple models can
provide invaluable insights into the adsorption kinetics and adsorbed protein film structure based
on the fact that a protein molecule is similar to a colloidal particle. In this section, we begin by
introducing some of the general concepts of the different adsorption models and their limitations,
and then focus on describing RSA model.
Typically, adsorption can be categorized into two types; reversible and irreversible. The
former represents adsorption processes that include desorption and diffusion phenomenon as part
of the overall model. In reversible adsorption phenomenon, Langmuir isotherm based on
equilibrium statistical mechanics is suitable to describe this process. However, Langmuir
isotherm is not applicable in the case of irreversible protein adsorption mechanisms because
equilibrium statistical mechanics is no longer sufficient in the case of irreversible process. It has
been increasingly found that most of the protein adsorption phenomena occurs under nonequilibrium conditions where the protein molecules typically arrive at fast rates as compared to
the slower desorption and post-adsorption alterations, including surface diffusion, reorientation
and reconformation processes, as shown in Fig. 3-1.
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Adsorption
(Fast)

Desorption
(Slow)
Conformational
change (slow)

SAM surface
Figure 3-1. Schematic representation of protein adsorption processes: adsorption, desorption, and
post-adsorption alteration.

Typically two empirical observations have been associated with protein adsorption: (i)
the adsorption process is not completely reversible especially if the desorption process is not
attempted early on [101-103]. On experimental time scales, only a very small amount of the
adsorbed protein molecules are exchanged or desorbed from the surface, demonstrating that the
adsorption is found to be predominantly irreversible [92, 104-107]. This is explained by strong
interactions between the adsorbate and the surface in terms of molecular denaturation. (ii) In spite
of this fact, it is found that the maximum amount of adsorbed protein is dependent upon the bulk
concentration of the protein in the liquid phase.
Modeling the adsorption process can be started by considering the amount of adsorbed
molecules on the surface, i.e., the surface mass density, denoted  in ng/cm2, or the surface area
covered with protein molecules, denoted θ in /cm2. The surface area θ can be easily related to 
by the equation 𝜃 = 𝛼𝛤/𝑚, where  is the area covered by a single protein molecule, also called
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as footprint and, m is the protein mass. The footprint  may differ whereas the protein mass m
shows well-defined value, indicating the protein molecules adsorb as a single entity.
A theoretical model of protein adsorption can be express by a simple differential equation,
𝜕Γ
𝜕𝑡

= 𝑘𝑎 cΦ(𝜃) − 𝑘𝑑 𝜃

(3.1)

where ka and kd are the adsorption and desorption rate coefficients, respectively, c is the bulk
concentration,  denotes the ratio between the available surface area for the insertion of a new
particle and the total area of the surface. What we are interested in is the surface coverage at the
saturation. Fig. 3-2 shows the surface coverage of various cases. In the ideal case, the surface
coverage would be unity if the footprint  is exactly equal to the size of one site on the surface,
which is not realistic. Assuming protein molecules can be considered as spherical particles and
the particles are closely packed like hexagonal lattice, then the maximum coverage will be 0.91.
In the case of square packing, the surface coverage will be 0.79, as shown in Fig. 3-2 (a) and (b).
These two cases, however, are not realistic because protein adsorption process found to be a nonequilibrium process, especially in the experimental time scale, and hence lower surface coverage
is expected at saturation. Random sequential adsorption (RSA) model provides a more realistic
approach in terms of estimating the surface coverage and surface saturation condition. The
surface saturation condition in RSA model is also known as the jamming limit and the jamming
limit is dependent on the size and shape of the protein molecules as well as the adsorption system.
The jamming limit of RSA is 0.547, and is schematically illustrated in Fig. 3-2 (c).
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(a)

(b)

(c)

Figure 3-2. Schematics representing how dense monolayers are in the cases of (a) hexagonal
packing and (b) square packing (c) Random Sequential Adsorption. The maximum surface
coverage is equal to 0.907, 0.785, and 0.547 for (a), (b) and (c), respectively.
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3.2.2 Langmuir Isotherm
Langmuir isotherm has typically provided the most general framework for discussing the
adsorption kinetics through the introduction of interactions between surface active sites and
adsorbed species [108]. Langmuir model is based on the equilibrium adsorption process,
adsorption incorporated with desorption. This model assumes that there is no particle-particle
interaction and particles are allowed to form monolayer. All free sites are available for the
insertion of a new particle, so the function of the available space can be written as, Φ(𝜃) = 1 − 𝜃.
With this function, Eq. 3.1 becomes;
𝜕Γ
𝜕𝑡

= 𝑘𝑎 c(1 − 𝜃) − 𝑘𝑑 𝜃

(3.2)

However, it has increasingly become evident that this model for protein adsorption may
not be adequate [109, 110]. For example, the basic requirement of reversibility of adsorbed
proteins upon dilution of the protein solutions is consistently found to be violated due to a large
barrier to desorption of proteins – leading to the observed irreversibility of the macroscopic
adsorption [88, 111-116]. This can be clearly seen from the empirical data of human serum
albumin (HSA) adsorption measured by QCR array, as shown in Fig. 3-3. In the log-log plots of
c/f versus concentration c, known as Langmuir isotherm plot, it is obvious that only a few data
points lie on a straight line. In fact, the data can rather be fitted by two or more linear regions of
different slopes and intercepts. The calculated Langmuir isotherm constant K has a large variation
in the different regions of concentration. In order to understand these variations in the K value,
the theory needs to include not only adsorption process, but also reorientation, spreading, spatial
conformations and their kinetic dependences at the various protein concentrations. Several
extensions of the Langmuir model of protein adsorption have been introduced to explain such
observed deviations [117-122]. The Langmuir model does not predict a power-law approach to
the jamming limit which is key feature in protein adsorption phenomena to explain the observed
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asymptotic behavior. Thus, better models are needed to more precisely predict the kinetics of
protein adsorption, the saturation coverage, and the statistically relevant adsorbed particle
arrangement as a function of experimental time scale as well as concentrations used. In the
following sections, we examine modified random sequential adsorption (RSA) model to explain
the experimental observations relating to protein adsorption at the solid-liquid interface and
address two key features in the adsorption kinetics: (a) the lack of reversibility and (b) the
deceleration of adsorption due to effective surface depletion.

Concentration/f (x10-10 M/Hz)

2x1022
1x10
1x101
1x100
1x10-1
1x10-2
1x10-3
1x10-4
1×1x10
1001 1 1x102 1x103 1x104 1x105 1x106 1x10
1×2x10
1077 7
5x10
Concentration (x10-11 M)
Figure 3-3. A plot of c/f versus HSA concentration (c) at 1st mode (○) and 3rd mode (□) in loglog scale for the entire concentration range tested. The dashed line is a linear fit to all
concentration range of data. The dotted line is a linear fit to the low-concentration region of the
data. The equilibrium constant (K) can be obtained by taking the ratio of the slope to intercept. At
the 1st mode, the equilibrium constant in the low concentration region Klow is 1.22×109 M-1 and
in the higher concentration region beyond the critical surface coverage Khigh, 5.62×105 M-1. At the
3rd mode, Klow is 0.8×109 M-1 and Khigh is 7.33×105 M-1.
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3.2.2 Random Sequential Adsorption
Random sequential adsorption (RSA) has been extensively applied to the problem of protein
adsorption at liquid-solid interfaces to provide insights into the physics of macromolecular
adsorption and has gained increasing acceptance as a model of irreversible adsorption of proteins
at interfaces [117, 123-128]. The simplest RSA model related to globular proteins considers the
process as irreversible adsorption of spherical balls [123, 124, 126, 129]. The model is based on a
stochastic process of sequentially adding “hard” spherical ball like particles onto a surface at
random locations with the constraint that no added particle is allowed to overlap a previously
inserted particle on the surface. The model makes the following assumptions: (i) The molecules
are considered as hard spheres and the binding sites are flat and uniform. (ii) The molecules are
effectively well-diluted and uniformly distributed to assume that the variations of the
concentration do not affect the properties of the fluid. (iii) Each site on the surface can adsorb
only one molecule, (iv) Once a particle is placed on the surface, it sticks at the same spot, and
cannot be removed, i.e., adsorption process is irreversible, and (v) The process continues until the
surface reaches its jamming or saturation limit. In this model, the surface is initially filled rapidly,
but the more it approaches the jamming limit, the filling process slows down.
Based on the description and assumptions above, the number density of particles, N(t), as a
function of time t can be written as
∂N
∂t

= k a cΦ

(3.3)

where 𝑘𝑎 is the adsorption rate, c is the protein bulk concentration, and Φ denotes the available
fraction of the surface for the insertion of a new particle. In two dimensions the geometrical
aspects of the area not occupied by the particles can be quite complicated and does not lend to
analytical solutions. Using computer simulations, Feder was able to show that a jamming limit
exists for disks of the same size adsorbing on a plane surface for N(∞)σ = 0.547, where  is the
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area of each disk [129]. Furthermore, the kinetics of the adsorption slow down near the jamming
limit and follow power law, N(∞)σ − N(t)σ ~1/√t. Schaaf and Talbot [117] proposed the
kinetic theory specifically applicable to the RSA process on two dimensional surfaces. The
adsorption probability, ΦRSA (θ), for the RSA of circular hard disks onto the surface is given by
ΦRSA (θ) = 1 − 4θ +

6√3 2
40√3 176 3
θ +(
− 2 ) θ + ⋯.
π
3π
3π

(3.4)

a 2

where θ = π (2) Γ/m, a is the diameter of the disks, 𝛤 is the adsorbed mass per unit area, and m
is the mass of a single protein molecule. Substituting Eq. 3.4 into Eq. 3.3, we obtain
∂N
∂t

a 2 Γ

= k a c [1 − 4π ( )
2

m

+

6√3
π

a 2 Γ

(π ( )
2

m

2

) +(

40√3
3π

−

176
3π2

3
a 2 Γ

) (π ( )
2

m

) +⋯]

(3.5)

which governs the adsorption process for proteins modeled as spherical balls on a two
dimensional surface. RSA gives a more realistic explanation of the adsorption kinetics than
Langmuir isotherm as it more accurately incorporates the exclusion effects and geometrical
information. At this time, the basic RSA model is well established for the description of the
irreversible protein adsorption modeled as hard spheres on a continuum surface. While the current
RSA models adequately account for surface saturation, these models have not properly accounted
for the transport process of the particles from the bulk to the interface region. Consequently, the
current RSA models continue to show inconsistencies with observed experimental results. In this
work we will examine the role of time-dependent supply function across the boundary layer
within the RSA model to explain kinetics of protein adsorption at various protein concentrations.

3.2.4 RSA model coupled with the Effective Surface Depletion
In order to model the steady state concentration of the protein in the effective depletion
layer, we use the simple continuity equation according to which the difference of the incoming
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protein molecules into the effective depletion layer and the number of molecules attaching to the
surface must equal to the time rate of change of concentration in this boundary layer. Thus, the
concentration c(z,t) of protein molecules in the interface layer can be given by [130]
∂c
∂t

=D

∂2 c
∂z2

− kac

(3.6)

where D is the diffusivity of protein molecules in cm2/s. Eq. 3.6 can then be solved to determine
the concentration in the interface layer using the following initial and boundary conditions:
(1) Initial condition: 𝑐 (𝑧, 0) = 𝑐0 , for 𝑧 ∈ (0, ∞)
(2) The concentration at the surface at c(0, t) = 0, i.e., adsorption process is considered to
be instantaneous thereby removing any freely available protein molecules, or
alternatively we are considering the effective depletion process through adsorption
process in the boundary layer to be the dominant process that essentially leads to a
depleted interface region.
(3) The concentration 𝑐(∞, 𝑡) = 𝑐0 , at all times.
Then the solution of Eq. 3.6 can be written as
z

c(z, t) = c0 exp[−k a t] erf (2√Dt)

(3.7)

where erf(·) denotes the error function. In Eq. 3.5 for the standard RSA model, the concentration
of the bulk solution is assumed to be constant. Substituting Eq. 3.7 for c in Eq. 3.4 we now obtain
the modified RSA model which accounts for the effective depletion in the boundary layer
immediately next to the adsorption substrate. Eq. 3.4 can now be written as:
∂N
∂t

z

= k a c0 exp[−k a t] erf (2√Dt) [1 −

πa2 Γ
m

a2Γ

2

a2Γ

3

+ 2.041 ( m ) + 0.682 ( m ) + ⋯ ]

(3.8)

or multiplying both sides with m and substituting 𝛤 = mN, we can rewrite the above equation as
∂Γ
∂t

z

= k a c0 exp[−k a t] erf (2√Dt) [m − πa2 Γ +

2.041
m

a2 Γ

3

(a2 Γ)2 + 0.682m ( ) + ⋯ ]
m

(3.9)
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3.2.5 Data Analysis with Models
The simple RSA model and RSA coupled with the effective surface depletion, named
RSA-Depletion model (RSA-D model for simplification), are the simplest and most beneficial
models to interpret protein adsorption data obtained by experimental measurement with QCR. In
order to compare data to models, we first plot d𝛤/d𝑡 vs. 𝛤 with experimental data.
If the measured data show a straight line on d𝛤/d𝑡 vs. 𝛤 plot, the adsorption kinetics can
be considered to follow Langmuir isotherm. However, in general cases for most proteins, the data
deviates from a straight line, indicating that Langmuir isotherm might not be the appropriate
model, and the data shows RSA like behavior.
RSA model is then fitted to the experimental results in order to determine the parameters,
i.e., the rates of adsorption, concentration per unit volume, and the average protein footprint.
However, it is not enough to obtain the above quantities by fitting models to the experimental
data to properly conclude if the adsorption process in question is well-described by the particular
model used. This is because even though the functional fitting to the models may look good, the
inferred size, shape, and microstructure of the adsorbed film on surface may be completely
mismatched. To more rigorously validate if the microstructure follows the RSA model, a
comprehensive characterization of protein adsorption needs to be done by investigating
viscoelastic properties of adsorbed films at different concentrations since molecular interactions
can also be analyzed by measuring the association and dissociation of solute target molecules to
the immobilized molecules captured on the surface. This can be further corroborated by taking
AFM images of the adsorbed protein films in liquid. It is also important to keep in mind that the
expression for RSA model, i.e., Eq. 3.4, and the jamming limit of 0.547 is valid only for spherical
particles.
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3.3 Experimental Procedure

3.3.1 Materials
In this work, three blood proteins, human serum albumin (HSA), immunoglobulin G
(IgG) from rabbit serum, and human fibrinogen (Fib), were explored as received from Sigma
Aldrich. We have chosen human serum albumin (HSA), an extensively studied protein, to
understand the kinetics of protein adsorption. Among the common globular proteins, HSA can be
accurately represented as a spherical molecule with a molecular weight of 66.3 kDa, and therefore
serves as an ideal molecule to investigate RSA model in two dimensions. We also investigated
IgG as well as Fibrinogen which are known to have quite different molecular structures (IgG has
Y-shaped arrangement of the peptide chains and Fibrinogen is an extremely elongated molecule)
to verify the applicability of RSA model in the case of anisotropic, non-spherical particles. The
structural views as well as mass of all three proteins are shown in Fig. 3-4. Different
concentrations of all three proteins were prepared by diluting a 10 mg/ml stock solution into
phosphate-buffered saline solution (a pH of 7.4). 1-hexadecanethiol (C16CH3), 16Mercaptohexadecanoic acid (C16COOH), and 16-hydroxy-hexadecanoyl (C16OH) were purchased
from Sigma Aldrich and diluted in ethanol to make 1 mM self-assembled monolayer (SAM)
solutions.
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m = 66.3 kDa
(a)
(= 1.1×10-10 ng)

m = 160 kDa
(b)
(= 2.66×10-10 ng)

m = 340 kDa
(c)
(= 5.65×10-10 ng)

Figure 3-4. Crystal structures and mass of (a) Human Serum Albumin (HSA), (b)
Immunoglobulin G (IgG), and (c) human Fibrinogen (Fib).
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3.3.2 Surface Functionalization
The QCR for each experiment was cleaned with UV-ozone cleaning system three times
for 30 minutes each and then rinsed and immersed in ethanol for 1 hour to remove residues. In
order for the formation of self-assembled monolayer (SAM), the electrodes were exposed to 1mM
SAM solutions for 24 h. After the formation of SAM, the device was rinsed with ethanol and
dried with nitrogen for protein adsorption experiments. As we discussed, three different SAMs
are used to create different surface properties, and those are: 1-hexadecanethiol (C16CH3) for
hydrophobic, 16-Mercaptohexadecanoic acid (C16COOH) for charged-hydrophilic, and 16hydroxy-hexadecanoyl (C16OH) for noncharged-hydrophilic surface.

3.3.3 Measurements
All experiments were performed at 23 ± 0.1 °C, a pressure of 1 atm, and a PBS buffer at
7.4 pH. Data was measured simultaneously on the several resonators in the QCR array to
provide statistically meaningful and significant data. The details about QCR, measurement setup,
and methods are discussed in chapter 2.
Initially, the QCR array is stabilized in pure PBS buffer solution and the baseline
frequency is obtained using the impedance analyzer. Thereafter, diluted protein solution was
directly injected onto the PBS solution to result in the desired target concentration and the data is
recoded by the labview program to deduce the changes in frequency and Q-factor for the analysis.
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3.4 Human Serum Albumin (HSA) Adsorption

3.4.1 General Remarks
HSA is one of the most frequently used proteins as a model protein in adsorption studies.
We used HSA as a standard model protein for three reasons: (i) HSA has a nearly spherical shape
to complement the rod-like fibrinogen or Y-shape IgG among blood proteins, (ii) HSA is one of
the most abundant proteins in the blood plasma, and (iii) HSA is capable of binding to a great
variety of metabolites and drugs [131]. Therefore, the adsorption of HSA is greatly related to
biomaterials and biological phenomena. Several studies using QCR technique on protein
adsorption with serum albumin are made in the literature, e.g., bovine serum albumin [132, 133],
and human serum albumin [86, 134, 135]. However, none of these has examined protein
adsorption kinetics using RSA model in case of sequential injection as well as the influence of
surface chemistry on protein adsorption.
This section demonstrates the results of the studies on HSA adsorption for the following
objectives: (i) protein adsorption kinetics in the case of single injection and multi-injection
experiments, (ii) the influence of surface chemistry upon the protein adsorption process, (iii)
applicability of RSA-D model for non-spherical shape proteins.

3.4.2 Results
The two key results we focus on here are (i) asymptotic behavior of the sensor responses
upon HSA adsorption and (ii) the jamming limit of adsorbed layer formed by both singleinjection and multi-injection experiments with the same value of final concentration of 8 mg/ml.

Fig. 3-5 shows a plot of the change in resonance frequency (f) upon adsorption of HSA
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at the fundamental mode as a function of time on the functionalized hydrophobic surface.
This is a single injection experiment with bulk HSA concentration of 8 mg/ml. As
adsorption proceeds, the resonance frequency decreases, while the dissipation factor
increases. From the graph it can be seen that the frequency follows rapid power law
decrease in the first 10 minutes followed by a monotonic extended exponential type
decrease in frequency. The frequency shift then eventually begins to saturate around
~8660 Hz.
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Figure 3-5. Shift of QCR resonance frequency from the adsorption of HSA on hydrophobic
surface operated at fundamental mode during a single injection experiment with the concentration
of 8 mg/ml. Dashed line follows power law and dotted line follows stretched exponential laws.
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We also performed sequential adsorption experiments using solutions of 8 different
concentrations of HSA from 0.005 mg/ml to 8 mg/ml and measured the frequency shift at each
concentration. Figure 3-6 shows the decrease in frequency upon addition of solution of each
higher concentration. In this experiment for the first two, 0.005 mg/ml and 0.05 mg/ml,
concentrations we did not obtain any noticeable change in frequency. At low bulk solution
concentrations, such as C3 = 0.1 mg/ml and C4 = 0.3 mg/ml, the adsorption process saturates
within ~6 minutes of addition of the solution (see Fig. 3-6 (b)). What is surprising is that addition
of the next higher concentration solution, initiates another similar frequency shift clearly
indicating that the surface of the resonator is not saturated. This observation is contradictory to
the predictions of the RSA model where the adsorption process must proceed until the jamming
limit. Furthermore, at intermediate concentrations such as C 5 = 1 mg/ml and C6 = 3 mg/ml,
instead of a saturation behavior, a slow exponential law type decrease in frequency is observed.
This is eventually followed by very little change in frequency at higher concentrations of C 7 = 5
mg/ml and C8 = 8 mg/ml, indicating that the surface of the resonator is jammed or is completely
saturated.
In Figure 3-6 (c), we have plotted the single high concentration adsorption curve along
with the curves obtained for sequential concentration adsorption of HSA on hydrophobic surface.
Although the final frequency shifts, the adsorbed mass density, of HSA on CH3 surface both in
single and sequential adsorption experiments have very similar values, the adsorption process
shows distinct difference which will be discussed in greater detail next. What will become
evident through the following analysis of these experimental results is that at high enough
concentrations, the adsorption process initially follows a power law type decay and is consistent
with the conventional RSA model described earlier. However, as the process continues the
adsorption rate slows down in comparison to the conventional RSA model due to the formation of
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effective surface depletion layer resulting in a stretched exponential type asymptotic behavior to
the jamming limit.
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Figure 3-6. Measured decrease in frequency, f, upon addition of increasing concentrations of
HSA solution. (a) All concentrations are listed in mg/ml and correspond to the following:
C1=0.005, C2=0.05, C3=0.1, C4=0.3, C5=1, C6=3, C7=5, C8=8. (b) Shows zoomed-in frequency
shift upon addition of solution of concentration C3. (c) Comparison of the results from two
experiments: Single-shot experiment with highest concentration (8 mg/ml) in blue and multiinjection sequential experiments with various concentrations (from 0.005 mg/ml to 8 mg/ml) in
red. The saturation points are very close in both cases.
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3.4.2 Adsorption Kinetics of HSA
The main features of protein adsorption kinetics are an asymptotic approach toward
saturation, the exponential decay of the rate of surface coverage, and adsorbed mass density. HSA
adsorption kinetics on hydrophobic surface was quantitatively studied using µQCR measurements
in liquid ambient. Table 3-1 summarizes the experimentally measured data analyzed using
Sauerbrey mass loading equation for the surface density of adsorbed layer, and the theoretically
calculated frequency change under the jamming limit for RSA model and the size and mass of
HSA molecule for the same µQCR. The jamming limit for RSA model of 54.7% agrees very well
with the measured data implying that HSA protein most likely forms a monolayer in the
saturation regime.
Table 3-1. The comparison of the measured surface density and frequency shift to theoretical
values predicted by the jamming limit of RSA model. Theoretical values are calculated by the
Sauerbrey equation.
Parameters

Measured (QCR)

Theoretical

f (Hz)

-8663

-8299

Γ (ng/cm2)

555

532

The surface mass density found in this study can be compared with adsorbed amounts
found for HSA on hydrophobic surfaces in the literature. Malmsten studied HSA adsorption on nbutane plasma polymer and observed a surface mass density of 160 ng/cm2 [136]. Benesch found
the adsorbed amount on hydrophobic silicon surface to be 200 – 300 ng/cm2, depending on pH
[137]. Both Blomberg and Karlsson demonstrated that the surface mass density at the highest
initial concentration was 300 ng/cm2 [138, 139]. The adsorbed amounts obtained in our present
investigation therefore are higher by about a factor 2 and consistent with our earlier studies on
protein adsorption [105]. These differences can also be accounted by the fact that some of the
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reported investigation are made using optical techniques under dry air conditions which are quite
different from our in-situ measurements made under a supernatant PBS solution. Furthermore, the
highest bulk concentration of protein solutions used in many of the studies reported in literature is
1mg/ml concentration which is lower than the concentration required to form a monolayer proven
by our experiments which is 8 mg/ml. In our opinion, in several of the reported studies in
literature, the observed asymptotic saturation observed using the lower concentration studies
arises due to effective surface depletion slowdown which can be readily mistaken for saturation
coverage. In fact, in our own studies, we also found the surface mass density saturates around
~350 ng/cm2 when the experiment is performed using a bulk protein solution concentration of
1mg/ml, which is comparable with the observations in literatures. This also explains lower
surface mass densities in the literatures comparison to our data.
To obtain more information on the adsorption process, it is useful to study the response of
the sensor from sequential injection experiments in detail. For the experiments at low initial
protein concentrations, 0.05, 0.1, and 0.3 mg/ml (C1–C4), it can be seen that the deposition
decelerated and saturation occurs before the jamming limit driven by RSA model. In this case,
each protein molecule that reaches the surface is immediately adsorbed and the concentration of
analyte near the absorbing sites tends to be zero. Thus, a diffusional limitation of the processes,
thereby the effective surface depletion, is observed when the adsorption kinetics is much faster
than the supply of molecules. Significant surface depletion effects take place, so the adsorption
process does not simply follow the basic RSA rule (power law). On the other hand, at higher
initial protein concentrations, ≥ 1 mg/ml (C5–C8), the amount of protein molecules is sufficiently
large enough for negligible depletion to take place, therefore, it allows the adsorption process to
follow RSA model without experiencing significant surface depletion effects.
However, the behavior of HSA in single injection experiments was more complicated. As
we see in Fig. 3-5, after a short initial phase with RSA like behavior, transition of adsorption
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kinetics is observed. In the sequential injection experiments, adsorption at higher concentrations
has to be relatively slower than that at lower concentrations since the amount of adsorbing sites
must be reduced by being taken with preadsorbed molecules. So, effective depletion of the bulk
near surface cannot take place. On the other hand, in single injection experiments, even though
the large amount of analyte exists at the surface to be adsorbed in the beginning of the process,
deposition is faster and significant depletion of the analytes take place during an initial phase.
Transition of the response in Fig. 3-5 reveals the fact that two different main kinetics of
adsorption are involved in the entire process.

3.4.3 Analysis of the Asymptotic Behavior of Protein Adsorption: RSA + Surface Depletion
As discussed earlier, the nature of the experimental procedure used in this work involves
the addition of high concentration HSA solution to a resonator surface stabilized either with a
PBS solution or of another concentration exhibiting a saturation type of behavior such that the
final concentration of the solution is equal to the desired target concentration. However, the
addition of the high concentration protein solution initially sets-up a transient situation which
suddenly provides copious amounts of protein molecules striking the surface of the resonator
thereby fulfilling the supply function of the protein required for the standard RSA model. This
results in the fast power-law type initial adsorption behavior seen in both Fig. 3-5 and Fig. 3-6
(a). After the initial transient phase, the solution quickly approaches the uniform concentration
profile and the steady state diffusion time constant now becomes slower or comparable to the
surface reaction rate constant and thereby sets-up an effective depletion zone in the layer
immediately adjacent to the surface. Depending upon the concentration of the protein solution,
the concentration of the protein molecules in the effective depletion layer is either much lower

68
than the ambient concentration of the protein solution or can be fully depleted leading to a
saturated behavior as seen in Fig. 3-6 (b).
As shown in Fig. 3-6 (a) for sequential injection experiment, in the first for the
concentrations from C3 – C4, the rapidly decaying curves quickly turned into the saturation
regime in spite of the fact that the surface is not jammed. At these low concentrations, the
effective depletion process induced by the rapid adsorption of the protein molecules dominates
the supply function of the molecules through the diffusion process. Thus, for large time t, in this
case the right hand side of Eq. 3.8 approaches zero and the adsorption process essentially ceases.
It is obvious that this saturation behavior does not indicate actual surface saturation (jamming)
since the following injection of next higher concentration causes another frequency decrease.
Further insight can be obtained by plotting d𝛤/dt vs , where is the adsorbed mass per
unit area. In this way by fitting the experimental data to the functional form of the adsorption
equation, an unbiased interpretation of experimental data can be performed with no assumptions
about how to model the data. Fig. 3-7 plots the measured surface mass density adsorption

rate, d/dt, as a function of surface mass density, , for the single high concentration (8
mg/ml) injection experiment. The graph also shows the best fit to the experimental data
using standard RSA model of Eq. 3.5 (dashed lines) as well as the effective surface
depletion modified RSA model Eq. 3.9 (dotted lines). In order to further analyze the data
using the surface depletion RSA model, the thickness of the effective depletion layer
above the interface in Eq. 3.9 was taken to be twice the diameter of the protein, i.e., z =
2a. By manually optimizing a least-squares fit of the equation to the measured data over
the entire data range the various model parameters were determined. The fitting
parameters in the standard RSA model are the adsorption rate, ka, and the footprint of
protein, . In using the effective surface depletion modified RSA model, the diffusion
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coefficient of the protein molecules D can also be obtained from the fit to the
experimental data. The various parameters relating to adsorption of HSA molecules
through this method are listed in Table 3-2 and compared with values from literature [105,
140, 141].
Table 3-2. The adsorption coefficient, ka, occupied area per HSA molecule,  = a2/4, and
diffusion coefficient, D, characterizing the adsorption kinetics obtained by fitting experimental
data to simple RSA model as well as adsorption-depletion model at several concentrations from
both single- and multi-injection experiments. Single HSA mass, m = 1.10321×10-10 ng, has been
used in these calculations.
Basic RSA
Parameters

ka
(×10-5 cm/s)



(×10-13 cm2)

Sequential injection

Adsorption-depletion
Single
injection

Sequential injection

Single
injection

Values
from
literature

C3

C5

C8

C3

C5

C8

0.17 ±0.10

0.14 ±0.06

0.78 ±0.12

3.91 ±0.08

3.48 ±0.22

3.80 ±0.10

3.5 [141]

8.5 ± 0.8

5.3 ± 1.8

2.6 ± 1.1

1.82 ±0.07

1.63 ±0.16

1.55 ±0.08

1.5 [141]

6.7 ± 0.8

5.0 ± 1.0

7.6 ± 0.7

7.0 [140]

D
(×10-7 cm2/s)

C3 and C5: initial concentration of 0.1 mg/ml and 1mg/ml in multi-injection experiments, respectively, and C8: initial
concentration of 8 mg/ml in single injection experiment.
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Figure 3-7. Adsorption kinetics for HSA adsorbing on hydrophobic surface measured by µQCR
(blue dots), and fitted curves to data with the simple RSA model (dashed line) and the adsorptiondepletion model (dotted line); Adsorption results with the concentration of 8 mg/ml in single
injection experiments.
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Fig. 3-8 shows the d/dt vs. d curve plotted for two concentrations C3 and C5 from the
sequential adsorption experiment. The adsorption rate constant ka is defined as the change in
surface density of adsorbed molecules per unit time as a function of the concentration of the bulk
adsorbate solution. From the two curves, it can be readily seen that the value of d/dt is smaller
for C5 solution than for C3 solution. A smaller value of d/dt in the initial adsorption region
implies a lower value of ka, i.e., lower probability that the protein adsorb upon impact with the
surface. This somewhat counter intuitive observation of a lower value of ka at a higher adsorbate
solution concentration is a consequence of the sequential nature of the adsorption experiment.
Since the C5 adsorption experiment follows the C3 adsorption experiment, the surface is
beginning to be saturated with the adsorbed proteins from the earlier concentrations and the
apparent reduction in the ka value now reflects reduced available area for adsorption. In contrast,
experiment performed on a clean surface at concentration C8 in the single-concentration
experiment clearly shows that the obtained ka value is higher than that at C3 concentration. The
fitting to models also show a large difference in the value of the adsorption rate constant ka
obtained using the standard RSA model and the reference values from literature [105, 140, 141].
It can be imagined that the adsorption process does not follow the basic RSA model, but it rather
seems to follow much faster saturation process which can cause faster asymptotic behavior like
effective depletion, especially in low concentrations. On the contrary, the modified surface
depletion model is able to very well fit to the experimental data. The extracted values of ka, a, and
D are in excellent agreement with those in literature as shown in Table 3-2.
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Figure 3-8. Adsorption kinetics for HSA adsorbing on hydrophobic surface measured by µQCR
(blue dots), and fitted curves to data with the simple RSA model (dashed line) and the adsorptiondepletion model (dotted line); (a) adsorption results with the concentration C3 of 0.1 mg/ml and (b)
concentration C5 of 1 mg/ml in sequential injection experiments.
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At longer times, i.e., at large coverage , the model slightly underestimates the
experimental data. This may be due to the fact that the protein adsorption process is accompanied
by several well-known irreversible processes such as denaturation, conformational changes in
adsorbed proteins as well as molecular reorientation. Nevertheless, the presented model accounts
for most of the observed characteristics and clearly points towards the formation of effective
depletion region in the immediate vicinity of the surface, resulting in the eventual deceleration of
the random sequential adsorption process. In summary, the experimental results show that at high
enough concentrations, the adsorption process initially follows a power law type decay and is
consistent with the standard RSA model. However, as the process continues the adsorption rate
slows down in comparison to the conventional RSA model due to the formation of the effective
surface depletion layer resulting in a stretched exponential type asymptotic behavior to the
jamming limit.

3.4.4 Viscoelastic Properties of HSA Film
The responses of the QCR to HSA adsorption on hydrophobic surface including f, Q
in 1st mode and in 3rd overtone were obtained and summarized in Table 3-3. These four sets of
data were acquired to enable the study of physical and viscoelastic properties, including
thickness, density, viscosity, and elastic modulus of adsorbed protein films by analyzing with
continuum mechanics approach (Voigt model), Eqs. 2-39 and 2-41. In Table 3-3, the measured
data is compared with the theoretically calculated values and the computed viscoelastic properties
of the adsorbed protein thin film are listed. It is worthwhile to extract information about the
viscoelastic properties of the adsorbed film using continuum mechanics approach because the
kinetics of protein adsorption can be also seen by appropriately plotting the frequency shift and
dissipation factor shift, i.e., the plot of Q vs. f.
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Table 3-3. Measured and modeled frequency and Q-factor shift of adsorbed HSA on hydrophobic
surface with the parameters of thickness (tHSA), density (HSA), elastic modulus (HSA), and
Viscosity (HSA) for theoretical data fitting

Surface

Operation
mode

1st mode

Frequency shift (kHz)

Q-factor change
Parameters

Measured

Theory

Measured

Theory

8.66

7.33

27

26

tHSA = 6.7 nm

HSA = 1090 kg/m3

Hydrophobic
3rd mode

14.04

17.00

100

91

HSA = 1.6 MPa
HSA = 2.8 mPa-s

Fig. 3-9 shows a plot of the dissipation factor change D against the frequency shift f.
From the plot, it can be seen that the transition of adsorption exists between lower concentration
region and high concentration region. Specifically, the transition occurs at the concentration of C 5
where the RSA adsorption mechanism starts dominant over the effective surface depletion in the
adsorption process. As we discussed earlier, at low concentrations, the effective depletion process
induced by the rapid adsorption of the protein molecules dominates the supply function of the
molecules through the diffusion process and hence the adsorption process essentially ceases. At
high concentrations, the supply function of the molecules is much less limited by the effective
depletion process at the interface, so the adsorption process follows RSA mechanism, yet
influenced by the effective depletion process. This observation is consistent with the hypothesis
of RSA coupled with the effective surface depletion discussed in the previous section that in low
concentrations, the adsorption process is largely affected by the effective surface depletion.
Rigidity of adsorbed film can be deduced by the slopes in the different sections of D/f
value. A low value of the slope reveals a highly rigid, low dissipative film whereas a high value
of D/f indicates less rigid, more viscous film. We found that non-linear curves are seen in both
1st mode and 3rd overtone mode for hydrophobic surface. In low concentration region, a smaller
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value of D/f indicates a small damping of the acoustic wave, resulting from protein molecules
in low surface coverage region. As surface coverage increases, the damping of acoustic wave
continuously increases, and hence the slope of the curve in Fig. 3-9 also increases, indicating that
the adsorption of HSA induces more energy dissipation at higher concentrations and shows the
kinetics deviates from the mass-uptake. The value of D/f changes at a certain critical surface
coverage because of the fact that protein relaxation process exists, e.g., critical intermolecular
interactions amongst the molecules in the adsorbing film during the self-assembly process, results
in a conformational change of adsorbed film, as the adsorption proceeds. This observation is in
agreement with previous findings in similar studies. Soderquist et al. [111] and Hlady et al. [142]
found that albumin undergo conformational changes when adsorbing at both hydrophilic and
hydrophobic surfaces. From these observations, one would expect a large number of close
protein-surface contacts with a low detachment probability of all the segments, resulting in
adsorption irreversibility.
With four measured values, the frequency shift and Q-factor change at the fundamental
mode and 3rd overtone, and a continuum mechanics approach, we can determine the viscoelastic
properties of HSA film. As shown in Table 3-3, measured data is in a great agreement with
modeled frequency and Q-factor shift of adsorbed HSA. The thickness of adsorbed HSA
computed with the model on hydrophobic surface is 6.7 nm. This value is consistent with the
calculated hydrodynamic diameter of albumin with Stokes-Einstein relationship which is 7.0 nm.

76

Dissipation Factor change (x10-5)

5

1st mode
3rd mode

4

3

2

1

0
-16

-14

-12

-10
-8
-6
-4
Frequency Shift (kHz)

-2

0

Figure 3-9. Change in the dissipation factor plotted against the frequency shift for different
concentrations of HSA at 1st mode (○) and 3rd mode (□) on hydrophobic-terminated SAM. Two
distinct slopes of fitted curve indicate relaxation process of HSA film, e.g., conformational
change, diffusion, and reorientation, as the adsorption proceeded.
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3.4.5 Influence of the Surface Properties on Protein Adsorption
There are many interesting protein adsorption aspects which need to be studied in detail,
e.g., pH, electrostatic effects, and surface properties, including surface charge and hydrophobicity.
The surface properties, surface charge and hydrophobicity, are particularly importance in
fundamental biophysical and biochemical studies as well as a variety of technological
applications, such as cell adhesion, medical implants, and drug delivery [87, 143, 144].
The adsorption of HSA on charged hydrophilic (-COOH), and non-charged hydrophilic (OH) decorated surfaces are also investigated in addition to the hydrophobic surface presented in
the previous section. The identical experimental procedure for multi-injection experiments is used
and the results of both resonance frequency shift (f) and the dissipation factor shift (D) are
measured and analyzed in the same way for hydrophobic surface using Voigt, RSA, and RSADepletion models, and compared for exploring the influences of surface charge as well as
hydrophobicity on protein adsorption process.
The adsorptions of HSA on charged hydrophilic and non-charged hydrophilic surfaces
are shown in Fig. 3-10. For both surfaces, a qualitatively similar behavior to hydrophobic surface
is observed. Addition of the next higher concentration solution initiates another similar frequency
shift throughout the concentrations. Again, this observation is in conflict with the predictions of
the RSA model where the adsorption process must proceed until the jamming limit. The resonator
is jammed or completely saturated at higher concentrations on both surfaces than hydrophobic
surface. In contrast, just like hydrophobic surface in low concentrations, adsorption process is
significantly affected by the effective depletion process induced by the rapid adsorption of the
protein molecules and turned out to follow RSA model after a certain concentration where the
supply of molecules high enough to dominate the effective depletion of the fast adsorption
process.

78
2

a

C1 C2

Frequency Shift f (kHz)

0
C3

-2

C4

-4
-6
C5

-8
-10

C7

C6

C8

-12
-14
0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

5.5

Time (h)

2.5

b

C1 C2

Frequency Shift f (kHz)

0
C3

-2.5
C4

-5
C5

-7.5

C6

-10

C7
C8

-12.5
0

1

2

3

4

5

6

Time (h)
Figure 3-10. Measured decrease in frequency, f, upon addition of increasing concentrations of
HSA solution on (a) charged hydrophilic (-COOH) and (b) non-charged hydrophilic (-OH)
surfaces. All concentrations are listed in mg/ml and correspond to the following: C 1=0.005,
C2=0.05, C3=0.1, C4=0.3, C5=1, C6=3, C7=5, C8=8.
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Figure 3-11. Adsorption profile of HSA on three different surfaces; hydrophobic (-CH3), charged
hydrophilic (-COOH), and non-charged hydrophilic (-OH) at three representative concentrations;
C3=0.1, C5=1, and C8=8.
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Adsorption profile of HSA on three surfaces is shown in Fig 3-11. It can be seen that
HSA shows highest affinity to charged hydrophilic surface and the lowest affinity to hydrophobic
surface while small differences between charged and non-charged hydrophilic surfaces are
observed. A comparison of the experimentally measured surface density of protein molecules on
three surfaces reveals that the adsorption of HSA strongly depends on the surface hydrophobicity
rather than surface charge effects. It has been experimentally and theoretically known that surface
charge property has an influence on the protein adsorption process, such as, the amount of
adsorbed protein as well as its conformation and orientation due to electrostatic interaction
between surface and proteins as well as protein and protein [114, 145-149]. Once the protein is
close to a charged surface, electrostatic coupling becomes the dominant force thereby protein
adsorption occurs. However, large molecules, such as proteins, may contain structural features in
which some charged functional groups are faced directly at the surface whereas others may be
several nanometers away [148, 149]. In such case, charge effects on protein adsorption at charged
interfaces may not be satisfactorily explained by the overall net-charge due to the asymmetrical
distribution of groups of different charge.
On all three surfaces, the adsorbed mass density at the concentration of C 3 is almost
identical, while the mass density at saturation is quite different from each other. This observation
can be seen due to the fact that in low concentrations, the adsorption process is ceased not by the
surface saturation or jamming limits, but by the effective surface depletion hence the surface
hydrophobicity does not play significant a role in this condition.
In previous section, we found that the HSA adsorption on hydrophobic surface
principally follows RSA model and the measured mass density at the saturation, ~555 ng/cm-2, is
great agreement with the jamming limit of RSA model, 54.7%. However, we obtained higher
mass density, 790 ng/cm-2 and 763 ng/cm-2, for charged hydrophilic and non-charged hydrophilic
surfaces, respectively, which is contradictory to the jamming limit of RSA model. Two possible
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explanations can be claimed for this observation: the increase in the adsorbed amount is
accomplished by (i) multi-layer adsorption, or (ii) a reorientation of the adsorbed molecules to
generate more free spaces for the insertion of new particles hence to form denser film. Since HSA
is well known to form monolayer, the latter assumption is more likely. On hydrophilic surface,
the weaker HSA-surface attraction would allow a larger degree of structural relaxation from the
random attachment configuration, and thus cause to a more compact adsorbed film.
The experimental results on both -COOH and -OH surfaces were fitted to the RSA and
RSA-Depletion model and obtained parameters are summarized in Table 3-4 and 3-5. Values of a
footprint of HSA molecule on both surfaces are very close to that on hydrophobic surface at the
concentration of C3. A largely similar behavior is obtained for all three surfaces, considering that
the mechanism is controlled by the effective surface depletion. At higher concentration of C5,
however, a footprint on both hydrophilic surfaces is considerably lower than the value on
hydrophobic surface. Based on the assumption that the increase in the adsorbed amount is
accomplished by a reorientation of the adsorbed molecules, the lower footprint value indicates the
formation of more compact layer on the resonator.

Table 3-4. The adsorption coefficient, ka, occupied area per HSA molecule,  = a2/4, and
diffusion coefficient, D, characterizing the adsorption kinetics obtained by fitting experimental
data for charged hydrophilic surface to simple RSA model as well as adsorption-depletion model
at several concentrations from both single- and multi-injection experiments. Single HSA mass, m
= 1.10321×10-10 ng, has been used in these calculations.
Charged
hydrophilic
ka (×10-5 cm/s)
-13

a (×10

-7

2

cm )
2

D (×10 cm /s)

Basic RSA

Adsorption-depletion

Values
from
literature

C3

C5

C3

C5

0.19

0.18

4.87

3.03

3.5 [141]

8.0

2.7

1.56

1.24

1.5 [141]

5.9

8.2

7.0 [140]
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Table 3-5. The adsorption coefficient, ka, occupied area per HSA molecule,  = a2/4, and
diffusion coefficient, D, characterizing the adsorption kinetics obtained by fitting experimental
data for non-charged hydrophilic surface to simple RSA model as well as adsorption-depletion
model at several concentrations from both single- and multi-injection experiments. Single HSA
mass, m = 1.10321×10-10 ng, has been used in these calculations.
Non-charged
hydrophilic

Basic RSA

Adsorption-depletion

Values
from
literature

C3

C5

C3

C5

ka (×10-5 cm/s)

0.16

0.09

3.66

2.79

3.5 [141]

a (×10-13 cm2)

8.1

3.3

1.71

1.38

1.5 [141]

7.2

8.4

7.0 [140]

-7

D (×10
cm2/s)

3.5 Nonspherical Protein Adsorption
We have used the effective surface depletion model to investigate its applicability to the
case of nonspherical protein adsorption. We obtained the various parameters for two additional
proteins, Immunoglobulin G (IgG) and Fibrinogen (Fib), adsorbed on hydrophobic surface and
are listed in Table 3-6 and 3-7. As shown from the table, the agreement for IgG and Fibrinogen
values with the limited data reported in literature is not very good and points to the fact that a
much more complicated multi-step process occurs on the surface for both IgG and Fibrinogen
since IgG has Y-shaped arrangement of the peptide chains and Fibrinogen is an extremely
elongated molecule which may not be following the RSA model. Unlike the adsorption of HSA
approximately globular in shape, due to their nonspherical molecular structure, orientation of the
molecules plays a significant role in protein adsorption processes especially when considering the
maximum amount of adsorbed material. Consequently, whether protein molecules adsorb onto
the surface in an “end-on” or “side-on” is of interest in studying the adsorption processes. Fig. 312 shows a possible adsorption process of a rod-like protein, such as fibrinogen. This protein
adsorption process may undergo a multistage process: (i) initially the protein adsorbs with its
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long axis parallel to the surface and then (ii) rearrangement occurs to increase protein-protein
interaction and surface concentration of protein. The protein initially adsorbs rapidly with its long
axis parallel to the surface, hence filling the surface quickly. Thereafter, rearrangement of protein
to a perpendicular orientation may allow further protein molecules to adsorb on the unfilled sites.
For further detailed examination such a complex adsorption process, the appropriate analytical
model on the basis of the RSA with effective surface depletion needs to be developed for the
adsorption kinetics of unoriented anisotropic objects.
Table 3-6. The adsorption coefficient, ka, occupied area per IgG molecule,  = a2/4, and
diffusion coefficient, D, characterizing the adsorption kinetics obtained by fitting experimental
data for charged hydrophilic surface to simple RSA model as well as adsorption-depletion model
at several concentrations from both single- and multi-injection experiments. Single HSA mass, m
= 2.65686×10-10 ng, has been used in these calculations.
Charged
hydrophilic

Basic RSA

Adsorption-depletion

Values
from
literature

C3

C5

C3

C5

ka (×10-5 cm/s)

2.03 ±0.12

1.61 ±0.10

5.11 ±0.12

4.64 ±0.18

a (×10-13 cm2)

9.3 ± 1.1

7.7 ± 0.8

3.69 ±0.10

3.22 ±0.12

7.09 [105]

3.9 ± 1.1

1.8 ± 0.6

4.5 [140]

-7

2

D (×10 cm /s)

Table 3-7. The adsorption coefficient, ka, occupied area per Fib molecule,  = a2/4, and
diffusion coefficient, D, characterizing the adsorption kinetics obtained by fitting experimental
data for charged hydrophilic surface to simple RSA model as well as adsorption-depletion model
at several concentrations from both single- and multi-injection experiments. Single HSA mass, m
= 5.64583×10-10 ng, has been used in these calculations.
Charged
hydrophilic

Basic RSA

Adsorption-depletion

Values
from
literature

C3

C5

C3

C5

ka (×10-5 cm/s)

7.03 ±0.15

4.61 ±0.11

6.70 ±0.03

7.16 ±0.13

a (×10-13 cm2)

23.6 ±3.1

18.1 ±1.4

15.6 ±0.8

13.1 ±0.6

11.69 [105]

1.2 ± 1.0

0.6 ± 0.4

2.0 [140]

-7

2

D (×10 cm /s)

84

Figure 3-12. Schematic representation of a possible adsorption process of nonspherical protein.
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3.6 Conclusion
The in situ real time monitoring of protein adsorption using QCR measurements
provided reliable clues as to the mechanism of blood protein adsorption and protein-surface
interaction kinetics on various surfaces, including hydrophobic (–CH3), charged hydrophilic (–
COOH), and non-charged hydrophilic (–OH). We demonstrated that a quantitative interpretation
of QCR measurements can be achieved by using the theoretical model, i.e., continuum
mechanics, RSA, and RSA-Depletion model, expressed in Eq. 2-5, 2-6, 3-5, and 3-9 that assume
HSA molecules as colloidal particles. This allows to study in situ HSA adsorption kinetics as well
as viscoelastic properties of adsorbed layer. An anomalous asymptotic behavior of HSA
adsorption observed at all concentrations was explained with RSA model coupled with the
effective surface depletion approach. We demonstrated that the process of protein adsorption can
be explained with three different phases. At the early stage, the protein initially adsorbs to cover
the surface quickly. In the second phase, the adlayer slowly reaches asymptotic coverage and then
reorganization of adsorbed protein molecules occurs to allow further protein molecules to adsorb
to the free sites. Finally, surface is completely saturated.
The effects of the surface properties on the adsorption of HSA were studied with QCR.
The surface chemistry, especially hydrophobicity, is found to significantly influence the response
of the resonator observed during adsorption of HSA with its magnitude in the order of fchargedhydrophilic

> fnoncharged-hydrophilic > fhydrophobic.
It has been shown from the experimental observation in our study that both the standard

RSA model and the modified RSA model with effective surface depletion was not appropriate to
study the adsorption kinetics for nonspherical proteins, such as IgG and human Fibrinogen. The
appropriate analytical model on the basis of the RSA needs to be developed for unoriented
anisotropic objects.
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Chapter 4
Designing Chemically Selective Microsensor Arrays
Development of techniques for designing microsensor arrays with high sensitivity and
selectivity has been a continuing challenge in the field of chemical sensing. It has been well
known that high selectivity in chemical sensors can be accomplished by the chemical sensing
systems in an array format integrated with different chemical recognizing materials. The present
chapter describes the characteristics of room temperature ionic liquid (RTIL) as a chemical
recognition material integrated into QCR array to realize chemically selective microsensor
arrays. We also investigated in-house synthesized complex polymer template as well as a special
functionalization technique to provide a better functionalization strategy. The QCR array
integrated with ionic liquid doped ionomer (ILdI) is then used to detect the presence of analyte
samples and to qualitatively and quantitatively discriminate the composition of multianalyte
samples. Volatile organic compounds (VOCs) have been used. For multianalyte discrimination,
we explored a well-known statistical technique, i.e., Linear Discriminant Analysis (LDA).
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4.1 Introduction
The concept of using sensors in array format for chemical analysis has been continued.
The advantages of the sensor array over individual sensors are improved selectivity, simultaneous
multicomponent analysis as well as the capability of multianalyte recognition rather than mere
detection. The micromachined quartz resonators have been regarded as typical mechanical
transducers for chemical sensing platform [6, 79, 150, 151]. More recently, this type of sensor has
been configured into highly sensitive chemical sensing platform upon the integration of the
appropriate chemical recognition materials. Consequently, development and optimal selection of
chemical recognition elements are critical in chemical sensing applications. Although a variety of
materials have been investigated as a chemical recognition element, e.g., polymers [152-156],
metals and organics [157, 158], the development of an excellent recognition element continues to
remain a challenging area in terms of stability, sustainability, and high selectivity [159, 160].
It has been well known that a set of sensor array probing a different solubility interaction
with various absorption materials can provide more information than a set of the sensors probing
the same type of interaction. Vigorous studies on capability of the sensing system differently
functionalized with various recognition elements have been done for the gas discrimination in the
mixtures. Many [159, 161-164] argued that it is possible to determine the components in the
mixtures with multiple sensor arrays. Grate [159] discussed in his paper that the mixtures of two
or more gases can be discriminated based on the use of the sensor array. According to him, it can
be done by intelligently selecting coating materials to build a set of coated sensors which can
generate unique information for the desired gases and its mixtures. Each sensor pixels need to
have high sensitivity enough to detect small concentration of the individual target gas in the
environment. Zellers [165-167] argued in his study, however, with sensors operating single type
transduction, it is not generally possible to determine the components in the mixtures of more
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than two gas species, volatile organic vapors (VOCs) in his study, even though the array of
sensors is used and those sensors coated with different absorbing materials. He also discussed that
increasing the number of sensors in the array do not significantly improve performance to
determine the components in the mixtures. This is because of the fact that sorption process
depends on the strength of the nonbonding vapor-recognition material interactions, therefore,
analytes with similar structures may have very similar set of responses. This gives out very
similar patterns from the sensors which makes a discrimination accuracy decreased.
In fact, in our study, the sensor responses of ethanol and methanol show very similar
patterns due to almost identical structure of these vapors. However, we also observed nonlinear
responses of our QCR array as a function of concentration providing the capability of creating
more discriminative information for multianalyte discrimination even in the case of having
analytes with similar structures. In addition, our results demonstrated that the responses for vapor
mixtures are not corresponding to the sum of responses from each individual analyte in the
mixtures. Consequently, it becomes possible to determine the components in the mixtures
consisting of more than two vapors by carefully selecting absorbing materials which probe
different aspects of absorbing process. In this sense, the use of room temperature ionic liquids
(RTILs) can be powerful choice due to its special properties as detection materials, i.e., capability
of tailoring for the specific target detection.
The special properties of RTILs, such as, high thermal stability, zero volatility, and
strong affinities to specific chemical species have led the RTILs to be novel organic and
inorganic reaction media [168, 169]. These special characteristics enable the use of RTILs as
sensing material even in harsh environment. The RTIL typically consists of bulky and soft anions
and organic cations. Huge synthetic flexibility can be provided by the numerous combinations of
the cationic and anionic, thus, it is possible to readily tailor detection membranes for particular
sensing demands simply by changing the structure of the component ions [169, 170]. Furthermore,
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non-bonding, physical forces, such as polarizability, cavity formation effects, come into play a
key role in phenomenological behavior of RTILs when the interaction between RTILs and
analytes occur, rather than chemical reactions, e.g., hydrogen bonding, polymerization, chain
reaction, and - bonding. This implies the effective reversibility of RTILs upon the interactions
with analytes.
We have also investigated the use of polymer template, which is in-house synthesized
highly aromatic sulfonated poly(arylene ether sulfone)s with 1,3,5-s-triazin ionomer, DPA-PS:BP
(1:1), for providing: i) a better functionalization strategy, and ii) common platform with various
absorbents swallowed. First, it gives more stable sensing membrane on the sensor surface due to
its gel-like characteristics once it is functionalized and cured. It also provides enhanced sensitivity
of the sensing layer as a result of the hybrid structure [171, 172]. Furthermore, the use of polymer
template offers a common sensing platform which gives very stable, uniform, and linear responds
as a baseline, but can be utilized with different type of ILs to deliver analyte selective gel-like
liquid membrane for selective gas sensing applications.
In this study, we present the differences in the sensitivity of ionomers with the same solid
phase matrix but different ionic liquids toward six different volatile organic compounds (VOCs).
VOCs are easily emitted from a number of manufactured solids or liquids and are well known as
typical pollutant. Also VOCs have significant health effects in animals as well as in humans, for
example, loss of coordination, nausea, damage to liver, and cancer. Six different VOCs are
presented in chemicals and materials section.
In order to carry the discrimination of simple VOC mixtures, various RTILs on the base
of the polymer template have been explored, including [Bmim][BF4], [Bmim][PF6],
[Bmim][NTf2], [Omim][PF6], [Bmpl][NTf2], and [EMI][FAP], functionalized on the QCR array
with the resonance frequency of 72.5MHz and Q-factor of ~36000. Due to specified affinities of
RTILs toward VOCs, different responses were obtained and used to generate the unique pattern

90
of each analytes and calibrate the sensing system. Despite of differential sorption among the set
of ILdI layers in the QCR array, producing patterns of response which can be correlated with the
functional group classes of the analyte vapors, it is quite difficult to classify the components of
mixtures containing more than two species with the device operating on the same transduction
(single type sensor array) since the sensor only probes the limited range of properties [173-175].
To examine a greater amount of discriminatory information, we traced change in both resonance
frequency and Q-factor of the sensor. An array of eight resonators were directly functionalized
with different ILdIs but with exactly the same volume dispensed using a microjet nozzle, exposed
to VOCs at various concentrations, and measured responses for the same analyte to probe
different aspects of the interaction between vapor and interface.
We used linear discriminant analysis (LDA), which is a well-known statistical method for
classification and maximum class separation. Gas discrimination is done by first transforming
high-dimensional data from the sensor response onto a low dimensional space. The maximum
class discrimination is then achieved by minimizing the within-class distance and maximizing the
between-class distance simultaneously. This paper demonstrated the classification performance of
LDA by successfully discriminating individual target gases and their mixtures with the response
of QCR sensing systems.
In many reports [150, 152, 174, 176-181], approaches to discriminating multi-vapor with
the sensor array incorporated with different type of transducers, e.g., acoustic wave resonators,
cantilevers, capacitors, calorimeters, and chemiresistors, have been explored, but only one of
these studied the improvement of sensor’s capability to determine the components of ternary or
more complex gas mixtures using an array with single type transducers [179]. Here we developed
the novel sensing system, QCR array integrated with various ILdIs, and demonstrated the
improved discrimination accuracy for binary and ternary VOC mixtures.
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4.2 Experimental

4.2.1 QCR array integrated with ionic liquid doped Ionomer (ILdI)
Typical characteristics obtained from the fabricated QCR before and after ILdI loading
are depicted in Fig. 4-1 (a) and (b), respectively. It has been proven that this high frequency

QCRs are especially fitted to observing very small changes in mass and viscosity in detection
materials even with the viscous drag effect by viscoelastic film functionalized on their surface
[105].

4.2.2 Materials and Reagents
The analytes acetonitrile with > 99.5% purity, ethanol with > 99.5% purity, hexadecane
with > 99+% purity were purchased from Sigma Aldrich, and methanol with > 99.9% purity, 2propanol with > 99.9% purity, toluene with > 99% purity were purchased from OmniSolv. All
VOCs were used as received without further purification. A >99.9% pure in-house nitrogen
supply is used to prepare various concentrations of each VOC and VOC mixtures.
Six different room temperature ionic liquids, including 1-butyl-3-methlylimidazolium
tetrafluoroborate ([Bmim][BF4]), 1-butyl-3-methlylimidazolium hexafluorophosphate
([Bmim][PF6]), 1-butyl-3-methlylimidazolium bis(trifluoromethlsulfonyl)imide ([Bmim][NTf2]),
1-Octyl-3-methlylimidazolium hexafluorophosphate ([Omim][PF6]), N-butyl-Nmethylpyrrolidinium bis(trifluoromethlsulfonyl)imide ([Bmpl][NTf2]), and 1-ethyl3methylimidazolium tris(pentafluoroethyl)trifluorophosphate ([EMI][FAP]) were purchased from
Sigma Aldrich and premixed with the ionomer DPA-PS:BP(1:1) synthesized at the NASA Glenn
Laboratories to prepare ionic doped ionomer as a sensing material.
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Figure 4-1. Impedance response, the amplitude |Z| and phase z, of QCR array (a) before and (b)
after ILdI functionalization.
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Figure 4-2. Structures of the components in RTILs, anions and cations, and polymer template.
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4.2.3 ILdI preparation and functionalization
To provide more stable detection membrane as we discussed, an in-house synthesized
DPA-PS:BP powder is dissolved in N-methyl-2-pyrrolidone (NMP) at 60 °C to prepare a solution
with a concentration of 0.01M and stirred overnight. RTILs are then added to the solution with
the desired weight percentages (100 % in this work) followed by one hour sonication to
completely capture ionic liquids into the polymer template. By using the Microjet printing
technique dispensing a precisely metered amount of ionic liquid doped ionomer (ILdI) onto the
sensor surface, four pixels of monolithic QCR array are functionalized with four different ILdI.
It is critical to have the exact same amount of detection materials on the surface since the
response of the sensor is enormously affected. The sensor is then sat in a vacuum oven overnight
at 80°C to completely evaporate NMP, causing to form highly uniform thin layer of 100 wt% IL
doped DPA-PS:BP. Fig. 4-3 shows schematic representation of Microjet printing system.
Filter

MicroJet Printing
Ionic
liquids

Metered Ionic
liquid droplet

QCR Electrode

Figure 4-3. Schematic representation of Microjet printing for precise ILdI volume control and
multi-functionalization.
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4.2.4 Measurement setup
The gas mixing system to generate desired concentration of VOCs is schematically
illustrated in Fig. 4-4. Analytes with various concentrations of VOCs and the mixtures with two
or three VOCs were premixed in a gas mixing chamber. A >99.9% pure in-house nitrogen is used
as a carry gas as well as a diluting gas. First, the mixing chamber and the sensor chamber are
initially evacuated using the vacuum pump and then the sensor chamber is closed and isolated
from the mixing chamber. Saturated vapour of analyte conveyed by nitrogen carry gas from the
saturator is introduced into the mixing chamber and precisely controlled the concentration by
pressure in the chamber. The analyte supply is stopped and diluting gas, nitrogen, is then supplied
to provide the desired dilution percent achieved. Once pre-mixed gas is prepared, the specific
concentration of the analyte is introduced to QCR array by opening the valve between the
mixing chamber and sensor chamber.

Analyte 1

Analyte 2

Gas
Chamber

Analyte 3

Impedance
Analyzer

Data
Acquisition

N2

Rough
pump

Figure 4-4. Schematic illustration of the experimental bench for the VOC detection and VOC
mixtures discrimination.
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Two different measurement techniques used in this study. One is real-time tracking of the
reactance at resonance frequency to demonstrate simultaneous response of the sensor upon
absorption and desorption of analytes [182]. The other measures resonance frequency and Qfactor shift of all four pixels as a function of frequency near resonance by tracking the resonance
peak of the impedance phase angle while exposing to various concentrations of analytes and
mixtures. The late r allows the impedance analyzer to record four pixel response in series with
multiplexer. In each measurement, we decided measurement time in the consideration of
absorption and desorption process allowing the sensor output to asymptotically reach the
saturation value. Precisely coded Labview data acquisition software is used to record the
impedance characteristics of QCR for both absorption and desorption of analyte on ILdIs. The
sensor chamber is then evacuated by the vacuum pump to carry desorption process between ILdIs
and analytes.

4.2.5 Data Analysis
To provide more class separability thereby maximizing data classification acquired from

QCR, commercially available statistics software, SYSTAT13 (SYSTAT Software, Inc.) is used
for Linear Discriminant Analysis (LDA). Data sets which consist of the response of QCR from
absorption process at difference concentrations of analytes can be transformed to canonical scores
that projects multi-dimensional data onto a low dimensional space, two-dimensional variances in
this study, so the ratio of between class variance to within class variance can be calculated and
maximized to obtain class separability among different gas species. In our study, the discriminant
analysis is used to find a linear combination of the eight measures (f and Q of each four ILdIs)
that best discriminates among any given three species (groups of gases or gas mixtures). The first
and second canonical variables transformed from the sensor responses represents the linear
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combination of the variables that best and the next best discriminates among the classes and used
to create Canonical Scores Plot. The confidence ellipses for each group in this plot are centered
on the centroid of each group and used to show clear discrimination.

4.3 Results and Discussion

4.3.1 Characterization of QCR array

4.3.1.1 Evaluation of QCR array with ILdIs as sensing platform
Precise control of the amount of sensing materials is important since it critically affects
the sensor response, causing uncertainty in gas sensing applications. From the ILdI
functionalization, we calculated the thickness of ILdI films with Sauerbrey equation by
measuring changes in resonance frequency and Q-factor before and after ILdI functionalization. It
has shown that the thickness of each ILdIs is in the range of 300-400 nm independent of types of
ILdIs. Volume ratio of ILs to template polymer in ILdIs, such as 1:1::polymer:ILs,
1:2::polymer:ILs, and 1:4::polymer:ILs, are also one factor of ILdI film thickness. This uniform
film thickness has been achieved because we were able to fine-tune the amount of ILdIs through
Microjet printing technique and the thickness is mainly determined by absolute amount of
polymer template capable of swelling high volume fraction of RTIL up to 300 wt. %. This result
is consistent with observations in the literature [172]. With the twice volume of ILdI with
1:1::polymer:ILs volume ratio, we found out the thickness was also doubled up, ~600 nm, which
well explains the effect of the absolute amount of polymer template on the thickness of sensing
membrane.
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Most RTILs have very high viscosity, e.g., 133 cP for [Bmim][BF4], and 382 cP for
[Bmim][PF6], and this may cause the loss of the sensor sensitivity once it functionalized on the
sensor surface. This is called viscous drag effect. This effect is even more significant on the
resonator with low resonance frequency. Although, the Q-factor shift as a result of ILdI
functionalization on the sensor surface is observed, more stable and rigid layer of absorbent can
be formed by using the polymer template. As a result, most functionality and quality of the sensor
is sustained. This is also quite innovative in our sensing system for the use of common platform
providing very stable and uniform template with various absorbents allowing the flexibility in the
design of sensor mechanism for gas discrimination.

4.3.1.2 Evaluation of ILdI as recognition element
The high quality sensor can be characterized by the following factors: high sensitivity
and selectivity, linear and quick response, and reversibility. Fig 4-5 shows the real-time response
of the sensor coated with [Bmpl][NTf2] upon absorption, diffusion and desorption of acetonitrile
as a function of analyte concentration observed with the reactance tracking method. The solvation
and diffusion process with acetonitrile molecules occurs within the initial few seconds, and
subsequently reaches its saturation value. The fast response time of RTILs is superior to other
chemical sensing systems and adequate for the practical applications. Also note that, for overall
concentrations, high reversibility is proved with the observation of a complete recovery occurred
upon elimination of analyte molecules by exposing the ILdI to vacuum. This implies no need of
any washing process and a long lifetime without any significant loss of sensor quality. A longer
desorption time for higher concentrations than that for sorption process is observed, as shown in
Fig. 4-5 (b). This type of reaction occurs when the absorption of VOCs in ILdI is the bulk process
rather than the surface interaction. All six VOCs used in this article show the same type of
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absorption, diffusion, and desorption behavior with various ionomers, and hence shows high
solubility of ionomers towards VOCs.
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Figure 4-5. (a) Real-time QCR response using reactance tracking method: changes in resonance
frequency for acetonitrile at various bulk concentration absorbed on [Bmpl][NTf 2], and (b)
recovery time of QCR corresponding to the desorption of acetonitrile.
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As a consequence of sorption processes and gas-solubilities by the ILdI layer, the mass
change can be detected very precisely, thus, a decrease in resonance frequency is expected.
However, it has been studied to prove that not only a mass change, but also the various physical
properties of ILs including density and viscoelasticity come into play a key role in the sensor
responses [183, 184]. While the addition of molecules with different viscosity to RTILs decreases
the viscosity and density, the change both in frequency and Q-factor is expected as a result of
viscoelastic changes in the absorbent. During the experiments, one interesting behavior of QCR
has been observed. The net increase in the frequency for toluene absorption is witnessed, as
shown in Fig 4-6 (b). This is incompatible with both the Sauerbrey equation which applies to thin
rigid films and the Kanazawa equation which is applicable to semi-infinite viscous media. This
non-traditional response can only be explained with the case that the effective stiffness of the film
on the electrode increases upon the absorption of vapors, resulting in positive frequency shifts
indicative of viscosity changes [185, 186].
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Figure 4-6. (a) Linear response of QCR as a function of vapor concentration for ethanol, toluene,
and methanol; (b) positive frequency shift for toluene on [Bmim][BF 4]; (c) normal response
(negative frequency shift) expected for methanol.
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4.3.1.3 Effect of ILdI volume and the volume ratio between polymer and RTIL
We have studied the characteristics of the ILdI layer when it is differently functionalized
in order to see the effects on sensitivity enhancement. Two cases have been considered; first with
different total ILdI volumes and second with various volume ratio of polymer to RTILs.
For the total volume effect, two identical pixels were functionalized with the same ILdIs
but with different total volume, 1.13×10-6 cm-3 and 2.26×10-6 cm-3, and the frequency shift was
measured. As shown in Fig 4-7 (a), sensitivity can be increased by increasing the volume of ILdI
film. However, the frequency change starts losing its linearity when too much ILdI is used, in
turn, high viscosity of RTIL comes into play and the layer is no longer behave as rigid film. The
enhancement of sensitivity can be achieved without sacrificing the linearity as well as the stability
of response by selecting adequate thickness of the sensing layer.
To optimize sensitivity and stabilize the signal output of the device, what we need to
consider is the volume ratio of polymer to RTIL to form a detection layer on the sensor. 4 pixels
were functionalized with the same total volume of ILdIs so the same thickness of the film, but
different polymer/RTIL ratio, as depicted in Fig 4-7 (b). When different volume ratio is used, all
sensors demonstrated different sensitivity towards acetonitrile. 1:1 volume ration of polymer to
RTIL shows the highest reactivity to the target gas while 1:4::polymer:RTIL ratio experienced
significant loss of its linearity on frequency response because of too much uptake of RTIL whose
viscosity is extremely high (~133cp for [Bmim][BF4]). Lager volume of RTIL in polymer can
cause the formation of more viscous film on the sensor surface, and hence the overall response of
the sensor is affected. However, we were able to obtain stable baselines and reproducible
responses in all cases.
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Figure 4-7. (a) Linear response of QCR as a function of vapor concentration for ethanol, toluene,
and methanol; (b) positive frequency shift for toluene on [Bmim][BF 4]; (c) normal response
(negative frequency shift) expected for methanol.
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We also noticed that sensitivity of both polymer film without RTIL and the film with
1:1::polymer:RTIL ratio are almost identical, indicating that polymer has ability to interact with
gas molecules. Since highly aromatic and complex structure of the polymer template, gas
molecules can be captured in the cavities which enables polymer itself can detect gas molecules.
However, polymer did not show strong affinities towards any VOCs used in this work, thus high
selectivity cannot be obtained for the practical use. In addition, polymer exhibits very slow
response time, as shown in Fig 4-8.
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Figure 4-8. Real-time response of QCR array: change in impedance upon absorption of
acetonitrile with 100% concentration on i) only polymer template without RTIL doped and ii)
ILdI consisting of 1:1::polymer:[Bmim][BF4].
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4.3.2 Data Analysis

4.3.2.1 Sensitivity and Selectivity of ILdIs to VOCs
Fig. 4-9 shows the sensitivity spider graph of the three RTIL-doped ionomers to six
organic vapors. The sensitivity of the quartz resonator pixels was obtained from the slope of the
frequency change vs. concentration plots, as shown in Fig. 4-6 (a). The affinities of ionic liquids
toward specific gas species highly depends on the types of cations and anions present in the
sensing membrane. While [Bmim][PF6] sensor captures more acetonitrile molecules than the
others, [Bmpl][NTF2] sensor is more sensitive to hexadecane and toluene than the other two
RTILs. Even though both [Bmim][BF4] and [Bmim][PF6] show similar reaction behavior towards
VOCs, different scale in the spider graph indicates different sensitivity determined by the
presence of different anions. The sensitivity of our vapour sensors with various ILdIs is
summarized in Table 4-1.
Table 4-2 shows the summary of the QCR response obtained for various pure gases,
binary and ternary gas mixtures. It is worthwhile to note that the quartz resonator response upon
the absorption of binary gas mixtures is not equal to the summation of the response of individual
gases in the mixture, i.e., the absorption process of gas mixture does not follow linear
superposition principle. However, the obtained patterns of response to such binary and
multianalyte exposures are completely repeatable and reproducible. With different interface ILdI
films, a set of patterns, a response of the sensor, is generated that can be analysed by multivariate
statistics, called pattern recognition, and compared to stored patterns in the library to recognize
and differentiate each of several VOCs.
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Figure 4-9. The spider graph of the sensor sensitivity in Hz/concentration (%) for 6 VOCs on (a)
[Bmim][BF4], (b) [Bmim][PF6], and (c) [Bmpl][NTf2]. The sensitivity of each sensor is obtained
from the slop of the curve calculated by frequency shift vs. concentration plots.
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Table 4-1. Experimentally measured and calculated sensor sensitivity toward various VOCs.
Sensitivity (Hz/ppm)
[Bmim][BF4]

[Bmim][PF6]

[Bmpl][NTf2]

Acetonitrile

– 0.218

– 0.583

– 0.183

Ethanol

– 0.186

– 0.239

– 0.216

Hexadecane

– 0.0156

– 0.0191

– 0.0675

IPA

– 0.128

– 0.175

– 0.125

Methanol

– 0.123

– 0.177

– 0.153

Toluene

+ 0.0578

+ 0.12

+ 0.151

Table 4-2. Experimentally measured and calculated sensor responds: the changes in resonance
frequency for studied RTILs against the target analytes with 90% concentration.
Analyte

f (Hz)
[Bmim][BF4]

[Bmim][PF6]

[Bmim][NTf2]

[Omim][PF6]

Ethanol

-1014

-415

-341

-492

Toluene

+657

+497

+270

+26

Methanol

-1232

-308

-405

-620

Ethanol-Toluene

-539

-175

-230

-265

Ethanol-Methanol

-1741

-526

-741

-809

Ethanol-TolueneMethanol

-1274

-288

-400

-588
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4.3.2.2 Multianalyte Discrimination using Linear Discriminant Analysis (LDA)
The ability to discriminate the components of multianalyte depends on differences in the
sorption isotherms among the recognition layers in the array, which in turn depend on the
volatility of each vapor and the strength of the functional group interactions between the vapor
and the recognition layer. Guidance in RTIL selection can be obtained by considering the RTIL
component structure as they affect the relative influences of dispersive, dipolar, and hydrogenbonding interactions.
For multianalyte discrimination in this study, we have functionalized four pixels in

QCR array with different ILdIs. All four resonators were then exposed simultaneously to all
target analytes and then steady-state responses from the sensor array were extracted. The obtained
datasets subtracted with the baseline signals and were normalized to resonance frequency of each
pixel. Even though resonators were integrated in one chip, we have treated each of them as an
independent sensor. To create a large response data set for LDA, each of the three organic gas
molecules and their binary and ternary mixtures, including Ethanol, Toluene, and Methanol, are
measured in nine different concentrations. The obtained data is then analyzed by LDA with
commercially available software, SYSTAT13. In LDA, the first discriminant function is the
linear combination of variables that maximizes the ratio of between-group to within-group
variation and additional discriminant functions is calculated to classify observations to groups.
Fig. 4-10 shows the canonical scores plot of two factors and the jackknifed classification
matrix obtained by LDA. Only two factors have been used since the first one or two functions
usually have the most discriminating power, over 90% in this study, and completely separating
the different organic gases. In the obtained data set, each sensor pixel with different ionomers
defines an axis in a multidimensional space and the points placed in this space represent each
vapor according to sensor responses. The simulated jackknifed classification matrix shows 96%
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accuracy for the discrimination of individual gases with 100% accuracy for ethanol and toluene,
demonstrating that discriminate analysis factors by LDA clearly identifies the various individual
organic vapors. In fact, for discriminate individual gases, the differences with arrays of three or
more sensors are not statistically significant. A high accuracy of > 93% can be obtained even for
the optimal three resonators in the sensor array while for the maximum four resonators shows the
accuracy of >96%.
As we discussed in the introduction, increasing the number of the same type of sensors
for vapor recognition does not significantly improve the diversity of responses since it can only
probe one aspect of sorbent-solute interaction. To achieve greater response diversity, we have
measured the change in both frequency and Q-factor. In addition to the non-traditional
observation of positive frequency shift, another interesting observation on the response of our
sensing system upon absorption of VOCs is nonlinear Q-factor shift as a function of
concentration unlike the linear dependence of frequency shift on the analyte concentration, as
shown in Fig. 4-11.
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Figure 4-10. Discriminate analysis functional map of individual VOCs. Each pixel in QCR array
is functionalized with: [Bmim][BF4], [Bmim][PF6], [Bmim][NTf2], and [Omim][PF6].
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Figure 4-11. Change in Q-factor upon absorption of ethanol on [Bmim][BF 4], showing nonlinear
dependence on ethanol concentration.
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Fig. 4-12 (a) depicts two functions calculated only with the frequency change for the
binary and ternary vapor discrimination; ethanol/toluene, ethanol/methanol, and
ethanol/toluene/methanol. According to the jackknifed classification matrix, the classification
accuracy for binary and ternary mixtures is only 74% when one aspect of sensor response, change
in resonance frequency f, considered. The addition of sensors with the same transduction in this
case has also little effect on performance of discrimination as we discussed earlier. However,
when the dataset with the observation on two aspects, the change in frequency as well as Q-factor,
is analyzed, the result shows over 93% accuracy with 100% accuracy for ethanol/methanol and
ethanol/toluene/methanol mixture. The difficulty in qualitative and quantitative discrimination of
multianalyte is attributed to i) the limited range of nonbonding interactions between analytes and
recognition layer, resulting in constraining the extent of differential partitioning, and ii) the
limited range of properties probed by the sensor array with single type of transduction. These two
factors greatly influence the diversity of responses achievable with such arrays. Therefore, arrays
incorporating sensors which can probe different aspects of sorbent-solute interactions should
enhance response diversity. This, in turn, should afford a greater amount of uncorrelated
information about a set of analytes and, thereby, improve discrimination. This is proven with
higher discrimination accuracy achieved when the analysis is done with both frequency and Qfactor shifts.
With this highly accurate sensing platform and method, we can possibly differentiate
between complex mixtures using all 8 pixels and 8 different ionomers and measuring two aspects
of the interaction between sorbent-solute pair.
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Figure 4-12. Discriminate analysis functional map of VOC mixtures analyzed with (a) change in
resonance frequency only and (b) both changes in resonance frequency and Q-factor. Each pixel
in QCR array is functionalized with: [Bmim][BF4], [Bmim][PF6], [Bmim][NTf2], and
[Omim][PF6].
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4.4 Conclusion
A room temperature ionic liquid in a solid ionomer matrix was investigated and
demonstrated as a high sensitivity functional material for VOC sensing application. Due to the
diverse affinities to various chemical species (VOCs), IL-doped ionomer layer can be used to
selectively identify the response of multi-pixel QCR resonator array functionalized with a single
ionomer matrix but doped with different ILs, and the sensors with such layers can be used to
qualitatively and quantitatively identify the composition of a multianalyte samples.
It has been observed that completely reversible adsorption-desorption processes occurred
within a few seconds. The response of the micromachined QCR upon adsorption-desorption of
VOCs within the IL-doped iononmer mechanism is thought to arise due to the net effect arising
from the mass loading of the VOCs and the change in the density and viscoelastic properties of
the IL-doped ionomer layer. For simultaneous multianalyte gas detection, each pixel (total 8
pixels) in the micromachined QCR array will be functionalized with same ionomer matrix, but
doped with different ionic liquids. We also believe that investigating viscoelastic property
changes of sensing membrane by absorption of gas molecules, calculated from the shift in
frequency and Q-factor shift in fundamental and 3rd overtone with the help of continuum
mechanics approach, can provide enhanced response diversity and mixture analysis. New
chemical recognition materials integrated with a novel sensor designs will have significant impact
on advancing the technology in chemical sensing applications.
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Chapter 5
Nanoporous Gold: A Smart Biosensing Substrate for Dual Mode Sensing
In the present chapter, nanoporous gold (np-Au) fabricated by dealloying Ag/Au is
integrated onto QCR array, and explored as a substrate for biosensing applications. Using thiol
based biomolecular functionalization in combination with QCR array based gravimetric sensing
and surface-enhanced Raman spectroscopy (SERS) based molecular identification, both
quantitative and qualitative (dual-mode) sensing has been achieved. Implementation of np-Au as
a sensing electrode of QCR array improves the sensor sensitivity compared to the same device
structure with conventional gold electrode. In addition to the enhanced gravimetric sensing, the
use of nanoporous gold electrode enables label-free biomolecular fingerprinting via SERS.
Methods for preparing and functionalizing np-Au were described, followed by a brief discussion
on surface-enhanced Raman spectroscopy. 24-mer oligonucleotide binding reaction was
investigated to prove the usefulness of np-Au for a possible dual mode sensing application using

QCR array and SERS.
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5.1 Introduction
Nanostructured materials, including nanorods, nanowires, nanoporous thin film
(electrode), carbon nanotubes, and nanoshells, have attracted considerable attention due to their
unique physical and chemical properties. These materials have intriguing material properties that
offer potential benefits for many applications due to its high electrical conductivity, and a high
specific surface area typically 2-1000 times larger than a planar structure of similar size [187194]. Such high surface area is important to a number of applications. In biological and chemical
sensing applications, for example, the increased surface area can lead to a greater amount of
immobilized reagent on the surface which can potentially cause greater responses, thereby, yield
better S/N ratios, enhanced sensitivity, and lower detection limits.
In a large inventory of nanomaterials with a variety of structures, sizes and morphologies,
one important class of nanomaterials is porous metals, which are of special interest due to their
catalytic activity, and mechanical properties. Among porous metals, specifically, nanoporous gold
(np-Au) has received distinct attention since it retains the beneficial properties of Au, i.e., its inert
characteristic [194-200]. In addition, controllable pore morphology of np-Au, combined with the
inherent properties of Au, makes it highly useful for the fundamental study of wide range of
mechanical and surface properties as well as interfacial phenomena. In spite of the growing
interests in np-Au, there are still many unique characteristics of this material which have not been
fully explored for extended applications compared to other nanomaterials, e.g., Au nanoparticles,
nanotubes.
In this dissertation, we take advantages of the various unique aspects of np-Au in terms of
i) enhancing the sensitivity of QCR array, resulting from implementation of np-Au as a working
electrode and ii) providing an active substrate highly adaptable for surface-enhanced Raman
scattering spectroscopy. The focus of this chapter is on the development of biosensors capable of
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highly accurate quantitative and qualitative measurements based on the dual mode sensing
concept realized by the use of two independent techniques, QCR array and SERS. Also we
highlighted the integration of nanoporous gold, particularly those formed via selective dealloying
an Au/Ag alloy, into dual mode sensing techniques. This chapter will begin with a description of
np-Au, followed by a discussion on fabrication and characterization of np-Au, and finally end
with discussing experimental results of DNA hybridization detection experiments for biosensing
application.

5.2 Nanoporous Gold

5.2.1 What is nanoporous gold?
Nanoporous gold is a thin film that contains a defined 3D network of pores and ligaments
in the nanometer size. This may also be referred to as “microporous” or “mesoporous” gold
depending on the pore size, 0.2-2nm and 2-50 nm, respectively [193, 201]. Since the final
structure of np-Au is influenced by the preparation methods, different types of np-Au have been
fabricated using a number of different approaches, including chemical dealloying [195-197, 202],
electrochemical dealloying [203, 204], hard templating of latex spheres of SiO 2 spheres [188,
205-207], and electrodeposition in the pores of nanopore membranes [208, 209]. Among these,
selective dissolution, also known as dealloying or leaching, is routinely used to produce porous
metals, including np-Au. This process leads to the removal of a less noble component of an alloy
in a strong corrosive ambient, where the surface diffusion of the noble component creates an open
bicontinuous porous structure consisting mostly of the noble component. A representative
scanning electron micrograph (SEM) image of np-Au fabricated in our lab by selectively
dealloying Ag from Au/Ag alloy is shown in Fig. 5-1.
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200nm
Figure 5-1. SEM images of np-Au (120nm) prepared by chemical dealloying: (a) top view, and (b)
cross-sectional view.
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As can be seen, the np-Au shows homogenous and inter-connected porous structure
which consists of pores with a diameter of ~ 25–35 nm and ligaments with a width of ~ 40–70nm.
Owing unique properties of np-Au, np-Au has been used in a variety of applications. It has been
widely used to study the principles of corrosion and its basic mechanisms [203, 204, 210-218] as
well as stress corrosion cracking for understanding the properties of a porous material [219-221].
Similarly, np-Au is an ideal support for the development of biological and chemical sensors [190,
194, 196, 222-229]. For instance, one of the most attractive features for the application of np-Au
is its use as a solid support for immobilization of biomolecules, e.g., enzymes and antibodies.
Immobilization of antibodies is a key technique in highly selective immunoassays for diagnostic
purposes [230-232], while immobilized enzymes on solid membranes is essential in modern
biosensor technology [227-229, 233-235]. Specifically, there have been several papers dealing
with DNA sensors using np-Au as a high surface area conductive support [236-240]. In these
papers, single stranded DNA (ss-DNA), immobilized on np-Au, has a sequence complementary
to the target DNA and used to study the detection of DNA hybridization just the same as in our
study. Similarly, np-Au has been shown to be an excellent substrate for surface-enhanced
resonance Raman scattering (SERS) [241-244]. The unique nanostructure of np-Au, such as small
pores and gaps between ligaments, and surface irregularities provides an ideal substrate for SERS.
The following section describes the preparation of np-Au and functionalization of np-Au
onto the sensor specifically by chemical dealloying an Ag/Au alloy.
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5.2.2 Preparation of nanoporous gold

5.2.2.1 Alloy preparation
Fabrication of np-Au begins with the deposition of an alloy with a defined composition
followed by chemically dealloying process to form a bicontinuous open nanoporous structure.
The most common and popular binary alloy is Au/Ag due to the same unit cell structure (fcc)
with nearly identical lattice constants (~0.2%) [245]. The alloy can be obtained in a number of
different ways, such as (a) high temperature melting, (b) electrodeposition, (c) thermal/ e-beam
evaporation followed by annealing, (d) sputter/ cosputter coating, or (e) commercial from various
sources. Each method can be used to create alloys in a number of different configurations, most
notably various thicknesses, composition (Au/Ag atomic ratio), and porosity, depending on
processing conditions.

5.2.2.2 Selective dealloying
The structure of np-Au, i.e., pore size, ligament size, and the surface area, can be easily
tailored by factors, including the initial composition of the alloy film, the dealloying method, the
processing conditions (time and temperature). The composition of the alloy strongly influences
the surface area as well as the porosity of the film. For example, it has been reported that np-Au
thin film readily forms porous bulk nanostructures with various pore sizes when it is formed by
dealloying of Ag from Aux/Agx-1 alloy with the composition range of x = 0.2 – 0.5 [219, 246].
Specifically, with Au0.3/Ag0.7 alloy, np-Au with a pore size of ~25 – 35 nm can be obtained by
chemical dealloying [197].
The alloys are typically dealloyed in one of two ways: i) chemically or ii)
electrochemically. The simplest method is chemical dealloying by immersing the alloy film into
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concentrated nitric acid for a given period of time. The dealloying time also affects the pore and
ligaments size and the residual Ag percent in the np-Au film. The longer time in acid, the larger
the pore sizes and the smaller the Ag percent remained. For 500nm film, an average pores size of
~35 nm and the amount of Ag remaining in the material was ~5% for all immersion times after
~6 hours in nitric acid, observed by depth profiling X-ray photoelectron spectroscopy (DPXPS)
[197]. Chen et al. reported average pore sized of ~18, 30, 40, and 50 nm after dealloying
nanoporous gold leaf in nitric acid at room temperature for 15 min, 2 hours, 4 hours, and 8 hours,
respectively [247]. Other factors, such as the concentration of the acid and temperature of the
solution, will influence the configuration of np-Au and the residual Ag percent. Dealloying at
very low temperatures can result in significantly smaller pore sizes (~5nm) with relatively larger
amount of Ag remaining in the film [248].
The mechanism for nanopore formation has been extensively studied by Erlebacher et al
[213]. In brief, the less noble components are oxidized and dissolved into etching solution
whereas the more noble components remain in its stable metallic form. Since gold is an inert
material, it does not oxidize or form compounds and complexes which perturb surface diffusion
and formation of a nanoporous structure. Phenomenologically, formation of nanoporous gold can
be thought to arise as a consequence of the atomic rearrangements at the interface between the
metal and the solution. As gold atoms are physically released from the Ag-Au alloy due to the
dissolution of silver into solution, they nucleate into clusters initially laying for the formation of
three dimensional porous structures at the surface as additional atomic layers of gold atoms are
released during the dissolution process. Thus the selective dealloying (corrosion) process can be
considered as diffusive redistribution of gold and vacancies on a randomly nucleated surface
template layer. If the amount of gold in the film is below a critical amount, the admobility of the
gold atoms causes a rearrangement of atoms which results in a solid film rather than the
filamentous nanoporous layer.
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5.3 Surface-Enhanced Raman Scattering Spectroscopy (SERS)
Plasmonic-based Raman scattering spectroscopy is one of the most promising techniques
to probe and identify molecules [249]. It also has been used in a broad range of applications, such
as molecule diagnostics [250-252], rapid DNA sequencing [253, 254], pathogen detection [255,
256], and nanostructure characterization [241, 257-259]. Normally, Raman scattering of organic
molecules and biomolecules is extremely weak due to small scattering cross-section of biological
molecules. As a result, high concentration as well as a high-power laser of ~300mW must be used
to get valuable information. Surface-enhanced Raman Spectroscopy (SERS) is a Raman
Spectroscopic (RS) technique that provides greatly enhanced Raman signals, particularly, at “hot”
spots where huge electromagnetic (EM) fields are generated in the nanostructured metals.
Enhancement in the intensity of the SERS has been regularly observed on the order of 104 – 106,
and can be as high as 1014 or more for some systems [257, 260-262]. At a hot spot, it is possible
to measure the Raman spectrum of single molecules.
It is widely accepted that a combination of enhancement mechanisms is needed to explain
such a large SERS enhancement. Two primary mechanisms are: i) an electromagnetic
enhancement (EME) and ii) a chemical enhancement (CE). The greater part of overall
enhancement of SERS comes from the EME mechanism which is a direct consequence of the
presence of the metal surface’s roughness features, whereas the CE effect contribute only on the
order of 10 – 100 to the overall enhancement [263]. Both the incident radiation field and the
scattered Raman field are amplified by the interaction with the roughened surface, i.e., light
resonant or near resonant with the localized surface plasmon frequency of a metal, and causes
electromagnetic field enhancement of the Raman signal [249]. CE of Raman signal arises from
the interaction between the adsorbed molecules and the surface. It is worth to note that the CE
effect may depend on an alteration in the scattering cross-section, i.e., the change in the chemical
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nature of the molecule due to its interaction with the surface, whereas the EME effect depends on
a change in the intensity of the scattering molecules, not a change in scattering cross-section
[263].
Various nanostructured materials can be used as SERS-active substrate, such as
nanoparticles, nanorods, roughened planar films, randomly rough surfaces and gratings, to
produce large enhancements by absorbing and localizing a photon. Nanoporous gold with its
unique nanostructure, including tunable pores and surface irregularities, provides a highly active,
stable, bio-compatible, reusable, and affordable SERS substrate [242-244].

5.4 Experimental

5.4.1 Materials
Nuclease free Duplex Buffer (NDB; 30mM Hepes pH 7.5, 100mM KAc) was used as
received from Integrated DNA Technologies, Inc. (IDT). Single strand DNA (ss-DNA)
containing thiol modifiers placed at the 5’-end of the oligo was synthesized by IDT and used as
received. A random sequence 24-base oligonucleotide (SH-5’ AGC ACA CCA TCA CCA AAG
CAA CAG-3’), shown in Fig. 5-2 (a), and the target with a sequence complementary to the 24base ss-DNA probe, labeled with 6-FAM fluorescent dye (Ex. 495 nm, Em. 520nm) on the 5’-end
were also purchased from IDT. All oligonucleotide stock solutions were diluted with 18MΩ-cm
DI water (Millipore Milli-Q system; Barnstead International), and again diluted with NDB to
prepare 1μM ss-DNA probe and target solutions for the use in the experiments.
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(a)
3’-TCG-TGT-AGT-GGT-TTC-GTT-GTC-5’
SH-5’-AGC-ACA-TCA-CCA-AAG-CAA-CAG-3’

(b)

(c)

(d)

Laser
Raman

Figure 5-2. Schematic Illustration of (a) double strand oligonucleotides labeled with thiol
modifier in probe DNA sequence and with 6-FAM fluorescent dye in target complementary DNA
sequence; (b) – (d) shows the process flow of the experiment; (b) surface functionalization of 24mer single strand thiolated DNA probe on np-Au electrode by immersion in the solution for 4h, (c)
oligonucleotide binding reaction with the target sequence, and (d) surface-enhanced Raman
spectroscopy measurement for ds-DNA.

5.4.2 Sample Preparation
Fig. 5-3 shows schematic illustration of the fabrication of QCR with np-Au as a sensing
electrode on one side of the sensor. In this study, two in-house fabricated QCR arrays with
resonance frequency of 60MHz were prepared as the sensors, one with a conventional planar
electrode and the other with np-Au electrode for the comparison purposes. Au/Ag alloy film with
70 at. % of silver was sputtered on the original Cr/Au electrode, followed by photolithographic
patterning and chemical etching in iodide-based silver etchant to pattern the electrode of each
pixel in the array. In order to improve adhesion and prevent delamination of np-Au film after
dealloying, a thin film of chromium (~10nm) and gold (~100 nm) were sputtered prior to the
alloy film. The film depositions were done by customized ion-beam deposition system with two
ion guns (IBS/e system guns; South Bay Tech, San Clemente, CA) focused on the Au/Ag alloy
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target containing 70 at. % of silver, accelerating Ar/Xe atoms at 4kV (3mA current) at a
background pressure of ~1 × 10-6 Torr. With the sputtering rates ranging ~ 0.003 – 0.009 nm/s,
the films with extremely smooth surfaces (< 2nm rms roughness) can be deposited. The sample
was thereafter immersed into 70% concentrated nitric acid for 6 hours, resulting in the formation
of sponge-like, bicontinuous nanoporous gold with less than 5% of silver left-off. The device is
then prepared as described in the section 2.3.3.
Functionalization of ss-DNA probe on the formed np-Au electrode was carried out by
24h immersion in ~1mM solutions, followed by exposing to a solution containing the
complementary DNA targets for real-time monitoring of the hybridization-induced resonance
frequency change. Fig. 5-2 (b) – (d) highlights the process flow of dual mode sensing
experiments.

125

(a)

(c)

(b)

(d)

Figure 5-3. Schematic Illustration of the fabrication of QCR with np-Au as a sensing electrode
on one size of the sensor. (a) As-fabricated QCR with 10 nm/ 150 nm Cr/Au planar electrodes
on both sizes. (b) Sputtering 160nm thick Au/Ag alloy film with ~70 at. % of silver. (Cr/Au layer
provides better adhesion of the alloy film on the device) (c) 1805 photo-resist mask for the
electrode patterning. (d) nanoporous gold (np-Au) with the average pore size of ~25 – 35 nm
formed by the selective chemical dealloying process in 70% concentrated nitric acid for 6 hours.
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5.4.3 Surface Enhanced Raman Spectroscopy
SERS was done with a Renishaw inVia mcroRaman instrument, consisting of 35mW
HeNe lasers (632.8nm) as the light source, a motorized microscope stage sample holder, and a
CCD detector. Instrument parameters, including data acquisition time, objective, and laser power,
used for data acquisition are listed in the following section.

5.5 Results and Discussion
Two identical Au0.3/Ag0.7 alloy film with thicknesses of 50nm and 160nm were prepared
according to the section 5.4.2 to investigate the effect of Au/Ag alloy film thickness on the
formation of np-Au film. It has been reported that one of the factors which contributes to the
formation of nanoporous gold film is an initial film thickness of Au/Ag alloy [197]. This was
clearly observed with two samples above. Following an identical selective etching process in 70%
concentrated nitric acid for the two identical films for 6 hours, nanoporous gold structure was
observed only on the 160 nm thick Ag-Au alloy film whereas no change could be seen on 50nm
Ag-Au alloy film even with additional 18 hours of immersion in etching solution (total 24 hours
of etching time). This observation is consistent with the results in the literature [197]. If the
amount of gold in the film is below a critical amount, the admobility of the gold atoms causes a
rearrangement of atoms which results in a solid film rather than the filamentous nanoporous layer.
Fig. 5-4 shows the optical and SEM pictures of the nanoporous gold films formed for the two
thicknesses. Relatively thick alloy films constrained on a surface, however, can crack due to the
large stress that takes place during the dissolution of Ag atoms, and cracking is very dependent on
film thickness [264].
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(a)

200 nm

(b)

200 nm

Figure 5-4. Optical photographs of (a) 50 nm thick Au/Ag alloy film after selective dealloying for
24 hours shows only clustering of gold atoms without the formation of np-Au structure, and (b)
160 nm thick Au/Ag alloy film after selective dealloying for 6 hours clearly shows the formation
of np-Au with the pore size of ~25 – 35 nm. Insets are SEM images of a small region of each film.
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SERS with its demonstrated ability to detect single molecules, such as DNA base adenine,
achieved by incorporating with nanostructured metals, nanoporous gold in our study, has attracted
enormous interest as a potential technique for label-free biomolecule detection [254, 265].
As an application of the concept of dual mode sensing with the combination of np-Au
structure integrated to QCR array and SERS, we investigated the detection of DNA
hybridization. 24-base single-stranded thiolated DNA probe was immobilized on QCR arrays
with both conventional solid-gold electrode and nanoporous-Au electrode. This was followed by
hybridization with complementary sequence DNA molecules, labeled with 6-FAM fluorescent
dye (Ex. 495 nm, Em. 520 nm).
For quantitative measurement, the frequency and Q-factor shift, resulting from DNA
hybridization process, were measured for QCR with both planar gold electrode and np-Au
electrode. In experiments, we started tracing the frequency shift with the injection of the target ssDNA solution and measured until the hybridization process reached saturation. The first
noticeable observation is the sensitivity improvement on the response of QCR array.
As observed in Fig. 5-5, nearly two times greater frequency shift, 2500Hz for np-Au electrode as
compared to a frequency shift of 1290Hz for the planar Au electrode while the shift in Q-factor
for both electrodes was almost negligible [266]. The adsorbed mass density of ds-DNA at
saturation is found to be 306.7 ng/cm2.
In fact, much higher improvement of the sensitivity was expected since the effective
surface area of np-Au electrodes, which provides active sites for biomolecules to be adsorbed,
found to be lager by a factor of 40 than the geometric area of the planar electrodes [196]. Much
less enhancement of the sensitivity is observed because of the fact that the size of the fluorescent
labels is relatively larger than the average size of the pores in np-Au (~25-35 nm), experiencing
difficulties going into the cavities.
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Figure 5-5. Real-time response of QCR upon the DNA hybridization process on a planar gold
electrode (green) and np-Au electrode (red).
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Another possible explanation is that the entire surface of the np-gold, particularly the
inner surface, may not be fully accessible to the analytes due to mass transport restrictions, i.e.,
pore blocking. The preceding adsorption of molecules mostly on the shallow area (outer surface)
may block molecules to diffuse into the cavities and hence limit the additional adsorption.
Increasing the pore sizes could be an approach to deal with this issue.
For qualitative measurement, molecule identification, a series of SERS was taken. Fig. 56 shows SERS spectra of hybridized double stranded DNA (ds-DNA) on np-Au electrode at three
different spots. As can be seen, very similar SERS spectra and spectral reproducibility were
observed for randomly picked “hot” spots. The intensity variation exists due to the wide variety
of nanoscopic features across the surface. This intensity variation, between “hot” spots where the
enhancement of Raman signal has its maximum value and “cold” spots where the enhancement of
Raman signal is minimum, was approximately a factor of 5. Small differences in the intensities of
“hot” spots arise from the fact that porosity was found to play a role in enhancing the Raman
intensity. Although the overall SERS intensity can vary from spot to spot because of variations in
porosity, the SERS spectral features are highly reproducible with np-Au substrate. It has been
reported that 100 – 200 nm thick np-Au films have been seen to highly reproducible SERS
substrates with the maximum enhancement factors reaching ~104 for 632.8 nm excitation and
good spot to spot reproducibility [197].
In order to confirm the intensity enhancement by np-Au, Raman spectra of hybridized dsDNA were taken on both roughened planar gold electrode and np-Au electrode, shown in Fig 5-7.
(The surface of planar gold electrode is electrochemically roughened since the Raman signal on
unprocessed planar gold electrode is negligible small to detect). The results indicate that np-Au
electrode is reproducible Raman spectroscopy substrates with the maximum enhancement factors
𝑁

of ~3×103, calculated by EF = 𝑁𝑏𝑢𝑙𝑘

𝐼𝑛𝑝−𝐴𝑢

𝑛𝑝−𝐴𝑢 𝐼𝑏𝑢𝑙𝑘

where Nbulk and Nnp-Au are the volume number density
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of molecules in the bulk and adsorbed on np-Au, and Ibulk and Inp-Au are the measured intensities of
the bulk analyte and the adsorbed molecules on the np-Au substrate, respectively.
SERS response of np-Au electrode with single stranded DNA and hybridized DNA
clearly showed distinguishing peaks in the 1200 -1600 cm-1 wavenumber range. The lines in the
SERS spectra based on Fig. 5-6 are assigned according to the Ref. [254, 267, 268] and listed in
Table 5-1. It is worthwhile to note that adenine constituents dominates the SERS spectra of DNA
which is consistent with the results in the literature [268]. In order to confirm that the observed
frequency shift and Raman spectra were indeed arising from hybridization between ss-DNA
probe and correct complementary DNA, fluorescence images using Olympus BX61
epifluorescence microscope were taken and shown in Fig. 5-8. Prior to the observation, the
sample was thoroughly rinsed in NDB solution and then blow dried in N 2. The insets clearly
show that the target DNA was only bound to functionalized QCR pixels. One may possibly
conclude that, on the basis of fluorescence images, DNA functionalized np-Au substrate gives the
unique Raman signature and allows for the detection of specific genomic DNA sequences.
Table 5-1. Assignments of SERS spectra of ds-DNA.
Wave number (cm-1)

Assignments*

470

C (bending)

630

G

928

T

1112

bk

1380

A

1458

A, T, C

1589

A (ring st)

* A, adenine; T, thymine; G, guanine; C, cytosine; bk, backbone; st, stretch. Vibrational
assignments were made from Ref. [254, 267, 268]
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Figure 5-6. Surface-enhanced Raman Spectra of ds-DNA on np-Au electrode. Data is acquired at
3 different spots and is shown in the different colors.
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Figure 5-7. Surface-enhanced Raman Spectra of ds-DNA on np-Au electrode (red) and planar
gold electrode (blue) multiplied by 10 for comparison.

Figure 5-8. Fluorescence images (50×, 1500 ms under the wavelength of 495nm) of ds-DNA on
np-Au electrode. Inset shows the image of non-functionalized electrode with DNA probe.
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5.6 Conclusion
We demonstrate a micromachined quartz resonator array with nanoporous gold electrode
as a highly sensitive, selective, and label free detection format for biomolecules to specifically
address this challenge. Enhanced gravimetric sensitivity to 24-mer oligonucleotide binding
reaction was achieved by replacing conventional electrode to nano-porous film as a working
electrode due to the increased electrode surface area. Furthermore, the nanoporous electrode
structure was exploited for Raman spectroscopy (RS) measurements to obtain the unique
fingerprint of the attached molecules.
This dual mode sensing system has been investigated and successfully developed as a
method of quantitative measurement for the bio applications, combined with Surface Enhanced
Raman Spectroscopy (SERS). It has been shown that adoption of nano-porous structure as a
working electrode provides the improvement of SERS respond and hence it allows for unique
identification of the attached biomolecules on the sensor surface via RS whereas the quartz
resonator provides a very accurate quantitative determination of the concentration of the analyte.
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Chapter 6
Summary and Future Works
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6.1 Summary
In this dissertation, we continues to explore the miniaturized high frequency quartz
resonator platform for the fundamental study of interfacial phenomenon of biomolecules,
chemical sensing, and label free biological sensing. Study of interfacial phenomena using the
(bio)chemical sensing system has been the focus of this work with a help of a smart recognition
material, a novel structure as a substrate, and appropriate analytical model for data interpretation.
Fundamental understanding of interfacial phenomena in natural and engineered materials is a
critical component of the research on the activity of various biological and chemical systems and
their interaction with natural and artificial interfaces. The physical, chemical, and biological
properties of an interface are significantly different from those of the bulk, so the conformation
and composition of materials are responsible for a wide range of interfacial phenomena observed
in chemistry and biology. In addition, the complex interfacial phenomena will never be fully
understood without (bio)chemical sensing technologies that allow observing specific aspects of
that complexity to be examined in detail at the molecular level. Advanced and novel bio and
chemical sensors are consequently important as sensing systems for detailed study of processes
that occur at interfaces and for understanding various biological and chemical systems. The
dissertation was firstly aimed to demonstrate how the proposed sensing system is adaptable to the
fundamental study and sensing applications for biological and chemical phenomena.
As the fundamental study of biomolecules, we investigated the adsorption process of
blood proteins and protein-surface interaction kinetics on various surfaces, including hydrophobic
(–CH3), charged hydrophilic (–COOH), and non-charged hydrophilic (–OH). We demonstrated
that a quantitative interpretation of protein adsorption kinetics can be achieved by using the
appropriate analytical models, i.e., RSA, and RSA-Depletion model. An anomalous asymptotic
behavior of blood protein adsorption observed at all concentrations was explained with RSA
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model coupled with the effective surface depletion approach. Through this work, we were able to
conclude that the process of protein adsorption can be explained with three different phases. At
the early stage, the protein initially adsorbs to cover the surface quickly. In the second phase, the
adlayer slowly reaches asymptotic coverage and then reorganization of adsorbed protein
molecules occurs to allow further protein molecules to adsorb to the free sites. Finally, surface is
completely saturated. We also demonstrated that The surface chemistry, especially
hydrophobicity, is found to significantly influence the response of the resonator observed during
adsorption of the proteins with its magnitude in the order of fcharged-hydrophilic > fnoncharged-hydrophilic >
fhydrophobic.
(Bio)chemical sensing, as discussed, is achieved by the use of a functional layer,
recognition materials, atop the mass sensing element, transducers. These materials essentially
provides the molecular hooks or active sites for the specific targets of interest for achieving
selectivity in (bio)chemical sensing since physical sensor, transducer, is inherently nonspecific to
the analytes of interest. For chemical application of the developed sensing system, we explored a
room temperature ionic liquid in a solid ionomer matrix and demonstrated it is capable to use as a
high sensitive functional material for VOC sensing application. Owing the diverse affinities of
RTIL toward various chemical species, micromachined QCR array functionalized with IL-doped
ionomer layer can be used to selectively identify the response from absorption of chemical vapors.
It has been observed that completely reversible adsorption-desorption processes occurred within a
few seconds. We also demonstrated that it is possible to discriminate the components of binary or
more vapor mixtures by functionalizing each pixel of the sensor array with different ionic liquids.
New chemical recognition materials integrated with a novel sensor designs will have significant
impact on advancing the technology in chemical sensing applications.
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An alternate approach to achieving selectivity is the utilization of quartz resonator in
combination with other analytical methods capable of molecular identification to realize both
quantitative and qualitative identification of the analyte molecules. In this work, we investigated
the development of dual-mode sensing methods in the combination of miniaturized QCR array
with surface-enhanced Raman spectroscopy. To fulfill this approach, a new engineered structure
at the interface, nanoporous gold, is introduced into the sensing system. Through the use of dual
sensing method in the DNA hybridization detection experiments, this work shows how selectivity
of the sensing system can be achieved with dual mode system to study interfacial phenomena for
(bio)chemical sensing.

6.2 Future Works

6.2.1 The adsorption kinetics of anisotropic particles
A variety of proteins have been shown to adsorb in an essentially irreversible manner.
We demonstrated that the modified RSA model is appropriate model to study the adsorption
kinetics of blood proteins with the spherical shape. It has been shown from the experimental
observation in our study that both the standard RSA model and the modified RSA model with
effective surface depletion was not appropriate to study the adsorption kinetics of nonspherical
proteins, such as IgG and human Fibrinogen (IgG has Y-shaped arrangement of the peptide
chains and Fibrinogen is an extremely elongated molecule). Moreover, it has been found that such
proteins adsorb both “side-on” and/or “end-on”. Therefore, it seems relevant to investigate the
RSA process of two-dimensional anisotropic particles adsorbed onto the surface. This case is
more complex than the standard RSA of spherical particles, but can be understood by considering
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the rate equation governing the surface coverage  dealing with the influence of shape and
elongation.

6.2.2 Investigation of discrimination for quaternary or more species in the mixtures
We demonstrated that QCR array exhibits great performance on the classification of
individual vapors as well as the discrimination of binary and ternary mixtures with the accuracy
over 93% by looking at two different aspects of solute-solvent interactions. However, the
accuracy of discrimination must decrease as the number of species in the mixture increases. Even
though QCR array probes two aspects, change in resonance frequency and Q-factor, there will
be a point where the discrimination accuracy is significantly ruined due to large number of
analytes present in the mixture. It will be interesting to investigate the discrimination performance
of QCR array for quaternary or more species in the mixtures and find the optimal number of
resonators with different RTIL needed to improve the discrimination accuracy according to the
number of species present in the mixtures.

6.2.3 Discriminative explosive gas detection
Explosives, such as RDX, TNT, and C4, present immediate threats to public health and
safety. Their detection is therefore of high importance. In this regard, the development of
explosive gas detector can also play an important role in the war or terrorism. Standard laboratory
instruments for explosive gas detection and analysis include gas and liquid chromatography and
various spectroscopies. These instruments can provide definitive multianalyte identification. For
counter terrorism applications, detection methods with portability are of high interest. The
proposed chemical sensing system in this work can be a portable detector. In addition, one of the
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most desired aspects of room temperature ionic liquids is huge synthetic flexibility provided by
changing the structure of the component ions, thus, it can provide appropriate detection
membrane on the potable detector for discriminative explosive gas detection. The aim of this
work is to exploit the synthetic flexibility of RTIL for a wide spectrum of applications.

6.2.4 Influence of the surface morphology on QCR response
The continuously shrinking trends in microfluidic devices raises challenging questions
regarding the behavior of liquids confined in nanoporous cavities and capillaries. Specifically,
there are no detailed studies on how the nanoporous environment affects the physical properties
of liquids. Such information would greatly improve the ability to model and design micro- and
nano- fluidic devices. Investigating the physical properties of liquids trapped in nanoporous
cavities requires appropriately matched probing methods.
In the dual-mode sensing project, we have replaced conventional planar gold electrode on
the QCR array with a 160nm thick nanoporous gold film to provide an active substrate for
SERS. Such nanopore structure significantly influences the response of resonator and can cause
misinterpretation of data due to the lack of proper analytical model. Investigating theoretical
analysis of surface roughness effects on QCR response will allow better understanding of not
only the operational behavior of QCR with rough surface, but also the physical properties of
liquids in the nanoporous environment.
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