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Abstract 
 

This work focuses on the development of a multi-analyte biosensor, based on 
a Surface Acoustic Wave (SAW) device. The novelty of the concept lies in the way of 
achieving multiplicity: instead of the “traditional” way of a sensor element array, 
multiplicity is induced by compartmentalization of a single sensor, achieved via 
microfluidics (“microfluidics-on-SAW”, or “μF-on-SAW” setup). 

Initially, the appropriate SAW device for the microsystem was selected among 
twelve device configurations (varying in substrate, operating frequency and 
waveguide thickness) upon loading with different classes of materials (mass, viscous, 
viscoelastic). In particular, a dual quartz-based SAW biochip was used, operating at 
155 MHz with 0.70 μm thick PMMA waveguide. Subsequently, the microfluidic 
module was designed targeting flexibility and simplicity. Considering functional and 
geometrical limitations imposed by the SAW biochip, the two components were 
successfully assembled. The fabrication process for the microfluidic module was soft 
lithography of PDMS (rapid prototyping and replica molding); 3-, 4-, and 5-channel 
modules were made, all successfully tested, and the 4-channel one used in the project.  

Reproducibility and sensitivity tests were carried out using aqueous glycerol 
solutions, and standard protein biomolecules (neutravidin and biotinylated BSA, as 
well as protein G and IgG). The standard deviation in the signal values among the 
sub-areas was less than 10%, in all cases.  

The proof-of-principle of multi-sample detection was achieved via four 
biotinylated molecules. Each one was injected in one μF-on-SAW compartment and 
interacted with pre-adsorbed neutravidin; separate detection of the analytes, kinetics 
and equilibrium analysis were successfully demonstrated. Maximum multiplexity was 
achieved when the two devices of the biochip were pre-functionalized with different 
receptors, and four different samples were injected in each microchannel (altogether 8 
probed interactions). 

The final step was the application of μF-on-SAW in multi-sample detection of 
clinical significance. In particular, cardiac markers were used, the detection of which 
was realized via antibody-antigen interactions. The four cardiac markers (CK-MB, 
CRP, D-dimer, and PAPP-A) were successfully detected individually and in various 
concentrations; analytical curves were created for each biomarker and correlation to 
the known physiological and pathological values was made. Eventually, by using the 
μF-on-SAW it was feasible to selectively capture each marker out of a mixture or all 
four, a proof that the system can potentially be used in body fluids (were many 
“unwanted” species are present). 

Finally, from the different groups of biomolecules detected throughout the 
project, interesting results emerged concerning the interaction of acoustic waves with 
biomolecules and the correlation of the acoustic signal with inherent properties of 
biomolecules such as their molecular weight and viscoelastic nature. 
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Περίληψη 
 
Η παρούσα εργασία εστιάζεται στην ανάπτυξη ενός βιοαισθητήρα ανίχνευσης 

πολλαπλών δειγμάτων, βασισμένου σε μικροδιατάξεις επιφανειακών ακουστικών 
κυμάτων (SAW). Η καινοτομία της ιδέας βρίσκεται στον τρόπο επίτευξης της 
πολλαπλότητας ανάλυσης: αντί του «παραδοσιακού» τρόπου της χρήσης μιας 
συστοιχίας από αισθητήρες, εδώ η πολλαπλότητα επιτυγχάνεται μέσω της 
διαμερισματοποίησης της επιφάνειας ενός μόνο αισθητήρα σε υποπεριοχές, γεγονός 
που επάγεται από τη χρήση μικρορευστομηχανικών διατάξεων.  

Αρχικά επιλέχθηκε η κατάλληλη μικροδιάταξη αισθητήρα SAW ανάμεσα σε 
δώδεκα διαφορετικές διαμορφώσεις (οι οποίες διέφεραν ως προς το υπόστρωμα, τη 
συχνότητα λειτουργίας και το πάχος του κυματοδηγού) χρησιμοποιώντας 
διαφορετικής φύσεως υλικά (με ελαστικό, ιξώδη και ιξωδοελαστικό χαρακτήρα) για 
το χαρακτηρισμό. Τελικά χρησιμοποιήθηκε μια διάταξη διπλού αισθητήρα με 
υπόστρωμα χαλαζία στα 155 MHz και με πάχος κυματοδηγού 0.70 μm. Ακολούθως, 
σχεδιάστηκε η μικρορευστομηχανική διάταξη/κυψελίδα, με γνώμονα την ευελιξία και 
απλότητα στη χρήση του συστήματος και λαμβάνοντας υπόψη λειτουργικούς και 
γεωμετρικούς περιορισμούς που επιβάλλονταν από τη μικροδιάταξη του διπλού 
αισθητήρα. Η μέθοδος κατασκευής της κυψελίδας ήταν η λιθογραφία μαλακής ύλης 
του υλικού PDMS (τα βασικά βήματα της οποίας ήταν η ταχεία δημιουργία 
πρωτοτύπου και η αντιγραφή του εκμαγείου) με την οποία κατασκευάστηκαν και 
δοκιμάστηκαν επιτυχώς κυψελίδες με 3, 4, και 5 κανάλια. 

Η επαναληψιμότητα και η ευαισθησία ελέγχθηκαν χρησιμοποιώντας υδατικά 
διαλύματα γλυκερόλης και κάποιες συνήθεις πρωτεΐνες (νιουτραβιδίνη και 
βιοτινυλιωμένη BSA, protein G και IgG). Η απόκλιση του σήματος μεταξύ των 
σχηματισμένων υποπεριοχών ήταν μικρότερη από 10% σε όλες τις περιπτώσεις.  

Η απόδειξη της λειτουργίας του μικροσυστήματος ως πολυ-δειγματικού 
αναλυτή, έγινε με χρήση τεσσάρων διαφορετικών βιοτινυλιωμένων πρωτεϊνών. Κάθε 
πρωτεΐνη εισήλθε σε έναν υποχώρο του μικροσυστήματος και ανιχνεύθηκε η 
αλληλεπίδρασή της με την ήδη προσροφημένη νιουτραβιδίνη. Η ανεξάρτητη 
ανίχνευση των βιομορίων στους υποχώρους καθώς και η ανάλυση της κινητικής τους 
έγιναν με επιτυχία. Η αξιοποίηση του μικροσυστήματος στο μέγιστο βαθμό του 
πραγματοποιήθηκε όταν δύο διαφορετικοί υποδοχείς προ-ακινητοποιήθηκαν στους 
δύο αισθητήρες και τέσσερα διαφορετικά δείγματα εισήχθησαν στα μικροκανάλια. 
Έτσι ανιχνεύθηκαν συνολικά 8 διαφορετικές αλληλεπιδράσεις. 

Η εφαρμογή του μικροσυστήματος σε δείγματα κλινικού ενδιαφέροντος 
πραγματοποιήθηκε με χρήση καρδιακών δεικτών, όπου η ανίχνευση έγινε μέσω της 
αλληλεπίδρασης αντιγόνου-αντισώματος. Οι τέσσερις δείκτες (CK-MB, CRP, D-
dimer, και PAPP-A) αναλύθηκαν σε διάφορες συγκεντρώσεις, διερευνήθηκαν τα όρια 
λειτουργίας του μικροσυστήματος, και έγινε συσχετισμός με πραγματικές κλινικές 
τιμές. Επίσης, επιτεύχθηκε επιλεκτική ανίχνευση των πρωτεϊνών μέσα από ένα μίγμα 
όλων των διαθέσιμων δεικτών. 

Τέλος, από τα πειράματα που έγιναν με όλα τα βιομόρια, προέκυψαν 
συμπεράσματα και ενδιαφέροντα δεδομένα σχετικά με το συσχετισμό του 
ακουστικού κύματος με ιδιότητες των βιομορίων (το μοριακό τους βάρος και την 
ιξωδοελαστική τους φύση). 
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Preface - novelties of the work 
 

 
“seeing is believing but measuring is knowing” 

 
 

Biosensors’ technology and development is inherently an interdisciplinary 
research and technology area. Thus, diverse fields converge in this thesis: physics to 
describe the interaction of acoustic waves with matter; materials science for the 
characterization of various classes of materials’ properties with the acoustic devices; 
engineering for the fabrication of the microfluidic module; biology, as the final 
application objective. The outline of the thesis follows the sequence of the milestones 
achieved during the experimental work; the chapters are divided according to the 
sequential steps followed towards the development of the suggested setup. 

More specifically, Chapter 1 is an introduction in micro Total Analysis 
Systems (μTAS), describes the state-of-the-art in multi-sample biosensors and sets the 
objectives of the work. Chapter 2 introduces the reader with the two basic 
components of the developed microsystem: the acoustic sensors, and the 
microfluidics, while Chapter 3 describes the experimental infrastructure. Chapter 4 
summarizes the systematic study of a variety of device configurations under various 
kinds of sample loading, with the objective to select the optimum device 
configuration to continue with. Chapter 5 focuses on the design considerations and 
fabrication procedure of the microfluidic module. Chapters 6 and 7 report the 
evaluation tests performed in order to test the functionality, signal response, 
reproducibility and sensitivity of the microsystem under various sample conditions, 
proving the suitability and robustness of the developed microsystem as a multi-sensor. 
Chapter 8 is the “highlight” of the work, as it involves the implementation of the 
microsystem for an application of clinical significance: the detection of multiple 
cardiac biomarkers. Chapter 9 reports on some overall observations that were done 
throughout the experimental work using various biomolecules; the acoustic signal is 
qualitatively and quantitatively correlated to biomolecules properties such as 
molecular weight, qualitative viscoelastic properties, etc. Finally, Chapter 10 
summarizes the main conclusions of the thesis, in terms of fabrication issues, 
applications and interaction of acoustic waves with materials. In addition, further 
development issues of μF-on-SAW are suggested, towards an even more robust and 
sensitive platform. 

Since a PhD is intended, by itself, to be a unique and novel work to the 
research and technology community, the following lines briefly summarize the 
novelties of the present work, which lie on both, device and application level.  

• Even though the acoustic devices and microfluidics are, by themselves, well-
known fields that have been developed for years, their particular combination 
as applied in this work has never been tried before. For the first time, multi-
sensing was achieved on a single acoustic biosensor via microfluidic-induced 
compartmentalization of the sensor surface. Thus, the very basis of the project 
lies on a novel concept. 



 viii

• The molecules initially used to test the functionality of the system were 
standard, biotinylated proteins, so it could be argued that there was nothing 
novel in this. However, for the first time there was a correlation between the 
acoustic signal and the molecular weight of proteins. 

• At the clinical application level, none of the examined biomarkers (except for 
CRP) has ever been detected with an acoustic device. Moreover, even though 
other cardiac marker combinations have been implemented with other 
detection methods, the particular combination used in this work has not been 
detected with any method and in any on-chip multi-analysis format.  
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Chapter  1. Microtechnology for Life Sciences 
 
 
1.1. μTAS, lab-on-chip, bioMEMS, and microarrays 
 

With rapid developments and growing interest in medicine, drug discovery, 
biotechnology and environmental monitoring, we have become more and more 
dependent on (bio)chemical analysis. Traditionally, this task has been performed in 
central laboratories because it requires skilled personnel and specialized equipment. 
However, there are many cases like pregnancy tests, blood glucose concentration tests 
for diabetes patients, analysis of soil and water samples, etc, where the (bio)chemical 
analysis must be brought closer to the “customer”, whether it is a patient, a physician, 
or any “simple” end user. Such test kits should be (and nowadays, can be) used by 
persons with no special training or expertise in chemistry or biology. This trend of de-
centralization of (bio)chemical analysis is expected to continue and grow. For this to 
happen, though, the analytical equipment must become smaller, portable, easier to 
operate, faster in response and at the same time, robust and reliable; the analysis 
results must be processed and presented in a way that would be easy for the user to 
interpret [1.1.]. 

At this point, a recently emerged notion appeared to bridge the gap: in 1990s 
the concept of Micro Total Analysis Systems (μTAS) was introduced [1.2.]. The idea 
of μTAS builds on performing all the necessary steps that are required for a 
(bio)chemical analysis on a miniaturized format and thereby offers portability 
(Fig.1.1.). Automation of the entire analysis process and data processing is also part 
of the μTAS concept. In an extreme representation, μTAS can be compared to a black 
box where the user needs only to apply the sample and push a start button and simply 
retrieve the results. At the heart of each μTAS is a chip in which fractions of 
microliters of samples and reagents are moved around with very high accuracy. 
Especially when the samples and reagents are in short supply or very expensive, 
μTAS offers a significant decrease in costs by drastically reducing the volumes 
needed to perform a chemical analysis. The batch fabrication of μTAS allows the 
repetition of the same procedure many times, allowing the processing of many 
samples in parallel.  

It is often needed to know how the concentration of an analyte changes in 
time, i.e., online monitoring. With conventional methods this is very difficult, but the 
use of μTAS brings the (bio)chemical analysis close to the place where it needs to be 
performed since sample handling, analysis, and data processing are all integrated in 
μTAS. Thus, the advantages of μTAS can be summarized in the folowing: portability, 
reliability, reduction of sample and reagent consumption, automation of analysis, and 
online monitoring.   
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Fig.1.1. Typical structure of a μTAS integrated platform. Various modules can be 
used in appropriate combination to detect the desired entity [1.3.]. 
 

Along with the development of μTAS, new terms emerged such as “lab-on-a-
chip”, “bioMEMS”, “biochips”, “microarrays”, etc. Nowadays these words are more 
or less interchangeable, and it is up to the author which one to use. However, there 
could be a general classification, depending on the complexity of functions realized 
on those microsystems. On one hand are the μTAS, lab-on-chips, bioMEMS, and on 
the other hand are the microarrays. Between the two big categories the following 
major differences can be identified: 
 

(i) The number of analytes: in microarrays it is typical to probe some hundreds 
(even thousands) of samples. They are injected via robotic systems, and 
usually (or, mostly exclusively) the detection method is label-based, e.g. 
fluorescence; a pattern of varying intensities of spots is created, which is then 
“read” by proper scanners and analyzed with computer software. On the 
contrary, in μTAS only a few analytes are typically probed.  

(ii) Due to this large number of analytes, the detection method for microarrays is 
usually label-based; for this reason, the primary objective in detection in a 
microarray is the answer to a “yes or no” question. In contrast, μTAS are also 
focused on additional questions such as “how much” and “how fast”, 
incorporating kinetics and affinity analysis in their repertoire.  

(iii) Microarrays are mostly passive platforms, which may not actually include 
other components than the functionalized surface and the spotted receptors, 
which are solely intended for detection. On the other hand, μTAS are more 
complex systems that incorporate a number of microfluidic components such 
as valves, micropumps, chambers, and microchannels serving particular 
functions such as fluid propulsion, separation, mixing, etc; even advanced 
functions can be integrated on-chip, such as electrophoresis, PCR-on-chip, 
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sample pre-concentration, in addition to biosensing and detection. Thus, even 
though such microsystems detect less analytes, they exhibit higher complexity 
and multiplexity of functions.  

 
Within this context, the microsystem described in the current work belongs to 
the μTAS classification, since, on one hand, it does not target large number of 
detected samples, while on the other hand it is a more complex system than just a 
microarray as it involves a microfluidic module, injection system, a sensor chip, 
etc.  

Such microsystems can, roughly, be divided into two categories according to 
the users they target: (i) bulky pieces of equipment, having a microsystem as a core, 
intended for hospitals, diagnostic centers, etc, and (ii) small, hand-held devices, 
intended for personalized medicine and point-of-care diagnostics. Depending on 
which category they belong to, their design and fabrication requires different 
approach. However, in all cases there are some common features: the fluidic 
cartridge, the fluid handling for liquid dispensing, the biological assay (DNA- or 
protein-oriented, or both), the microfluidics for fluid processing, and the biosensor. 
Especially about the latter, no matter what kind of biosensor it is, it always exists at 
the heart of such a microsystem.  

 
Healthcare monitoring

Multi-device biosensor
(array configuration)

Integration in complex microsystems
(lab-on-chips, bioMEMS)

Single-device biosensor 
(optical, electrochemical, magnetic, 

mechanical, piezoelectric)

“Point-of-care” diagnostics
(hand-held devices used by 

patients at home)

Hospitals & diagnostic centers
(bulky equipment; microsystem 

is just a component)

 
Fig.1.2. Flow chart of development steps towards healthcare monitoring 
microsystems. 
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1.2. Investing on microsystems for diagnostics 
 

Being able to perform multi-functional on-chip integrated analysis, μTAS (or 
biochips, bioMEMS, etc) are increasingly attracted by clinical diagnostics 
applications, or, as termed, “In Vitro Diagnostics” (IVD). In fact, the significance of 
μTAS is evident via the attention that is given to them by corporate companies, and 
European Union funding for IVD purposes. Indicatively, only some of the recently 
initiated European projects under FP7 funding are listed below; the competition for 
funding (hundreds of relevant projects submitted in each FP7 call) proves the 
increasing interest as well as the intensive and multi-level research and technology 
advances in this field. Some of the European Union funded projects under way for the 
development of point-of-care diagnostics are listed below: 

 
• “BIOGNOSIS”: “Integrated biosensor system for label free in-vitro DNA and 

protein diagnostics in healthcare applications”; targeting the development of 
an innovative integrated DNA and protein detection system for applications in 
medical diagnostics [1.4.]. 

• “POCEMON”: “Point-of-care monitoring and diagnostics for autoimmune 
diseases”; aiming at the development of a mobile monitoring and diagnostic 
platform for detecting a large number of autoimmune diseases [1.5.]. 

• “NEUROTAS”: “Microfluidic total analysis system for the early diagnosis of 
neurodegenerative disorders”; through this project, the aim is to develop a 
microsystem to detect neurodegenerative diseases, e.g. Alzheimer’s [1.6.]. 

• “CD MEDICS”: “Coeliac disease management monitoring and diagnosis 
using biosensors and an integrated chip system”; the objective is to obtain an 
instrument that will be a low-cost, non-invasive intelligent diagnosis system 
for celiac disease, diagnosis and management [1.7.]. 

• “PYTHIA”: “Monolithically integrated interferometric biochips for label-free 
early detection of human diseases”; the project aims at developing a novel 
integrated optoelectronic biochip for the early diagnosis of diseases [1.8.]. 

 
In addition to that, many Small and Medium Enterprises (SMEs) have 

undertaken the development of healthcare microsystems. But also big corporate 
companies, traditional players in the semiconductor industry, such as Philips, [1.9.] 
Siemens [1.10.], Sony [1.11.], IBM [1.12.], etc, with huge markets in 
microelectronics, displays, electronic equipment etc, have foreseen the great 
importance of microsystems in life sciences and have established divisions 
specifically oriented towards this goal: the development of microsystems for health 
monitoring, disease diagnostics and drug development. It is worth mentioning that the 
global In Vitro Diagnostics market was B€ 22 for 2001, with the main focus areas 
reported indicatively in the following chart.   
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Fig.1.3. Market segments of In Vitro Diagnostics (in M€). 

 
 
1.3. Going “multi” 
 

Apart from their competence to intergrate on chip a variety of functions and 
processes, as mentioned before, μTAS need to increase their analytical capacity. 
Especially in diagnostics and biomedical analysis, there is a need for tools that are 
able to integrate multimodal information on multiple biomarkers, rather than 
independent analysis on single biomarkers, as currently practiced in diagnosis. Thus, 
one could say that the technology around biosensors goes “multi”. 

Multi-sample detection is currently the focus of all the main biosensor 
developments (sec.1.5.). Being “multi” is not just a matter of multiplicity, but also 
multiplexity that is achieved through such systems. In other words, these systems, 
with the proper computer-aided data processing, are capable of not only detecting N 
independent processes, but N interconnected processes which are all part of a whole. 
For example, biological pathways generally involve several tens of genes; so it is not 
sufficient to screen for mutations in one single gene, but in many, in order to 
understand if, and how a pathway is affected. Similarly for cancer diagnosis, one 
needs to cross-check a number of involved biomarkers in order to reach a conclusion 
about a possible tumor development.  

Thus, having established some biosensing methods already, the biosensing 
community proceeds rapidly into increasing the level of complexity and develop 
platforms capable of detecting a large number of samples (irrespective of the manner, 
whether it is simultaneous or sequential) with ultimate target their incorporation in 
diagnosis-oriented μTAS.  

Two typical multi-sensing configurations appear below. In Fig.1.4(a) there are 
5 immobilized receptors (the same 5 in each of the 4 chips) and 4 different samples 
are injected on them, realizing in this way a total of 20 screened interactions, 
optimizing the high sample throughput in this way. In Fig.1.4(b) there are 20 
immobilized receptors, but now only one sample is injected over them; again, 20 



Chapter 1  
Microtechnology for Life Sciences 

 8

interactions are probed, but the maximum received information about the injected 
sample is achieved. 
 

4 samples

Optimized for sample throughput

4×5 immobilized interactants

1 sample

Optimized for maximum 
information per sample

20 immobilized interactants

(a) (a) 
Fig.1.4. Two configurations for multi-sample analysis: (a) optimized for high sample 
throughput, (b) optimized for maximum information per sample. 
 
1.4. What is a biosensor?  
 

Having spoken about multi-sensing as a general notion, it is necessary to 
define the basic element, the biosensor itself. “A biosensor is a self-contained 
integrated device, which is capable of providing specific quantitative or semi-
quantitative analytical information using a biological recognition element 
(biochemical receptor) which is retained in direct spatial contact with a transduction 
element. The sensing is based on the alteration of some physical/chemical parameter 
of the sensor” [1.13.]. 

The basic components of a biosensor are (Fig.1.5.): 
 

• The transducer: It is based on some labeling (e.g. fluorescent, radio, magnetic 
nanoparticles, etc.) or on a label-free, physical principle, which changes when 
a process takes place at its surface, and is the basis of sensing. 

• The biorecognition layer is immobilized on the sensor surface via some 
physical or chemical treatment or surface modification, and is responsible for 
capturing the target analyte. 

• The analyte is the biological species to be detected, located within the 
solution in contact with the biosensor surface. It could be found alone or in a 
mixture in solution.    

• The electronics, which transform the change in the physical properties of the 
transducer into a measurable electric signal. 
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Fig.1.5. Typical components of a biosensor. 
 

Three major characteristics of a biosensor are its sensitivity, selectivity, and 
limit of detection. 

The sensitivity of a biosensor depends both on the transducer and the 
biological element of the sensor. The former determines how many molecules must 
exist on the surface so that adequate signal is detectable, whereas the latter defines 
how strong is the relationship between the immobilized receptor molecule and the 
analyte in solution, thus, how many molecules will bind on the receptor molecules on 
the surface. 

Selectivity is a property that a biosensor must have in high value, especially 
when applied on medical diagnostics and involves body fluids. What is suggests is 
essentially that, if a biosensor is exposed to a sample containing a mixture of different 
species, its signal should depend only on the concentration of one analyte, with little 
or no interference from other species present in the sample. Under this condition it is 
characterized as highly selective. It is more of a qualitative rather that quantitative 
property of a transducer and it strongly depends on the sample(s) probed and their 
interactions with the rest of species present in solutions (i.e., the non-specific 
interactions). Fluorescently-labeled sensors are inherently more selective than the 
label-free ones: even if non-labeled molecules bind on the surface, the detector will 
recognize only the labeled bound ones. That is why there is a lot or work on the 
development of proper biorecognition layers used with label-free sensors, in order to 
suppress the non-specific binding.  

The limit of detection (LOD) refers to the minimum measurable surface 
density that can be defined. This is done by defining the noise of the sensor signal 
(blank signal, for example with running buffer); then the lowest signal that can be 
reliably distinguished from the blank signal is three times the standard deviation of 
the noise and corresponds to the minimum surface density. 
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1.5. Multi-sensing in established label-free biosensors 
 

There are several classifications of biosensors which depend on various 
parameters. A common one for label-free biosensors is based on the physical principle 
they utilize for the detection, and suggests their classification into electrochemical, 
optical, micromechanical, and piezoelectric biosensors. 
 
1.5.1. Electrochemical biosensors 
 

Electrochemical biosensors have been studied for a long time and were the 
first scientifically proposed as well as successfully commercialized biosensors, based 
on electrochemical principles. Currently, transducers based on semiconductors and 
screen printed electrodes represent a typical platform for the construction of 
biosensors. Enzymes or enzyme labeled antibodies are the most common 
biorecognition components of biosensors. The category of electrochemical biosensors 
is, by itself, a huge category that can be roughly divided into three large sub-groups 
according to the operating principle governing the measurement method: (i) 
amperometric, which involves the electric current associated with the electrons 
involved in redox processes, (ii) potentiometric, which measures a change in potential 
at electrodes due to ions or chemical reactions, and (iii) impedimetric transducers, 
which measure impedance changes associated with changes in the overall ionic 
medium between the two electrodes. Conductance techniques are attractive due to 
their simplicity and ease of use since no specialized reference electrode is needed, and 
have been used to detect a wide variety of entities. Electrical measurements of DNA 
hybridization using conductance techniques have been demonstrated, where the 
binding of oligonucleotides functionalized with gold nanoparticles leads to 
conductivity changes associated with binding events [1.14.]. 

A prerequisite for an electrochemical biosensor to operate is that there should 
be a suitable enzyme in the biorecognition element that will provide electroactive 
substances for detection. That makes this group of techniques a little less versatile 
than the rest of label-free methods, in terms of range of analytes that can be detected. 
On the other hand, a major advantage of these sensors is their ease of integration with 
CMOS technology and microelectronics, since most of the materials for 
electrochemical sensing are CMOS compatible, which brings them closer to 
commercialization and array/multi-sensor format. In fact, the most common, well-
known and first commercially available biosensor, the glucose sensor for the 
measurement of sugar levels in diabetes patients, has been of electrochemical 
(amperometric) nature. It has been developed so much that it has already reached the 
form of a hand-held device for point-of-care diagnostics (Fig.1.6(a)) [1.15.].  
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(a) (b) 

Fig.1.6. (a) Medisense home blood glucose meters; the original device was invented, 
designed & developed at Cranfield with Oxford University and launched in 1987, (b) 
array chip of eSensor® for cystic fibrosis detection. 

 
An example of implementation of an electrochemical biosensor array is 

Osmetech’s eSensor®, an electrochemical detection platform based on a DNA 
hybridization array on a cost-effective printed circuit board substrate [1.16.]. eSensor® 
has been cleared by FDA for Cystic Fibrosis Carrier Detection (24 cystic fibrosis 
mutations from DNA isolated from human whole blood). Furthermore, the eSensor® 
platform is readily adaptable to on-chip sample-to-answer genetic analysis using 
microfluidics technology. Cartridges like the ones in Fig.1.6(b) are inserted into the 
eSensor® 4800 Instrument where the single-stranded targets hybridize to the 
complementary sequences of the capture probes and signal probes. Detection of the 
target/probe complexes is achieved using alternating current voltammetry that 
generates specific electrical signals from the hybridized signal probes [1.17.]. 
 
1.5.2. Surface Plasmon Resonance (optical) biosensors 
 

The Surface Plasmon Resonance (SPR) sensor is one of the main 
representatives of the optical sensors category used for biological detection. SPR is a 
label-free detection method, which utilizes the interaction of incident light with matter 
in order to detect deposited (or dissociated) mass. A monochromatic light beam is 
incident on a gold/glass interface and, at total internal reflection conditions the angle 
of minimum reflectivity is monitored. The adsorbed biological species change the 
refractive index of the interface (and thus, the reflectivity minimum) in a way 
proportional to the surface concentration. Thus, information about the average bound 
mass and, furthermore, the layer thickness can be extracted over the illuminated area 
(Fig.1.7.); with real-time monitoring, kinetic and affinity constants can be determined 
as well.  

SPR has been demonstrated in the past decade to be an exceedingly powerful 
and quantitative probe of interactions including protein-ligand, protein-protein, 
protein-DNA and protein-membrane binding for applications in medical diagnostics 
[1.18., 1.19.]. There are several commercially available systems, with Biacore [1.20.] 
being the most widespread and known one.  
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Fig.1.7. Typical configuration of an SPR setup. Receptors are bound on one side of 
the gold film and light is reflected on the other side; the reflected intensity minimum is 
monitored. 
 

A variation of SPR operation involves the imaging of the gold/glass surface 
using a lens and a CCD camera to analyze the reflected intensity at each point of the 
surface [1.21.]. This, then, gives the mass bound to the transducer surface for each 
pixel analyzed. In an SPR multi-channel transducer a measurement channel is defined 
solely by the area on which a certain receptor molecule has been deposited, so there is 
no need for additional gratings or other optical structures [1.22.]. This feature is 
already exploited in the Biacore instrument, where four measurement channels are 
available on each gold-coated sensing chip with possibility of independent 
biomolecule immobilization in each microchannel [1.20., 1.23.]; with specific 
microfluidic technology the capacity has reached up to 400 spots per sensor surface 
(Biacore Flexchip model, Fig.1.8.). Further development should allow great 
improvements in terms of both the number and size of the measurement channels 
available.  

 

 
(a) (b) (c) 

Fig.1.8. (a) Biacore Flexchip equipment, (b) sensor surface with up to 400 interaction 
spots, (c) insertion of the biochip into Flexchip after flow cell assembly. 
 
1.5.3. Micromechanical biosensors 

 
Cantilevers as a concept were first used at the heart of Atomic Force 

Microscope [1.24.] for surface topography measurements and later, for other surface 
properties such as electric, magnetic, nanomechanical, etc. During the evolution of 
cantilevers as sensors, they were initially tried as physical sensors for measuring 
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stress, temperature and other properties. Being successful, they were quickly 
suggested for biosensing as well [1.25.].  

In fact there are two “modes” of cantilever operation as biosensor, namely the 
static (Fig.1.9(a)) and the resonant (Fig.1.9(b)) mode. In the former case, the 
cantilever is deflected due to surface stresses that are created due to the adsorption 
and/or binding of biological species on one of its free surfaces and the deflection is 
then correlated to the deposited mass [1.26.]. In the case of a resonating cantilever, it 
is the resonance frequency that changes when a process takes place on the cantilever 
surface, and the shift is, again, correlated to the properties of the biological layer, but 
this kind of cantilever biosensors suffer from severe viscous damping. Materials used 
for cantilevers range from silicon and silicon nitride to SU8 according to the desired 
application and surface functionalization demands. 
 

 
(a) (b) 

Fig.1.9. (a) Bending of a static microcantilever due to analyte binding, (b) 
microcantilever operating at resonance mode [1.27.]. 
 

Multiplicity is inherent in cantilever-based biosensors, since their fabrication 
can easily scale up from a single one to an array (Fig.1.10.). The fabrication 
procedures are standardized, performed by common lithographic methods with few or 
more lithographic steps, depending on the complexity; they can be produced in batch, 
since each cantilever of the array has typical dimensions of a few tens to hundreds of 
microns. Therefore, the fabrication would not be an issue and, indeed, there is an 
increasing number of reports on establishing a satisfactory cantilever-based multi-
sensor [1.28., 1.29.]. 
 

 
(a) (b) 

Fig.1.10. (a) Multifunctional cantilever arrays will enable parallel in situ detection of 
a multitude of genomic and proteomic markers [1.30.], (b) SEM-image of a cantilever 
chip [1.31.]. 
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However, among the above reported cases, the number of detected samples is 
rarely (in fact, almost never) as high as the number of cantilevers, which means that 
the multiplicity that the system, in principle, offers has not been reached yet. The 
major challenge that these platforms must efficiently overcome is the frequent 
irreproducibility among the cantilevers’ response. It is often needed to use a large 
number of cantilevers of the array for reference purposes. Thus, the “different-sample-
per-many-cantilevers” configuration is avoided, and the “same-sample-per-many-
cantilevers” is used, instead, reducing the number of available cantilevers for multi-
sensing. Another challenge is that, according to the standard operation of an AFM, 
having an array of cantilevers needs an array of optical sources as well. Although this 
is achievable for a few cantilevers (though complicated) it becomes too demanding 
for the construction of an array with more than about a dozen of cantilevers.  

So, it is evident that, even though this technology has the advantage of low 
fabrication cost and complexity, it is not in better condition than others as it still has 
several problems to cope with.  
 
1.5.4. Piezoelectric biosensors 
 

Piezoelectricity was first described in 1880 by Pierre and Jacques Curie and 
the term describes the generation of electric charges on opposing surfaces of a solid 
material upon deformation (torsion, pressure, bending, etc.) along an appropriate 
direction. Conversely, mechanical deformation of the material induced by an external 
electric field comprises the converse piezoelectric effect. These effects are the 
fundamental basis of the piezoelectric sensor operating principle, as an oscillating 
potential difference induces the piezoelectric crystal to oscillate mechanically around 
its steady-state position. These sensors are also met as “acoustic”. The word has 
nothing to do with the hearing frequencies (which are of the order of only a few 
hundreds of Hz). Instead, “acoustic” refers to the sound propagation through a 
medium. Some examples of propagation of sound waves in media appear in Fig.1.11., 
in a large frequency range. 

Acoustic devices have been extensively used in the past for plenty of 
purposes, such as “electronic noses” and gas sensors for toxic and warfare gas 
detection [1.32.], materials characterization microsystems for measuring the thickness 
and viscoelastic properties of organic and inorganic films [1.33.], process monitoring 
devices for real-time monitoring of physical and/or chemical processes such as 
adsorption and deposition of thin films [1.34.], measurement devices of physical 
properties such as pressure [1.35.], temperature, viscosity [1.36.], in food quality 
control [1.37., 1.38.], etc. Eventually, acoustic devices expanded in the biosensing 
field as well, after fulfilling the conditions for successful operation in liquid 
environment. In addition, it is worth noting that a big sub-group of piezoelectric 
devices are already used in telecommunications as components of mobile phones 
[1.39.] (in the GHz frequency region), which offers the advantage of low-cost and 
batch fabrication of such devices. 
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Fig.1.11. Sound wave propagation in various application fields; the frequency is 
expressed in Hz. 
 

Some advantages of piezoelectric devices as biosensors are the following: 
 

• The sensing principle is of label-free nature, since their function is based on 
the change of physical parameters, rather than the intensity of a label signal. 
This is greatly advantageous because labeling in sensing, such as fluorescent- 
or radio-based, can cause functional problems to the probed 
molecule/interaction, as it could tamper with the functionality of the 
molecule(s) involved. 

• The processes taking place on the sensor surface can be monitored in real-
time, allowing kinetics analysis and determination of association and 
dissociation constants.  

• They are easy to fabricate and use, and can be produced either in miniaturized 
or larger formats and their sensitivity scales up with operating frequency. 

• Acoustic sensors can probe simultaneously two independent parameters of the 
propagating acoustic wave, corresponding to its energy loss (absorption term) 
and velocity change (propagation term), which makes them more than just a 
microbalance; with proper processing of the measured quantities it is possible 
to extract information about the viscoelastic properties of materials, such as 
the complex shear modulus, rendering the acoustic sensors a powerful tool for 
biophysical studies. 

 
Acoustic sensor devices are categorized into two groups, according to their 

geometry and operation modes: the Quartz Crystal Microbalance (QCM) and the 
Surface Acoustic Wave (SAW) devices (Fig.1.12.). Since these devices are used 
throughout this work (the SAW devices, in particular) they will be described in detail 
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in sec.2. The following section reports the status that SAW-based multi-sensors have 
reached up to date in both gas and liquid sensing. Within this context, the concept of 
the proposed setup will be discussed: its place in multi-sensing, what gaps it bridges 
and what novelties it offers. 

 

sensing area
 

sensing areas
 

(a) (b) 
Fig.1.12. Images of (a) a QCM sensor chip, and (b) a SAW dual-sensor chip. 

 
 

1.6. Existing technology in acoustic multi-sensing platforms 
 
All the well established label-free technologies mentioned in the previous 

sections try to “go multi” and they are almost “tied” in their race towards developing 
such systems, because all of them have problems to solve depending on their 
operating principle. That applies to the piezoelectric sensors as well. Initially, the idea 
to apply multiplicity in sensing began with the implementation of SAW device arrays 
for gas sensing (and is still, more or less, confined to that) [1.40. - 1.43.]. Despite their 
success in gas sensing applications, the challenge remains for SAW-based multi-
analysis in biological fields due to the complexity imposed by the liquid nature of the 
samples. 

In Sandia National Laboratories a SAW-based array for gas sensing has been 
developed, the μChemLab [1.44.]. It is a chemical analysis system that combines 
sample handling (a preconcentrator unit), separation (a miniaturized gas 
chromatography unit), and detection (the SAW array), i.e., a typical μTAS (Fig.1.13.). 

The Rapp group has developed a gas sensor array (Fig.1.14.) and is recently 
working on transferring their technology into a biosensor array [1.45.], utilizing eight 
SAW resonators, operating at 433 MHz; the sensors are intended to be disposable and 
removable from a polymer housing, which integrates fluidics and electronics. In the 
meantime, an array-based apparatus was developed in CAESAR research institute, 
utilizing an array of five SAW devices, operating at 155 MHz (Fig.1.15.) with proper 
microfluidic housing [1.46.] for protein [1.47.] and DNA [1.48.] applications, 
currently being commercially launched by Biosensor GmbH [1.49.]. Other groups 
have used SAW arrays for food quality control purposes [1.50.]. Finally, in QCM-
based systems, Qsense has developed a 4-sensor array, as an evolution of their 
standard equipment. 
 
 
 



Chapter 1  
Microtechnology for Life Sciences 

 17

 
(a) (b) 

 
(c) (d) (e) 

Fig.1.13. (a) Schematic of the μChemLab™ analysis and detection system, (b) 
packaged hand-held μChemLab™, (c) concentration unit consisting of a metal film 
heater and a chemical trap, (d) micromachined gas chromatograph column, (e) SAW 
array on the electronics board. 
  
 

 
Fig.1.14. SAW-based gas sensor array. Dimensions of the board are 60 × 30 mm2. A 
single microsensor (zoomed area) occupies an area of 4 × 4mm2.  
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(a) (b) 

  
(c) (d) 

Fig.1.15. S-sens K5 system: (a) Chip reader with chip inserted, (b) schematic of the 5-
sensor configuration and fluid flow, (c) K5 chip cartridge, (d) microfluidic cell. 
 
1.7. Novelty of this work: concept and realization 

 
All the above cases (either gas or liquid based multi-sensing configurations) 

have one common feature: the multiplicity in biosensing is achieved by placing one 
sensor element next to the other so as to form an array. This approach, is traditionally 
followed also in the other cases of biosensors mentioned before, e.g. 
micromechanical, SPR, and electrochemical. However, in the case of SAW, there are 
some drawbacks in this approach: 

 
1. The detection electronics for one SAW sensor element are quite complicated, 

so, they become even more complex when an array is to be connected to them, 
demanding more complex designs, cumbersome and costful fabrication 
procedures as well as data monitoring systems. 

2. Placing a number of SAW sensor elements one next to the other would 
increase substantially the overall size of the final chip. 

3. There is often lack of reproducibility among the SAW elements of an array. 
This fact results in consuming one or more elements of the SAW array for 
reference purposes; or in other cases, some sensor elements are used so as to 
extract an average value, due to the deviation of response among the 
individual sensors, thus losing the essence of multiplicity. 

4. A sensor array is usually a biochip with a fixed number of sensor elements. 
This means that all the detection electronics and fluidics modules are 
specifically designed for this particular number of sensor elements. This, 
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however, is a quite limiting concept: it offers no flexibility and confines the 
end user to utilize only up to a certain, fixed, number of sensor elements.  

 
Under these circumstances, a new concept of reaching multiplicity is proposed 

and realized in this work. The traditional concept of an array of sensor elements is 
abandoned, and replaced by the concept of an array of sensor sub-areas. In particular, 
it is suggested to use a single sensor for multi-analysis, by dividing its total sensing 
area into individual sub-areas. This compartmentalization is proposed to be achieved 
by means of a microfluidic module, which would create compartments on the sensor 
surface, dividing it into equal fractions of its total area. In this way, each compartment 
will host an individual experiment and a single sensor will be transformed into a 
multi-analyte detection platform. The concept is illustrated in Fig.1.16.  
 

 
Fig.1.16. 3D representation of a single SAW sensor compartmentalized into four sub-
areas. 
 

With respect to the drawbacks faced by the SAW-based multi-sensor setups, 
mentioned above, the new system has much to improve:  

 
1. The microfluidic module can be adapted to any single-SAW sensor. Thus, the 

setup can be adjusted to existent monitoring instrumentation, without the need 
to purchase, modify or upgrade the already existing data acquisition systems. 

2. As the multiplicity is not dependent on the number of sensors, but the number 
of compartments, there is no danger of excessive size of the biochip. In fact, 
the modified setup has the same size as the standard configuration. 

3. In the proposed configuration, the multiple samples are not injected in 
different sensors, but on the same one. Moreover, during preparation or 
surface regeneration procedures of the single sensor (waveguide spin-coating, 
Au thin film deposition, plasma etching, etc, see sec.3.5.) the sensor is 
uniformly processed. Therefore, there are no inhomogeneities among the sub-
areas and any device-dependent inconsistencies (inherently existing in array 
formats) are eliminated.  

4. The fabrication process of the microfluidic module is fast, easy and cheap, so 
on the same wafer there could be modules with varying number of 
microchannels (3-, 4-, 5-channel, etc.). Thus, each of them can be used 
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according to the needs of the user, offering increased flexibility according to 
the demands of each application. 

 
Two weak points of the proposed system that could be mentioned (but 

potentially improved) are the following: 
• Dividing the area into N sub-areas results in a proportional signal reduction. 

However, this can be solved by increasing the sensitivity and/or optimizing the 
geometry of the total sensing area. 

• The samples are injected and detected sequentially in the microchannels. 
Naturally, this way is not as fast as a simultaneous one would be; and there is 
no way to detect N samples simultaneously on a single sensor (this will be 
explained in sec.6.2.1.). However, the overall experimental time with an N-
channel module is still better than N experiments with a total-area device, 
taking into account the time for surface cleaning, regeneration, buffer 
equilibration, etc. Also, the wear of the device is drastically reduced if a sensor 
is used one time for N experiments, instead of N times for N experiments.  

 
Within this context, this work is based on a novel concept for multi-sample 

detection. The overall aim is to develop the new setup and establish it as a new means 
of detecting multiple samples in a versatile, reproducible and reliable way. The 
specific objectives of this work are the following: 

• Selection of the optimum SAW device configuration as the biosensing 
platform for the new microsystem. 

• Design and fabrication of the microfluidic module and test of its functionality. 
• Evaluation of reproducibility and sensitivity of the new setup, upon the 

integration of the microfluidic module with the SAW biochip; establishment 
of the microsystem’s operation for a variety of purposes, such as detection of 
aqueous solutions, protein adsorption and binding, and kinetics analysis for a 
variety of biomolecules. 

• Validation of the microsystem on samples of clinical interest: detection of 4 
different biomarkers responsible for cardiac diseases.  

 
Throughout the thesis, the newly developed setup is termed “μF-on-SAW”, as 

an abbreviation for “microfluidics on SAW devices”. 
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Chapter  2. Description of the microsystem components: 
acoustic devices and microfluidics 

 
 

2.1. Classification of acoustic waves and devices 
 

The propagation of sound waves in a medium has been studied for years now, 
including cases where acoustic waves travel across solids, liquids and gases. Even 
though these waves can exist in all kinds of materials, the acoustic devices are based 
on piezoelectric materials (as described in sec.1.5.4.) because it is possible to excite 
the acoustic waves electrically at their surface or bulk. Thus, acoustic (or 
piezoelectric) devices utilizing these waves for the sensing procedure are categorized 
according to the type of waves they support for the sensing purpose. Based on a 
general classification, the acoustic waves can be divided in two major categories: the 
Bulk Acoustic Waves (BAW) and the Surface Acoustic Waves (SAW); the latter is 
further divided into the Rayleigh SAW, the Shear-Horizontal SAW, and the Love 
waves. The devices/sensors that utilize each of these wave categories are named after 
them, and are briefly described in the following sections.  
 
2.1.1. Bulk Acoustic Waves and devices - Quartz Crystal Microbalance 
 

The term “bulk wave” is generally used to describe waves which are not 
confined to a surface. Bulk elastic waves can propagate in any direction in any solid, 
whether elastically isotropic or anisotropic. Three independent types of bulk waves 
can exist in a medium, namely a longitudinal wave along the wave vector, and two 
shear waves on a plane perpendicular to the wavevector. Given appropriate crystal 
symmetry and orientation (satisfied by some piezoelectric materials such as quartz) it 
is possible that either a shear or a longitudinal component will be produced. Thus, 
standing shear waves can be produced in a medium under specific conditions.  

These principles were exploited for the production of the Bulk Acoustic Wave 
(BAW) devices and sensors [2.1.]. The most common of this “family” is the Quartz 
Crystal Microbalance (QCM), or Thickness-Shear Mode (TSM) resonator, shown in 
Fig.2.1. This device consists of a parallel-sided plate of crystalline quartz sandwiched 
between two circular electrodes. An external oscillating electrical potential applied on 
the piezoelecteric substrate produces internal mechanical stress, which is essentially a 
standing acoustic wave between the two metallized sides. The wavelength has to be a 
multiple of a half wavelength in order for constructive interference to exist, i.e.: 

2
λ

Nd =         (eq.2.1.) 

With 
f
v

λ = , the above becomes 
Nf2

v
Nd = , or 

d2
v

Nf N =        (eq.2.2.) 

where Nf is the Nth excited frequency (with N = 1, 3, 5,…), v is the bulk wave 
propagation velocity and d is the thickness of the crystal. Thus, keeping the same 
substrate, the operating frequency is regulated purely by fabrication parameters, i.e., 
the crystal thickness (e.g., a 5 MHz QCM device is approximately 330 μm thick with 
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disc diameter around 20 mm). Among the available quartz crystal symmetries AT-cut 
is mostly preferred, both because it supports shear waves, and due to its tremendous 
frequency stability (Δf/f = 10-8) and temperature coefficient (almost zero between 0 
and 50 oC [2.2.]).  Typical operating frequencies are of the order of few MHz, e.g. 5 
MHz for the fundamental and 15, 25, and 35 MHz for the harmonics. However, 
because the operating frequency is inversely proportional to the quartz thickness, high 
frequency QCM devices are technically hard to be produced and remain stable, due to 
their fine thickness and consequently high fragility. Upon loading the QCM resonator 
with any kind of sample, the shift in resonant frequency peak, Δf, and the damping of 
the peak, ΔD, are measured, corresponding to various properties of materials, 
depending on the type of loaded sample (for example, viscosity, viscoelastic 
properties, film thickness, etc). 
 

 
Fig.2.1. Thickness-Shear Mode configuration of a BAW device. 

  
 

2.1.2. Rayleigh Waves and SAW devices 
 

In contrast to the Bulk Acoustic Waves, when a wave propagates only on the 
surface or an interface separating two media, it is termed a “Surface Acoustic Wave”. 
In fact, back in 1887, Lord Rayleigh discovered this propagation mode and the 
Surface Acoustic Waves were named after himself as “Rayleigh waves”. In this 
propagation mode, energy is confined very near the surface [2.3.] as the wave 
amplitude decays exponentially within increasing distance from the surface or 
interface. Nowadays, the term “Rayleigh SAW” refers to the wave which has 
compressional and shear components (Fig.2.2.). Under the effect of such a wave, the 
vector of a particle displacement has three components described by: 

      ( ) ( ) ( )∑
=

=
3

1i
i

φj
i

γz-tωj x̂eyuet,z,y,xu i
r        (eq.2.3.) 

revealing an elliptical polarization of the particle trajectory; in eq.2.3. u is the particle 
displacement, ω is the angular frequency, t is time, γ is the complex wave propagation 
factor, and φ is the phase of the displacement; the subscript i corresponds to each of 
the propagation directions [2.4.].  
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(a) (b) (c) 

Fig.2.2. Three kinds of particle displacement (considering the xz plane as the sensor 
surface); (a) transverse shear (shear horizontal), (b) bending, (c) longitudinal 
compression. 
 

Due to their special propagation characteristics, Rayleigh waves were 
exploited in sensor technology, as they were extremely sensitive to surface 
perturbations. Rayleigh waves have been the basis for the development of mass 
sensitive devices for gas sensing. However, in an effort to use them in liquid sensing, 
they present a crucial drawback: due to the out-of-plane components of the particle 
displacement (Fig.2.3.), the interaction of a Rayleigh SAW with a liquid leads to 
severe damping in its direction of propagation, as a result of energy leakage into the 
liquid medium. As a result, Rayleigh SAW was soon considered unsuitable for liquid 
sensing and, consequently, for biosensing.  

 
Out-of-plane polarization

Surface displacement

Out-of-plane polarization

Surface displacement
 

Fig.2.3. Rayleigh mode configuration of a SAW device.  
 
2.1.3. Shear-Horizontal Surface Acoustic Waves and devices 
 

When the particle displacement is perpendicular to the wave propagation 
direction and parallel to the surface plane, then the wave is termed a “Shear-
Horizontal Surface Acoustic Wave (SH-SAW)” (Fig.2.4.). In that case, no other 
polarization of the surface displacement exists (only case (a) in Fig.2.2.) and eq.2.3. 
has only one component: ( ) ( ) ( ) x̂eeyut,z,y,xu γz-tωjφj

x
x=r . Waves of this polarization 

exist due to specific crystal orientation and symmetry (ST-cut, as opposed to AT-cut 
for QCM devices, see sec.2.1.1.). 

The SH-SAW devices implement these waves for efficient sensing of liquids. 
The advantage of SH-SAW over the Rayleigh SAW devices/sensors is that the former 
do not undergo damping due to the adjacent liquid medium. Therefore, any biological 
sensing is based on the SH-SAW devices.  
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Fig.2.4. Shear-Horizontal mode of a SAW device with in-plane, propagation-normal 
particle displacement. 
 
2.1.4. Love waves and devices 
 

In a typical SH-SAW, energy is “leaking” into the bulk of the solid medium, 
along the propagation direction. However, if an elastic layer overlays the medium, a 
guided SH-SAW, the Love wave, is generated, which exhibits no bulk leaking effects. 
In order for Love waves to exist, the shear acoustic velocity in the layer must be lower 
than that in the underlying medium; in addition, specific conditions for the thickness 
and the acoustic properties of the overlayer must be met in order for it to act as an 
acoustic waveguide [2.5.]. The overlayer thickness and acoustic properties (density 
and shear modulus) define the optimum waveguide conditions and the extent to which 
the acoustic energy is transferred into the overlayer. The sensitivity to mass loading is 
thereby increased by concentrating the energy in this layer. The optimal thickness of 
the layer will depend on both the density and the shear velocity, and can be 
determined both theoretically and experimentally [2.6.].  

The concentration of the wave energy in the guiding layer due to its lower 
shear acoustic velocity than the substrate can be easily viewed from the following 
mathematical notation. The energy density U and wave velocity v are related via the 
power density v.UP = . Differentiating dU/dv (i.e., how the energy density changes 
with wave velocity), we get:  
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=⇒=        (eq.2.4.) 

The latter expresses a fundamental relation between the wave energy density 
and velocity for a system excited at a given frequency; it theoretically confirms that, 
in the Love wave configuration where the overlayer has a lower acoustic velocity than 
the substrate, energy density increases within the waveguide layer.   

This fact is exploited in sensing applications. When a guiding layer is placed 
on an uncoated SH-SAW device it turns into a Love wave device and combines both 
(i) the shear-horizontal nature of particle displacement (which allows operation in 
liquids), and (ii) the acoustic energy concentration/“entrapment” near the layer/sample 
interface (which increases the sensitivity). 
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2.1.5. Building blocks of a typical Love wave device  
 

Since Love wave devices are the ones used in this work, the “architecture” of 
a typical such device is analyzed (Fig.2.5.). The main components are: (i) 
piezoelectric substrate (quartz), (ii) metallization area and InterDigital Transducers 
(gold), (iii) waveguide layer (polymer), (iv) shear-horizontal particle motion (the 
signs “  and ” denote  particle displacement perpendicular to the paper plane), (v) 
liquid sample, sensed within a penetration depth, δ.  

δ = 50nm

k
r

Liquid sample in penetration depth, δ
Shear-horizontal particle motion
Polymer waveguide (PMMA)
Metallization area, IDTs and contact pad (gold)
Piezoelectric substrate (quartz)  

Fig.2.5. Typical components of a Love wave device. 
 
(i) Piezoelectric substrate 

 
The most widely used material for acoustic devices is quartz, a crystalline 

form of SiO2. It offers the advantage of low temperature coefficient compared to other 
piezoelectric materials, which renders it quite insensitive to environmental 
temperature changes. It is available in a number of crystallographic orientations 
according to the desired applications. For example, ST-cut is commonly used for 
SAW devices, whereas AT-cut quartz for QCM sensors; the crystal cut of the 
piezoelectric substrate should also be carefully chosen, as it defines whether the 
acoustic wave will be an SH-SAW (i.e., suitable for liquid applications) or Rayleigh 
SAW (unsuitable for liquid sensing). 

Some special ceramic materials are often used as piezoelectric substrates for 
SAW sensors, such as lithium niobate and tantalate (LiNbO3 and LiTaO3, 
respectively), because they have a large acoustomechanical coupling coefficient, i.e., 
they offer a high conversion efficiency between the electric and the acoustic energy. 
For this reason, fewer pairs of IDTs (see next section) need to be used than with 
quartz. Also, sensors based on these materials can even be immersed into liquids, 
unlike quartz, without severe distortion of the wave, which is of great importance to 
liquid-based chemical and biosensors. The optimum crystallographic orientations that 
have been determined for these materials are 41°-rotated Y-cut for LiNbO3 and 36°-
rotated Y-cut for LiTaO3. However, these substrate materials suffer from a large 
temperature coefficient. As a consequence, thermal fragility is a problem, as well as 
the extreme temperature stability that needs to be kept during the use of these 
substrates for biosensing.  

Other materials used in acoustic wave devices are ZnO and AlN, primarily due 
to their compatibility with Si technology and processing, as well as their integration 
capacity. 
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(ii) InterDigital Transducers (IDTs) 
 

The excitation and detection of SAW is almost exclusively achieved by using 
InterDigital Transducers (IDTs) (first reported in 1965 [2.7.]) in contrast to previous 
methods utilizing mechanical coupling between the transducer and the piezoelectric 
material. The IDTs comprise of a comb-like structure, as shown in Fig.2.6. The design 
of the IDTs should be carefully made, as it determines the electrical impedance, the 
operating frequency, bandwidth and sensing area of the device. The metal film used to 
make the IDTs should be thick enough, to offer low electrical resistance, and thin 
enough, to avoid excessive mechanical load to the acoustic wave. Typical materials 
for IDTs are aluminum or gold, with nominal thickness around 100 nm. In case of 
gold, a thin layer (~10 nm) of chromium of titanium should be deposited between the 
substrate and the gold for adhesion purposes. Standard photolithographic techniques 
are used for the IDTs fabrication, which include only a few steps, as the pattern itself 
is not complex. Deposition methods commonly used are evaporation (thermal or e-
beam) or sputtering. In addition, a metallization between the IDT sets (optional, in 
general, see Fig.2.5.) as well as the contact pads are made of the same metal. 

 

 
Fig.2.6. SEM image of IDT sets from the 155MHz quartz SAW device used; the thick 
vertical section is the common metal pad. 
 

When a radio frequency is applied on the input IDT set, the time-varying 
voltage results in a synchronously varying mechanical deformation of the 
piezoelectric substrate and, eventually, in the generation of a propagating acoustic 
wave. The wavelength λ exited by the IDTs is equal to the periodicity of the 
transducer pattern, d (Fig.2.7.); the velocity v of the wave has a specific value for a 
given substrate. Thus, the operating frequency is defined by fo = v / λ, or, fo = v / d, 
and it is only dependent on the structural parameter, d, of the device. In general, IDT 
geometry features, such as electrode width, spacing, number of finger pairs and 
acoustic aperture are important design parameters for SAW device fabrication, and 
the optimum specification according to the desired application is most often 
accomplished with sophisticated computer software and simulations.  
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acoustic pathlength

acoustic 
aperture

sensing area

periodicity, d

d/4 d/4  
Fig.2.7. Typical features of IDT geometry and sensing area. 
 
 
(iii) Waveguide layer 
 

As it was mentioned, the Love wave device configuration makes use of a 
waveguide layer for sensitivity enhancement. The main parameters for the selection of 
the waveguide material are its density and sound velocity, as well as its thickness. It 
has been shown that a waveguide becomes more efficient as the material density 
reduces with parallel reduction of the acoustic velocity in it [2.6.] (Tab.2.1.). 
 
Tab.2.1. Typical SAW waveguide materials. 

Material Shear acoustic 
velocity (m/s) Density (kg/m3) Thickness (μm) 

Fused silica (SiO2) 3764 2200 12 
Gold 1200 19700 1-2 

PMMA 1100 1180 3 
 

In order for a film to act as an acoustic waveguide, it should be quite thinner 
than the wavelength (the latter being calculated in the film). In addition, the sound 
velocity in the waveguide material should be smaller than that in the piezoelectric 
substrate.  

Typical materials used as acoustic waveguides are SiO2 and polymer films. 
SiO2 is usually deposited via Plasma Enhanced Chemical Vapor Deposition (PECVD) 
or other time- and money-consuming processes, and a thickness of a few μm is 
necessary for efficient waveguiding. On the other hand, polymer films are deposited 
via spin-coating, which is faster and cheaper method than PECVD and films of up to 
1 to 1.5 μm thickness are required to guide the acoustic wave. However, due to the 
polymeric nature of the waveguide, these devices are not compatible with chemical 
treatment using organic solvents. In our case, a PMMA waveguide was used, which 
was spin-coated over the entire sensing area and the IDT sets (the color in Fig.2.5. 
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corresponding to the waveguide is deliberately semi-transparent, to denote that the 
film covers the IDTs as well). 

 
2.2. Operating principle 
 

The schematic in Fig.2.8. describes in short the operating principle of acoustic 
sensors. An oscillating voltage is applied at the input set of IDTs. Due to the 
piezoelectric nature of the substrate the generated oscillating electric field induces a 
synchronously harmonic mechanical oscillation which is transmitted through the 
crystal as an acoustic wave (in particular, having a shear horizontal polarization of 
particle displacement). Like any wave, it is characterized by amplitude and phase. 
When a surface perturbation of any kind takes place (for example mass or viscoelastic 
loading in air or liquid environment, adsorption, binding, etc.) the wave parameters 
change as a result of this surface perturbation: amplitude change is related to energy 
losses in the medium where the wave propagates, and phase is related to wave 
velocity changes due to mass and viscoelastic properties of the sample. Eventually, 
due to the inverse piezoelectric phenomenon, the perturbed mechanical (acoustic) 
wave is transformed into an electric field (or, equivalently, electric potential) which is 
detected by the receiver set of IDTs and is registered as detected signal.  Then, it is up 
to analytical and/or numerical calculations, simulations and models to correlate the 
signal change with the parameters of interest characterizing each examined sample. 
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Fig.2.8. Schematic representation of the acoustic wave sensor operating principle. 
 
 
2.3. Introduction to microfluidics 
 

“Microfluidics” is a multidisciplinary field converging engineering, physics, 
chemistry, microtechnology and biotechnology, with practical applications to the 
design of systems in which small volumes of fluids are used, and expands in 
theoretical, computational and fabrication/production directions. It describes the 
fluidic behaviors at the micro/nanoscale and the engineering of design, simulation, 
and fabrication of the fluidic devices for the transport, delivery, and handling of fluid 
volumes of the order of microliters or smaller. Microfluidic devices and systems 
handle fluid samples in this range for various applications, including inkjet printing, 
blood analysis, biochemical detection, chemical synthesis, drug screening/delivery, 
protein analysis, DNA sequencing, and so on. Microfluidic systems consist of 
microfluidic platforms or devices for fluidic sampling, control, monitoring, transport, 
mixing, reaction, incubation, and analysis. To produce microfluidic systems, 
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microfluidic devices must be functionally integrated on a platform using proper 
micro/nano fabrication techniques. 

Microfluidic devices offer the ability to work with smaller reagent volumes, 
shorter reaction times, and the possibility of parallel operation. The fundamental 
hypothesis for all micrometer-scale systems, concerning flow, is the fact that they are 
dominated by diffusion. The time tD it takes for a molecule to travel a distance L, 
during diffusion, is: 

     
D
L

t
2

D =         (eq.2.5.) 

where D is the diffusion coefficient. Thus, it is obvious that, miniaturizing the 
dimensions, diffusion time is also reduced proportionally to the square of the 
dimensions. Thus, a process duration (and furthermore, the time to acquire the 
response signal in sensors) can be reduced from hours to minutes.  

From the technological point of view, the ease and cost-effectiveness of the 
microfluidics fabrication processes is an additional advantage to their usage. In fact, 
unlike microelectronics, where there is great competition on “who will be more nano” 
and as small as possible dimensions are desirable, in microfluidics this is not the case. 
For fluid transport, channels with dimensions from a few microns to a few hundreds 
of microns are enough. In addition, inexpensive materials are often used. All the 
above are important reasons for the catching up of microfluidics. Eventually, even 
though microfluidics is not the actual final target but just a constituent part of a more 
complex analytical system (μTAS, lab-on-a-chip, etc.) the latter would never exist 
without the microfluidics development. The miniaturized nature of microfluidics is 
remarkably useful for μTAS when very little sample quantities are available, and 
when reduced cost of research (and/or of a potential commercial device) is desired. 
 
 
2.4. Materials for microfluidics fabrication 
 

Various materials are used for the fabrication of microfluidic devices and 
systems. Silicon is one of the most popular materials in micro/nano fabrication 
because its micromachining has been well established over decades. In general, the 
advantages of using silicon as a substrate or structural material are its good 
mechanical properties and excellent chemical resistance, the well characterized 
processing techniques, and the capability for integration of control/sensing circuitry as 
a semiconductor. Other materials such as glass, quartz, ceramics, metals, and 
polymers are also used for substrates and structures in micro/nano fabrication, 
depending on the application. Among these materials, polymers have recently become 
promising materials for lab-on-a-chip applications, due to their excellent material 
properties for biochemical fluids and their low cost manufacturability. 
 
2.4.1. Silicon  
 

It is most reasonable to consider that silicon would be the first candidate 
material for the fabrication of microfluidic devices, since so much processing 
technology has been developed and established around it [2.8.]. Silicon is structured 
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mainly by means of wet etching (i.e., immersion of the wafer after proper pre-
processing, in a highly chemically active solvent which “eats away” the exposed 
silicon) or dry etching (see sec.2.5.5.). The fabricated features may have rounded, 
trapezoidal, or vertical walls, according to the isotropic or anisotropic nature of the 
etching. However, the use of silicon for microfluidics presents some drawbacks, such 
as the high operational cost for silicon microstructuring techniques and lack of 
biocompatibility, which have led the researchers to turn to other materials for 
microfluidics-oriented purposes. 
 
2.4.2. Glass 
 

The main reasons for using glass for biomedical microdevices are its high 
mechanical strength, chemical resistance, electrical insulation and wide optical 
transmission range. A typical example is the use of glass for electrophoresis devices. 
Special types of glass such as Foturan [2.9.] can also be structured with 
photolithography after treatment to render them photosensitive. UV-radiated 
amorphous glass crystallizes and these areas can be removed selectively by a 
subsequent etch process in hydrofluoric acid. Special types of glass are often 
processed using laser micromachining. 
 
2.4.3. Polymers 
 

Silicon as a substrate material is not very compatible to biomedical 
applications. Adding the fact that microfluidic devices are intended to be disposable 
(especially as parts of diagnostic chips) silicon- and glass-based modules increase 
substantially the production cost. That is why polymers are often selected, instead, 
and fully polymeric chips offer the solution to problems of biocompatibility as well.  
Apart from these major advantages, polymers are optically transparent and they can 
be surface treated in order to create functional groups or modify them accordingly and 
tailor their surface properties.  

PMMA, also known as plexiglass, is one of the primary polymers used for 
microfluidic purposes. It can be applied on a substrate in various thicknesses and 
solidifies by heating. It offers high chemical resistance and good electrical insulation. 
Its surface properties can be modified chemically to suit its application and it can be 
processed to form the desired shape by means of hot embossing, laser machining, as 
well as plasma etching [2.10.]. 

PDMS is a polymer that has an inorganic siloxane backbone with methyl 
groups attached to silicon [2.11.]. The prepolymer and curing agent of PDMS are both 
commercially available. PDMS has an elastomeric nature and can be micromachined 
using replica molding. Harder versions of PDMS (h-PDMS [2.12.]) have higher 
modulus and can be used according to the application requirements. Finally it is 
biocompatible, since even mammalian cells can be cultured directly on this material. 

SU8 is an epoxy based resin and can be structured with conventional 
photolithography. SU8 is a versatile material for microfluidics: it can either be used 
by itself, as the structuring material for microchannels, or it can play the role of the 
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mold, with its structures transferred on most polymers through replica molding. It is 
chemically stable and resistant to most acids and other solvents [2.10.]. 

Cyclo-Olefin Copolymer (COC) is a promising plastic substrate due to its 
chemical resistance to acids, bases, and most of the polar solvents. It is optically 
transparent down to 250 nm and its surface treatment remains more stable in time than 
PDMS, with most commonly used buffers. On top of that, it exhibits biocompatible 
properties, which is essential for healthcare-targeted microfluidic systems [2.13.]. 
 
 
2.5. Polymer microfabrication processes for microfluidics production 
 
2.5.1. Replica molding - Soft lithography 
 

Soft lithography [2.14., 2.15.] refers to a family of techniques for fabricating 
or replicating structures using elastomeric stamps, molds, and conformable 
photomasks. It is called "soft" because it uses elastomeric materials, most notably 
PDMS. Soft lithography is generally used to construct features measured on the 
micrometer to nanometer scale. The development of soft lithography expanded 
rapidly during the period 1995 to 2005. This method has some unique advantages 
over other forms of lithography (such as photolithography and electron beam 
lithography) which are: 

• Lower cost than traditional photolithography in mass production 
• Well-suited for applications in biotechnology and plastic electronics 
• Well-suited for applications involving large or nonplanar (nonflat) surfaces 
• Does not need a photo-reactive surface to create a nanostructure 

 
2.5.2. Injection molding 

 
The process of injection molding requires a structured mold and a 

thermoplastic polymer. The mold consists of two parts, usually made of steel or 
aluminum, which are brought together; the molding tool is closed, evacuated and 
heated above the glass transition temperature of the polymer to be structured. The 
thermoplastic polymer fluid is injected in the mold under high pressure and travels to 
the cavity walls. Subsequently, both the mold and the polymer are cooled down and 
the polymer is demolded [2.16.]. Various combinations of this method can be applied, 
in order to improve the performance of the method and to expand its use to materials 
that are not thermoplastics.  
 
2.5.3. Hot embossing 
 

In hot embossing, a thermoplastic material is inserted into a molding machine 
and formed under pressure. Hot embossing requires heat and compression and is 
performed in a properly structured mold-press. In short, a thermoplastic foil is placed 
between two mold inserts. The two inserts approach each other and “trap” the foil 
with simultaneous heating above its softening temperature. Finally, the polymer is 
cooled and demolded, having acquired the desired structure (and keeping a residual 
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layer, which is the main disadvantage of this method). Structures in the micro and 
nano scale may be fabricated, and nickel or silicon molds may be used [2.16.]. 
 
2.5.4. Stereolithography  
 

In stereolithography, a computer-driven laser scans a photocurable resin 
causing photopolymerization in a layer-by-layer manner, building the structure in 
“planes” from the bottom moving upwards. The design of the desired object is drawn 
in CAD and is linked to x-y stages for moving the laser. Polymerization takes place at 
the focal plane of the laser, which can be turned on and off for selective structuring. 
With refined variations of this method, fine structures down to a few microns can be 
reached. A major advantage of this method is that it requires no mold, as it is a direct-
write technique and it can create 3D structures of arbitrary shape (as long as they can 
be designed with CAD) and even 3D hollow structures such as tubes, pipes, etc. 
[2.17., 2.18.]. 

 
2.5.5. Plasma etching 

 
Plasma etching and in particular, Deep Reactive Ion Etching (DRIE), is an 

alternative technology to soft lithography for the fabrication of microfluidic devices 
[2.19.]. It uses chemically reactive plasma in order to remove material deposited on 
wafers. The reactive gas depends on the material to be removed, for example SF6 and 
O2 have been used for the etching of PDMS and PMMA, respectively [2.20.]. Under 
proper conditions, the etched structures have (near) vertical walls, which is the desired 
condition for microchannels and fluidic chambers. A major difference of this method 
is the lack of replication methods and the more massive production of devices using a 
plasma etching chamber.  
 
 
2.6. Examples of microfluidic devices 
 

The following examples describe microfluidic devices either as components of 
larger systems, or as a complete system. They are meant to demonstrate that a 
microfluidic platform does not have to be of complicated nature in order to be 
functional. On the contrary, the examples in sec.2.6.1. and sec.2.6.2. indicate that 
simple structures can offer much added value to an integrated microfluidic-based 
system. 
 
2.6.1. On-chip chromatography 
 

Even though microfluidic components are often of passive nature, adjusting 
their dimensions and their fabrication material can transform them into valuable 
components performing liquid processing at a miniaturized level. A typical example is 
chromatography; this well-known separation technique which needs cumbersome, 
expensive and bulky bench-top equipment can be transferred on-chip. The idea was to 
integrate all the components of a typical chromatographic column into a wafer 
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substrate by micromachining them. In particular, RIE of quartz has been employed to 
produce a liquid chromatographic chip with an array of 10-μm-high, 5 × 5 μm sized 
rectangular columns to act as support for the stationary phase in the 4.5-cm-long, 150-
μm-wide separation chamber (Fig.2.9(a); columns instead of spheres were used, due 
to easier fabrication). Moreover, uniformity of distribution (before the column) and 
collection of analytes (after the column) was essential, and was achieved via a 
micromachined network (Fig.2.9(b), taken at the entrance of the separation column). 
The pillars are treated appropriately so that the stationary phase will adsorb on them 
(e.g., electrostatically [2.21.]) for the actual chromatography procedure.  

 

 

 
(a) (b) 

Fig.2.9. SEM image of the inlet splitter (a), and the initial part (b) of a 
micromachnined stationary phase support, intended for microchip chromatography 
[2.22.]. All features have been etched with RIE. 
 
 
2.6.2. Micromosaic Immunoassays  
 

A group in IBM Zurich has proposed a simple, easy-to-fabricate and use 
method to conduct immunoassays based on microfluidic networks (μFN), essentially 
parallel channels of a few microns in width [2.23.].  Microfluidic networks have high-
resolution and high-contrast capabilities for simultaneously patterning lines of 
proteins onto a surface.  

The microchannels were fabricated on a silicon substrate using RIE and then 
covered with a PDMS substrate.  Various methods could be used for fluid propulsion, 
but they employed the capillary force, due to the size and hydrophilicity of the 
microchannels’ walls. Under these circumstances, various antibodies were loaded at 
the input pads of the microchannels. As they flowed along the microchannels, stripes 
of antibodies were patterned on the PDMS sealing surface. After a blocking step with 
BSA, the μFN was rotated 90o and used again, so as to inject a series of analytes over 
the pre-patterned antibodies (Fig.2.10(a)). This assay was termed a “micromosaic 
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immunoassay (μMIA)” because it places a series of ligands and analytes along 
micrometer-wide intersecting lines, thus providing a mosaic of signals from cross-
reacted zones (Fig.2.10(b)). The resulting binding pattern can then be readily 
evaluated when analytes are tagged (two-step immunoassays) or can be developed by 
binding a fluorescent- or enzyme-conjugated antibody to the analyte (sandwich-type 
immunoassay).  

  
(a) (b) 

Fig.2.10. (a) Operating principle of μFN, (b) 8 × 8 μMIA representing the 
experiments and their outcome as revealed simultaneously in the immunofluorescence 
color channels. The mosaic (bottom) appears to be in agreement with the expected 
pattern (top). 
 
2.6.3. Microfluidics on a CD 
 

A very interesting and smart application of microfluidic systems in based on a 
CD-like configuration (Fig.2.11(a)). In a setup like this, several microfluidic functions 
such as flow sequencing and mixing can be integrated into a CD by balancing the 
centrifugal and capillary forces. At a static or low speed condition, the liquid does not 
move due to capillary confinement. By spinning the disc, the capillary force is 
overcome by the centrifugal force and the fluid is pumped from the center towards the 
edge of the disc. During this route, the liquid meets reservoirs, mixers and reaction 
chambers. Whether it stays there and for how long, is controlled by manipulating the 
spin velocity of the disc, as well as the dimensions of the fluidic components. Samples 
on the CD can be analyzed by coupling the CD drive with an optical detection system 
(e.g. absorbance or fluorescence based), compatible with a modified CD reader 
apparatus (Fig.2.11(b)). This “lab-on-a-disc” platform, as it is termed, has the 
advantages of low cost fabrication, easy operation, fast response, which make it 
suitable for point-of-care applications in diagnostic centers.  
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This configuration has been investigated by several groups [2.24. - 2.26.] and 
has been used in DNA hybridization, protein analysis, immunoassays, etc. In fact, 
Gyros company [2.27.] has developed a high throughput system based on this 
principle. It is capable of accomplishing parallel assays, due to the robotic handling 
and dispensing of liquids, while the miniaturized reaction chambers allow several tens 
of reactions to be performed on a CD (Fig.2.12.). 
 

reservoirs

  
(a) (b) 

Fig.2.11. (a) CD-based microfluidic platform (inset: SEM image of a reservoir), (b) 
Bio-Disk reader, developed at IMTEK [2.28.]. 
 
 

(b)

(a)

(c)

(d)

 
Fig.2.12. Gyrolab xP apparatus: (a) main unit, (b) microplate carousel, (c) laser-
induced fluorescence detector, (d) CD spinning station; zoom on a CD area and on a 
microfluidic unit. 
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Chapter  3. Experimental instrumentation 
 
 

This section describes the measurement instrumentation and experimental 
techniques used throughout the project. They are summarized in this chapter as they 
were repeatedly used in the experiments with all kinds of samples, no matter whether 
the standard flow configuration was used, or the μF-on-SAW one. Figure 3.1. shows 
the connections among the various instruments/components as they were used in 
measurements with μF-on-SAW setup. The various components and instruments are 
described in the following sections of this chapter.  

 

Network Analyzer

Switch control

C
oa

xi
al

 c
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samples’
inlet

outlet to waste

Syringe
pump

 
Fig.3.1. Schematic of the connections between components in a typical biosensing 
experiment using the μF-on-SAW configuration. 

 
3.1. Network Analyzer 
 

As it was described in sec.2.2., the operating principle of an acoustic sensor is 
the interaction of an acoustic wave with matter. However, the input (as well as the 
output) of an acoustic device is actually an electric signal, which is “transformed” into 
a mechanical oscillation only due to the piezoelectric phenomenon. Thus, what is 
eventually measured, is some electrical properties, which are then correlated to the 
wave characteristics (amplitude and phase). For this reason, an electronic apparatus is 
needed in order to probe the change in electrical features of the sensor. This apparatus 
is called Network Analyzer and, although misleading, the term “network” clearly has 
nothing to do with computer networks; it refers to electric networks, instead. Such a 
machine is used to measure electrical parameters of devices, systems, components, 
etc, which are connected to it.   
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More specifically, in our case it is used to measure the transmission 
coefficient, or scattering parameter (S21), i.e. the ratio of output over input voltage: 

φ)-t(ωi
in,o

tωi
out,o

in

out
21 eV

eV
V
V

S ==        (eq.3.1.) 

The scattering parameter, S21, is the one (among others) that corresponds to the 
transmitted signal. As both Vin and Vout are complex quantities, their ratio is complex 
as well, and the Network Analyzer measures both the magnitude of S21 (usually the 
logarithmic magnitude, termed “insertion loss”, expressed in dB) and its phase, 
expressed in degrees (deg). Because the insertion loss corresponds to the amplitude, 
these two terms will be interchanged in the text.  

Insertion loss and phase are plotted against a span of frequences, revealing the 
frequency response of the sensor; the frequency peak is selected as the operating 
frequency, as it is the one where the losses are minimum and thus, the maximum 
energy is transmitted through the device. A typical spectrum of insertion loss and 
phase vs. frequency appears in Fig.3.2., indicating how the signal change is measured. 
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Fig.3.2. (a) Insertion loss vs. frequency during the propagation of the acoustic wave, 
(b) phase vs. frequency. Dashed and solid lines correspond to a sensor response prior 
and after sample loading, respectively. 
 

The apparatus that was used for all the experiments was an HP 8753ES 
Network Analyzer (NA) (Fig.3.3.). A switch control unit (Agilent 3499A) was 
connected to the Network Analyzer in order to probe both sensor elements of the dual 
chip simultaneously. Measurements of amplitude and phase changes (ΔΑ and ΔPh, 
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respectively) were performed at the transmission regime and an HPVEE software was 
used for data acquisition. A marker was “following” the peak of the insertion loss vs. 
frequency spectrum (Fig.3.2.) probing the damping and shift of the peak 
(corresponding to the insertion loss and phase changes). Data points were recorded 
every 30 s.  

 

Switch control

Network Analyzer

Switch control

Network Analyzer

15 MHz span

 
Fig.3.3. Network Analyzer and switch control unit. The insertion loss vs. frequency 
spectrum is visible on the screen for a 15 MHz frequency span. 
 

The sensor chip was tightly mounted on a metal holder and was connected to 
the Network Analyzer via coaxial cables. For the experiments utilizing the total 
sensing area, the standard flow cell was used (dual flow cell for the dual sensor chip). 
It is made of plexiglass, with four metal tubings permanently fixed for fluid in- and 
outlet. In addition, a rectangular rubber gasket was used to facilitate smooth contact 
between the flow cell and the pressure-sensitive device (Fig.3.4.). 

 
Position of the SAW chip

to Network Analyzer 
& switch control  

metal adaptors for tubes assembly
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rubber gasket attachment  
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coaxial cable

flow tubes

rubber gasket

SAW device

 
(c) 

Fig.3.4. (a) Metal holder, (b) flow cell, and (c) assembled components of a standard 
SAW configuration. 
 
 
3.2. Surface Plasmon Resonance 
 

The Surface Plasmon Resonance (SPR) optical biosensor SR7000 from 
Reichert (Fig.3.5(a)) was used in order to verify some results that emerged from the 
acoustic measurements (sec.9.). SPR principle was briefly described in sec.1.5.2. In 
the particular system the laser beam was at 780 nm wavelength. The sensor chip 
(XanTec bioanalytics GmbH), like the majority of the SPR chips, was a 1×1 cm glass 
slide, with a 50 nm gold layer on top (Fig.3.5(b)). The chip was mounted on the 
apparatus and sealed with a plastic flow cell; the sensing area, as defined by the laser 
spot, was 12 mm2.  
 

  
(a) (b) 

Fig.3.5. (a) The SPR SR7000 apparatus used, (b) typical sensor chip mounted on the 
SPR biosensor. 
 

In a typical SPR setup a gold-coated glass slide is in contact with liguid (from 
the gold side) and the reflected light beam on the glass side is detected. When a light 
beam hits the chip there is a particular incidence angle above which total internal 
reflection (TIR) takes place. Although no light is coming out of the prism in TIR, the 
electric field of the photons is not zero, but extends about a quarter of a wavelength 
beyond the reflecting surface. For a specific incidence angle, the photons interact with 
the electron clouds of the gold, and are transformed into surface plasmons. This 
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happens when the wave vector of light equates the plasmon wave vector. This 
resonance effect enhances the electric field amplitude, which is of evanescent nature 
and decays within a penetration depth of a few hundreds of nanometers into the 
liquid. The plasmon resonance (and energy loss from the photons) appears as a sharp 
drop in the reflected intensity reaching the detector. The angle at which this intensity 
minimum occurs changes proportionally to the refractive index at the surface, which, 
in turn, is proportional to the bound mass, i.e., the surface concentration, Γ. Thus, 
surface concentration is calculated via the change in the angle of resonance minimum. 
As soon as Γ in known, the film thickness, d, can be deduced from [3.1.]: 

Γ
dc
dn

nΔd =•         (eq.3.2.) 

where Δn is the refractive index difference between the pure buffer and the pure 
protein film, the latter being taken as 1.41 [3.2.], [3.3.]. The refractive index 
increment, dn/dc expresses the proportionality between the refractive index of protein 
solutions and their bulk mass concentration and is given by dn/dc = 0.188 ml/g [3.4.]. 
This value has been observed for a variety of proteins and for solutions up to very 
high concentrations (almost 50 % w/w); thus, extrapolation from bulk protein 
solutions to protein films (where the concentration is typically higher than 50 %) can 
be made. 
 
3.3. Pumping systems 
 

The biosensing experiments carried out throughout the project were performed 
in a flow-through manner, rather than static one, making the use of pumping systems 
necessary. In particular two types of pumps were used:  

(i) Peristaltic pump: For the experiments with the standard flow cell (when 
the total sensor surface was used) a Gilson peristaltic pump promoted fluid 
propulsion (Fig.3.6(a)). The flow rate was kept at 20 μL/min; PVC tubes 
of 0.25 mm inner diameter were adjusted to the flow cell. 

(ii) Syringe pump: For the experiments where the newly developed μF-on-
SAW setup was used, a syringe pump (HARVARD PHD2000 
programmable, Fig.3.6(b)) was considered more appropriate due to its 
better flow stability and compatibility with the narrow capillary tubes 
attached to the microsystem. The flow rate was set 5 μL/min; 1 mL plastic 
disposable syringes were used with the pump and special capillary tubes 
were attached (see sec.5.4.). The syringe pump was preferred over the 
peristaltic (used with the standard configuration) for the μF-on-SAW setup 
because it can reach lower and more stable flow rates, which is reflected at 
the signal as smooth baseline. 
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(a) (b) 

Fig.3.6. Pumps used during the experiments: (a) peristaltic pump, for the experiments 
with the standard flow cell, (b) syringe pump, suitable for the μF-on-SAW setup. 
 
3.4. Spin coating 
 

Spin-coating was used in order to deposit the polymer waveguide on the 
sensor chip. It is a fast and easy procedure, without need of sophisticated equipment. 
The thickness of the deposited film depends primarily on the spinning speed: the 
higher the speed the thinner the film. Other deposition parameters that affect the 
thickness are the spinning time, as well as the acceleration steps before reaching the 
final coating step; temperature, solvent and concentration of the solution are some 
other affecting parameters.  

In our case, the various waveguide thicknesses were achieved by keeping the 
spinning parameters constant and altering the concentration of the PMMA solutions, 
which were 8%, 14%, and 17%. The % concentration in this case was calculated as 
gPMMA / gsolvent , where solvent was was 2-ethoxyethyl acetate-EET (>99%, Aldrich). 
The film thickness was measured experimentally with profilometry and was in 
agreement with published data [3.5.]. The correspondence between PMMA solution 
concentration and film thickness (error is ±0.10 μm) was:  
 

• 8% PMMA      0.35 μm 
• 14% PMMA    0.70 μm 
• 17% PMMA    1.10 μm 

 
The following table and corresponding figure indicate the procedure during 

spinning (“ramp” represents the acceleration and refers to the time needed to reach the 
desired speed). 

Thermal treatment in an oven at 200 oC for 2 h followed the spin-coating of 
the device, in order to achieve solvent evaporation and PMMA solidification. It 
should also be noted that the uniformity of PMMA thickness is essential for the 
proper operation of the μF-on-SAW setup, especially for the reproducibility of 
sensitivity among the sub-areas. 
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Tab.3.1. Spin coating protocol 

 
3.5. Gold sputtering and plasma etching 
 

On top of PMMA waveguide a 20-nm-thick Au layer was sputter coated to 
facilitate biomolecule adsorption. A Bal-Tec SCD 050 sputter coater was used. Au 
targets were also acquired from Bal-Tec. Argon was the sputtering gas and the 
chamber pressure was set at 4 × 10-2 mbar prior to sputtering, with the current being 
40 mA. During the sputtering procedure of the SAW sensor chip, an in-house mask 
was used, with which: (i) the IDT areas were protected so as to avoid short circuiting 
via Au deposition between the IDTs, and (ii) both devices’ sensing areas were 
simultaneously coated with Au. After sputtering, the device was baked at 150 oC for 
30 min to ensure better adhesion between the Au and PMMA. 

As the biochips were not disposable, their full re-usability should be ensured 
by regenerating the Au surface after each experiment. Chemical methods with organic 
solvents for removal of the adsorbed biomolecules were avoided, as they would 
dissolve the PMMA waveguide. Thus, a physical (in contrast to chemical) process 
was followed for surface cleaning and regeneration; plasma cleaning. Plasma cleaning 
involves the removal of impurities and contaminants from surfaces through the use of 
energetic plasma created from gaseous species (atmospheric air in our case). Lower 
energy plasmas are used for plasma cleaning versus plasma etching purposes. The 
plasma is created by using high radio-frequency to ionize a low pressure gas. The 
energetic, ionic species diffuse towards the surface, adsorb and react with species on 
the surface to be cleaned. Gaseous products are often formed, which are removed by a 
vacuum system (a mechanical pump in our case). The energetic species also clean the 
surface by collision with the surface, knocking off species from the surface.  

The used system was the Expanded Plasma Cleaner & Plasma FloTM 
(Fig.3.8.). The etching conditions were 600 mTorr chamber pressure, 5 min etching 
time with 30 W power applied to the RF coil. With proper calibration, it was observed 
that under these conditions, no substantial removal of the top gold layer existed, so the 
biochip was re-used for several times. 
 

Parameters 
 

Values 
 

Speed-1 (rpm) 1900 
Accelleration-1 (“ramp1”, s) 6 

Time-1 (s) 3 
Speed-2 (rpm) 3000 

Accelleration-2 (“ramp2”, s) 2 
Time-2 (s) 2 

Speed-3 (rpm) 4000 
Accelleration-3 (“ramp3”, s) 3 

Time-3 (s) 30 
Deceleration (“ramp4”, s) 10 

 
Fig.3.7. P6700 spin-coater model, 

Specialty Coating Systems Inc. 
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plasma chamber  
Fig.3.8. Expanded Plasma Cleaner & Plasma FloTM from Harrick Scientific Corp.  
 
3.6. Biomolecules used in the work 
 

The biomolecules used in this work are the following (just mentioned here 
because their description and reasons why they were selected are discussed 
appropriately in the suitable section where they belong): 

• Neutravidin (Pierce) and Protein G (Calbiochem) for binding with biotinylated 
molecules (b-PrG, b-PrA, b-BSA, b-IgG, from Sigma) and IgG, respectively. 
For details, see sec.6.3.2. 

• Cardiac biomarkers and their corresponding antibodies for the clinical 
application: Creatine Kinase MB (CK-MB) and a-CK-MB mAb were 
purchased from RayBiotech Inc. and Santa Cruz Biotechnology Inc., 
respectively. Cardiac Reactive Protein (CRP) and a-CRP mAb, D-dimer and a-
D-dimer mAb, Pregnancy Associated Plasma Protein-A (PAPP-A) and a-
PAPP-A mAb were all purchased from HyTest. For details see sec.8.3. 
In addition, the processes involved in microfluidics fabrication (soft 

lithography) as well as the materials involved in it will be thoroughly described in 
sec.5.3., as they are by themselves part of the experimental work of the project. 
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Chapter  4. Selection of the optimum device configuration  
for μF-on-SAW 

 
 
4.1. Introduction 
 

One of the two main components of the microsystem is the sensor itself. Even 
though the fabrication of the SAW devices was not a scope of this work and, thus, 
they were provided by manufacturers and collaborators, there was a large number of 
device configurations with varying operating parameters which should be investigated 
in the beginning of the work. The objective was to compare all the available 
configurations and balance their pros and cons, so as to select the most suitable one 
for the desired application of multi-sensing. The following three parameters varied in 
the compared devices:  
 

(i) Piezoelectric substrate material: Lithium tantalate (LiTaO3) vs. quartz (Q) 
(ii) Operating Frequency: 50 vs. 155 MHz 
(iii) Polymer waveguide thickness (0, 0.35, 0.70, 1.10 μm) 

 
Under various combinations of the above parameters, 12 different device 

configurations emerged, which are summarized in the following Table.  
 
Tab.4.1. SAW device configurations emerging from variations of their functional 
parameters. 
Substrate 
material Quartz LiTaO3 

Operating 
frequency 

(MHz) 
155 50 155 

Waveguide 
thickness 

(μm) 
0 0.35 0.70 1.10 0 0.35 0.70 1.10 0 0.35 0.70 1.10
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Fig.4.1. Real size pictures of the two different 
designs used. The L50 device has the same 

geometrical design as the L155. 
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In order to be characterized, the devices were subjected to various kinds of 
surface perturbations, namely: 

(i) Au deposition, representing pure mass loading 
(ii) Aqueous glycerol solutions of various concentrations representing pure 

viscous loading of a broad viscosity range, spanning both Newtonian and 
Maxwellian regions 

(iii) Adsorption of proteins 
(iv) Viscoelastic layer loading in air and liquid 

This systematic study led to sensitivity evaluation and derivation of solid 
conclusions about the interaction of acoustic waves with the various types of surface 
perturbations. Furthermore, not only did this study reveal the optimum configuration 
for the development of the multi-sensor platform, but it also pointed out the strong 
and weak points of all the above device configurations, suggesting the applications 
that each one is most suitable for.  
 
4.2. Analysis of SH-SAW perturbations 

 
The interaction of acoustic waves with matter is the physical effect behind the 

function of the SH-SAW devices as sensors. There are several kinds of perturbations 
that an SH-SAW may undergo, depending on the kind of sample that is loaded on the 
acoustic sensor. Three case studies have been traditionally analyzed according to the 
type of material under test: case 1, a rigid mass layer [4.1.]; case 2, a purely viscous 
liquid [4.2.]; case 3, a viscoelastic film [4.3.], but also combinations of the above in 
biological materials, such as protein multi-layer structures [4.4.], DNA [4.5.], or 
liposomes [4.6.]. A surface perturbation always changes the wave characteristics, i.e., 
amplitude and velocity. The complex propagation factor γ of the acoustic travelling 
plane wave (eq.2.3.) is related to the wave energy and velocity as follows [4.7.]: 

       
ooo v
vj

kk
Δ

−
Δ

=
Δ αγ         (eq.4.1.) 

where ko, α, vo, and v are the wavenumber, the attenuation and the phase velocity 
before and after the perturbation of the acoustic wave, respectively; Δα/ko, Δv/vo are 
the normalized wave attenuation and fractional change in wave velocity, respectively. 

These wave-related quantities, Δα/ko and Δv/vo, are directly proportional to the 
Network Analyzer measured quantities, change in amplitude (ΔΑ) and phase (ΔPh) of 
the acoustic wave, respectively. The former set is preferred when a common graph 
axis is used, as they are both measured in “parts per million (ppm)” and also because 
they are directly related to the surface mechanical impedance (see below); the latter 
set is preferred when direct correlation with the N.A. quantities is desired. Throughout 
the text both notations will be used according to the occasion, and the equations 
relating them are the following [4.4.]: 

o
oS v

vΔ
π2

360
kL(deg)PhΔ ••=     (eq.4.2(a)) 

and            ( )
o

oS k
αΔ

kLelog20)dB(AΔ ••=                  (eq.4.2(b)) 

where LS is the length of the propagation path of the wave. 
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For every case of surface perturbation there is a corresponding (complex) 
surface mechanical impedance, Z, which describes it. In all cases, Z is related to the 
wave parameters in the following way [4.8.], [4.9.]: 

        Zc
v

vΔ
j-

k
αΔ

oo
•=        (eq.4.3.) 

The term c depends on the device material and geometry, the surface particle 
velocity and the wave power density; as long as the device used is the same, the value 
of c remains constant [4.9.]. The mechanical (or acoustic) impedance is characteristic 
of the nature of each loaded sample, and through that, materials’ properties are 
evaluated, as will be described in the following theoretical and experimental sections. 
 
 
4.2.1. Case 1: Mass loading  
 

The simplest perturbation of an acoustic sensor rises from rigid mass loading 
on its surface. The mechanical impedance is then given by the term: 

 
         hωρjZ mass •=           (eq.4.4.) 

 
where ω, ρ, h are the angular operating frequency, the mass density, and the thickness 
of the deposited film, respectively [4.8.]. In this case a rigid/elastic solid (the term 
“elastic” is used as a contrast to the terms “viscous” and “viscoelastic” used later) 
follows synchronously the oscillation of the sensor (Fig.4.2.) resulting in zero change 
in amplitude, i.e., zero energy losses, a result of equating the real and imaginary parts 
of eq.4.3. and eq.4.4. Then the fractional change in velocity is directly proportional to 
the layer thickness.  

In a simplified representation incorporating the Network Analyzer measured 
parameters: 

mSPhΔ mΔ=         (eq.4.5.) 
where Δm is the deposited mass and the proportionality constant Sm represents the 
mass sensitivity. Equation 4.5. is equivalent to the Sauerbrey relation [4.1.]. 

quartz substrate

rigid mass film

y

x
z

 
 

Fig.4.2. Cross-sectional view of a shear-horizontal wave particle displacement 
(propagation along z-axis) in an ideal mass layer; as it appears, the mass layer 
follows synchronously the shear oscillation at the surface. 
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4.2.2. Case 2: Viscous loading (Newtonian liquid) 
 
The surface perturbation that rises from loading of non-adsorbing pure viscous 

liquids or solutions on the sensor is characterized by the following mechanical 
impedance [4.8.], [4.10.], [4.11.]: 

( )
2

1 ωρηjZvisc +=         (eq.4.6.) 

where ρ and η are the density and viscosity of the liquid, respectively. 
From the above equation it is evident that viscous loading gives rise to both 

amplitude and phase change. The fact that dissipation/damping is introduced in a 
liquid sample makes the wave decay within a penetration depth, δ, in the liquid 
(Fig.4.3.):  

 
ρω
η2

δ =         (eq.4.7.) 

As the penetration depth is frequency dependent, for the 155 MHz device 
used, δ = 50 nm (for buffer or water samples, with ρ = 1000 kg/m3, η = 0.001 Pa s). 

Equating the real and imaginary parts of eq.4.3. and eq.4.6. we get: 

     
2
ρηω

c
v

vΔ
k
αΔ

oo
==        (eq.4.8.) 

and the relation between the NA measured quantities and the liquid properties (ρ, η) 
becomes: 

       ρηSAΔ A,visc=      (eq.4.9(a)) 
and 

     ρηSPhΔ Ph,visc=      (eq.4.9(b)) 
The proportionality constants Svisc,A and Svisc,Ph include c and ω and represent 

the sensitivity of amplitude and phase, respectively, upon loading samples with 
varying (ρη)1/2. Therefore, according to the above equations, both wave propagation 
parameters are proportional to the square root of density-viscosity product [4.2.], 
[4.10.], [4.11.], [4.12.] and in practice, the sensitivity is expressed by the slope of a 
ΔPh vs. (ρη)1/2 (or, ΔA vs. (ρη)1/2) plot. 

quartz substrate

viscous sample

y

xz

 
Fig.4.3. Cross-sectional view of a shear-horizontal wave particle displacement 
(propagation along z-axis) in a Newtonian liquid; the displacement profile of the 
liquid particles appears to be decaying rapidly within a penetradion depth, δ, in the 
fluid.  
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4.2.3. Case 3: Viscous loading (Maxwell liquid) 
 

The relationships expressed in eq.4.9(a) and eq.4.9(b) remain linear up to a 
critical viscosity value ηc, where the sample behaves as Newtonian fluid. Beyond that, 
the signal reaches saturation and the sensor response can be explained by considering 
the liquid as Maxwellian and modeling it accordingly [4.13.]. The Maxwell model 
introduces a viscoelastic response of liquids at high frequencies. The model consists 
of a spring and a dashpot connected in series. The dashpot represents energy losses 
and is characterized by η, the viscosity, whereas the spring represents the energy 
storage and is characterized by μ, the elastic (shear in our case) modulus, also known 
as the “high frequency rigidity modulus”, ∞G . These two quantities are related 
through the relaxation time, τ, which is the characteristic time for the transition 
between viscous and elastic behavior [4.14.], [4.15.]: 

μ
ητ =                           (eq.4.10.) 

Although for complex materials a distribution of relaxation times is necessary 
for their complete description, the Maxwell model uses a single relaxation time, 
which is enough to characterize pure liquids and solutions [4.12.], [4.13.]. The 
viscoelastic behavior of liquids under oscillatory deformation (shear direction in our 
case) is expressed through the complex shear modulus G*, given in its general form as 
[4.14.], [4.16.]: 
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=+=                (eq.4.11(a)) 
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The critical quantity ωτ depends both on the test sample through τ and on the 

angular frequency in use, ω. The following regimes are identified:  
(i) For 1<<ωτ  the oscillation time (TSAW = 1/ω) is greater than the relaxation 

time and the sample has sufficient time to respond to the shear 
“deformation”. In that case, 2G is the dominant factor (with ωη2G →  
and 01G → ) and the liquid exhibits purely viscous behavior. 

(ii) For 1>>ωτ  the oscillation time is smaller than the relaxation time and the 
sample does not have sufficient time to respond to the shear deformation. 
Energy is not lost in the form of viscous dissipation but it is stored 
elastically as the liquid exhibits an amorphous solid-like behavior. In that 
case 1G dominates and reaches the value μ of the Maxwell model. 

(iii) For 1=ωτ  the transition from Newtonian to Maxwellian regime takes 
place.  
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4.2.4. Case 4: Viscoelastic layers in air and liquid 
 

The samples that are loaded on an acoustic sensor are often deviating from the 
ideal cases of mass and viscous loading. Polymer films in air, protein and DNA 
biological layers and multi layers in contact with overlying liquid are some of these 
examples. The interactions of acoustic waves with these materials are, still, obeying to 
eq.4.3. only that the acoustic impedance is much more complicated for these cases.  

In case of a viscoelastic film in air, the acoustic impedance is given by the 
following formula incorporating a hyperbolic tangent component (tanh):  

)
G
ρ

hωjtanh(GρZ F
Fair •=     (eq.4.12.) 

where ρF and h are the film density and thickness, and G = G1+jG2 the complex 
shear modulus of the film. The formula takes into account the propagation of the 
wave in the viscoelastic medium and the profile of particle displacement within it.  

In cases when non-ideal samples (like pure mass and/or liquid) are combined, 
the linear combination of the individual acoustic impedances is not correct. Thus, for 
a viscoelastic film in contact with liquid (the typical representation of a protein film 
with buffer, Fig.4.4.), the acoustic impedance is not given by the linear combination 
of eq.4.12. with eq.4.6. but is expressed in eq.4.13. taking into account an 
interdependence between the liquid and the viscoelastic film: 
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where ρL and ηL are the density and viscosity of the overlying liquid, respectively. 

quartz substrate

viscoelastic layer

y

xz

viscous overlayer

 
Fig.4.4. Cross-sectional view of a shear-horizontal wave particle displacement 
(propagation along z-axis) in a combination of a finite viscoelastic layer and a semi-
infinite Newtonian liquid; in principle the linear combination of the two is not valid.  
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Equating the real and imaginary parts of Zair (and Zliq) with their 
corresponding real and imaginary parts of Δγ/ko in eq.4.3., information about the film 
properties can be deduced. It is clear though, that neither eq.4.12. nor eq.4.13. can be 
directly separated analytically into real and imaginary parts, so that they are equalized 
with Δα/ko and Δv/vo., which is why it is often needed to turn to computational 
methods. 

Only under conditions can eq.4.12. be simplified to some extent, by 
substituting tanh(jx) with j.tan(x) and performing the Taylor series of tan(x) = x+x3/3. 
In that case, and after algebric calculations, it is possible to separate Zair analytically 
into distinct real and imaginary parts:  
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However, this is not the case for eq.4.13. An additional difficulty, is the fact 
that in eq.4.12. and eq.4.13. there are too many unknown quantities (G1, G2, ρF, h, 
etc.) while only two known measured quantites (ΔA, ΔPh). Thus, there should either 
be some assumptions for some of the unknown parameters so that they are reduced, 
or, alternatively, measure the same sample in more than one frequency and extract 
two or three pairs of measured quantities (i.e., having more input numbers, equal to 
the number of unknown ones; this is done by the Qsense apparatus and simulation 
software. Even though it was beyond the scope of this work to deal with numerical 
solutions and simulation of the above equations to extract protein layer properties, in 
chapter 9 it is described how a quantitative determination of proteins’ viscoelastic 
properties (under assumptions/conditions) can be derived.  

Finally, a useful qualitative derivation out of eq.4.13., which will be used in 
sec.9., is the following: plotting the imaginary part (representing ΔPh, or Δv/vo) 
against the film thickness, h, reveals a linear relation between the two, up to the 
penetration depth (Fig.4.5., for h < 50 nm, assuming that G1 = 5 × 105 N/m2,  G2 = 5 
× 106 N/m2, and ρfilm = 1050 kg/m3, which are reasonable values as discussed in 
sec.9.5.). Due to this linearity, it is safe to assume that the phase change is 
proportional to the mass uptake within the penetration depth (whereas for thicknesses 
beyond the penetration depth the proportionality ceases, Fig.4.5. for h > 50 nm). 
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Fig.4.5.  
Theoretical representation of 
ΔPh with film thickness, when a 
viscoelastic layer with a liquid 
overlayer is deposited on the 
sensor. It appears that within 
the penetration depth (~50 nm) 
a linear relation can be 
assumed.  
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The various expressions for complex acoustic impedance depending on the 
loaded material are summarized in Tab.4.2. and the “flow” of actions taken in order to 
characterize a material with a SAW sensor, in general, is shown in Fig.4.6. 

 
Type of probed material 

(mass, viscous, 
viscoelastic, etc)

Proper expression for 
acoustic impedance

Acoustic wave -
material interaction

Measured quantities:
ΔΑ, ΔPh

(or, Δα/ko, Δv/vo)

Viscoelastic properties 
of materials

 
Fig.4.6. Flow of actions for the determination of materials’ properties using SAW 
devices. 
 
Tab.4.2. Expressions for various kinds of acoustic impedance. 

Type of loaded 
sample 
(surface 

perturbation) 

Expression for acoustic (mechanical) impedance 

pure mass hωρjZ mass •=  
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4.3. Experimental procedure 
 
4.3.1. SAW devices used 
 

One group of sensor chips used was based on a 0.5-mm-thick Y-cut quartz 
crystal. Two sets of 100-nm-thick Au interdigital transducers (IDTs) were 
photolithographically patterned on top of quartz, while a 20-nm-thick Cr film was 
used as an adhesive layer between quartz and Au. The IDTs had a split finger design 
with a period of 32 μm (and operating frequency of 155 MHz).  

The other group of devices was based on a 36o rotated Y-cut, X-propagating 
Lithium tantalate crystal (36oYX-LiTaO3). One set of these devices operated at 50 
MHz, with 32 IDT pairs and 80 μm wavelength, whereas the other set operated at 155 
MHz, with 25 IDT pairs and 26.5 μm wavelength. As before, IDTs are made of gold 
(200 and 650 nm thick for L50 and L155, respectively) and the sensing area was 
metalized (Au). A Ti adhesion layer was used instead of Cr. The acoustic aperture 
(IDT overlap), determining the width of the sensing area, was 1.6 and 2 mm, for 
quartz and LiTaO3, respectively; the total available length of the sensing area was 
5.65 and 10.8 mm for the quartz and LiTaO3 devices, respectively. For Au deposition 
the whole sensing area was used, whereas for liquid experiments (glycerol and protein 
solutions) the used area was restricted by the flow cell length, which was 4.65 and 4 
mm for quartz and LiTaO3, respectively. Thus, for liquid-based experiments, the 
actual sensing areas were 1.6 × 4.65 = 7.44 mm2 for quartz, and 2 × 4 = 8 mm2 for 
LiTaO3. Both perturbed areas are well within the acoustic aperture of the devices. 
 
4.3.2. Materials for sensor characterization 
 
(i) Au thin film deposition 
 

For the deposition of Au thin films the instrumentation of sec.3.5. was applied. 
Au was sputtered in the same way both to evaluate mass loading (i.e., thin Au films of 
various thicknesses) and to facilitate biomolecule adsorption (thin Au film of fixed 
thickness 20 nm).   

 
(ii) Aqueous glycerol solutions 
 

Aqueous glycerol (99.6% purity, Biomol, Hamburg, Germany) solutions were 
prepared (concentrations from 15 to 88 wt%) and their viscosity was either measured 
experimentally using a concentric-cylinder-geometry viscometer (“DV-2P” Anton Par 
GmbH, Austria) or extrapolated from published data [4.17.]. All viscometry and 
acoustic experiments were carried out at 25o C. The concentration, density, and 
viscosity of the tested samples are summarized in Tab.4.3. For the examination of the 
glycerol solutions on the sensor the standard flow cell configuration was used 
(Fig.3.4.). For the case of quartz the total sensing area exposed to liquid was 7.44 
mm2, whereas for LiTaO3 it was 8 mm2. To compare results from both designs, the 
acoustic signal changes were normalized to surface area in all cases. All sample 



Chapter 4  
Selection of the optimum device configuration for μF-on-SAW 

 64

solutions were injected with a peristaltic pump at a flow rate of 10 μl/min; rinsing was 
done with water. 
 
Tab.4.3. Concentration, viscosity, and density of the tested aqueous glycerol solutions 

Glycerol wt%  
(ggly/gtotal) 

Viscosity (cP)  
at 25oC 

Density (g/cm3)  
at 25oC 

15.4 1.4 1.017 
25.6 1.9 1.029 
32.9 2.7 1.038 
37.3 3.1 1.044 
42.3 3.8 1.050 
46.7 4.6 1.055 
52.2 5.9 1.062 
62.1 10.2 1.075 
72.0 21.9 1.087 
75.9 33.2 1.093 
80.0 49.5 1.098 
84.0 81.8 1.104 
88.0 128.1 1.109 

 
 
(iii) Adsorbing protein solutions 
 

Neutravidin (Pierce) solutions were prepared in phosphate buffer (PBS, pH 
7.4, Sigma-Aldrich); PBS was used for sample rinsing as well. The solution was 
injected at a concentration 200 μg/ml and at flow rate 10 μl/min, for 7.5 min.  
 
4.4. Results and Discussion 
 
4.4.1. Mass loading 
 

The evaluation of the device response to mass loading was realized by means 
of Au deposition. Each sputtering procedure lasted 10 s; the acoustic signal was 
measured immediately before and after the Au deposition. The relation between 
sputter time and Au film thickness is known by the manufacturer (10 s  2.6 nm Au) 
for the particular deposition conditions and parameters. Thus, it was possible to 
directly relate the change in signal with the deposited mass (Au mass density 19.3 
g/cm3).  

For pure mass loading it is expected that the change in acoustic wave 
amplitude (normalized wave attenuation) is negligible with respect to film thickness. 
This is confirmed in our case, as it is shown in Fig.4.7. 
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Fig.4.7. Surface-normalized acoustic wave parameters plotted against deposited Au 
mass per area for Q155 device without PMMA waveguide (based on eq.4.2(a) and 
eq.4.2(b)). 

 
This graph shows both normalized quantities of the acoustic wave in the same 

units (parts per million, ppm). Fig.4.7. clearly shows an increase in the (absolute value 
of) Δv/vo, while Δα/ko remains constant (practically zero), indicating that the deposited 
Au layer causes no significant wave energy loss since the rigid layer oscillates 
synchronously with the sensor surface. The same holds true for all devices tested (data 
not shown). 

The sensitivity of the devices to deposited mass is expressed in this section by 
the change in phase signal with respect to loaded mass. It is represented by the slope 
of a ΔPh/area vs. Δm/area plot, expressed in deg/μg. Such a plot appears in Fig.4.8. 
and summarizes the response of all configurations.  
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Fig.4.8. Comparative diagram of surface-normalized phase change vs. deposited 
mass per area for all device configurations. Inset: mass sensitivity values (deg / μg) 
with respect to PMMA waveguide thickness (μm). 
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It is clear that for all cases the phase change is directly proportional to the 
deposited mass, thus the linearity holds for all types of sensors and for all waveguide 
layers. The slopes of the trendlines, representing the sensitivity profiles, are 
summarized in the inset of Fig.4.8. as a bar diagram. As it appears, the mass 
sensitivity of the L50 device hardly changes with increasing thickness of the PMMA 
layer, indicating that the particular device is insensitive to waveguiding, at least for 
the examined PMMA thicknesses. These experimental results confirm the theoretical 
report that a LiTaO3 substrate supports predominantly an SH-SAW which is already 
guided near the surface without significant diffraction (energy leak) into the bulk and 
therefore, remains unaffected by a waveguide coating. However, L155 does exhibit an 
increase in its mass sensitivity as the PMMA thickness increases, even though it is 
based on a LiTaO3 substrate as well. The contrast in this behavior apparently comes 
from the higher operating frequency of L155, which leads to higher sensitivity to 
surface perturbations and, thus, higher sensitivity to waveguiding effects. 

In the case of Q155, the devices appear to have the highest mass sensitivity, 
even though they operate at the same frequency as the L155. This difference is in 
agreement with theoretical considerations which report that the mass sensitivity of a 
quartz and a LiTaO3 device, both operating at the same frequency, is higher for quartz 
due to higher SH-SAW velocity in this material (vQ = 4960 m/s while vL = 4120 m/s 
for the particular cut and orientation of the substrates used) [4.18.], [4.19.].   

Finally it should be noted that the ratio of mass sensitivity values between 

Q155 and L155 of same PMMA (e.g. 155

155

L
m

Q
m

S
S

) does not exhibit any trend as the 

PMMA thickness increases (as a proof of that, for example, 0.35 μm thick waveguide 
has no effect on Q155 but causes an almost twofold sensitivity increase on L155). 
This indicates that, the PMMA waveguiding effect does not change linearly as the 
PMMA thickness increases, in either L155 or Q155. 

 
4.4.2. Viscous loading – Low viscosity regime 
 

The response of the devices to viscous loading was examined through 
sequential injections of aqueous glycerol solutions on the PMMA surface. Glycerol 
has not been observed to bind on PMMA; in addition, the PMMA surface does not 
exhibit roughness sufficient for liquid entrapment, i.e., mass loading effects. 
Therefore, these solutions are ideal for studying the interaction of SH-SAW with 
purely viscous samples. 

In order to evaluate the devices’ sensitivity to viscous loading, the samples of 
the low viscosity (Newtonian) region were used, due to the linear relation between 
ΔPh and (ρη)1/2 (eq.4.9(b)). Figure 4.9. summarizes the surface-normalized change in 
phase with respect to (ρη)1/2 for the twelve different device configurations (amplitude 
changes exhibit a similar trend, data not shown). The slopes of the lines, representing 
the viscosity sensitivity based on phase, Svisc,Ph, are summarized in the inset of Fig.4.9. 
As can be seen in Fig.4.9. the lines do not cross zero point; this is because the signal 
was measured with respect to the water, rather than air. In all cases, for ΔPh ≈ 0, 
(ρη)1/2 is ≈ 1, i.e. the value for water. 
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Fig.4.9. Surface-normalized phase change with respect to square root of density-
viscosity product. Inset: viscosity sensitivity values (deg m2 s1/2 / mm2 kg) with respect 
to PMMA waveguide thickness (μm). 
 

Comparing the sensitivity values for the various PMMA thicknesses of L50 
(Fig.4.9., inset) it appears that there is essentially no influence of the waveguide on 
the sensitivity to viscous loading, just as in Au deposition. Performing an equivalent 
comparison for L155 we see that the (viscosity-related) sensitivity increases little 

(38%) when waveguide is added (e.g. 
( )

( )mμ0S
mμ10.1S

155L
Ph,visc

155L
Ph,visc = 1.38), relatively to the case of 

mass loading for L155 (
( )

( )mμ0S
mμ10.1S

155L
m

155L
m = 3.10) which represents an increase of 210%. 

Examining the increase rate of the viscosity- and mass-related sensitivities of the 
Q155 devices it is clear that the former exhibits a smaller increase, as with L155, 
suggesting a device independent observation.  

Overall our data suggest that increase of the mass sensitivity of the SH-SAW 
device (e.g. by adding a PMMA waveguide) results in a correspondingly higher 
viscous loss, resulting in a trade-off between the mass sensitivity and the output signal 
level of the device [4.7.]. Moreover, one major difference between mass and viscous 
loading, even when they take place on identical sensor configurations, is that the 
“initial status” of the device before sample loading is different. More specifically, 
when adding a mass layer, the surrounding environment is air. However, when adding 
a glycerol solution, the surrounding environment is already liquid medium (the water 
in equilibrium) which has already caused wave damping and energy losses before any 
glycerol sample is injected. Consequently, the potential of the sensor to give higher 
signal values in viscous loading is reduced as shown experimentally by the 
comparable or greater values of any combination of sensitivity ratios of column 
“mass” compared to column “visc” in Tab.4.4. 
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Tab.4.4. Comparison of sensitivity to mass and viscous loading for the various 
examined device configurations. Reported values are averages of at least three 
experiments (± 8%). 

Part (a) 

 Sensitivity ratios Mass visc 
( )

( )mμ0S
mμ35.0S

155Q

155Q

 0.89 1.04 

( )
( )mμ0S

mμ70.0S
155Q

155Q

 1.61 1.50 Quartz 

( )
( )mμ0S

mμ10.1S
155Q

155Q

 2.41 2.08 

Part (b) 

Sensitivity ratios Mass visc 
( )

( )mμ0S
mμ35.0S

155L

155L

 1.90 1.08 

( )
( )mμ0S

mμ70.0S
155L

155L

 2.55 1.15 
LiTaO3 

( )
( )mμ0S

mμ10.1S
155L

155L

 3.10 1.38 

Part (c) 

 PMMA thickness (μm) (% g/g) Mass Visc 
0 (0%) 5.41 1.85 

0.35 (8%) 2.53 1.79 
0.70 (14%) 3.41 2.40 155

155

L

Q

S
S  

1.10 (17%) 4.21 2.78 
 
 
4.4.3. High viscosity regime - Maxwell behavior 

 
In order to examine the sensor behavior at higher viscosities, three of the 

twelve configurations were selected; L50, L155, and Q155, all with a 0.35 μm thick 
waveguide. The highest measured glycerol concentration was 88 wt% exhibiting 
viscosity 128.1 cP. Practical hurdles did not allow reaching higher viscosities because 
the corresponding glycerol solutions were very viscous, resulting in blocking of tubes 
as well as severe distortion of the signal. The examined range though was adequate to 
extract some interesting features, as they appear in Fig.4.10. and are discussed below.   

A striking feature in Fig.4.10. is that for Q155 there is a deviation from the 
linear behavior between ΔPh and (ρη)1/2 as well as ΔA and (ρη)1/2, as the solution 
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viscosity increases. Moreover, this deviation reaches a saturation level, after which 
there is practically no change in the acoustic signal, despite the significant change in 
(ρη)1/2. The two distinct regions, indicated by the dashed lines, denote the Newtonian 
and Maxwellian liquid regimes.  
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Fig.4.10. Surface-normalized acoustic signals upon liquid loading for the three 
different devices with the same PMMA layer (0.35 μm). The transition from the 
Newtonian to Maxwellian region is indicated by dashed lines.  
 

It should be noted that the deviation from linearity for L155 appears at the 
same ηc as for Q155, within experimental error. This indicates that this phenomenon 
is independent of the device substrate and is only frequency related. It should also be 
noted that for L155 the deviation appears only for phase and not for amplitude; 
although the dependence of both acoustic signals (phase and amplitude) on (ρη)1/2 is 
the same for the Newtonian region as expected theoretically from eq.4.9(a) and 
eq.4.9(b), it changes when the fluid enters the Maxwell region. This is in agreement 
with published data [4.7.], [4.20.], [4.21.] and is depicted as a “delay” in deviation for 
the amplitude. 

The critical viscosity value at which the transition takes place is approximately 
ηc = 54.6 cP, which corresponds to glycerol concentration 82±2 wt%. This value is in 
excellent agreement with [4.12.] where the operating frequency was 159 MHz. It is 
also worth noticing that, for ηc = 54.6 cP, the characteristic relaxation time of glycerol 
is τ = 1.09 ns, which is equal to the ΤSAW = 1/ω = 1.03 ns. For the calculation of τ, a 
variety of values for μ have been used in the literature [4.17.] ranging from 107 to 109 
N/m2 with μ = 5 × 107 Ν/m2 giving the best fit for glycerol [4.13.], [4.14.]. The ratio 
of the characteristic relaxation time (τ) over the characteristic time of shear 
deformation (TSAW) is in fact the Deborah number which expresses how liquid- or 
solid-like behavior a liquid exhibits when it is probed at a particular shear rate (or, 
frequency, in our case). High Deborah numbers correspond to solid-like behavior 
whereas low Deborah numbers correspond to liquid-like behavior [4.22.]. As a result, 
when the ratio equals unity, the operating TSAW becomes comparable to the liquid 
relaxation time and the latter begins to exhibit a solid-like behavior. In our system, 
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i.e., viscous glycerol solutions on a 155 MHz SAW device, Deborah numbers lie in 
the range of 0.027 to 2.495 from 15 to 88 wt% glycerol solutions, indicating that at 
the specific frequency, the glycerol liquids indeed transit from a liquid-like to solid-
like behavior.  

Supplementary to the above results deriving from acoustic measurements, and 
in order to cross-check the results with independent measurements, the values of G1 
and G2 were calculated. What is usually done in materials characterization is that a 
sample is probed in a frequency spectrum so that a range of ωτ values is derived and a 
plot of G1(ω) and G2(ω) is extracted. In our case, the probing frequency is single; 
however, the range of glycerol concentrations is quite broad, and because each 
solution is characterized by an individual ηi it is attributed a relaxation time τi. 
Therefore, a range of ωτ is acquired by probing several samples with one frequency, 
instead of spanning several frequencies for one sample. G1 and G2 are calculated by 
eq.4.11(b) using 27 /105 mN⋅=μ and plotted against glycerol concentration in 
Fig.4.11.  
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Fig.4.11. Calculation of G1 and G2 from viscosity η, and plot versus wt% of glycerol 
solutions. Inset: Magnification of the 10 to 50% glycerol concentration region. Same 
axes and units in both figures. 
 
 

The following features are of interest in Fig.4.11.: 
(i) For low viscosities, G1 is quite small, whereas G2 tends to a finite value 

(ºωη) following eq.4.11(b); (circles and crosses coinciding in Fig.4.11.). 
The actual values for low viscosity (15 wt%) are G1 37 × 103 Pa and 
G2 1.6 × 106 Pa, i.e., G2 is 45 times higher than G1 (Fig.4.11., inset). 
For c 0 this difference in behavior is expected to be more pronounced. 

(ii) For high concentrations (i.e., high viscosities) the value of G1 increases 
substantially with respect to G2 and approaches the value of 

27 /105 mN⋅=μ . On the other hand, G2 is no longer given by the 
Newtonian expression ωη; (circles and crosses deviating in Fig.4.11.). 
This indicates the necessity to express high viscosity liquids as 
Maxwellian fluids rather than Newtonian. 
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(iii) It is known that the point where G1 and G2 plots intersect denotes a 
change in material behavior [4.14.]. In our plot, the intersection point of 
G1 and G2 lies at a concentration between 80 and 84 wt%, which means 
that this is where the behavior of the liquid begins to change from 
Newtonian to Maxwellian (result extracted from the viscosity 
measurements). This is in agreement with the value that was extracted 
from the acoustic measurements, through the deviation from linearity of 
the ΔPh vs. (ρη)1/2 plot (Fig.4.10.). This agreement appears graphically in 
Fig.4.12. (the notation of normalized wave quantities was used here in 
order to graphically view both quantities in the same axis due to 
uniformity of their units), where it appears that the intersection point 
between G1 and G2 coincides with the point where the acoustic signal 
trend changes from linear to saturation.   
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Fig.4.12. Combinatorial graph of the materials’ viscoelastic properties and the 
measured acoustic wave parameters for Q155 with 0.35 μm thick waveguide. The 
intersection of G1 and G2 coincides with the transition point from linear to saturation 
region of the acoustic signal. 

 
The intersection point of G1 and G2, however, is not only a function of 

glycerol concentration (or equivalently, relaxation time, or viscosity), but depends on 
the probing frequency as well. For this reason, a theoretical study was carried out, 
based on eq.4.10., eq.4.11(a), and eq.4.11(b) by varying the operating frequency for 
all the glycerol samples. The results are summarized in Fig.4.13., where the solid and 
dashed lines indicate theoretical calculations (since devices of such frequencies were 
not available), whereas the lines with points indicate actual experimental cases. 
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Fig.4.13. G1 and G2 for various operating frequencies (see legend, in MHz) for the 
used glycerol concentrations (i.e., measured viscosities). Calculated (lines) and 
experimental data (lines with points) are shown. 

 
Clearly the higher the sensor operating frequency the earlier the intersection 

point of G1 and G2 appears, and, equivalently, the earlier the saturation of the sensor 
response is expected to be reached (based on Fig.4.12. as well). For example, a 500 
MHz sensor would reach saturation at glycerol concentrations below 70 wt%. As for a 
2 GHz device, even though it would present the highest sensitivity among all 
(sensitivity increases with operating frequency [4.23.]) it would not be able to 
distinguish glycerol solutions above 40 wt%. The above theoretical calculation 
included the 50 MHz operating frequency in order to cross-check if it is compatible 
with our experimental results. According to Fig.4.13. for 50 MHz there is no 
intersection point of G1 and G2, meaning that for the concentration range probed by 
the particular frequency there is no saturation point in the sensor’s function. Indeed, 
this is confirmed through the acoustic experiments (Fig.4.10.) where it appears clearly 
that L50 device exhibits no deviation from the linear relation between surface-
normalized ΔPh and (ρη)1/2.  

Therefore, an interesting feature is revealed; even though it was shown that 
L50 devices exhibit the lowest sensitivity when compared to their corresponding 
L155 and Q155 ones (Fig.4.9.), in fact they possess a significant advantage; their 
dynamic range of viscosity measurement is broader and they can detect high viscosity 
changes without reaching any saturation, unlike L155 and Q155. In a theoretical 
approximation, L50 would start reaching the saturation at viscosities of approximately 
160 cP (i.e., 90 wt%).  
 
4.4.4. Protein adsorption 
 

The final step in the evaluation of the tested device configurations involves the 
study of their response to protein sample loading. The neutravidin samples (200 
μg/ml) were left for sufficient time for physisorption on the Au surface to reach 
saturation. The phase change was taken at saturation and after buffer rinsing with 
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respect to the buffer equilibrium prior to injection. Moreover, the non-zero values in 
amplitude per area (0.01-0.03 dB/mm2 for L155 and 0.05-0.1 dB/mm2 for Q155) 
imply the deviation of such samples from pure mass loading (Au thin films). The real-
time signal change upon protein adsorption and the absolute values of phase change 
for all twelve configurations examined are summarized in Fig.4.14. and Fig.4.15., 
respectively. 
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Fig.4.14. Real-time diagrams of 200 μg/mL neutravidin adsorption on the twelve Au-
coated device configurations; the arrow indicates the first contact of the sample on 
the surface. 
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Fig.4.15. Surface-normalized phase change values upon neutravidin adsorption; 
comparison among all devices and waveguide thicknesses 0, 0.35, 0.70, and 1.10 μm. 
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After the theoretical and experimental analysis of the previous sections, the 
data in Fig.4.14. and Fig.4.15. evaluating the comparison among the various 
configurations on protein loading, are more or less expected, even though in this 
section we refer to absolute values of signal change rather than sensitivity. Q155 
presents the highest values, followed by L155 and finally the L50 device. Also, there 
is no unexpected trend concerning the device response to PMMA waveguiding; the 
sensor response increases with waveguide thickness although not linearly (Fig.4.15.). 

 
4.4.5. Viscoelastic properties of waveguide films 

 
In the parametric investigation carried out for the selection of the optimum 

device configuration, three different PMMA layers were tested. Although it was not 
among the main objectives of this work, the viscoelastic properties of these films were 
quantified, so as to indicate the expanded potentials of SAW sensors into viscoelastic 
materials characterization. 

Solving eq.4.14(a) with regard to 22 2G1G
1
+

and substituting in eq.4.14(b), it 

is possible to calculate the loss tangent, G2/G1: 

hωρc-v
Δv

k
Δα

G1
2G

o

o

•
=  = tanθ ( = a)     (eq.4.15.) 

where θ is the angle between G1 and G* in the complex plane representation 
(Fig.4.16.); the smaller the θ the closer to elastic behavior; the higher the θ the closer 
to viscous behavior, with θ around 45o being the transition area. 

 G1 axis

G2 axis

θ

G* = G1+jG2

 
Fig.4.16. Complex representation of G1, G2. 

 

Once tanθ (=a) is known, 22 2G1G
2G

+
 becomes equal to 

( ) 2G)
a
1

1(

1

2Ga
2G

2G

2
22

+
=

+
 , and eventually: 

)
a
1

1(3

ρhω

k
aΔ
c

2G
2

233

o +
=   (eq.4.16.), 

with G1 = G2/a = G2/tanθ. 
The value of constant c was determined by mass loading (gold sputtering) on 

an uncoated Q155 device. This is mentioned in order to clarify that PMMA in the 
calculations of this section is not considered as waveguide but as the loaded sample 
itself, thus, the c of the uncoated Q155 device should be used. 
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Table 4.5. summarizes the calculations for the PMMA films that were tested 
as waveguides, plus one more with higher thickness; the logarithm values of G1, G2 
are plotted against film thickness in Fig.4.17.  
 
Tab.4.5. Viscoelactic properties of PMMA films with respect to their thickness. 

h (nm) G1 (Pa) G2 (Pa) G2/G1 = tanθ 
350 7.89×107 4.21×106 0.053 
700 6.01×108 5.25×107 0.087 
1050 1.70×109 1.50×108 0.089 
1420 2.91×109 1.32×108 0.045 
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Fig.4.17. Storage and loss moduli of PMMA films as a function of film thickness. 

 
As it appears, in all cases, tanθ<<1 (i.e., G1>>G2) which implicitly indicates 

the more elastic than viscous behavior of the PMMA films. It should be noticed that 
there is some expected error in the values for G1, G2, deriving from the assumption 
that eq.4.12. can be approximated by eq.4.14(a) and eq.4.14(b). This holds true when 

the 
G
ρ

hω F <<1; physically this means that the upper surface of the film moves 

almost synchronously with the lower surface (i.e., the sensor surface). For 

G
ρ

hω F =1, film resonance effects take place. In our case this happens for h @ 940 

nm. Thus, in Tab.4.5. “safe” measurements hold for h = 350 and h = 700 nm. Above 
h @ 940 nm the full eq.4.12. should be used to accurately determine G1 and G2. 
However, in published work, the simplified expressions have been used and SU8 
films (with proximal viscoelastic properties with PMMA) have been characterized in 
this way, and the order of magnitude calculated in the present work fits is in good 
agreement [4.24.]. 

Finally, it must be noted that as the operating frequency decreases the film 
resonance effect appears at higher film thicknesses. Thus, the approximation of tanx is 
valid for a broader film thickness range, and the viscoelastic properties can be more 
accurately calculated for a broader thickness range. In particular, theoretical 
calculations revealed that for a 155 MHz device the film resonance takes place at h~2 
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μm, whereas for a 50 MHz one it takes place at h~6 μm. This is another evidence that, 
even though high frequency devices are more sensitive, in general, they are not 
suitable for all applications, but proper design and consideration should be given 
according to the demands of the experiment (like for the high viscosity liquids in 
sec.4.4.3.). 
 
4.5. Conclusions 
 

A parametric study of the performance of various configurations of SH-SAW 
devices under various perturbation mechanisms was undertaken. Mass sensitivities 
were calculated via Au deposition. Q155 exhibited the maximum sensitivity, followed 
by the L155 and L50. Coating with a PMMA waveguide improved the sensitivity of 
both Q155 and L155 (yet, retaining the trend 155L

m
155Q

m SS > ) but left the 50L
mS  

unaffected.  
For the case of liquid loading, a wide range of glycerol concentrations (15 to 

88 wt%, viscosities from 1.4 to 128.1 cP) was used. In the low viscosity region 
(Newtonian), the signal was found to be linear with (ρη)1/2, as theoretically expected. 
Comparison of the sensitivity among the uncoated devices revealed the highest 
sensitivity in Q155, followed by L155 and L50. Coating the devices with PMMA and 
comparing them, the trend remained ( 50L

visc
155L

visc
155Q

visc SSS >> ), with sensitivities 
increasing with PMMA thickness. In the high viscosity region (Maxwellian, above 
approximately 80 wt%), the signal of Q155 and L155 reached saturation, revealing 
the discrete existence of two regions at this frequency, which was confirmed by the 
crossing of G1 and G2 curves. This distinction of regimes is independent of the 
substrate, but dependent on the frequency, as it was not identifiable in L50. Thus, 
L50, even though less sensitive in all examined cases, is more suitable for high 
viscosity measurements than L155 and Q155, as it is expected to reach saturation at 
higher viscosity (> 160 cP). 

Investigation of the viscoelastic properties of the PMMA waveguides (probed 
as samples themselves, rather than waveguides) revealed the potential of the devices 
to calculate the storage and loss moduli of such samples and assess their elastic vs. 
viscous regime. The results were comparable with work reported in literature. 
Moreover, it was shown (theoretically) that the lower frequency devices can measure 
properties of a broader range of PMMA thicknesses than the high frequency ones 
(similarly to the case of Maxwellian fluids) before the film-resonance effect comes 
into effect. 

Finally, experiments with protein adsorption indicated that, as biosensors, the 
quartz devices exhibited the highest signal response, which increased with PMMA 
thickness. Although the highest response was observed for the thickest PMMA 
waveguide (1.10 μm), it exhibited a large standard deviation upon averaging the 
experiments. 

Thus, as an overall conclusion and objective of this chapter, the selected 
configuration to use in the μF-on-SAW setup was the quartz-based device, operating 
at 155 MHz with 0.70 μm PMMA waveguide due to both high sensitivity and 
reproducibility. 
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Chapter  5. Design and fabrication of the  
microfluidic module 

 
 

5.1. Introduction 
 
This chapter describes the microfluidic module, the component of the 

microsystem that renders it a multi-analyte platform. The considerations that led to 
the final design based on geometrical and functional issues are initially discussed. 
Then, the fabrication procedure is described with detailed protocols and descriptions 
of the various steps. Post fabrication processes are also outlined, leading to the final 
assembly with the SAW biochip. In addition, comparison of the microfluidic module 
with the standard flow cell is done, and some features of the microchannels flow 
behavior are listed.  

 
5.2. Design considerations 
 
5.2.1. Material selection 
 

In sec.2.4. a variety of materials was suggested for microfluidics fabrication. 
Among those, silicon could not be used due to its minimum biocompatibility, 
increased process cost and time. Glass was also rejected due to the high pressure it 
would place upon the sensing area of the device, endangering the functionality of the 
latter. In addition, it must be considered that the microfluidic module intended for the 
desired application has the form of a “seal”, which will be assembled on top of the 
SAW biochip. For such an objective, both silicon and glass were considered 
unsuitable. That is why a polymeric material was used, instead.  

Among the candidate polymer materials, PDMS was selected. PDMS is a 
hybrid polymer, also called “silicone rubber”. It is a siloxane and has an alternating 
inorganic siloxane backbone and organic methyl groups (Fig.5.1.) and was preferred 
to others due to a number of advantages that it exhibits. 
 

 
Fig.5.1. Chemical formula of PDMS monomer 
 
Advantages of PDMS:  

• It exhibits substantial chemical resistance. 
• It conforms well on surfaces and deforms reversibly. 
• It is transparent in the visible range, which can render it suitable for flow 

inspection, but also useful for cell measurement under microscopes. 
• It is easy to handle, cheap and fast to process using soft lithography. 
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• It binds well upon plasma treatment (not used in the current work, but 
potentially in future development targeting disposable biochips). 

• It presents good swelling behavior, i.e., it does not swell when in contact with 
a variety of fluids [5.1.]. 

• It can be easily functionalized and hydrophilized, mostly with plasma 
treatment (even though it loses its hydrophilicity shortly after treatment). 

 
5.2.2 Geometrical features 
  

The design was done according to the following considerations. The 
microfluidic module is intended to separate the total SAW surface into distinct sub-
areas in order to achieve multi-sample detection. Thus, the design of the module 
suggests a rectangular shape for the microchannels, of equal width and of parallel 
configuration, with PDMS walls of appropriate thickness to separate them. 

Having this in mind, there are in principle two possible arrangements, 
depending on the microchannels’ axis being: 1) parallel or 2) perpendicular to the 
direction of wave propagation (the k-vector) (Fig.5.2.). In the first case the dotted and 
white regions represent sub-areas with and without any sample on them, respectively 
(assuming a total area divided into N = 2 sub-areas). As the acoustic wavefront 
propagates, the part above the empty area will remain unaffected whereas the part 
propagating through the filled region will undergo some delay due to its interaction 
with the sample. Having N samples, the wavefront would, consequently, “break” into 
N parts as it undergoes different time delays during its interaction with the different 
samples. Eventually, the receiver IDT set would sense an interference signal between 
the N parts of the wavefront which would not be a true representation of the wave-
sample interaction. This effect was experimentally verified by poor quality results and 
lack of reproducibility of signal change upon sample loading (data not shown).  

On the other hand, such irregularities do not hold for the second case 
(Fig.5.1(b)). An acoustic wavefront crosses one sample at each timeframe, thus, 
undergoing a uniform time-delay along its length (that is why no “break” appears). As 
a result, the second configuration was selected for the setup.  

⎯→⎯k
r

⎯→⎯k
r

 

⎯→⎯k
r

⎯→⎯k
r

 
(a) (b) 

Fig.5.2. (a) “Break” of the acoustic wavefront resulting in interference of the 
“partial” waves at the receiver IDT set of the device, (b) no effect of wavefront 
“break”, as the wave crosses one sample at each time frame. 
 

Having selected the microchannel orientation, the next step involved the 
design of microchannels’ dimensions. These were selected considering two key 
factors: 1) the contact area between the sensor and the module, and 2) the active area 
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per microchannel. To elaborate, each microchannel is separated by its neighboring 
one by a PDMS “wall,” which should be thick enough to facilitate good contact of the 
walls with the sensor surface and prevent leakage. Figure 5.3(a) shows a “leaking” 
microchannel, whereas Fig.5.3(b) a functional one.  
      

 
(a) (b) 

Fig.5.3. (a) Faulty microfluidic module possibly due to bad contact, (b) well-
functioning module. 
 

On the other hand, a major concern that had to be taken into consideration was 
the piezoelectric nature of the SAW sensor; excessive contact area between the sensor 
and the module would lead to high damping of the wave and/or malfunction of the 
device due to signal distortion. Therefore, to compensate the pros and cons of the 
thickness of PDMS walls, the values were chosen for the wall thickness to be around 
100-120 μm. The height of the microchannels was 100 μm, as defined by the 
fabrication procedure (see sec.5.3.2.). With these dimensions, the active sample 
volumes are drastically minimized; volumes of 150-250 nL correspond to each 
sensing sub-area, in contrast to typically 3.5 μL that correspond to the total sensing 
area of the standard flow cell (Tab.5.1.). Finally, speaking of channel dimensions, it 
should be noted that for all samples used in the experiments (water, glycerol and PBS 
buffer) the swelling ratio of PDMS was 1.0 [5.1.], which indicates no swelling of the 
material and, thus, no change in its dimensions or properties upon its contact with the 
particular liquids.  

The length of the microchannels was designed big enough to allow liquid flow 
above both sensors of the chip. Even though one device would be enough for the 
multi-sensing, using both was a practical way to increase the number of aquired data 
points.  Therefore, each channel’s length was fixed at 12.75 mm, allowing the input 
and output of the liquid to take place outside the sensing areas to avoid any possible 
effect on the signal. The liquid input and output regions of the microchannels were 
designed to be curved instead of rectangular so as to avoid bubble formation and 
sample remnants at these regions as well as incomplete wash-off, which could be 
possible in the case of rectangular-shape-edged microchannels (Fig.5.4.). 

Another special feature of the design derives from the liquid nature of the 
samples. The operation of the IDT electrodes on quartz-based SAW devices is 
incompatible with liquid. Therefore, it is imperative that the IDT areas should be kept 
out of contact with the fluid under test, otherwise severe distortion of the wave would 
be caused. One option would be to simply let the module cover the IDT sets. This, 
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however, would impose pressure on the IDT region and would, again, cause severe 
damping of the wave and distortion of the output signal. For this reason, the design 
includes a hollow “safety shell” located above all the IDT sets in order to prevent 
their contact with both the liquid and the bulk material of the module (shown in 
Fig.5.4. with semi-transparent black color). 

Taking into consideration the above design parameters and special features of 
the SAW sensor chip, the optimum dimensions of channel width and PDMS-wall 
thickness for the cases of three-, four-, and five-channel modules are summarized in 
Tab.5.1. and a typical design for a 4-channel module appears in Fig.5.4. 
 
Tab.5.1. Typical dimensions for three types of microfluidic modules. 

Microchannel volume 
(μl) Number of 

microchannels 

Channel 
width 
(μm) 

PDMS wall 
thickness 

(μm) 

Sub-area 
(mm2) 

Total 
Above 
each 

sub-area 
3 1550 120 2.48 1.97 0.248 
4 1100 120 1.76 1.40 0.176 
5 900 110 1.44 1.14 0.144 

 

Gap between
microchannels (120μm)
Gap between
microchannels (120μm)

IDT set

PDMS channel 
(1.1mm width)
PDMS channel 
(1.1mm width)

Sufficient “bulk” PDMS
to ensure conformal
sealing with the SAW
chip

Sufficient “bulk” PDMS
to ensure conformal
sealing with the SAW
chip

“Hollow” area to
protect IDTs
“Hollow” area to
protect IDTs

12.75 mm 
length

 
Fig.5.4. AutoCAD design of a 4-channel microfluidic module (black color, top view) 
attached on the two sensors (orange) of the biochip.  
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5.3. Fabrication process: Soft Lithography 
 

The microfluidic module was fabricated by means of soft lithography. This 
method includes a group of procedures, which allows fast, cost-effective, and simple 
fabrication of microfluidic devices. Rapid prototyping is one major step, during which 
a master prototype is designed and fabricated with standard photolithographic 
techniques (and used over and over again as a mold). In the subsequent processing 
step, replica molding, PDMS is cast on the mold, and after specific thermal treatment, 
it acquires the negative pattern of the mold [5.2.], [5.3.], [5.4.]. In the following 
sections, the procedure followed towards the fabrication of the microfluidic modules 
is presented in detail. 
 
5.3.1. Mask design and fabrication 
 

The mask design was made with AutoCAD software (Fig.5.5.) and printed on 
a transparency using a high resolution (above 2400 dpi) commercial printer. The 
black areas of the design represent the areas that microchannels will eventually be 
formed. Each numbered rectangle represents a complete microfluidic module of 
arbitrary (N) microchannels. As it appears, plenty of modules fit in a 3-inch wafer (76 
mm diameter), which is one of the reasons that make soft lithography a desirable 
method for microfluidics production.  

 

(a) (b) 
Fig.5.5. (a) Design of the mask. The round-shaped endings of the microchannels are 
visible, as well as the square areas intended for the protective hollow shells of the 
IDTs (on either sides of microchannels), (b) actual image of the Al-mask; the 
microchannels will eventually be formed at the Al-removed areas. 

 
The transparency was used as an initial temporary mask for patterning a 500-

nm-thick Al-coated piece of glass (Al was deposited by thermal evaporation). This 
was done by means of negative photolithography of AZ(5214E) photoresist and 
subsequent wet etching of the Al with a mixture of H3PO4 and isopropyl alcohol 1:1. 
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In this way, the patterns were directly transferred from the transparency to the Al-
mask (Fig.5.5(b)), which was then used for all (the rest of) photolithography 
processes. 

 
5.3.2. SU8 mold fabrication 
 

The material used for mold fabrication was the negative epoxy type 
photoresist SU8 100 from MicroChem Corp. The processing of SU8 includes the 
following steps, which are schematically summarized in Fig.5.6. 

• Substrate pretreatment, involving thorough wet cleaning of the 3-in. Si wafer 
(acetone, isopropanol and deionized water) and subsequent surface 
dehydration with baking at 120 oC for 15 min. 

• Spin-coating of SU8 on the Si substrate (Karl Suss RC8 spinner) and 
formation of a 100-μm-thick SU8 layer. This thickness defines the depth of 
the microchannels. Spinning took place in two steps: (i) spread cycle; ramp up 
to 500 rpm speed with 100 rpm/s acceleration and leave for 10 s in order for 
the resist to cover the whole wafer surface, (ii) spin cycle: ramp up to 2200 
rpm final speed at 300 rpm/s acceleration and leave for 30 s.  

• Soft bake in two steps: at 65 oC for 20 min, followed by 95 oC for 50 min, both 
on a hot plate, in order to remove the solvent and densify the film.  

• Exposure to i-line UV (365 nm) with a Karl Suss MJB3 mask aligner at 
contact photolithography mode (Fig.5.7.); various exposure times between 20 
and 25 min were examined for optimum crosslinking. Two kinds of filters 
were used: a narrow band-pass filter with a FWHM of 55 nm in combination 
with a step-like filter that cuts off wavelengths below 365 nm. The second 
filter was necessary because SU8 presents too high absorbance at this region 
and could result in too high exposure of the top part and therefore highly non-
vertical walls [5.5.]. 

• Post-exposure bake on a hot plate for 1 min at 65 oC and 20 min at 95 oC, 
which completed the cross-linking of the exposed sites (initiated through the 
UV exposure).  

• Development with immersion of the SU8-coated Si wafer in methoxy-2 propyl 
acetate (PGMEA) for 15 min under continuous stirring. Regions that were 
exposed to UV radiation through the apertures of the Al-mask, and therefore 
cross-linked, remained intact while the rest was dissolved in the developer. 
Development was followed by rinsing with isopropanol and drying with 
nitrogen flow. 

• Hard bake was the final step, realized at 160 oC for 15 min on a hot plate, in 
order to remove possible cracks on the crosslinked SU8 film.  

• Upon completion of the processing, the structures were examined under an 
optical microscope in order to validate the efficiency of the procedure and the 
accuracy of the structures; very little profile of the SU8 walls was observed, 
i.e. deviation from the ideal vertical shape/orientation, of the order of 
maximum 10%, which does not affect the purposes of the current work.  
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Fabrication steps 

Schematics Short description 

 

   Si
SU8

 
 

1. Spin-coat 100 μm SU8 resist. 

 

  Si
SU8

mask

 
 

2. Apply the mask; channels will 
be formed at the empty areas. 

   

  Si
SU8

mask

 
 

3. Expose to UV radiation; SU8 is 
crosslinked at the exposed sites. 

 

   
Si

SU8

 
 

4. Post exposure bake; crosslinking 
is completed. 

 

Si
SU8

 
 

5. Development and removal of 
non-exposed sites. 

 

Si
SU8

 
 

6. Final pattern formation. 

Fig.5.6. Process flow of fabrication steps. 
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mask holder

wafer 
stage

contact lithography 
handling screws

UV lamp

 
Fig.5.7. Karl Suss MJB3 mask aligner that was used for the exposure of the SU8 
coated Si wafer and the formation of the structures.  
 
 
5.3.3. PDMS processing and replica molding 
 

Upon completing the structuring of the SU8-coated Si wafer with the desired 
patterns, processing of PDMS was the next part of the procedure, and it can be 
distinguished in the following steps: 
 

• Preparation of the PDMS involved mixing of the base resin with the curing 
agent Sylgard 184, supplied from Dow Corning Corporation, in a 10 : 1 ratio 
and degassing till complete removal of the bubbles. 

• Casting of the PDMS prepolymer mixture on the SU8 mold, which was 
located at the bottom of a 4-mm-deep metal holder, with diameter slightly 
larger than 3 inches (i.e., as wide as the wafer).  

• Thermal curing of PDMS on a hot plate, at 100 oC for 1 h. 
• Peeling off of the thermally solidified PDMS from the SU8 mold followed. 

The “elastomeric wafer” of 4 mm thickness (as much as the depth of the metal 
holder) was more easily peeled off when a thin Teflon film was spin-coated on 
the SU8 wafer, in order to facilitate less sticking. The PDMS modules were 
diced from the “elastomer wafer” with a razor edge and some of them were 
indicatively inspected with Scanning Electron Microscope (Fig.5.8.). It clearly 
appears that the end-to-end width is the same for all chips, as they are all 
intended to fit in the same sensing area of the SAW sensor. The difference in 
the microchannels width is noticeable, as well as part of the “safety shell” at 
both sides of the microchannels for the IDTs protection. 
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1 mm

900 μm

1550 μm

1100 μm

 
(a) (c) 

 
(b) 

Fig.5.8. Side view (a) and top view 
(b) SEM images of 3-, 4-, and 5-
channel modules(×20 magnification), 
(c) side view of the microchannel 
depth. According to the scale it is 
indeed 100 μm deep, as is the 
“negative” structure of a 100-μm-
high SU8 protrusion. 

 
5.4. Post fabrication processing - fluidic interconnects 
 

Having the diced PDMS module in hand, there are a number of further actions 
that need to be taken before assembling the module on the SAW chip in a fully 
functional way. These are listed below:  
 

• Opening vias for fluid inlet and outlet in the microchannels. This was done by 
means of a bench drill machine (TBM 220, Proxxon). X-Y stage and vision 
through a ×4 magnification microscope ensured the precise drilling of 0.5-
mm-diameter vias (Fig.5.8(b)). A larger diameter (e.g. 1 mm) was avoided due 
to the danger of drilling on two microchannels simultaneously, which would 
lead to fluid leakage from one to the other. 

• Capillary tubing attachment made of low density polyethylene - PE (Scientific 
Commodities, Inc.) for fluid inlet and outlet (Fig.5.9(a)). Their outer diameter 
was 0.5 mm (for precise fitting in the vias) and inner diameter was 0.2 mm. 
The capillaries were manually fixed on their correspondent drilled positions on 
the PDMS module. The lack of glue or any other adhesive means was a great 
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advantage because: 1) it eliminated the danger of via blocking or module 
contamination, and 2) it allowed the replacement and/or cleaning and drying 
of one or more capillaries at any moment without having to dispose of the 
PDMS module. 

• Interfacing with the external syringe pump was achieved by special tip 
adaptors (EFD® - Engineered Fluid Dispensing®) with outer and inner 
diameters of 200 and 100 μm, respectively, which were attached to 1 mL 
syringes for fluid propulsion (Fig.5.9(b)). 

• Micromodule mounting on the SAW sensor chip: To ensure the reusability of 
the PDMS modules and the uniform regeneration of the sensor surface after 
each experiment, the modules were reversibly bound to the sensor surface. 
Specifically, the PDMS modules formed reversible sealing on the sensor when 
pressed against the latter; a slight pressure was enough to seal the module on 
the sensor. This reversible sealing is possible because PDMS is flexible and 
can conform to minor imperfections in a “flat” surface making van der Waals 
contact with this surface. This method of sealing is water tight and fast and 
occurs at room temperature. Simply peeling the PDMS off the flat surface 
breaks this reversible seal [5.3.]. Furthermore, to ensure the stability of the 
module, a plastic cover was screwed on top of PDMS module in order to apply 
constant and uniform gentle external pressure on the latter. Properly designed 
openings allowed the protrusion of the capillaries without obstruction by the 
rest of the plastic lead (Fig.5.10.). 

 

  
(a) (b) 

Fig.5.9. (a) Capillary tubing, (b) various types of syringe adaptors. 

device holder

capillary tubes

2 openings for capillary tubes

plastic cover

PDMS module

 
Fig.5.10. Plastic lead (white component) screwed gently on the PDMS module 
applying the necessary force for conformal and reversible sealing; blocking of 
capillary tubes is avoided via the two openings.  
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5.5. Verification of suitability 
 
5.5.1. Hermeticity of the microfluidic module 
 

The quality of the micromodule sealing on the sensor was tested with a 
syringe pump at the flow rate of interest, 5 μL/min (the pump operated at an 
“INFUSE” mode, rather than “REFILL”, i.e., at a “liquid-push” rather than “liquid-
pull” mode). Using blue-dye fluid, no leakage was observed in the vast majority of the 
cases, neither between the microchannels, nor at the entrance and exit points of the 
fluids, nor at the attachment points of the vias with the capillaries. Also, long duration 
of flow was tried, again, without faults. In order to detach the two components (sensor 
chip and PDMS module), the complex was immersed in water for some minutes and 
then the module was gently removed manually; no marks of the module were left on 
the sensor surface. 

In addition, it must be noted that the hermetic sealing did not cause severe 
damping of the insertion loss (potentially due to the piezoelectric nature of the 
sensor). In fact, the damping was only half of that caused by the standard flow cell, 
which was so, because the total contact area of the micromodule was half of the 
contact area of the standard flow cell.   
 
5.5.2. Flow regime; Reynolds number 
 

Speaking about liquid flow through a rectangular microchannel, the flow 
characteristics through such a “tube” (general term) should be mentioned. The type of 
flow is traditionally indicated by means of the Reynolds number, a dimensionless 
number in fluid mechanics, which qualitatively describes the domination of inertia or 
viscous forces during the flow of a liquid, and is given by the formula: 
 

η
Dvρ

Re =         (eq.5.1.) 

 
where ρ and η are the mass density and viscosity of the fluid, respectively, v its 
average (linear) velocity, which  is given by the ratio of flow rate, Q, over the cross-
sectional area, A; D is a typical length scale, which for non-cylindrical cross-section is 

called the “hydraulic diameter”, 
wet

h P
A4

D =  (eq.5.2.), where Pwet is the wetted 

perimeter. For our case (rectangular-shaped cross-section with height H and width W) 
Dh is [5.6.]:  
 

         
HW

WH2
Dh +

=         (eq.5.3.) 

 
The ratio in eq.5.1. qualitatively indicates the “competitiveness” between the 

inertia and viscous forces. High ratio, i.e., domination of inertial contribution, 
indicates turbulent flow, and is more typical of flows in the macro world. In contrast, 
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low Re values indicate domination of the viscosity term, which is a feature of the flow 
at smaller dimensions. The transitional flow regime, between turbulent (unpredictable, 
chaotic) and laminar (steadier, more well-behaved) flow, has been empirically 
determined at 3000Re2000 << . Eventually, in our case, Re @ 0.14, so the flow in 
our microchannels is laminar, as expected. 

The pressure drop, Δp, inside the microchannel can be estimated using the 
following equation [5.7.]: 

            
2
v

D
L

fpΔ
2

h
=        (eq.5.4.) 

where L is the channel length and f  the friction coefficient, which depends on the 
H/W ratio. The calculation gives Δp = 12 Pa, which is well below the maximum 
pressure that PDMS walls can withstand (few psi [5.3.]). 
 
5.6. Conclusions 
 

The conclusion of this capter is essentially the successful design and 
fabrication of the microfluidic module and its assembly with the SAW biochip. In this 
way, the four microchannels cross the sensing areas of the two sensors in such way 
that an array of eight sub-areas altogether is formed (Fig.5.11.). 

Consequently, the micromodule is ready to be used. 
 

in 1
in 2
in 3
in 4

out 1
out 2
out 3
out 4

B1A1

B4

A2
A3
A4

B3
B2

dev.A dev.B

1
2
3
4

PDMS 
module

IDT set

Contact 
pads

Device 
holder

(a) (b) 
Fig.5.11. (a) Schematic top view of the design as the microchannels cross the devices, 
forming eight distinct sub-areas (A1, A2, . . ., B3, B4); the arrows indicate the input 
and output of the samples, (b) image of the PDMS module mounted on the dual-
sensor chip; # 1–4 denotes the microchannels. 
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Chapter  6. Evaluation of the μF-on-SAW performance 
 
 

6.1. Introduction 
 

Having proven that the microsystem does not suffer from fluid leakage around 
the microchannels, as well as at the junction between tubing and module, we assure 
the functionality of the new setup at the “hardware” level. Like every new system that 
is developed, its sensitivity, signal response and limits, as well as its reproducibility 
need to be checked. Moreover, for our case, as the microsystem suggests a multi-
analyte detection capability due to the formation of various spatially discrete sub-
areas, a critical challenge emerges, concerning the actual reliability of the system.  

As the multiplicity in μF-on-SAW is based on the formation of N sub-areas on 
a single sensor, it is essential that these sub-areas are equivalent in their response to 
the same analytes. In other words, it should be tested whether the signal response 
depends on the series of sample loading, and more importantly, on the location of the 
sub-area on the senor. In order to test this issue, same samples were injected in all 
microchannels in order to extract an average and standard deviation of the signal. This 
deviation from an average value will be an indicator of the error (or, inversely, the 
reproducibility) among the sub-areas. It is desirable to know how much is the signal 
deviation among the sub-areas, and if it is larger than the standard deviation of 
experiments carried out on different days. 

Thus, in this chapter, the reproducibility of μF-on-SAW is investigated at first 
by applying the same viscous solutions on the different sub-areas (the condition and 
the ideal case is described schematically in Fig.6.1.). Then, the same principle is 
tested with biomolecules, checking the reproducibility of protein adsorption and 
subsequent specific binding. Finally, there is a comparison of the performance of the 
two configurations, the standard one and the μF-on-SAW.  
 

Gly/H2O 
in #1

Gly/H2O 
in #1

Acoustic signal
(ΔPh or ΔA)

H2OH2O

Gly/H2O 
in #2

Gly/H2O 
in #2

H2OH2O

Gly/H2O 
in #3

Gly/H2O 
in #3

H2OH2O

Time  
Fig.6.1. Ideal case for μF-on-SAW setup. The repeated signal change upon loading 
the same sample in different microchannels indicates full reproducibility among the 
sub-areas. 
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6.2. Evaluation of μF-on-SAW upon viscous loading 
 
 
6.2.1. Sequence of sample loading 
 

One feature of the Love wave sensors that needs to be taken into consideration 
is that the output IDT set receives the signal change that has taken place on the 
average of the total sensor surface. This is of no concern in the standard configuration 
because the used area is the total area, itself. In the new setup though, there are N 
available areas, and the most favorable procedure for sample loading needs to be 
investigated. 

The desirable case would be to inject N samples at the same time and acquire 
the N signals simultaneously. Such an approach would drastically reduce the 
experimental time. However, since the output signal is the average of what happens 
on the surface, what we would get from a simultaneous injection is the sum of the 
sub-signals. Thus, it will be impossible to distinguish which part of the signal comes 
from each part of the sensor (i.e., split the output signal in parts and assign each part 
to an event on a particular sub-area). For this reason, the sequential injection of 
samples was selected, so that every moment there is an event taking place on only one 
sub-area. A detailed view of the content of each microchannel is described in Tab.6.1. 
in a typical experiment with glycerol solutions. During the injection of a sample 
through microchannel #i, water remains in the used microchannels in a “static” way, 
i.e. without flow, and air still exists in the unused ones. To ensure that the existence of 
non-flowing water in the rest of microchannels -other than the one in use- does not 
affect the acquired signal, water was injected and left in the microchannels for a 
sufficient duration of time; no change in the baseline of the signal was observed.  

Although the sequential mode of sample loading could imply longer duration 
of the experiment, in reality this was not the case as it was proven by initial tests for 
time trade-off between the standard and the μF-on-SAW setups. Moreover, the use of 
the μF-on-SAW configuration with biological samples saved time from the surface 
regeneration procedures and reduced the device wear.  
 
Tab.6.1. Content of each microfluidic channel during a typical experiment. “Active” 
microchannels (i.e., where some sample is loaded) are marked white. 

μF #4 μF #3 μF #2 μF #1 

water for baseline 
equilibrium 

air Air air 

gly#6 air Air air 
rinse air Air air 
gly#5 air Air air 
rinse air Air air 

rest of samples 
& rinse 

air Air air 

“static” water 
water for baseline 

equilibrium 
Air air 
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“static” water gly#6 air air 
“static” water rinse air air 
“static” water gly#5 air air 
“static” water rinse air air 

“static” water 
rest of samples 

& rinse 
air air 

“static” water “static” water 
water for baseline 

equilibrium 
air 

“static” water “static” water gly#6 air 
“static” water “static” water rinse air 
“static” water “static” water gly#5 air 
“static” water “static” water rinse air 

“static” water “static” water 
rest of samples 

& rinse 
air 

“static” water “static” water “static” water 
water for baseline 

equilibrium 
“static” water “static” water “static” water gly#6 
“static” water “static” water “static” water Rinse 
“static” water “static” water “static” water gly#5 
“static” water “static” water “static” water rinse 

“static” water “static” water “static” water 
rest of samples 

& rinse 
End of experiment 

 
6.2.2. Signal response and sensitiviy of μF-on-SAW; comparison with the 
standard configuration 
 

Moving to the actual experimental section, six aqueous glycerol solutions of 
increasing concentration (15 - 45 wt% ) and viscosity (all in the Newtonian region) 
were used for the first characterization of the setup in terms of its signal response and 
sensitivity evaluation (Tab.6.2.). The reasons that glycerol was chosen were analyzed 
in sec.4.2.2. In fact, only one solution in all microchannels would be enough to 
compare the signal response and derive conclusions about the reproducibility among 
the sub-areas. However, to evaluate the sensitivity, a number of solutions need to be 
measured in order to derive the ΔSignal vs. (ρη)1/2 plots and extract the sensitivity 
from the slope (see sec.4.4.2.). 

Figure 6.2. shows the real-time response of the μF-on-SAW in terms of the 
amplitude of the acoustic wave, when the 4-channel microfluidic module was used; a 
similar response was observed for the phase of the acoustic wave. Each group of six 
signal changes corresponds to successive injections of the six glycerol solutions 
through microchannels #4, 3, 2, and 1. Following the injection of each sample the 
signal drops accordingly and, on rinsing, it returns at its initial baseline, which ensures 
that glycerol does not adsorb on PMMA, nor that there are any mass loading effects 
due to surface roughness-induced liquid trapping. A very small signal drift or 
deviation from complete return of the baseline is due to temperature fluctuations 
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and/or other environmental reasons and is not relevant to the use of the microfluidic 
module, since it is also observed in experiments using the standard flow cell.  

 
Tab.6.2. Features of glycerol samples used in the experiments. 

Sample serial No 
Glycerol 

concentration 
(w/w) 

Square root of density-
viscosity product 

(kg . m-2 . s-1/2) 
(a) gly#6 46.72% 2.20 
(b) gly#5 42.29% 2.05 
(c) gly#4 37.34% 1.92 
(d) gly#3 32.87% 1.74 
(e) gly#2 25.63% 1.55 
(f) gly#1 15.37% 1.41 
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Fig.6.2. Real-time representation of the acoustic wave amplitude during sequential 
injection of six glycerol solutions in each microchannel. The same sequence was 
followed in all microchannels. The serial number of the samples corresponds to a 
specific concentration, as it appears in Tab.6.2. S1-S4 represent the sub-areas’ 
sensitivity expressed in dB.m2s1/2/mm2kg. 
 

Interestingly, the pattern of Fig.6.2. resembles much the ideal concept of 
Fig.6.1. In particular, it was observed that when one sample (e.g. gly#1) was injected 
in different microchannels, the signal response obtained was essentially the same. The 
maximum observed deviation between microchannels was 6% for amplitude and 8% 
for phase change. This suggests that the sensor response is independent of the sub-
area location. The above result applies to the whole range of glycerol concentrations 
that were tested, with maximum deviations for the rest of glycerol solutions of the 
order of only 6% and 6-8% for amplitude and phase changes respectively. The 
surface-normalized ΔΑ values stemming from Fig.6.2. are summarized in the bar 
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diagram in Fig.6.3. (similar trend for ΔPh). The last bar of each group represents the 
surface-normalized signal change when the standard configuration was used 
(exploiting the total sensing area). As it appears, there is a satisfactory agreement 
between the two setups (upon surface normalization of the signal) with very few 
exceptions of deviation up to 10%, a value which is considered to be within the 
experimental error. This finding allows us to use the surface-normalized signal and 
make direct comparisons between the two setups.  
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Fig.6.3. Surface-normalized amplitude change for each sample and in each 
microchannel.  
 

Furthermore, as the setup utilized two SAW sensors, it was worth making a 
comparison between results from the same microchannels but different sensors, i.e., 
A1 vs. B1, A2 vs. B2, etc. This comparison is depicted in Fig.6.4. The figure has been 
drawn in a way that each rectangle corresponds to a sub-area of the μF-on-SAW (see 
Fig.5.11.). The values correspond to the surface-normalized ΔΑ of one of the glycerol 
solutions (gly#3). It clearly appears that the reproducibility holds not only between 
the sub-areas of the same sensor, but also between the two sensors. Thus, all eight 
sub-areas can be used as equal, for sensing purposes. 
 

Dev. A

Microchannel #

0.33 0.31 0.32 0.33

0.31 0.31 0.32 0.31Dev. B

2D array of sub-areas on a dual-sensor SAW chip
ΔA / area (dB / mm2)

μF4 μF3 μF2 μF1

 
Fig.6.4. Surface-normalized amplitude change for a particular glycerol sample (32.8 
% w/w) at each of the eight sub-areas formed on the microsystem (corresponding to 
Fig.5.11.). 



Chapter 6  
Evaluation of the μF-on-SAW performance 

 101

The sensitivity of the SAW system upon viscous loading is evaluated through 
the surface-normalized change of the acoustic signal with respect to the sample’s 
(ρη)1/2 (eq.4.9(a), eq.4.9(b)). The relationship of these quantities is linear for the total 
area and for the viscosity range that was used. Figure 6.5. summarizes the ΔA/area vs. 
(ρη)1/2 plot for all microchannels and the standard flow cell (similarly for ΔPh/area vs. 
(ρη)1/2, not shown). It is noticeable that, for the examined viscosities, the linearity 
between ΔΑ (and ΔPh) with respect to (ρη)1/2 remains valid in the case of the 
microchannels, despite the fact that the total area has been divided into four sub-areas. 
The overlap of the points and the fact that they follow the same trend is a significant 
issue (trendlines are not shown for simplicity reasons, but the linear equations appear 
as inset in Fig.6.5.). It indicates that, although the sub-areas are located at different 
sites on the sensor, they are identical in their performance when their compartments 
are loaded with the same viscous liquid. The slopes for all microchannels are the same 
and, therefore, the sensitivity profile of their sub-areas is uniform and does not depend 
on their location on the sensor. In numbers, comparison of the slope values (i.e. 
sensitivity) among the sub-areas gives a maximum deviation of 4% and 3% when it is 
expressed in terms of amplitude and phase, respectively. 

Furthermore, even though the absolute signal value in the μF-on-SAW setup is 
N times less than that of the standard configuration, the sensitivity (based on the 
surface-normalized signals) remains the same, which is a very useful finding for the 
future application of the μF-on-SAW.  

Apart from comparison between the microchannels’ performance, another 
interesting feature from Fig.6.5. rises through the comparison of the total area 
sensitivity profile with that of each sub-area. Some net values of normalized signal 
change taken from the total area and a single sub-area revealed a deviation of 
approximately 10%, as described before. However, this deviation did not hold for 
sensitivity and was quite lower, only 1-5% and 2-3% for amplitude and phase, 
respectively. This indicates clearly that confining a sample in a smaller, rectangular-
shaped sub-area of the sensor does not affect the sensitivity profile. 
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Fig.6.5. Surface-normalized amplitude change as a function of the square root of 
density-viscosity product. The equations refer to the linear trendlines. The slopes 
represent the sensitivities of the four sub-areas and the total area. 
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In the course of experiments, various sequences of injections were tried, for 
example μF4 μF3 μF2 μF1 (following the wave propagation direction), then 
μF1 μF2 μF3 μF4 (reverse), μF3 μF4 μF1 μF2 (arbitrary sequence), and 
others. No dependence of the signal on the injection sequence was ever observed.  
 
 
6.3. Evaluation of μF-on-SAW upon protein adsorption and specific 
protein binding 
 
6.3.1. Necessity to use biomolecules for evaluation 
 

In the previous section, the potential of μF-on-SAW for use with liquid 
samples was investigated, where it was proven that it operates reproducibly in a 
remarkable way among the sub-areas, upon viscous loading (operating, thus, even as a 
“multi-viscosimeter”).  

However, as the final objective for μF-on-SAW is biosensing applications 
(adsorption, biomolecular interactions, kinetics analysis, etc.) the reproducibility 
issues among the sub-areas, described in the previous section must be verified for 
biological samples as well, before proceeding to the actual multi-analyte detection. 
The reason that the verification with simple viscous solutions is not enough, by itself, 
is that the nature of acoustic wave interaction with non-adsorbing viscous solutions 
(such as glycerol solutions) is different from that with adsorbing (visco)elastic 
samples (such as biological layers); this is evident also from the governing equations 
of these interactions (see Tab.4.2.). Moreover, when glycerol solutions were used for 
tests, upon rinsing there was no remaining sample on the sub-area (recall the non-
adsorbing nature of glycerol). On the contrary, when a protein adsorbs on a sub-area it 
is not removed and when a protein adsorbs on the next sub-area there is already a 
“history” on the sensor, which should be examined if it has any influence on the 
reproducibility. For these reasons, it is essential to characterize the μF-on-SAW 
performance (and especially reproducibility) with biological samples too, apart from 
the evaluation with glycerol solutions. 

For experiments with proteins, the phase change of the acoustic signal instead 
of the amplitude was used in order to probe the biomolecular processes. This was 
done under the assumption that, phase change is predominantly dependent on the 
mass uptake rather than any viscoelastic phenomena. This is close to reality when 
proteins, especially globular ones (like the ones we use) are used with thicknesses up 
to the penetration depth (see sec.4.2.4.). 

Unlike the reproducibility experiments with glycerols, where the top layer of 
the sensor chip “exposed” to the sample was PMMA, for the protein-based tests, a 20-
nm-Au layer was sputter-coated on top of PMMA to facilitate more efficient 
adsorption of the biomolecules. For surface regeneration purposes, a standard 
procedure described in sec.3.5. was followed. For fluid flow, a syringe pump was 
used at 5 μL/min flow rate.  
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6.3.2. Reproducibility of μF-on-SAW upon biomolecular interactions 
 

For the reproducibility tests, two types of interactions were investigated: 
(i) Biotin-avidin, by means of neutravidin adsorption and biotinylated BSA 

(b-BSA) binding. 
(ii) Protein G adsorption and IgG binding. 

 
Biotin-avidin interaction was selected because it is a well known and 

characterized one. Apart from the commercially available biotinylated molecules, 
there are available biotinylation kits, which can easily tag one or more biotins to a 
biomolecule (protein, DNA, etc.) without tampering the molecule’s biological 
activity, achieving specific interaction with avidin. The biotin-avidin bond is the 
strongest known bond in nature (dissociation constant of the order of ~10-14 M-1 [6.1.]) 
which makes the formation of the complex practically irreversible and, thus, resistant 
to various solution conditions (such as multiple washings, pH changes, etc).  

Neutravidin (neu) is a deglycosylated version of avidin with a mass of 
approximately 60 kDa. It has a near-neutral pI (6.3±0.3) which minimizes non-
specific interactions [6.2.]; this was the main reason for its selection over the standard 
streptavidin. It has four available binding sites, when in solution, which are reduced in 
maximum two, when it adsorbs on a surface. The latter was the case in our 
experiments, where it was adsorbed on each sub-area to form a monolayer and it was 
followed by b-BSA binding. The concentrations of neu and b-BSA were 200 and 50 
μg/mL, respectively, in PBS (pH 7.4).  

ProteinG-IgG interaction is also a well-known and studied one [6.3.] and it 
was selected because it is the basis for immunological, antibody-antigen, interactions. 
Similarly, PrG was left for adequate time to adsorb on the surface and then the IgG 
was injected for binding. The concentrations of PrG and IgG were 200 and 50 μg/mL, 
respectively, in PBS (pH 7.4). 

Thus, the reproducibility was eventually tested in the following four manners: 
• adsorption of neu in all μFs 
• binding of b-BSA on neu in all μFs  
• adsorption of PrG in all μFs  
• binding of IgG on PrG in all μFs 

In detail, a typical experiment for binding detection with μF-on-SAW took 
place in the following stages, assuming sequential injections of the samples in each 
microchannel: 

(a) PBS for equilibration in μF4 
(b) neutravidin 200 μg/mL (or PrG 200 μg/mL) 
(c) PBS rinsing 
(d) injection and specific binding of b-BSA 50μg/mL on neutravidin (or, specific 

binding of IgG 50 μg/mL on PrG) 
(e) PBS for rinsing 

…the above sequence was followed in μF3 μF2 μF1. 
The sensor diagrams taken from the μF-on-SAW during the above mentioned 

interactions appear in Fig.6.6. and Fig.6.8. In principle, when the status of a 
microchannel changes from “empty” to “PBS filled”, a large phase change is caused. 
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However, this was omitted from the figures for simplicity purposes, as it would 
“visually” block the actual ΔPh of interest. This does not affect the data analysis, 
anyway, as it is a mere shift in the graph. Moreover, Fig.6.8. has emerged from a 
graph of similar nature to Fig.6.6., by shifting all injections to zero; this helps to 
visualize better the equivalence of the sub-areas upon injection of the same samples.  

The ΔPh values of the examined molecules are then presented in bar diagrams 
(Fig.6.7. and Fig.6.9.). In order to derive the ΔPh for each protein in a specific 
microchannel, values from different days (but in the same microchannel) were 
averaged. It can be deduced from the following graphs that the reproducibility among 
sub-areas holds for proteins as well, in cases of both adsorption, and specific binding, 
within a 10% error, which is considered well accepted. 
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Fig.6.6. Real-time phase change: “(a)” and “(b)” correspond to neutravidin and b-
BSA injection times, respectively. Rinsing steps after each sample are mot marked 
with arrows for simplicity reasons. 
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Fig.6.7. Phase change for neutravidin adsorption (filled bars) and b-BSA binding 
(striped bars). 
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Fig.6.8. Real-time phase change due to: (a) PrG adsorption on Au, and (b) IgG 
binding, in all 4 microchannels. Rinsing steps after each sample are mot marked with 
arrows for simplicity reasons. 
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Fig.6.9. Phase change for PrG adsorption (filled bars) and IgG binding (striped bars) 
 
6.3.3. Signal-to-surface proportionality 

 
Concerning the proportionality of the signal to surface area, the reasonable 

question that rises is whether it is valid for biomolecule detection as it was for 
glycerol solutions (sec.6.2.2.). The following two graphs give the answer. Figure 6.10. 
is a combined plot of the phase due to neutravidin adsorption on the total area, and on 
all sub-areas sequentially. The graphs were both shifted to zero initial signal in order 
to simplify the comparison. The total area is 7.44 mm2 and each sub-area is 1.76 mm2, 
i.e., the four microchannels add up to 7.04 mm2, 5% less than the total area, but still it 
is less than the experimental error of the sensor. It clearly appears that the sum of the 
signals from each sub-area corresponds to the signal from the total area. Similar real-
time trend exists for PrG (data not shown) and the surface-normalized phase change is 
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summarized in Fig.6.10(b) for neu and PrG, where it clearly appears that the signal-
to-surface proportionality holds for biomolecule samples, like it did for glycerol.  

This finding can be used in a more “advanced” version of μF-on-SAW. If, for 
example, among the N samples under test, there is one that gives smaller phase 
change, this sample can be given more “space” on the surface in order to increase the 
signal response (confining, simultaneously, molecules giving bigger response, to a 
smaller sub-area). Thus, an “asymmetric” μF-on-SAW can be formed, compensating 
the phase change from small- and big-signal molecules. 
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Fig.6.10. (a) Phase change of neutravidin adsorption on the total area and on all sub-
areas, (b) surface-normalized ΔPh indicating signal-to-surface proportionality 
between the standard and the μF-on-SAW configurations.  
 
6.4. Conclusions 
 

The evaluation of the μF-on-SAW setup revealed very interesting points. 
Comparison of the results deriving from the four sub-areas showed remarkable 
uniformity along its compartmentalized sub-areas, regarding the net values of signal 
change as well as the sensitivity profiles of those areas. No dependence of the results 
on the location of the sub-areas on the sensor was observed, neither on the sequence 
that the microchannels were used (i.e. 1 2 3 4, reverse, or arbitrary order). 
Moreover, in the case of protein samples it was shown that the signal acquired from 
an “active” microchannel is not affected by the “history” on the other sub-areas. Thus, 
no matter where or when a sample is injected in the microchannels, the latter are 
equivalent in their response, allowing the system to be safely and reliably used with 
various samples. This ensures a reliable multi-detection dependent only on the 
different nature of the samples and not on sensitivity inhomogeneities. Thus, highlight 
conclusions of this chapter regarding the acquired signal from the N sub-areas is 
summarized below: 

(i) It is independent of the history of the device, i.e., what already exists on 
other sub-areas. 

(ii) It is independent of the location of the sub-area. 
(iii) It is independent of the injection sequence or direction. 

 
These facts encourage the use of μF-on-SAW for reliable and reproducible 

multi-analyte detection. 
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Chapter  7. Multi-sample detection using μF-on-SAW 
 
 

7.1. Introduction - biomolecules used for multi-analysis 
 
 In this chapter the multi-sensing capacity of μF-on-SAW is investigated using 
four different samples. Having made the preliminary tests with neutravidin – b-BSA 
and PrG – IgG interactions and having some feedback about how these systems work, 
it is reasonable to proceed to multiplicity using one of these two interaction pairs. Due 
to the broad availability of biotinylated molecules of various sizes and features, 
compared to antibodies, the avidin-biotin pair was selected as the basis for the 
multiple experiments. 
 The selected biotinylated molecules were Protein G (PrG), Protein A (PrA), 
Bovine Serum Albumin (BSA) and Immunoglobulin G (IgG).  
 

• Protein G (PrG) and Protein A (PrA): They are surface-bound bacterial cell 
wall proteins, deriving from Streptococcus and Staphylococcus aureus, 
respectively. Both proteins exhibit affinity for the Fc fragment of 
immunoglobulins. The earlier discovered PrA is known to have distinct types 
of binding activity: a primary reaction with IgG and other classes of Ig at sites 
located in the Fc region and a weaker reaction localized to a region outside the 
antigen combining site [7.1.]. The affinity of PrG for IgG is higher than that of 
PrA although over a narrower spectrum of Ig classes. PrG binds monoclonal 
antibodies from mouse and rat, a property that is poor in PrA. Therefore, PrG 
is considered a more general and versatile IgG binding reagent [7.2.]. The 
above properties make the two proteins of primary interest to immunoassay 
and chromatography applications. 

• Bovine Serum Albumin (BSA) is a heart-shaped protein. It is a serum protein, 
but in biosensors community it is widely used as a “blocking agent”, i.e., to 
block non-specific interactions and/or fill gaps on the sensor surface after 
incomplete receptor adsorption. 

• Immunoglobulin G (IgG) belongs to the immunoglobulins family, where other 
types are included, such as IgA, IgE, etc., among which IgG is the most 
abundant (see sec.8.4. for more details). 

 
The above commercially available proteins were selected in their biotinylated 

form as standard molecules of well known size to test the newly developed μF-on-
SAW system. Moreover, all the above proteins have, in general, a globular nature 
(i.e., not linear, fibrous or another special shape which could affect in some way the 
acoustic signal, as it has been shown [7.3.]). Finally, another major reason towards 
their selection was their MW: first, they span a large spectrum, from 30 to 150 kDa, 
and second, the small proteins have quite close values in their MW, which is a 
challenge for the system’s ability to “discriminate” the proteins with close MW, i.e. 
explore the system’s “resolution”, as it is widely termed. Table 7.1. summarizes the 
various features of the four proteins that were used (in their non-biotinylated form, as 
the biotin conjugate does not alter their properties).  
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Tab.7.1. Properties of biomolecules used in multi detection.  
 PrG [7.4.] PrA BSA IgG [7.5.] 

MW (kDa)* 30 42 66 150 

Shape globular globular heart-like 
shape 

rectangular 
prism 

Size ** 3 × 4 × 5 2.5 × 3.5 × 4.5 3 × 3 × 8 nm 23 × 23 × 4 nm
Biotins / 

molecule (Sigma 
datasheet) 

2-4 3-8 3-6 N/A 

* As MWbiotin = 244 Da, the MW of the biotinylated molecules was considered to be 
equal to that of the non-biotinylated ones (error in this assumption was less than 5%) 
** The size was verified via the RCSB protein data bank (www.pdb.org)  
 
7.2. Multiple detection with μF-on-SAW 
 

In all experiments, neutravidin was first injected in each microchannel and 
was left to adsorb so as to form a monolayer that would, subsequently, capture the 
biotinylated molecules. Since the specific binding detection and kinetic analysis was 
the objective of this chapter, the non-specific binding was minimized by injecting 1 
mg/mL BSA blocking solution after the neutravidin adsorption. All biotinylated 
proteins were injected in concentrations that were high enough to saturate the 
neutravidin layer. The injection sequence in each microchannel was the following: 
 

 PBS for equilibrium in μF4 
 neutravidin 500 μg/mL 
 PBS rinsing 
 BSA for blocking (1 mg/mL) 
 PBS rinsing 
 b-BSA 50 μg/mL (or b-PrG in μF3, b-IgG in μF2, b-PrA in μF1) 
 PBS rinsing 

 
The above steps are followed in all the rest microchannels and the 

biomolecules distribution over the sub-areas on the sensor chip after protein binding 
appears schematically in Fig.7.1. Furthermore, based on the finding that all sub-areas 
are reproducible in terms of signal response, the four biotinylated proteins were 
injected in any microchannel. 

Figure 7.2. shows the real-time phase change for the four sequentially detected 
biomolecules in the four compartments of the same sensor. Occasional spikes in the 
real-time signal exist due to sample change. During this procedure the pump is 
stopped, the sample syringe is removed, the buffer syringe is positioned, and the 
pump is set on again. Such a pressure change often results in a signal spike (which is a 
factor that needs to be optimized, as discussed in the future plans section). There are 
other causes of signal spikes, such as air bubbles passing from the surface; however, a 
pressure change spike is recognizable because the signal returns to its initial baseline. 
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μF. 4 3  2     1

dev.A

quartz
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neutravidin
b-BSAb-BSA
b-PrGb-PrG
b-IgGb-IgG
b-PrAb-PrA

dev.B

 
Fig.7.1. Schematic representation  of the biomolecules’ distribution forming an 8-
area biomolecular array.  

 
 The phase change is depicted in a bar diagram in Fig.7.3. (the colors between 
Fig.7.1., Fig.7.2., and Fig.7.3. are equivalent). It is clearly shown that even though 
there is proximity of MW between three proteins, the μF-on-SAW is capable of 
distinguishing the signals among them. Moreover, the non-specific binding was 
investigated by injecting non-biotinylated molecules on neutravidin (after BSA 
addition, data not shown). No phase change was observed, ensuring the minimum 
non-specific binding, which allows the safe assumption that the signal change 
stemmed purely from the biotin-avidin interaction. 
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Fig.7.2. Sequential detection of four different biomolecules with μF-on-SAW. 
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Fig.7.3. Phase change for the four examined molecules. 
 
 
7.3. Full exploitation of 4×2 sub-areas: multiplexing with μF-on-SAW 
 

As the μF-on-SAW consists of two devices and four microchannels crossing 
them, a 2D array of eight sub-areas is formed; thus, eight interactions can potentially 
be probed. However, due to its configuration, a sample flowing in a microchannel 
passes from both devices; thus, only four interactions are in reality detected in 
duplicates and only half the capability of μF-on-SAW is exploited (even if more than 
2 devices were used, the maximum detected interactions would, again, be limited to 
the number of microchannels). In this section, we demonstrate that under proper 
conditions, it is possible to exploit the full capacity of the μF-on-SAW in its current 
configuration, in order to probe 2 × 4 = 8 biomolecular interactions. 

This was achieved by setting different receptor molecules on the two devices. 
More particularly, devices A and B were pre-treated with different molecules, namely 
neutravidin (in dev.A) and PrG (in dev.B). A custom made double-well PDMS 
module was used with two rectangular openings of the size of the total sensing areas, 
in order to prevent the protein solutions to expand on the IDT areas and also to 
prevent them from intermixing. The solutions of the two molecules (80 μL volume of 
1 mg/mL concentration for both proteins) were poured on top of the two total sensing 
areas and left to adsorb for 30 min at room temperature, followed by PBS rinsing and 
drying under nitrogen. This procedure was repeated a few times so as to ensure the 
reproducibility of the physical adsorption of neutravidin and PrG in a static condition.  

The microfluidic module was then carefully attached on the pre-functionalized 
chip and the typical experimental procedure standardized for μF-on-SAW setup 
followed (1 mg/mL BSA was injected in all microchannels prior to any sample, in 
order to block possible “empty spaces” on the surface). 

Since nothing changed on the “hardware” of the setup, a sample flowing 
through μFi flowed, again, through both dev.A and B. However, since dev.A and B 
were pre-functionalized with different receptors, two interactions were probed instead 
of one. For example, injecting b-BSA through μF4, the sample flowed above both neu 
and PrG, probing both neu – b-BSA and PrG – b-BSA interactions. Repeating a 
similar procedure with the other three microchannels (injecting the other three 
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samples) 8 different interactions were analyzed, which are summarized in Tab.7.2. 
and schematically drawn in Fig.7.4. (the colors do not correspond with the previous 
figures).   
 

μF. 4 3  2     1

dev.A
(neu)

neutravidin

b-BSAb-BSA

IgGIgG

b-BSA ( )& IgG ( ) mix

dev.B
(PrG)

PrG

b-IgGb-IgG

 
Fig.7.4. Schematic representation of the eight probed interactions. 
 
Tab.7.2. Combination of 2 pre-functionalized device surfaces with 4 injected analytes 
to achieve the monitoring of 8 different interactions (average ΔPh values in deg, with 
standard deviation ±8-10%). 

Samples injected in microchannels Pre-
functionalized 

devices μF4 (b-BSA) μF3 (b-BSA + IgG) μF2 (IgG) μF1 (b-IgG) 

dev.A (neu) neu + b-BSA 
(1.5) 

neu + mix 
(1.3) 

neu + IgG 
(<0.4) 

neu + b-IgG 
(3.0) 

dev.B (PrG) PrG + b-BSA 
(<0.2) 

PrG + mix 
(4.8) 

PrG + IgG 
(4.7) 

PrG + b-IgG 
(4.3) 

 
Table 7.2. is drawn in such way as to fully correspond spatially to the μF-on-

SAW setup: the 4 columns correspond to the four microchannels, and the 2 rows 
correspond to the 2 sensor devices; thus, each of the eight cells corresponds to each of 
the sub-areas of the setup. Clearly it appears that eight different interactions are 
probed, and the signals they give are summarized in Fig.7.5., where each bar 
corresponds to a particular sub-area of the μF-on-SAW.  

Note that a mixture of two proteins was also tested in order to study 
interference effects and analyte binding specificity. In particular, the protein mixture 
consisted of b-BSA and IgG. This pair was selected because: (i) the former is known 
to interact only with neutravidin and the latter only with PrG, (ii) b-BSA exhibited 
negligible non-specific binding to PrG (sub-area B4); similarly for IgG on neutravidin 
(sub-area A2), (iii) no interaction between the two mixture components was 
experimentally observed, allowing the assumption that they are separate in the 
solution, forming no molecular complex. 
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Fig.7.5. Multiplexed interactions probed with μF-on-SAW (standard deviation was of 
the order of 8-10%, not depicted on the figure due to software restrictions in 3D 
mode). 
 

A close look at Fig.7.5. reveals the following interesting points: 
• In A4, the neu – b-BSA interaction gave a signal change, which was typical to 

this interaction (see also Fig.7.3.). 
• In B4, the PrG – b-BSA showed minimum non-specific binding as expected. 
• In A3, the neu – mixture interaction gave a signal change which was equal to 

that observed in A4, proving that the IgG presence in the mixture does not 
affect the neutravidin – b-BSA binding.  

• In B3, the PrG – mixture signal was almost as much as that observed in B2 
and B1, indicating again, that IgG binds with PrG in the same way, no matter 
if it is in mixture, or not. 

• In μF2, IgG bound only to PrG (B2) and minimally to neutravidin (A2), as 
expected for the specific and non-specific interaction, respectively. 

• In μF1, b-IgG molecule has in principle two specific binding options; biotin to 
neutravidin (A1), and IgG Fc fraction to PrG (B1) and is expected to interact 
with both pre-functionalized surface receptors. Indeed, not only does b-IgG 
bind to neutravidin, but it also appears that biotin molecules do not interfere 
with the PrG-IgG interaction since ΔPhPrG - b-IgG = ΔPhPrG - IgG. 

 
Thus, in this section the feasibility of exploiting the full potential of μF-on-

SAW was investigated and successfully proven. Small deviations from the expected 
values may have derived from possible rinsing off of the neu and PrG after the pre-
functionalization and prior to attachment of the microfluidic module. However, the 
main objective of these experiments was achieved: the full-scale multiplexity of the 
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μF-on-SAW was demonstrated by pre-functionalizing the surfaces of the sensors 
prior to mounting of the microfluidic module. This pre-functionalization can be 
achieved in a simple way, by letting the receptors adsorb for a sufficient time, or by 
using more sophisticated methods, such as surface nanopatterning techniques. 
Indicatively, micro-contact printing, dip-pen nanolithography, inkjet spotting and 
standard bio-compatible lithographic methods can be used to precisely pre-
functionalze the surface with an array of rectangular spots (corresponding to the sub-
areas that are formed on the μF-on-SAW) with (up to) 8 receptors and detect 8 
different biomolecular interactions. 
 
7.4. Binding affinities and kinetic analysis 
 

In this section the capacity of the microsystem is further investigated during 
the equilibrium and kinetic analysis of binding processes detected via the μF-on-
SAW. Firstly, the affinity constants are assessed via the equilibrium analysis, 
assuming Langmuir binding isotherms to govern the interactions. Kinetic analysis 
follows and the protocol for data processing is briefly described, accompanied by 
some basic mathematical formulation for the processing. Affinity constants calculated 
through kinetic data are compared with the values inferred from the equilibrium 
analysis. Furthermore, the binding rate constants are evaluated, which is something 
that can be done only via the kinetic and not through the equilibrium analysis. Various 
theoretical approaches have been published in the literature for processing real-time 
and equilibrium data [7.6.], [7.7.], [7.8.], [7.9.] a summary of which is described in 
sec.7.4.1. and sec.7.4.2. 
 
7.4.1. Theory on equilibrium analysis  

 
A biomolecular binding interaction between a receptor R and a ligand L, 

forming a molecular complex RL can be described by: 
 

RLLR ↔+         (eq.7.1.) 
 

In such interactions it is of interest to know the strength of the binding, which 
is quantitatively annotated by the association (KA) or dissociation (KD) constants of 
the complex formation. Both KA and KD, also referred to as affinity constants, are 
measured under equilibrium conditions and are related to each other through 
KA=1/KD. The term “equilibrium” implies a dynamic state where complexes are being 
formed and dissociated at a constant rate, with no longer change in the concentrations 
of free and bound species. In our case, dissociation was either not existent, or not 
observed with our detection method. This could imply inability to define dissociation 
rate and affinity constants. However, owing to the data processing protocol that was 
followed, all constants were determined through kinetic analysis using only the 
association curves prior to equilibrium by proper fitting (see sec.7.4.2.). 

A relation between the affinity constants and the concentrations of the 
interacting molecules is given by: 
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• association constant:
d

a
A k

k
]L][R[

]RL[
K ==  (measured in M-1)    (eq.7.2(a)) 

• dissociation constant:
a

d
D k

k
]RL[

]L][R[
K ==  (measured in M)    (eq.7.2(b)) 

 
The terms ka (in M-1s-1) and kd (in s-1) appearing in the equations are the 

association and dissociation rate constants, respectively, and denote how fast the 
compound RL is formed and dissociated, respectively, i.e., they are related to the 
actual kinetics of the (forward and reverse) interactions. From the above it can be 
inferred that an interaction with high affinity constant will most likely have a large ka 
and small kd.  

It is important to notice that the affinity constants can be measured directly 
(see processing below) without knowing the constants ka and kd; however, the inverse 
is not possible, which is why the equilibrium analysis is not enough for the calculation 
of the rate constants, but kinetic analysis is needed, instead.  

Taking into consideration that the total concentration of R includes the free 
and the bound quantities of R, i.e., ]RL[]R[]R[ tot +=  (same for L) eq.7.2(b) can 
be rearranged as: 

       
Dtot K]L[

]L[
]R[

]RL[
+

=        (eq.7.3.) 

 

tot]R[
]RL[

 represents the fraction of R which is in the form of RL complex, referred to as 

the “fraction bound”, and is, essentially, equal to the relative surface coverage, Γ 
(Langmuir binding isotherm): 

Dtot K]L[
]L[

]R[
]RL[

Γ
+

==        (eq.7.4.) 

 
The surface coverage is proportional to the sensor signal (this applies not only 

to piezoelectric sensors, but to optical, label-based, etc). Thus, in our case and for a 
certain concentration, c, of the ligand, the above equation becomes: 

 

      
D

max
c Kc

cPhΔ
PhΔ

+
=           (eq.7.5.) 

 
ΔPhc (corresponding to [RL]) is the phase change for a particular ligand concentration 
at equilibrium conditions (e.g. c1, c2 in Fig.7.6(a)); ΔPhmax (corresponding to [R]tot) is 
the phase change at high concentrations, where ΔPh remains constant, irrespective of 
the ligand concentration increase (e.g. c3, c4 in Fig.7.6(a) and Fig.7.6(b)); KD is the 
dissociation constant, expressed in M; thus, the concentration at which ΔPh = 
0.5×ΔPhmax equals KD. However, for more accurate calculations, non-linear curve 
fitting of eq.7.5. was done, as well as linearization of eq.7.5. and subsequent linear 
fitting (sec.7.4.3.). 
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Fig.7.6. (a) Schematic representation of four ligand concentrations, reaching 
saturation at c3 and c4, (b) isotherm curve derived from (a). Colors from (a) 
correspond to (b). 
 
7.4.2. Theory on kinetic analysis  
 

With the previous formulation it was shown how the affinity constants can be 
measured via calculations at equilibrium state. On the other hand, another interesting 
question to answer is “how fast” an interaction takes place. This is described by the 
rate of association and dissociation, i.e., the change in concentrations of reactants and 
products over time as the reaction approaches equilibrium; this is done via kinetic 
studies and analysis, in order to define the association and dissociation rate constants 
(ka and kd, respectively).  

In the typical single-step biomolecular binding reaction, described in eq.7.1., 
the rate of association (i.e. how fast R and L bind) is given by: 
ka[R][L], where ka is measured in M-1t-1, 
and the rate of dissociation is given by: 
kd[RL] , where kd is measured in t-1. 

The rate of product formation d[RL]/dt as equilibrium is approached takes into 
account both forward and reverse reaction rates, i.e: 
 

]RL[k-]L][R[k
dt

]RL[d
da=       (eq.7.6.) 

 
where “R” in this case is the neutravidin, and “L” is the biotinylated molecule. The 
total concentration of receptors on the surface can be expressed as the sum of free 
receptors and bound receptors in the form of RL complex, thus, [R]tot = [R] + [RL]. 
Equation 7.6. is then transformed into: 
 

 ( ) ]L[]R[k]RL[k]L[k-
dt

]RL[d
totada ++=      (eq.7.7.)

   
( da k]L[k +  can be defined as the “observed” rate constant, kobs) 
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which is a differential equation of the form: a-by(t)
dt
dy

+= and its solution is given 

by ( )bt-e-1
b
a

)t(y = . Solving eq.7.7. according to the above we get (assuming that to 

= 0 and [RL](0) = 0): 

         ( )t)k]L[k-(

da

tota dae-1
k]L[k

]L[]R[k
)t](RL[ +

+
=   (eq.7.8(a)) 

Dividing by ka:         

           ( )t)k]L[k-(

D

tot dae-1
K]L[

]L[]R[
)t](RL[ +

+
=  (eq.7.8(b)) 

 
where KD is the dissociation constant. The term before the parenthesis is actually what 
was derived from the equilibrium analysis (eq.7.5.), which is reasonable since 
equilibrium happens for ∞→t , when the exponential decays to zero. Also, the 
[RL](t) is the corresponding ΔPhc at any time instant, and [L] is the concentration of 
the analyte, c. Thus: 

( )tk-

D

max
c

obse-1
Kc

cPhΔ
)t(PhΔ

+
=          (eq.7.9.) 

In this way both rate constants are directly calculated (because they are 
incorporated in kobs), and they can be further used to calculate the binding affinity 
constant KA (the experimental protocol described in sec.7.4.4.). 
 
7.4.3. Experimental results on equilibrium analysis 
 

A typical graph showing the real-time phase change for neu – b-IgG 
interaction at various b-IgG concentrations is shown in Fig.7.7. Similar plots represent 
the binding of the other three biotinylated molecules on neutravidin. For each 
concentration of each molecule, experimental repetition of at least 3 times took place. 
The samples were prepared in μg/mL units, so in order to convert the x-axis from 

μg/mL into M the following relation was used: M
MW10
x

mL
gμ

x 3= (Tab.7.3.). 
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Fig.7.7. Real-time phase change for neu – b-IgG interactions in various examined 
concentrations (presented here in μg/mL). The black squares indicate buffer injection. 
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Tab.7.3. Concentrations of the used samples, in μg/mL and M units. 

Concentration 
(in μg/mL) 

b-PrG 
concentration 

(in M) 

b-PrA 
concentration 

(in M) 

b-BSA 
concentration 

(in M) 

b-IgG 
concentration 

(in M) 

0.5 1.67×10-8 1.19×10-8 7.58×10-9 3.33×10-9 
1 3.33×10-8 2.38×10-8 1.52×10-8 6.67×10-9 
2 6.67×10-8 4.76×10-8 3.03×10-8 1.33×10-8 
5 1.67×10-7 1.19×10-7 7.58×10-8 3.33×10-8 
10 3.33×10-7 2.38×10-7 1.52×10-7 6.67×10-8 
20 6.67×10-7 4.76×10-7 3.03×10-7 1.33×10-7 
50 1.67×10-6 1.19×10-6 7.58×10-7 3.33×10-7 

 
The experimental protocol for determining the affinity constants via the 

Langmuir isotherms was the following: 
 

1. The interactants (neutravidin and the biotinylated molecule) were left to 
equilibrate (monitoring the real-time phase change). 

2. When the signal reached saturation, PBS was used for rinsing till, again, 
equilibration (this was done in case of dissociation and to eliminate any 
potential non-specific binding). 

3. The ΔPh value between the time before analyte injection and after rinsing was 
recorded. 

4. The above steps were repeated for various protein concentrations. 
5. ΔPh vs. c was plotted (in M units). 
6. The data were fit using appropriate mathematical functions (based on eq.7.5.). 

The fitting was done using the function 
xK

Bx
y

+
=  of the “Origin” software 

(“Pharmacology - One site bind”) with variables x and y corresponding to ΔPhc and 
concentration, respectively. Comparing with eq.7.5. we get from the fitting process 
that: B = [R]tot and K = KD. The binding isotherms of the four biotinylated molecules 
on neutravidin, as probed in the four microchannels, are indicated in Fig.7.8.; each 
ΔPh data point (for b-IgG, for example) corresponds to one real-time curve of Fig.7.7. 

In an alternative way, KA and KD were calculated via the linearization of 
Langmuir equation. In particular, inverting eq.7.5. we get:  

max

D

maxmax

D

maxmax

D

PhΔ
K

PhΔ
c

PhΔ
c

cPhΔ
K

cPhΔ
c

PhΔ
1

cPhΔ
Kc

PhΔ
1

+=⇒+=⇒
+

= , which is 

of the form Y = A*X+B (A=1/ΔPhmax, and B=KD/ΔPhmax).  
Figure 7.9. shows the linearized Langmuir graphs for all b-proteins and the 

values for KD and KA (=1/KD) for the four proteins are summarized in Tab.7.4. (the 
difference in the affinity values calculated in the two ways -Langmuir, and linearlized 
Langmuir- is due to the mathematical processing: in the former case a non-linear 
fitting is executed, which is prone to larger error than the linear fit of the latter case). 
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Fig.7.8. Comparative plot of the binding isotherms of all biotinylated molecules on 
neutravidin. 
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Fig.7.9. Linearization of Langmuir binding curves for all biotinylated proteins. 
 
7.4.4. Experimental results on kinetic analysis 

 
As it was mentioned before, with equilibrium analysis it is possible to extract 

the binding constants, but not the rate constants. In order to calculate the latter, kinetic 
analysis of the real-time results (Fig.7.10) was carried out. The protocol, based on the 
equations of sec.7.4.2., was as follows: 
 

1. The Phase vs. time real-time graph was plotted for one concentration till the 
graph appeared to change no more, upon protein binding. 
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2. The real-time data points were fit to a first order exponential function (Origin 
software function: y = yo(1-e-x/A) where y:ΔPh, x:time). 

3. The first derivative dΔPh/dt of the fit function was taken which, according to 
eq.7.7. (and the equivalences ΔPhc [RL] and ΔPhmax [R]tot) is equivalent to  

itotaobs c]R[kPhΔ-k
dt
PhΔd

+=     (eq.7.10.) 

4. The phase derivative was plotted against the phase (dΔPh/dt vs. ΔPh) and 
according to eq.7.10. the slope is equal to kobs for the particular concentration 
ci. 

5. Steps 1 to 4 were repeated for all concentrations. 
6. The kobs was linearly plotted vs. c; due to the kobs definition (eq.7.7.) the slope 

is equal to ka and the abscissa is equal to kd. 
 

The above steps are summarized graphically in Fig.7.10. They indicatively 
refer to b-IgG, but similar processing and graphs correspond to the other biotinylated 
molecules as well (Fig.7.10(a) to (c) correspond to b-IgG concentration c = 20 
μg/mL). Table 7.4. then summarizes the calculated parameters from the above kinetic 
analysis. 
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Fig.7.10. (a) Fitting of raw data with a single exponential decay function, (b) first 
derivative of the fit line, (c) plotting dΔPh/dt vs. ΔPh and linear fit, (d) same as (c) but 
for all concentrations (in μg/mL) examined for one molecule, (e) Plotting the seven 
slopes of (d), i.e., the kobs, vs. concentration: ka equals the slope and kd equals the 
abscissa. 

 
Tab.7.4. Affinity constants (derived from Langmuir non-linear curve fitting, Langmuir 
linearization, and kinetic analysis) and binding rates from kinetic analysis. 

Constants b-PrG b-PrA b-BSA b-IgG 

Affinity constants from equilibrium (non-linear Langmuir fit) 

KA (M-1) 8.06×107 5.92×107 9.09×107 2.24×108 

KD (M) 1.24×10-8 1.69×10-8 1.10×10-8 4.46×10-9 

Affinity constants from equilibrium (linearization of Langmuir curves) 

KA (M-1) 2.22×108 7.76×107 4.43×108 4.40×108 

KD (M) 4.50×10-9 1.29×10-8 2.26×10-9 2.27×10-9 

Binding rate and affinity constants (kinetic analysis) 

KA (M-1) 7.46×107 1.24×107 2.44×107 2.91×107 

KD (M) 1.34×10-8 8.06×10-8 4.1×10-8 3.44×10-8 

ka (M-1t-1) 1.27×104 2.23×104 4.63×104 3.20×104 

kd (t-1) 1.70×10-3 1.80×10-3 1.90×10-3 1.10×10-3 
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(it must be noted that, because the proportionality of signal-to-surface area was 
proven between the μF-on-SAW and the standard setup, the affinity constants are not 
expected to change when using one system or the other, so there is full compatibility 
in the results between the two).  
 
7.4.5. Comments on the results 
 

Having the KA values for all four proteins, it is interesting to analyze and 
compare them in the following ways: (i) what is the relation between the KA of the 
neutravidin – biotinylated molecule interaction and the avidin-biotin one, available in 
the literature, and (ii) compare the affinity and kinetic constants among the four 
proteins themselves.  

It is reported in literature that the avidin-biotin interaction has a KA of the 
order of 1013 to 1015 M-1, which is approximately 105-107 times higher than the one 
we experimentally defined. At first sight there seems to be a huge, inexplicable 
inconsistency. Looking at published references, they mostly refer to avidin-biotin (or 
streptavidin-biotin) binding in solution. In our case, even if we assume that 
neutravidin has similar behavior as streptavidin in terms of biotin-binding (which is 
true according to some studies showing that the biotin-binding activity of neutravidin 
remaines largely unaffected by the deglycosylation [7.10.]), we can not disregard two 
main differences, which are likely to explain the discrepancy between our values and 
the literature ones:  

(i) Instead of free (strept)avidin in solution we have neutravidin adsorbed on 
a solid substrate, which is a major difference. Due to this constraint, 
neutravidin has only two out of its potentially four binding sites exposed to 
the solution of the analyte (biotinylated molecule), which could play a 
significant role to the reduction of binding affinity constant. In support of 
this argument, there are some reported studies in which neutravidin has 
been genetically modified as to suppress the functionality of one, two or 
three of its binding sites, without tampering with any other characteristic 
of the molecule (e.g., size, shape, MW, etc.) [7.11.], [7.12.]. These studies 
report that the affinities of such mutated molecules to biotin-binding are 
dramatically reduced. These conditions (blocked neutravidin sites due to 
adsorption and blocked sites due to mutation) could be considered 
equivalent, and thus this could be a reason for the reduced observed 
affinity. 

(ii) In addition, instead of simple biotin, in our work we use biotinylated 
molecules. By default this means bigger biomolecules, which need more 
time to diffuse to the binding sites so, in principle, comparison with pure 
biotin-avidin interaction may even be groundless. 

The above assumptions for the explanation of the discrepancy of the affinity 
constants between avidin-biotin (literature) and neutravidin – b-molecules 
(experiments) should also take into consideration the following issue: as it was 
mentioned in sec.7.4.1. the concentration at which ΔPh = 0.5×ΔPhmax, equals KD. 
Therefore, the evaluation of KD somehow depends on the detection limit of the 
biosensing platform. The microsystem used has a detection limit for analyte 
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concentration of the order of 1 nM; therefore, even if KD is much lower than 1 nM, it 
will not be detected. Therefore, even if the KD of the biotinylated biomolecules was, 
indeed, lower than the calculated one (close to the avidin-biotin range) it corresponds 
to concentrations too low to be detected with the μF-on-SAW platform.  

Comparing the affinity constants among the biomolecules, there seems to be 
some small scattering depending on the calculation method. On the other hand, there 
seems to be no apparent trend (for example as the MW of the biotinylated molecule 
increases) which leads to the conclusion that all molecules have essentially the same 
binding constants. Comparing the binding rate constants among the four biotinylated 
molecules it appears that the values are of the same order of magnitude and, in fact, 
quite close between them. This is additional evidence that there is essentially no 
difference in the binding behavior between the four biotinylated molecules with 
neutravidin. It is neither their size nor MW that make one of them interact faster or 
more favorably with neutravidin. This does not mean that a much smaller or bigger 
biotinylated molecule will have similar rate constants (tested under the same 
conditions on the same device) but at least for the range of MW and sizes that were 
tested in this work, no significant difference in ka or kd was observed. 
 
7.5. Conclusions 
 

This chapter reported the first application of μF-on-SAW setup as multi-
sample detection platform. Four different biomolecules were used, having their 
biotinylated nature in common, and they all interacted with neutravidin. 
Discrimination of their close MW was achieved and individual detection of each 
biomolecular interaction in each microchannel was performed. In addition, the full 
capacity of μF-on-SAW at its current configuration to detect 8 different interactions 
was explored and successfully tested, by pre-treating the two sensors of the biochip, 
opening the way for further investigation of this issue via more sophisticated 
biomolecular patterning techniques. Finally, the microsystem was proven successful 
also in performing affinity and kinetic analysis, via the determination of binding and 
rate constants of the interactions between the four biotinylated molecules and 
neutravidin. Results on this field indicated that, due to the large size of molecules and 
the adsorbed state of neutravidin (as opposed to free in solution) the affinity constants 
were reduced with respect to known values from literature for avidin-biotin. However, 
this “size effect” did not appear to induce some trend in the values of the constants 
(when the four molecules were combined between them) which allows us to deduce 
that, despite the lower calculated affinity constants, it was eventually the nature of 
avidin-biotin interaction that was observed. 
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Chapter  8. Clinical application: cardiac markers 
 
 
8.1. Introduction - what are biomarkers? 

 
The early and accurate diagnosis of a pathological condition, such as tumor or 

heart disease, is of critical importance for the efficient treatment of a patient. The 
diagnosis should take place in a quick, precise, reliable and minimally invasive way. 
The detection of biomarkers in body fluids (blood, saliva, urine) greatly helps towards 
this scope. A biomarker is a biomolecule (usually a protein) that, in a pathological 
situation either appears in the body fluids (contrary to its non-existence during 
physiological conditions), or increases in concentration. A genetic biomarker is a 
mutated DNA fragment/sequence which results in a defective protein and thus, a 
malfunction; genetic biomarkers are not detected via measurement of the 
concentration levels, but by means of hybridization of their complementary sequence; 
in this sense, their detection is more qualitative (i.e.,“yes or no”) than quantitative in 
nature. In fact, the official definition of the National Institute of Health (NIH) for a 
biomarker is: “a characteristic that is objectively measured and evaluated as 
indicator of normal biological processes, pathogenic processes, or pharmacologic 
responses to therapeutic intervention”. 

Biomarker molecules can be categorized as disease-related and drug-related 
ones. Disease-related biomarkers indicate whether there is a threat of disease (risk 
indicators or predictive biomarkers), if a disease already exists (diagnostic 
biomarker), or in what way such a disease may develop in an individual case 
(prognostic biomarker). In contrast, drug-related biomarkers indicate whether a drug 
will be effective in a specific patient and how the patient’s body will process it. In 
drug development, biomarkers may be used to (i) determine how a drug works in the 
body, (ii) assess a biologically effective dose of a drug, (iii) define whether a drug is 
safe or effective, and (iv) identify patients most likely to respond to a treatment, or 
least likely to suffer an adverse event when treated with a drug. 

As healthcare is a serious issue and the results need to be as much cross-
checked as possible, the more methods used the better. Thus, the purpose of using 
biomarkers for diagnostics is not to replace the use of other established methods, such 
as electrocardiographs, sonographs, imaging methods (for cancer) etc. On the 
contrary, biomarker-based diagnosis aims at developing an additional method for 
prognostics, of analytical nature, which will act in a complementary, rather than 
competitive, way to the already existing methods for better and fully characterizing a 
patient’s condition and potentially individualize treatment, realizing the so called 
“personalized medicine/healthcare.” 

That is why there is intensive work currently taking place on the discovery and 
development of innovative and more effective biomarkers. These “new” biomarkers 
have become the basis for preventive medicine, meaning medicine that recognises 
diseases or the risk of disease early enough, and takes specific countermeasures to 
prevent the development of a disease. Biomarkers are also seen as the key to 
“personalized medicine”, i.e., treatments individually tailored to specific patients for 
highly efficient intervention in disease processes. 
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8.2. Why cardiac biomarkers with μF-on-SAW 
 

Here lies a bidirectional question: (i) why were cardiac markers chosen as an 
application for the μF-on-SAW and, (ii) why would cardiac marker diagnostics need a 
multi-sample detector.  

Firstly, biomarker results should be fast and, at the same time, efficient. In 
standard biochemical tests, where results come out in a few days, the necessity for a 
fast procedure is not obvious: one would wonder “what is the difference in hearing the 
results immediately or after two days, if I suffer from a problem for a long time 
already”. However, there are cases where minutes are crucial. In pre- and post-
operative conditions in intensive care units that continuous monitoring is essential, the 
results should come out fast, desirably within some minutes [8.1.]. Towards this 
scope, miniaturized systems and point-of-care analytical microdevices can play a 
significant role. 

With respect to the actual application of cardiac markers it is well known that 
elevation of the concentration of only one marker does not necessarily indicate the 
break out of a disease but could stem from other causes too (smoking, stress, or heart 
irrelevant disease, etc). Thus, several markers need to be checked in order to verify 
that the contents in blood have elevated due to pathological origins, rather than other 
causes. That is why the development of a system capable of performing multiple tests 
is necessary. And not only that: although the tumor markers are more or less one-to-
one related to a disease, this is not the case for cardiac markers. There is a strong 
interdependency of cardiac markers with respect to the heart-related diseases they 
indicate [8.2.], [8.3.]: one marker is indicative of more than one problems; and 
inversely, one disease is relevant with the increase of more than one biomarker levels. 
Thus, there is a high level of multiplexity among cardiac markers. This makes multi-
sample testing vital for cardiac marker assessment, and, conversely, it makes cardiac 
markers an excellent group of molecules to be used on a multi-sensing setup. These 
reasons led to the selection of this application. 

The nature of biomarker-based diagnostics imposes multiplexity, by itself. 
Especially for cardiovascular diseases where plenty of non-biological reasons cause 
increase in concentration levels of these substances and/or heart problems (like 
smoking, obesity, stress, etc) it is necessary to investigate and cross-check as many 
biomarkers as possible in order to diagnose the actual source of problem and 
reliably assess in favour of, or against a cardiovascular risk condition.  

 
8.3. Cardiac markers examined in this work 

 
The cardiac markers selected to be applied on the μF-on-SAW for multi-

sensing are: Creatine Kinase MB (CK-MB), C-Reactive Protein (CRP), D-dimer, and 
Pregnancy Associated Plasma Protein A (PAPP-A). Some functional information 
about these biomarkers as well as their role in critical heart conditions are 
summarized in sec.8.3.1. to sec.8.3.4.  

The concept for choosing these particular molecules was that the combination 
of the examined biomarker group should include both traditional and newly emerged 
markers. CK-MB and CRP satisfied the first condition. In fact, CK-MB along with 
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Troponins I and T, as well as Myoglobin, are used in tests either alone, or in 
combinations of two or three [8.4.]. CK-MB has the highest MW among these 
molecules, which is another reason it was selected. Among the “newly-emerged” 
biomarkers, D-dimer and PAPP-A were chosen. Furthermore, it was desirable that the 
molecules spanned a wide range of molecular weights, so that the correlation with 
signal could be investigated. This was another reason in favor of selecting PAPP-A, 
due to its high molecular weight. 

It must be noted that, since the field of cardiac markers is of great importance 
to human healthcare, there has already been research and progress on this field [8.4.]; 
and even though there have been some cases where only some of the biomarkers have 
been tested on a micro/biochip [8.5.], [8.6.], [8.7.], [8.8.], none of the examined ones 
in this work (except CRP [8.9.]) has ever been investigated with an acoustic 
biosensor, in general. Furthermore, it is one of the very few studies of on-chip 
investigation of multiple cardiac markers, which offers additional novelty to this 
work. 

 
8.3.1. Creatine Kinase - MB (CK-MB) 
 

CK-MB is a dimeric enzyme composed of either M (muscle type) or B (brain) 
type subunits. These subunits associate to form three isoenzyme forms: BB, MB, and 
MM. These isoenzymes are expressed at different levels in various tissues in humans: 
CK-BB is predominantly found in brain tissue and CK-MM in skeletal and heart 
muscle (Fig.8.1.); CK-MB is the 86kDa isoenzyme of creatine kinase, found in heart 
muscle, which is why this one is used.  

Clinical value and existing tests: Assays for serum levels of CK-MB have 
long been used in cases of suspected heart muscle disease. In fact, CK-MB is 
extensively used to aid in the diagnosis of myocardial infraction, even in regular 
biochemical tests [8.10.]. Its use is not confined to prognosis, but also to post-
operational monitoring of a patient’s condition [8.11.]. Normal values of CK-MB 
concentration are considered below ~ 10 ng/mL. 

 

 
(a) (b) 

Fig.8.1.Creatine Kinase isoenzymes: (a) CK-BB, (b) CK-MM. 



Chapter 8  
Clinical application: cardiac markers 

 132

8.3.2. Cardiac Reactive Protein (CRP)  
 
It is a 125 kDa pentameric protein. The monomers are non-covalently 

associated and are symmetrically arranged around a central pore (Fig.8.2.). For 
decades CRP had been known as liver-derived protein. However, recent data showed 
significant level of CRP expression in other tissues, such as blood vessel wall and 
coronary artery smooth muscle cells. 

Clinical value and existing tests: CRP is a widely known and used marker 
for inflammation [8.12.] and for the early diagnosis of acute coronary syndromes 
[8.13.]. Patients with elevated CRP levels have an increased risk for heart attack, 
stroke, sudden death, and vascular disease. In 2003, the Centers for Disease Control 
and Prevention (CDC) and the American Heart Association (AHA) issued a statement 
identifying CRP as the inflammatory marker best suited for use in current clinical 
practice to assess cardiovascular risk [8.14.]. In pathology, CRP concentration has an 
enormous dynamic range, from 0.05 to 500 μg/mL. The CDC/AHA guidelines sup-
port the use of CRP in primary prevention and set cut-off points according to relative 
risk categories: low risk (<1 μg/mL), average risk (1-3 μg/mL), and high risk (>3 
μg/mL).  

 
Fig.8.2. The pentameric structure of CRP forming a pore in the middle. 
 
8.3.3. D-dimer  

 
D-dimer is a fibrin degradation product, formed during the blood coagulation 

cascade. It is a 195 kDa protein and the dimeric form is held by two isopeptide bonds 
between C-terminal parts of γ-chains (Fig.8.3.).  

Clinical value and existing tests: D-dimer is a marker of substantial value for 
the early diagnosis of hypercoagulability, i.e., excessive thrombus formation. D-dimer 
level in healthy individuals is less than 0.5 μg/ml; elevated levels were found in the 
blood of patients with pulmonary thromboembolism, deep vein thromboses and 
atherosclerosis; elevated level of D-dimer in blood indicates a risk of myocardial 
infarction and is believed to be a reliable marker of pathological coagulation that 
underlies pathogenesis of most cardiovascular diseases [8.16.]. Also, clinical tests 
have shown that this protein exhibits significantly increased concentration levels in 
patients with acute ischemic events (myocardial infarction and unstable angina) than 
in nonischemic patients [8.17.]. 
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(a) (b) 

Fig.8.3. Schematic of conversion of fibrinogen D-dimer [8.15.]. 
 

8.3.4. Pregnancy-Associated Plasma Protein-A (PAPP-A)  
 
In the blood of pregnant women PAPP-A exists as a covalent (disulfide 

bridged) heterotetrameric complex, consisting of two 200 kDa PAPP-A subunits and 
two 50-90 kDa subunits (proMBP) forming a complex with total MW of 
approximately 540 kDa. Such complex is denoted as heterotetrameric PAPP-A 
(PAPP-A/proMBP or htPAPP-A, Fig.8.4.). 

 
Fig.8.4. Left: heterotetrameric form htPAPP-A; Right: homodimeric form dPAPP-A. 
 

 
Clinical value and existing tests: The htPAPP-A form is widely recognized 

biochemical marker of Down syndrome. Recently, though, it was shown that the 
homodimeric form of PAPP-A (dPAPP-A) with molecular mass about 400 kDa, is 
abundantly expressed in unstable coronary atherosclerotic plaques. Recent studies 
have revealed that its dimeric form (dPAPP-A) can be used as a marker of acute 
coronary syndromes (ACS) [8.18.]. It has been demonstrated that dPAPP-A is 
abundantly present in unstable atherosclerotic plaques, and its circulating level is 
significantly elevated in patients with unstable angina or acute myocardial infarction 
in comparison with patients with stable angina and control subjects [8.19.]. Note: due 
to too high cost of dPAPP-A (€ 2300 for 50 μg, www.hytest.fi) the htPAPP-A form 
was used in our experiments, instead of dPAPP-A. However, the mAb was selected 
such that captures PAPP-A at its dimeric sub-unit (green areas in Fig.8.4.), which is 
common for dPAPP-A. 
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8.4. Immunoassays 
 

The experiments with cardiac markers were, essentially, immunoassay tests. 
An immunoassay is a bio(chemical) test used to detect or quantify a specific 
substance, the analyte, in a body fluid such as blood, using an immunological 
reaction, i.e., the interaction of an antibody with its antigen. Immunoassays are highly 
sensitive and specific due to the antibody-antigen interaction. They measure the 
formation of antibody-antigen complexes and detect them via a biosensing method. 
Immunoassays may be qualitative (positive or negative) or quantitative (amount 
measured). An example of a qualitative assay is an immunoassay test for pregnancy, 
in which the presence of human chorionic gonadotropin (hCG) in urine or serum is 
detected.  

 
8.4.1. Antibodies 

 
At the core of an immunoassay lies the interaction of the antigen (analyte) 

with the capture antibody (immobilized on the surface of the sensor, biochip, etc.). An 
antibody is a protein (immunoglobulin) produced by B-lymphocytes (immune cells) 
in response to a stimulation by an antigen, which could be bacteria, viruses, harmful 
toxins, etc [8.20.]. An antibody consists of two large heavy and two small light 
immunoglobulin (Ig) chains (Fig.8.5.). Several different types of heavy chains exist 
that define the class or isotype of an antibody. Two regions can be identified on an 
antibody: the variable region gives the antibody its specificity for binding an antigen 
(which is of non-covalent nature between the antigen-binding site on the antibody and 
a portion of the antigen called the epitope). The constant region determines the 
mechanism used to destroy the antigen. According to their constant region, structure 
and immune action, antibodies are divided into five classes: IgM, IgG, IgA, IgD, and 
IgE.  

 

 
Fig.8.5. Schematic of a typical antibody structure. 
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8.4.2. Polyclonal and monoclonal antibodies  
 
Polyclonal antibodies are derived from different B cell lines. They are a 

heterogeneous mixture of immunoglobulin molecules secreted against a specific 
antigen, each recognizing a different epitope (i.e., multiple different, antibodies that 
bind the same antigen). Specific polyclonal antibodies are typically produced by 
immunization of a suitable mammal, such as a mouse, rabbit or goat (the antigen is 
injected into the mammal). This induces the B-lymphocytes to produce IgG 
immunoglobulins specific for the antigen. This polyclonal IgG is then purified from 
the mammal’s serum. Due to their nature and heterogeneity, polyclonal antibodies are 
often used when large entities are to be captured, so that various areas of theirs can be 
recognized.  

Monoclonal antibodies (mAbs) are specific for a single epotipe of an antigen. 
To produce monoclonal antibodies, B-cells are removed from the spleen of an animal 
that has been injected with the relevant antigen. These B-cells are then fused with 
myeloma tumor cells that can grow indefinitely in culture (myeloma is a B-cell 
cancer). This fusion is performed by making the cell membranes more permeable. The 
fused hybrid cells (called hybridomas), being cancer cells, multiply rapidly and 
indefinitely and produce large amounts of the desired antibodies. Given almost any 
substance, it is possible to create monoclonal antibodies that specifically bind on that 
substance and serve in its detection and/or purification. Polyclonal and monoclonal 
antibodies are often purified using protein A/G or antigen-affinity chromatography 
[8.21.]. 

In our application, all four markers are relatively big molecules (especially D-
dimer and PAPP-A with 195 and 540 kDa, respectively) so in principle, polyclonal 
antibodies could be used to capture them more easily. On the other hand, as 
monoclonal antibodies bind to only one site of a particular molecule, they provide a 
more specific and accurate detection, less easily affected by the presence of other 
molecules; and because a crucial part of the experiments was the selective capturing 
of one biomarker out of a mixture, and the elimination of any non-specific 
interactions, monoclonal antibodies were eventually used. (The purchased 
monoclonal antibodies were, indeed, highly specific to the purchased antigens: anti-
CKMB was reported to have no cross-reaction with the other isoenzymes of creatine 
kinase; anti-D-dimer was reported to have no cross-reaction with D-monomer or 
fibrinogen). 
 
8.5. Experimental procedure 
 

Having defined the method of biomarker detection, it is necessary to define 
the means of antibody immobilization. The objective is to immobilize them (i) 
without losing their activity, and (ii) having as much orientation as possible with their 
Fab sites facing the analyte solution.  

Chemical methods were rejected due to incompatibility of the biosensing setup 
with harsh wet environments. Another method could be to use biotinylated antibodies 
which would bind on a neutravidin-modified surface. However, even though the 
biotin linkers are known not to affect the functionality of the molecules, they would 
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still be randomly distributed all over the antibody. This would increase the possibility 
of a biotinylated antibody to bind neutravidin with its “useful” site facing the surface, 
rendering it practically useless. The same problem would exist if the antibodies were 
simply left to adsorb on the gold surface: the molecule could adsorb through the Fab 
ends or the Fc tail, lie on its “side” or even denature and become non-functional.  

That is why the immobilization was eventually accomplished via the PrG-IgG 
interaction; PrG reacts with IgG at sites located in the Fc region, leaving the “useful” 
side of the antibody intact (see sec.7.1.). The assay sequence was the following and is 
schematically shown in Fig.8.6. (the bullet-letters below correspond to the 
illustrations in Fig.8.6.). 

 
(a) PBS buffer for signal equilibrium. 
(b) Surface modification with PrG layer, by means of physical adsorption (500 μg/mL 
PrG concentration). 
(c) Injection of one antibody in each microchannel; its specific interaction with PrG 
causes the antigen-binidng site of the antibodies to be exposed towards the solution 
(20 μg/mL antibody concentration). 
(c-i) BSA (1 mg/mL) injection for blocking (not appearing in Fig.8.6.). 
(d): Injection of one biomarker per microchannel (concentrations in Tab.8.1.). 
(e): Binding of the marker and rinsing of its excess quantity. 
 
(note: PBS buffer was used for rinsing in between all the above steps) 
 
Tab.8.1. Biomarkers’ concentrations that were tested (in μg/mL and nM). 

Concentration 
(in μg/mL) 

CK-MB 
concentration 

(in nM) 

CRP 
concentration 

(in nM) 

D-dimer 
concentration 

(in nM) 

PAPP-A 
concentration 

(in nM) 

0.25  2.0   
0.5 5.8 4.0  0.9 
1 11.6 8.0  1.9 
2 23.3 16.0 10.3 3.7 
5 58.1 40.0 25.6 9.3 
10 116.3 80.0 51.3 18.5 
20 232.6 160.0 102.6 37.0 
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Fig.8.6. Experimental steps during biomarker detection. 
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The sensogram corresponding to the sequential injection of the four 
biomarkers in the four microchannels appears in Fig.8.7. The real-time curves of all 
proteins correspond to the maximum concentration used, 20 μg/mL, where the signal 
appears to reach saturation (see sec.8.6.); Fig.8.7. is accompanied by a bar diagram 
indicating the phase change values for each of the four biomarkers (still at 20 μg/mL) 
proving that all four of them are detectable and distinguishable (Fig.8.8.). The colors 
between Fig.8.7. and Fig.8.8. are equivalent; however, each bar of Fig.8.8 is the 
average of many experiments, whereas each line in Fig.8.7. represents a single 
experiment and does not fully correspond, in ΔPh value, to the bar of the same color. 
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Fig.8.7. Real-time phase change during the sequential injection of the four 
biomarkers in the four microfluidic compartments. 
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Fig.8.8.  Phase change for the four biomarkers. 

 
It appears from Fig.8.7. that the four molecules have different rate of phase 

change. In fact, for the same concentration (in μg/mL) the two big molecules (in terms 



Chapter 8  
Clinical application: cardiac markers 

 139

of their MW) seem to have quite slower binding rate than the two smaller molecules. 
Indicatively, an exponential fit for these curves (based on eq.7.9.) reveals the time 
needed to reach half of the maximum signal change (T1/2 = tmaxln2):  

s372ln53T MB-CK
2/1 ==  

s242ln35T CRP
2/1 ==  

s3602ln519T erdim-D
2/1 ==  

s3212ln463T A-PAPP
2/1 ==  

i.e., about 10 - 15 times higher for the two big molecules than for the two smaller 
ones. One explanation is the fact that the above comparison was done in terms of 
μg/mL units of concentration; transforming the units into M, which is directly 
proportional to the number of molecules, it appears that there are less molecules 
available for the two big biomarkers, than for the two smaller ones. In addition, the 
size of the bigger molecules makes them harder to diffuse to the surface and reach 
their capture antibodies.  
 
8.6. Binding and kinetic analysis 
 

During the experiments for kinetic and equilibrium analysis, various 
concentrations of all markers were probed, and in all cases the assay sequence 
described in sec.8.5. and Fig.8.6. was followed. The real-time binding curves appear 
in Fig.8.9. (indicatively PAPP-A is shown, but similar trends are valid for the other 
markers too).  
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Fig.8.9. Real-time phase change for various concentrations of PAPP-A (expressed in 
μg/mL). The black squares indicate buffer injections. 
 

The data analysis for the assessment of the binding affinity and rate constants 
was done using the protocols of sec.7.4.3. and sec.7.4.4. The values of ka and kd are 
summarized in Tab.8.2.; the process described in Fig.7.10. is not shown, since the 
concept is the same. For the equilibrium analysis, each ΔPhc from all the above 
concentrations was a data point of a ΔPh vs. c plot (see schematic in Fig.7.6.) giving 
rise to the comparative graph shown in Fig.8.10., for all markers. In addition, the 
linearized transformation of the Langmuir equation is plotted in Fig.8.11. and the 
values calculated from all these methods are summarized in Tab.8.2.  
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Fig.8.10. Binding isotherms of the four biomarkers upon the interaction with their 
corresponding antibodies. 
 

max

D

max PhΔ
K

c
PhΔ

1
PhΔ
c

+=  

(Y=AX+B) 

yCK-MB = 0.962 x + 1.92×10-8 
R2 = 0.989 

yCRP = 0.726 x - 7.48×10-10 
R2 = 0.995 

yD-dimer = 0.232 x + 1.30×10-8 
R2 = 0.998 

0.E+00

1.E-07

2.E-07

3.E-07

0.0E+00 1.0E-07 2.0E-07 3.0E-07

CKMB
CRP
D-dimer
PAPPAc

/ Δ
Ph

(Μ
/d

eg
)

Analyte concentration (M)

yPAPP-A = 0.226 x + 1.08×10-9

R2 = 0.999 

Fig.8.11. Linearization of Langmuir isotherm curves for all cardiac markers. The 
trendlines are summarized on the right. 
 
Tab.8.2. Affinity constants and binding rate constants for the interaction of the 
cardiac markers with their antibodies. 

Constants CK-MB CRP D-dimer PAPP-A 

Affinity constants from equilibrium (non-linear Langmuir fit) 

KA (M-1) 6.29×107 4.12×108 1.86×107 2.10×108 

KD (M) 1.59×10-8 2.43×10-9 5.38×10-8 4.77×10-9 
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Affinity constants from equilibrium (linearization of Langmuir curves) 

KA (M-1) 5.01×107 9.71×108 1.79×107 2.09×108 

KD (M) 2.00×10-8 1.03×10-9 5.59×10-8 4.78×10-9 

Binding rate and affinity constants (kinetic analysis) 

KA (M-1) 1.20×108 7.75×108 4.63×108 1.01×108 

KD (M) 8.36×10-9 1.29×10-9 2.16×10-9 9.89×10-9 

ka (M-1t-1) 7.88×104 1.24×105 1.83×104 4.71×104 

kd (t-1) 6.59×10-4 1.60×10-4 3.95×10-5 4.66×10-4 

 
It is worth noticing that the dissociation constant KD of CRP, as calculated 

from the Langmuir non-linear fitting was found very close to the one given in the 
product datasheet, provided by the supplier (for mAb “C2”: KD = 1.93 × 10-9 M, 
calculated via a Biacore SPR biosensor). Unfortunately no similar information was 
available in the datasheet of the other molecules.  
 Comparing the values of the above constants, and within the scattering 
existing among the different analysis methods, it can be safely concluded that there is 
no significant difference between the binding affinities of the four examined 
biomarkers. This was expected, as all interactions are of the antibody-antigen nature, 
which has typical KA, KD values of the order of magnitude that was experimentally 
measured.  
 
8.7. Relation between detected values and clinical values 
 

As the multi-analysis is ultimately intended to be implemented in diagnostics, 
“real-life” data must be taken into account and evaluate the μF-on-SAW performance 
according to them. That is why Tab.8.3. reports the concentration “borders” between 
the healthy and critical conditions concerning the particular biomarkers. In 
combination with that, Fig.8.12. depicts the dynamic range of the μF-on-SAW for all 
the tested molecules, in a ΔPh-vs-Logc plot. Logc was selected for the x-axis in order 
to appear in a linear form (equivalently, the concentration could be plotted in log-
scale). In addition, among the concentrations tested (Tab.8.1.) only those in the linear 
region were kept, since the saturation region of signal vs. concentration is not of 
interest (gives no information) in the analytical performance of μF-on-SAW. The four 
colored lines at the top of the figure represent the biomarkers’ concentration at the 
onset of critical situations. These values stem from clinical evaluation, but are 
indicative, as they may differ according to peoples’ gender, predisposition, obesity 
and other factors.  
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Tab.8.3. Concentration range of healthy and critical heart conditions related to the 
examined biomarkers and dymanic range of the μF-on-SAW.  

 CK-MB CRP D-Dimer PAPP-A 
Critical 

condition 
(μg/mL) 

> 0.01 μg/mL 1 - 10 μg/mL > 0.5 μg/mL > 0.05* 

Dynamic range 
of μF-on-SAW 

(μg/mL) 
0.5 - 20 0.25 - 20 2 - 20 0.5 - 20 

*Cut-off value for PAPP-A was reported at 10 mIU/L [8.22.], with conversion factor: 
1 mIU/mL = 4.5 mg/L = 4.5 μg/mL [8.23.]. 
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Fig.8.12. Dynamic range diagram for the examined markers, correlating the signal to 
the analyte concentration. 
 

As it appears, the dynamic range of μF-on-SAW lies within the critical 
concentration regions for all markers. The solid dark blue and cyan lines in Fig.8.12. 
(CK-MB and PAPP-A, respectively) denote that some part of the healthy (low) 
concentration range is not detectable by the μF-of-SAW. This is clearly a matter of 
sensitivity and in order to be solved, further investigation for improvement of the 
sensitivity should take place, focusing on the microfluidic module and the operational 
features of the SAW sensor (e.g., size of total sensing area, operating frequency, etc.). 
Nevertheless, for CRP and D-dimer the μF-on-SAW is already capable of detecting 
the whole region of interest, from the low to middle and high risk cases (fading 
magenta and yellow, with the white part at the left indicating healthy-state values; 
faded instead of sharp “border” was used on purpose, because of the vagueness in the 
cut off values due to various factors). The linearized analytical curves are summarized 
in Tab.8.4. so that, measuring the acoustic signal, it is possible to determine the 
analyte concentration in the solution. 
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Tab.8.4. Signal-concentration analytical curves (from Fig.8.12); c is expressed in nM. 
318.0-Logc689.0PhΔ CKMBCKMB ×=  

446.0Logc828.0PhΔ CRPCRP +×=  
.0411-Logc426.1PhΔ erdim-Ddimer-D ×=  
755.0Logc124.2PhΔ A-PAPPA-PAPP +×=  

 
 
8.8. Biomarker detection from a multi-marker mixture 
 

So far it has been shown that the μF-on-SAW setup is capable of successfully 
detecting the four cardiac markers, and was used in a broad concentration range with 
values both in the healthy and critical region according to the occasion. Experimental 
conditions of this kind followed a one-marker-per-microchannel regime, i.e., only one 
marker was injected in every microchannel. In reality, however, body fluids like 
serum contain many species which are potential blockers of the desired interaction. In 
order to investigate the capability of μF-on-SAW to operate successfully under such 
conditions of increased complexity, the following major question must be answered: 
 
“is it possible for an immobilized antibody to capture its homologous antigen from a 
mixture of injected molecules without complications”?  
 

In fact, this is the highlight of the verification of μF-on-SAW as multi-sensing 
platform. This ideal situation is illustrated in Fig.8.13., where is appears that, upon 
injection of a mixture of the four biomarkers in each microchannel compartment 
(multi-marker-per-microchannel regime), only the homologous antibody-antigen 
interaction takes place.  

Along with the multi-marker experiments, it is essential to have a view of the 
interaction patterns between non-homologous antibody-antigen pairs. These were the 
negative control experiments that were carried out by testing each antibody against all 
the three non-homologous antigens (e.g. immobilized anti-CKMB + injected CRP, 
etc). These experiments were done also in the one-marker-per-microchannel regime 
and all twelve possible combinations were tested. 

Then, the multi-marker experiments were carried out in a similar way like 
those described earlier in this chapter:  

 One antibody was immobilized on each of the four sub-areas. 
 A mixture of all four biomarkers was injected (sequentially) in each microchannel 

(in Fig.8.13. they all appear simultaneous for simplicity reasons). 
 Only the proper biomarker is (expected to be) bound on its homologous antibody. 
 The other three markers are rinsed off. 
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(c) 
Fig.8.13. (a) Injection of the 4 biomarker mixture in each microchannel, with one pre-
immobilized antibody in each compartment, (b) homologous pairs bind with minimum 
non-specific binding, (c) only homologous pairs are detected upon rinsing.  Note the 
different injection regime between (a) here and Fig.8.6(d). 
 

In order to visualize the results, four multi-sensograms were plotted, each 
corresponding to one biomarker (Fig.8.14.). Each of the four graphs includes 5 real-
time curves, which correspond to the following interactions (all antigens were injected 
in 5 μg/mL concentrations, both in the single and in the mixture regime): 

 antibody-antigen, when the antigen is injected single in the microchannel 
 antibody-antigen, when the antigen is injected in a mixture with the other markers 
 3 control experiments of the interaction of one antibody with all the three non-

homologous antigens. 
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Two very important features are evident from these graphs: 
1. The negative controls are (within error or drift) horizontal lines, essentially not 

changing with time. This is a clear indication that the non-specific binding 
between non-homologous antibody-antigen pairs is minimum and does not 
interfere with the measurements. 

2. The lines corresponding to an antibody-antigen interaction when the latter is 
single and in mixture almost overlap and irrespective of the kinetic decay, the 
signal change is essentially the same; e.g. ΔPhCKMB(single) = 
ΔPhCKMB(mixture), the same applying for the other three biomarkers. This 
result enhances the previously mentioned zero non-specific binding and 
implies one more issue: that there is also zero non-specific binding between 
the biomarkers themselves; they do not seem to form any aggregate, otherwise 
the ΔPhmixture would be much different from the ΔPhsingle.  
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Fig.8.14. Multi-marker detection, selectively capturing the right antigen from a 
mixture. The concentrations in all cases were 5 μg/mL. 
 
8.9. Conclusions 
 

In this chapter the μF-on-SAW microsystem was implemented for the 
detection of four cardiac biomarkers, a clinical application of high importance for 
diagnostics and healthcare. Various concentrations were tested in order to explore the 
limits of the setup and analytical immunoassay curves were ploted, correlating the 
signal to the concentrations of the solutions. The dynamic range of the system was 
proven to be well within the critical concentration values of the markers, even 
reaching the health levels of two of them (with sensitivity improvement needed for 
the other two). Finally, in an experiment of increased complexity, where mixtures of 
all markers were injected in all microchannels (with different immobilized antibody in 
each microchannel) the result was remarkably promising: each antibody captured only 
its corresponding marker with minimum non-specific binding and interference from 
the other biomolecules present. These results are very important in the verification of 
μF-on-SAW as a multi-marker detector. Essentially they prove that the sensor can 
detect a specific interaction in the same way, no matter if the analyte exists alone in 
the solution or in mixture; there is no screening from other present molecules and, 
thus, μF-on-SAW can potentially be used with complex body fluids. 
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Chapter  9. Correlation of acoustic signal to  
biomolecules’ properties 

 
9.1. Introduction 
 

During the experiments that were carried out throughout the project in order to 
validate the functionality of μF-on-SAW as multi-sample detection platform, two 
groups of biomolecular interactions were investigated: the biotinylated molecules 
with neutravidin, and the cardiac markers with their corresponding antibodies. 
Examining these biomolecules from a different perspective some interesting side-
results emerged, which are irrelevant of the multiplexing and multisensing evaluation. 
These results correlate the acoustic signal to biomolecules’ properties, and are 
discussed separately in this chapter, so as not to interfere with the main objective of 
the project. More specifically, the acoustic signal is qualitatively and quantitatively 
correlated to properties of the biomolecules, such as their molecular weight and 
viscoelastic nature. For this reason both the output acoustic signals, ΔPh and ΔΑ, were 
used in combination. SPR was also used to cross-check some of the results, especially 
for (independently) quantitating the bound mass of the molecules.  
 
9.2. SPR and SAW for the quantification of the bound mass 

 
In the analytical curves of chapter 7 and chapter 8 the acoustic signal was 

related to the bulk analyte concentration. However, in order to extract biomolecules’ 
properties, the bound molecules are of interest, rather than the ones in the bulk 
solution. Therefore, it is initially needed to estimate the mass bound on the surface 
(surface concentration, or mass per area, m/A) by correlating it to the acoustic signal, 
i.e., calculate the proportionality constant, c, of eq.4.3. This constant is necessary to 
be defined because it will be used in the calculation of the viscoelastic properties, as 
well; and because it is directly related to the wave parameters (Δα/ko and Δv/vo) rather 
than the network analyzer quantities (see eq.4.3.) the former notation will be used for 
this purpose.  

In fact, this procedure was partly done in sec.4.4.1. upon gold deposition in 
air. For the Q155-0.70 μm PMMA configuration (the one used in all experiments) it 
comes that Δv/vo = 1.94 × 10-8  ωρh, corresponding to the black triangles in Fig.4.8. 
(after rearranging the axes: Δv/vo vs. ωρh, instead of ΔPh/area vs. Δm/area). 
Therefore, using the above proportionality constant, a layer of BSA (h~3×10-9 m, 
ρ~1050 kg/m3) should give approximately ΔPh @ 6 deg. On the contrary, a typical 
experiment using the standard flow cell (i.e., total sensing area) gave ΔPh = 18.6±1.7 
deg, which is a large difference. When, however, the signal change of a BSA layer 
was measured in air (i.e., deposited in PBS and the dried mildly with nitrogen flow) 
the signal was ΔPh = 7.0±1.2 deg, i.e., very close to the expected value. This shows 
clearly that when working in liquid environment, it is incorrect to use the 
proportionality constant c calculated in air. That is why the constant c was calculated 
with the aid of SPR for calculations with liquid-based experiments: practically, m/A 
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was calculated via SPR and the equivalent ΔPh via acoustics. Once the ratio 
m/A

PhΔ
 

was defined (Tab.9.1.) ΔPh was transformed into Δv/vo, and m/A into ωρh, so as to 
eventually extract the constant c: 
 

A
m

ng
mmdeg

2.88PhΔ
2•

=  (from Tab.9.1., m/A in ng/mm2)        (eq.9.1(a)) 
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Tab.9.1. Proportionality between ΔPh (SAW) and m/A (SPR) for various loaded 
samples (molecules on Au and b-molecules on neutravidin). 

Molecule SAW ΔPh 
(deg) SPR (μRIU) SPR m/A* 

(ng/mm2) m/A
PhΔ ** 

PrA / Au 1.158 680 0.422 2.743 
BSA / Au 3.142 1875 1.165 2.698 
neu / Au 4.828 3165 1.966 2.456 
IgG / Au 5.780 3710 2.304 2.508 

b-PrG / neu 0.977 540 0.335 2.913 
b-PrA / neu 1.323 677 0.420 3.147 
b-BSA / neu 1.539 740 0.460 3.349 
b-IgG / neu 2.965 1465 0.910 3.258 

Average 2.88 
St.Dev. 0.339 

* For our SPR equipment the proportionality constant between SPR signal and 
surface coverage was defined by the manufacturer as: 1.61 μRIU = 1 pg/mm2. 
** The same proportionality constant derives if ΔPh (from SAW) is plotted against 
m/A (from SPR) (data not shown). 
 
 
9.3. Correlation of acoustic signal to biomolecules' molecular weight 
 

Observing Fig.7.3. qualitatively, it appears that there is a trend of increasing 
ΔPh as the molecules become “bigger”. “Bigger” refers to their molecular weight 
(MW), which increases from b-PrG to b-IgG. In an effort to quantify a possible 
relation, ΔPh (at surface saturation) was plotted against MW and interestingly, this 
plot appeared to be linear (Fig.9.1.). In order to verify this result, experiments with the 
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same molecules under the same conditions (buffer, batch, concentrations, etc.) were 
repeated using SPR; the trend remained linear. Fig.9.1. is a combined graph from data 
acquired with SAW and SPR under the same experimental conditions. 

 

0

500

1000

1500

2000

0 25 50 75 100 125 150
-0.5

0.5

1.5

2.5

3.5

SP
R

 si
gn

al
 (μ

R
IU

)

SA
W

 si
gn

al
 (d

eg
)

MW (kDa)

SPR (on neu)
SAW (on neu)

ySAW = 0.0161 x + 0.543

ySPR = 7.609 x + 307.6

b-PrG
b-PrA b-BSA

b-IgG

 
Fig.9.1. Linear relation between acoustic (SAW) and optical (SPR) signals with MW 
for the biotinylated molecules. 
 

It could be argued that this is an expected trend, since ΔPh is proportional to 
adsorbed mass and the MW, essentially, represents mass. In order to check this 
assumption and verify whether this is a universal phenomenon, another set of 
experiments was carried out: the same molecules in their non-biotinylated form were 
left to adsorb on gold, without any neutravidin layer, in concentration 100 μg/mL; in 
this case neutravidin was used as well, because its MW is very close to the one of 
BSA. In addition, the non-biotinylated molecules were also left to adsorb on SPR 
gold-coated chip, so as to compare the results between the two techniques. The 
outcome is summarized in Fig.9.2. 
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Clearly, there is a remarkable non-linearity between the signal and the MW, 
unlike the case of biotinylated molecules. This lack of trend is evident for both SPR 
and SAW signals (both of which present the same non-trend with respect to MW). 
Indicative examples: 

• comparing neutravidin and BSA, although MWneu @ MWBSA, the relation of the 
acoustic signal is ΔPhneu @ 1.5×ΔPhBSA (same relation for SPR). 

• PrA exhibits a very low signal, disproportional to its MW. 
• even though MWIgG @ 5×MWPrG and MWIgG @ 2×MWneu , all three molecules 

give almost the same signal, in both SAW and SPR. 
What the above first imply is that the linearity between the biotinylated 

molecules MW and signal is not inferred from the Sauerbrey relation of signal vs. 
mass proportionality. If this was the case, the linearity should hold for the non-
biotinylated molecules as well. Staying a bit more at Sauerbrey equation, though, the 
bound mass can be expressed as:  

          
AN

MWN
mMWnm

×
=⇒×= , thereby MWNPhΔ ××K=         (eq.9.2.) 

where n and N are the number of moles and molecules, and NA is the Avogadro 
number; K is a constant in which the frequency, NA and other constants related to the 
SAW device have been incorporated. Therefore, it is not just mass, but the product of 
number of molecules with MW that is proportional to the signal. Now, keeping in 
mind that between the two experimental sets (b-molecules on neu, and non-b-
molecules on gold) the experimental conditions, buffer, pH, MW were all the same, 
the only way that ΔPh vs. MW is linear, is if N is invariable and incorporated in the 
constant K; in other words, this linearity holds because the number of biotinylated 
molecules bound on neutravidin is the same for all four different b-molecules, which 
does not happen for the same molecules adsorbing on gold. This assumption is 
verified by actually measuring the number of molecules per area, N/A, for each 
examined case (based on SPR calculation of m/A). The results are summarized in 
Fig.9.3. It is clear that N/A varies from 4 to 6×109 molecules/mm2 for the biotinylated 
molecules on neutravidin, but from 6 to 18×109 molecules/mm2 for those adsorbed on 
bare gold.  
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Fig.9.3. Number of molecules per area for all examined molecules. 
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The difference in the number of molecules per area (which apparently leads to 
the signal vs. MW linearity discrepancy) happens most likely due to the difference of 
the nature of the two interactions: one is a mere adsorption of biomolecules on the 
gold surface, whereas on the other hand, the interaction of biotinylated molecules with 
neutravidin is of specific nature. In support of this argument, the signal of the cardiac 
markers investigated in chapter 8 was also plotted vs. their MW (Fig.9.4.). The 
linearity holds for this case as well, enhancing the above argument, since antibody-
antigen interactions are also of specific nature (like avidin-biotin). Moreover, the 
antibodies are monoclonal, which means that the antigen always binds in the same 
way, once the interaction is accomplished. Calculating the number of molecules per 
area (Fig.9.4., inset) we get that the deviation in N/A is even more “narrow” than the 
case of biotinylated molecules, and lies from 1.4 to 2.4×109 molecules/mm2. (Note: In 
the case of cardiac markers, neither SPR experiments, nor simple adsorption of the 
markers on gold surface was tried because the samples were valuable for the 
immunoassay detections and also limited in amount. However, the linearity is beyond 
dispute). 
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Fig.9.4. ΔPh vs. MW linearity for cardiac markers. Inset: number of molecules/mm2. 
 

Eventually, it appears that, even though the linearity between signal and MW 
seems not to follow a universal validity, it appears to hold for cases when (specific) 
interactions of the same nature are compared. Particularly in the case of biotinylated 
molecules, this finding can even lead to a practical impact: if a biomolecule of 
unknown MW is biotinylated and injected on a neutravidin-modified surface, its MW 
can be determined (considering Fig.9.1. as a calibration line) and compared with other 
methods (as long as it falls within the limits of calibration, e.g. here between 30 and 
150 kDa, where the linearity has been proven to be valid).  
 
9.4. Acoustic signal and viscoelastic nature of probed samples 
 

Another observation during the analysis was the fact that the proteins directly 
adsorbed on gold gave a higher signal than their equivalent biotinylated ones bound 
on neutravidin. One would argue that this is expected since the b-molecule layer is 
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located further from the surface than the adsorbed molecules, which are located 
directly on the sensor surface. In an effort to test this assumption, PrG-IgG interaction 
was probed with respect to neutravidin-b-IgG. A reasonable assumption (expressed 
before as well) is that IgG and b-IgG have the same MW. Second, both of them are 
not adsorbed on the surface, but bound on two molecules which, more or less, have 
the same size, so, both IgG and b-IgG films are located at approximately the same 
distance from the surface. If the assumption of sensitivity decrease along the surface-
normal direction is correct, these two interactions should give the same signal, within 
error. Well, this was clearly not the case since ΔPh (PrG – IgG) : ΔPh (neu – b-IgG) 
= 5 : 3.  

Moreover, mass loading was investigated via successively depositing thin gold 
films, as it was discussed in sec.4.4.1. If sensitivity was reduced due to increasing 
distance from the sensor surface, the addition of the upper gold layers should give less 
signal than the lower layers, since the former are deposited at a higher distance from 
the sensor initial surface than the latter; however, this was clearly not observed in any 
case.  

Therefore, it is not just the distance from the sensor surface that accounts for 
this observation. Instead, it is the “nature” of the underlying material that plays an 
important role. More specifically, the Au thin films are rigid mass layers, which move 
synchronously with the sensor surface (Fig.4.2.) and, thus, do not dissipate energy. On 
the contrary, a neutravidin film, unlike gold, dissipates energy (which is evident from 
the non-zero ΔA) due to its viscoelastic nature. Consequently, as the biotinylated 
molecules “sit” on this viscoelastic layer, the interaction with the acoustic wave is 
weaker than that of their equivalent non-biotinylated lying directly on the bottom of 
the sensor. This is in agreement with reports elsewhere [9.1.] that the addition of a 
layer on another layer of viscoelastic nature does not lead to linear combination of the 
two, and accounts for the reduced signal observed for the biotinylated molecules. 

 
 
9.5. Viscoelastic properties of protein films 
 

In order to define the complex shear modulus of PMMA viscoelastic films in 
air (sec.4.2.4. and sec.4.4.5.) eq.4.12. was used, which was under conditions 
analytically “split” into real (eq.4.14(a)) and imaginary (eq.4.14(b)) parts. The ratio 
G2/G1 was calculated much lower than 1 in all cases and it was concluded that the 
PMMA films exhibit elastic rather than viscous behavior. In this section, the elastic 
vs. viscous regime in a protein film is investigated, and its viscoelastic properties are 
quantified.  

For simplicity reasons, the investigation initially took place in air. Towards 
this scope, a “dry” protein film was measured. More specifically, using the standard 
flow cell configuration, BSA (1 mg/mL) adsorbed on gold till saturation of the 
surface. The chip was then removed from the holder, rinsed, dried with mild nitrogen 
flow, and placed again on the holder. ΔA and ΔPh after drying were measured with 
respect to the unloaded sensor prior to the experiment: ΔPhdry = 7.0±1.2 deg and ΔΑdry 
= 0.45±0.11 dB. Using these values in the above equations, as well as thickness h = 
3×10-9 m, and c = 1.94×10-8 m2s/kg, it was calculated that G2/G1 = 4.02 (the Q155-
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0.7μm device was used and measured in air, that is why this particular value for c was 
used, see sec.9.2.). This clearly shows that the behavior of the BSA protein film has a 
more viscous than elastic behavior, which is a reasonable result for a protein film to 
be a more “lossy” material, in contrast to the PMMA. Then, calculating G1 and G2, 
we get: G1 = 5.57×103, G2 = 1.23×105 Pa.  

The values for G1, G2, although reasonable, appear to be quite low. However, 
it should be kept in mind that the above calculations were done considering the 
protein film as a viscoelastic film in air. In reality, the protein film is overlayed by 
liquid and G1 and G2 are expected to take higher values, just like the actual acoustic 
signal was higher (for example, for the same type of experiments, ΔPhwet = 18.6±1.7 
deg and ΔΑwet = 0.64±0.10 dB). 

Thus, considering the protein layer as a viscoelastic material in contact with 
liquid, eq.4.12. is no longer valid, and eq.4.13. should be used, instead. In that case, 
the values for ΔA and ΔPh (or Δα/kο and Δv/vo) should be measured with respect to the 
unloaded device, i.e., air. This is quite impractical, though, since the signal changes of 
interest due to the actual sample are measured right before and after the sample 
injection, i.e. when there is already liquid on the sensor. This issue can be solved in 
the following way: although it is not directly obvious from eq.4.13., setting h equal to 
zero, Zliq reduces to Zvisc (eq.4.6.). Thus, subtracting Zvisc from Zliq we get eq.9.3., 
which is the one eventually used for the calculations (allowing the use of ΔΑ and ΔPh 
values of the actual samples, without worrying about the pre-loaded buffer/liquid):  
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ZF and ZL represent the acoustic impedance of a semi-infinite viscoelastic film and 
liquid, respectively. Plotting the real and imaginary parts of eq.9.3. and eq.4.13. in a 
common graph (Fig.9.6.) it clearly appears that the graphic representation of eq.9.3. 
(black line) is only shifted in the y-axis with respect to eq.4.13. (red line) by the 
values of ΔΑbuffer and ΔPhbuffer. Thus, the two equations are equivalent and eq.9.3. can 
be “safely” used instead of eq.4.13.   
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Fig.9.6. (a) Real part (ΔΑ) and (b) imaginary part (ΔPh) of the complex acoustic 
impedance for a viscoelastic film overlayed by liquid; red lines correspond to 
eq.4.13., black lines to eq.9.3. 
 

After defining the formula to be used, the next step is to quantitatively extract 
the protein films’ properties. At this point some assumptions are necessary. The 
reason is that there are only two known quantities (measured ΔΑ and ΔPh) whereas 
many more unknown ones: liquid density and viscosity, ρL and ηL, film thickness h, 
storage modulus G1 and viscosity ηF (G2 = ωηF, the film fluidity considered to obey 
to Newtonian behavior, where G2 = ωη). Thus, it is firstly assumed that the buffer 
overlying the protein film is a Newtonian liquid, with parameters equal to those of 
water at 25oC: ρL = 1000 kg/m3 and ηL = 0.001 Pa . s; the film density was taken 1050 
kg/m3, which is a reasonable value between the pure water and PMMA (1200 kg/m3). 
The film thickness was measured independently with SPR. The value of c was taken 
to be 2.8×10-8 m2s/kg, as it was calculated in sec.9.2., via independent measurements 
of m/A (SPR) and ΔPh (SAW) for the Q155-0.70μm μF-on-SAW setup. Finally, the 
film thickness of each protein layer was measured independently using SPR. 

Under the above conditions, the unknown parameters were reduced to G1 and 
ηF, and the method towards their quantification is depicted in the 3D plots of Fig.9.7., 
designed with “Mathematica” software. Equation 9.3. is defined as a two-parameter 
function in the software; G1 and ηF are considered free parameters (plotted in x- and 
y-axes, respectively). Varying G1 and ηF within some range, the values for real and 
imaginary part of Zliq are plotted on the z-axis against G1 and ηF (Fig.9.7(a) and 
Fig.9.7(b), respectively). When the z-axis values from these simulations coinscide 
with the actual experimental values of both ΔΑ and ΔPh, then the ranges of G1 and ηF 
are the accepted ones. The limits in z-axis were set according to the experimental 
standard deviation; making the z-limits as narrow as possible, the x- and y-axes range 
becomes narrower. The values for all adsorbed protein layers on gold are summarized 
in Tab.9.2.; indicatively, for BSA: 

2.5 ≤ ΔPh ≤ 3.5 deg and 
0.08 ≤ ΔΑ ≤ 0.15 dB 

and within these z-limits, a small “window” of values was determined for G1 and ηF: 
1.2×105 ≤ G1 ≤ 3×105 Pa 

1.5×10-3 ≤ ηF ≤ 1.7×10-3 Pa.s 
or 

1.45×106 ≤ G2 ≤ 1.65×106 Pa 
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Fig.9.7. Determination of protein films’ viscoelastic properties using Mathematica 
computer software. ΔΑ (a) and ΔPh (b) plotted against the same G1 and ηF range.  
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Tab.9.2. Estimation of viscoelastic properties of biomolecules adsored on Au. 
 PrG PrA BSA neu IgG 

ΔPh limits 
(deg) 3.2 - 4.5 0.8 - 1.5 2.5 - 3.5 4.5 - 6 4.5 - 6.5 

ΔA limits 
(dB) 0.05 - 0.10 0.02 - 0.06 0.08 - 0.15 0.10 - 0.16 0.20 - 0.30 

G1 range 
(Pa) 

3×104 - 
5×104 

1×105 - 
3.5×105 

1.2×105 - 
3×105 

1×105 - 
2×105 

1.3×105 - 
2.8×105 

ηF range 
(cP) 1.2 - 1.5 1.5 - 2 1.5 - 1.7 1.5 - 2 1.5 - 1.7 

G2* range 
(Pa) 

1.15×106 - 
1.14×106 

1.45×106 - 
1.95×106 

1.45×106 - 
1.65×106 

1.5×106 - 
1.9×106 

1.45×106 - 
1.65×106 

* G2 = ωηF 
 
It is clear that both G1 and G2 are higher than those calculated in air (for BSA, 

beginning of this section), which is reasonable since that estimation was done using 
the equation for viscoelastic films in air. Moreover, from the above values it is evident 
that the “viscous” regime of the protein films is more dominant since in all cases, G2 
> G1 (G2 @ 10×G1). In addition, G1 and G2 values fall within the range that has 
been estimated by other groups [9.2.], [9.3.]. Finally, it appears that there is no 
significant deviation of G1 and G2 among the examined proteins. This implies that 
they exhibit a similar viscoelastic behavior (when probed by the particular sensor 
configuration), which is reasonable, since none of the proteins has any special 
structural feature or conformation (e.g. different shape, they are all globular) that 
could lead to remarkable variation of its viscoelastic nature [9.4.]. 

In the end, it must be noted that the above calculations were done only for the 
proteins directly adsorbed on gold, and not for the proteins specifically bound on the 
neutravidin layer, or for the biomarkers bound on the antibody layer. The reason is 
that, when two viscoelastic layers are present, the linear combination of their acoustic 
impedances, it is not correct. Non-linear combinations should be considered for the 
multi-layer configuration, and this exceeded the scope of this chapter, which was to 
demonstrate the capacity of SAW to quantitatively determinate the viscoelastic 
properties (complex shear modulus) of an adsorbed protein film. 
 
 
9.6. Conclusions 

 
This chapter was not related to multi-sensing, like the rest of the thesis, but it 

reported an overview of side-results that emerged from the various experimental parts 
during the μF-on-SAW evaluation. Three groups of biomolecules were examined in 
this chapter: (i) biotinylated molecules bound on neutravidin, (ii) non-biotinylated 
molecules adsorbed on gold, and (iii) cardiac markers bound on their homologous 
antibodies. More specifically, the acoustic signal was found to be linearly correlated 
to the MW of the probed molecules in the cases of specific binding - cases (i) and (iii) 
- whereas no trend was observed in the case of non-specific adsorption.  
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In addition, the viscoelastic nature of protein films was discussed. In a 
quantitative approach, the shear modulus of five protein films directly adsorbed on 
gold was calculated via proper mathematical expressions and simulations, and under 
reasonable physical assumptions. The real and imaginary parts of the shear modulus 
were found to be very close to numbers reported in literature, which proves that the 
SAW devices are competitive biophysical tools capable of performing such 
quantitative evaluation.  
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Chapter  10. Epilogue 
 

 
10.1. Conclusions 
 

The current work was based on a novel concept for developing a multi-sample 
analytical microsystem, by means of microfluidics integration with SAW devices. The 
motivation was the achievement of multiplicity by keeping the overall system as 
simple as possible, versatile and flexible. The novelty was in the means of achieving 
the multiplexity in biosensing: instead of using a number of M sensor elements, like 
traditionally done in multi-sensing in any classification of biosensors, the idea was to 
divide the single sensing area of one sensor element into N sub-areas. The 
compartmentalization was introduced via a properly designed parallel-channel 
microfluidic module, which facilitated the separation of fluids as well as the in-situ 
immobilization of biomolecules and independent hosting of N experiments on a single 
sensor. Thus, the two main components of the microsystem were the SAW biochip 
and the PDMS microfluidic module, constituting the “μF-on-SAW”.  

The first stage of realization was the selection of the optimum SAW device 
configuration as the sensing platform of the μF-on-SAW; substrate material, operating 
frequency and waveguide thickness were the parameters under investigation. For the 
performance comparison of the various configurations, a number of different types of 
samples were probed with the sensors: (i) pure mass loading, via gold thin film 
deposition; phase shift was proportional to the deposited mass per area, whereas the 
energy loss was negligible, (ii) pure viscous loading at low viscosities (in Newtonian 
region), via glycerol solutions of increasing concentrations; both amplitude and phase 
were proportional to the square root of density-viscosity product, (iii) high viscosity 
liquids deviating from the Newtonian behavior and falling into the Maxwellian 
regime; in this case amplitude and phase were saturated at high viscosities and the 
solutions exhibited a solid-like behavior. The components G1 and G2 of their 
complex shear modulus were also calculated, (iv) viscoelastic films (PMMA) of 
various thicknesses were characterized and their storage and loss moduli were 
determined. Among the examined configurations of this parametric study, a quartz-
based 155-MHz device with 0.70 μm waveguide was considered to be the most 
suitable to be used as the sensor chip of the μF-on-SAW microsystem. 

The next stage was the development of the microfluidic module that was 
intended to induce the multiplicity to the SAW device. The design was based on 
geometrical and functional considerations imposed by the biosensor chip: (i) The 
piezoelectric nature of the sensor had to be taken into account and minimize the 
contact areas between the micromodule with the surface, without, on the other hand, 
endangering the hermeticity and stability of the sealing. (ii) Special design care was 
taken so as to avoid contact of the PDMS with the IDT sets which were located in 
close proximity with the sensing area, on either sides of it. (iii) Both the module and 
the sensor chip were intended to be re-usable, so the assembly of the microfluidic cell 
had to be made in a reversible way to ensure its re-usability and minimum wear. 

The implemented fabrication method was soft lithography, based on rapid 
prototyping and replica molding. It was used due to the inexpensive materials 
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involved and the fast production procedure. The mold was made of SU8 by means of 
standard lithographic patterning procedures and was used over and over again, in a 
series of steps that did not even demand clean room facilities (replica molding), which 
was one of the advantages of the production method.  

A series of evaluation steps followed in order to assess the functionality of the 
newly produced microsystem, and define its sensitivity and signal response. In 
addition, one major question that was vital for the new microsystem to pass the “yes 
or no” test was the agreement of results between the sub-areas, in other words, the 
reproducibility. 

(i) A set of aqueous glycerol solutions was used in order to probe the response 
of the new setup to liquid loading, the basis of biosensing environment. 

(ii) Protein adsorption was tested via neutravidin and PrG on gold. 
(iii) Protein binding was checked via biotinylated BSA specific interaction 

with neutravidin, and IgG with PrG. 
(iv) The multiplexity capacity was tested via the interaction of four different 

biotinylated molecules with neutravidin, in the four microchannels. The system was 
successful in detecting all four proteins and distinguishing between their MW. 

(v) Finally, various concentrations of these proteins were measured so as to 
probe their interaction kinetics and affinities, as well as to investigate the detection 
limits of the system. 

In all experiments, the sample injection was sequential among the 
microchannels, in order to avoid interference of signal between the different sub-
areas. The evaluation of the acquired results led to the following conclusions for the 
μF-on-SAW setup: 

• The signal response from each sub-area was reduced by the ratio Atotal/Asub-area 
with respect to the total area signal response (signal-to-surface proportionality) 

• The sensitivity reproducibility was remarkable: up to 95% for aqueous 
solutions, up to 90% for protein adsorption and binding, which are very good 
levels, considering that μF-on-SAW is open to environmental fluctuations and 
without temperature control unit. 

• The signal was independent of the location of the sub-area, the series of 
injections (i.e. 4 3 2 1 or arbitrary) and the “history” of the setup (i.e., 
what had already happened in another microchannel). 
In addition, the full capacity of the microsystem to detect 8 different 

interactions was explored (Nmicrochannels×Msensors = 4×2) by pre-modifying the total 
sensing areas of the two sensor elements with neutravidin and PrG, and then applying 
the micromodule and injecting different samples in each compartment. A mixture of 
two proteins was used and the result was fully successful and opened the way for the 
implementation of the μF-on-SAW in applications of clinical significance and 
diagnostics. 

In an overall view of the above experiments with biomolecules, apart from the 
multi-sensing purpose, a number of side-project interesting results emerged: the phase 
shift of the acoustic signal was found to be proportional to the MW of the biotinylated 
molecules when they bound on a neutravidin layer, but not when they adsorbed on 
gold. This difference in trend was attributed to the different nature of interaction: 
specific, in the case of biotinylated molecules on neutravidin versus non-specific 
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adsorption on gold (the signal-to-MW linearity was also observed in case of 
biomarkers binding on their corresponding antibodies). Moreover, the viscoelastic 
properties of the protein films, i.e., the storage and loss moduli, were quantitatively 
determined both experimentally and theoretically, using proper mathematical 
expressions and computer software.  

Ultimately, the μF-on-SAW setup was used for multi-sensing of clinically 
relevant biomolecules, namely cardiac markers. Cardiac biomarkers were selected to 
be used as an application due to their increased value in healthcare, in particular for 
personalized diagnostics to assess the risk of incoming critical heart conditions, in 
intensive care units in pre- and post-operational cases, etc. In addition, the high 
number of available cardiac markers and their multiplexed role in early diagnosis of 
critical heart conditions makes them very suitable for multi-sample analytical tools, 
like the μF-on-SAW. CK-MB, CRP, D-dimer and PAPP-A were the selected 
biomarkers, covering both standard and newly-emerged molecules in the field. None 
of them (but CRP) has been used on a SAW device detector, which was another 
novelty of the work. 

During its application on cardiac markers, μF-on-SAW was essentially used as 
a multi-immunoassay tool, probing the interaction of each biomarker with its 
corresponding PrG-immobilized antibody. Signal-concentration curves were derived 
and the lowest detectable concentration for each marker was defined. For all four the 
dynamic range of detection covered the concentration values of critical heart 
conditions; in the case of CRP and D-dimer, even down to the “border” of the healthy 
concentration levels. Indicatively, detection lower than 1 nM was achieved. 
Moreover, the kinetics of these molecules were investigated and their binding 
constants were defined. 

Finally, the “highlight” of the μF-on-SAW function came with the 
achievement of “capturing” one desired biomarker from a mixture of all four of them. 
After the ensurement of the proper control experiments (showing negligible 
interaction between a biomarker with its non-homologous antibodies) the mixture of 
all four markers was left to interact with each antibody, separately in each of the four 
microchannels. Not only was the proper biomarker “fished” by its corresponding 
antibody, but the signal from the antibody-multi antigen interaction was the same with 
that from the antibody-single antigen interaction, which was a very significant 
finding. It ensures the capability of μF-on-SAW to operate with high selectivity under 
conditions of increased complexity (4-marker mixture). Thus, it can potentially be 
implemented with body fluids, such as blood and/or serum and be eventually brought 
closer to real-patient application. 
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10.2. Suggestions for future work 
 

The experiments carried out during this PhD work are a complete set of steps 
followed for the proof-of-principle of a novel microsystem, as well as its application 
on biomolecules of clinical interest. However, there is plenty of room for further work 
on its development, which can be categorized into the following three levels: 
 

1. Sensor chip level 
2. Microfluidics level 
3. Application level 

 
Regarding the biochip itself, it would be desirable to increase its sensitivity so 

as to detect even lower analyte concentrations. In order to achieve this, higher 
operating frequencies can be used, but also new waveguide materials can be applied. 
It should also be considered if the biochip is intended to be re-usable or disposable. In 
the latter case, the selected material should have good waveguiding properties, and be 
compatible with bonding processes with the PDMS. Furthermore, new geometries and 
IDT designs can be explored towards the sensitivity improvement. 

Another direction of biochip-oriented development lies in the pre-
functionalization of the sub-areas with different receptors. This will potentially 
increase the functionality of μF-on-SAW, and reduce the time and sample 
consumption. In fact, first attempts towards this scope have been successfully made, 
in cooperation with the Institute of Nanotechnology in Forschungszentrum Karlsruhe; 
Dip Pen Nanolithography was used to pattern a single SAW device with four different 
receptors in rectangular-shaped sub-areas, above which the microfluidic module was 
assembled and the specific interactions of the pre-functionalized receptors with their 
corresponding ligands were successfully probed.  

On the fluidics level, a further development step involves the optimization of 
the “environment-to-chip” interface. In other words, it is necessary to develop an 
injection system that will allow serial change of fluids in an instant way, i.e., without 
time gaps. Such a system will: (i) eliminate sudden signal “jumps” during fluid 
change, (ii) reduce the danger of bubble formation along the tubes and, subsequently, 
the blocking of the microchannels with air bubbles. 

Finally, on the application level, the natural continuation of the biomarkers’ 
experiments is to use real clinical samples from hospital patients. Applying all the 
necessary ethical conditions (patients’ consent and other EU regulations regarding the 
experiments on human samples) such an approach would establish the μF-on-SAW to 
a greater extent as a multi-analyte microsystem for clinical diagnostics.  
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