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The aim of the school is to provide a venue for introduction and training into 
electrochemical and acoustics methods in bioanalysis, preparation of 
electrochemical and acoustics affinity biosensors, biophysical study of casein 
micelles in milk by means of dynamic light scattering, characterization of surface 
topography by atomic force microscopy. Important part of the school will be training 
in electrochemical and acoustics methods and workshop of young researchers and 
PhD students with presentation of their research.  
 School is organized in framework of the project FORMILK funded by 
European Commission under the programme H2020-MCSA-RISE-2015.  
 
The School is open for PhD. students, young and senior researchers working in the 
area of bioanalysis, biophysics, electrochemistry, analytical chemistry and related 
disciplines. 
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PROGRAM 

Sunday, September 24, 2017 
Congress center, room No. 2 

 
08:30-09:30  Registration  
09:30-09:40  Welcome and Introduction  
 

Tutorial lectures 
 

09:40-10:20  T1: Emil Paleček, Chemical modification and electrochemistry of  
  glycoproteins and remembrance of nucleic acid electrochemistry 
10:20-11:00  T2: Veronika Ostatná, Electrochemistry of proteins 
11:00-11:30  Coffee Break  
11:30-12:10  T3: Miroslav Fojta, Modification of nucleic acids with redox active and 
  fluorescent moieties and with chemically reactive groups. Examples of 
  analytical applications 
 12:10-12:50 T4: Gennady Evtugyn, Assembling electrochemical DNA sensors: the 
  role of transducer surface modification 
13:00-14:00  Lunch 
14:00-14:40  T5: Fred Lisdat, Introduction into the concept of impedance and the 
  use of impedance spectroscopy for surface characterisation 
14:40-15:20   T6: Fred Lisdat, The use of impedance spectroscopy for biosensing  
15:20-15:50    Coffee Break  
15:50-16:30 T7: Itamar Willner, Bioelectrochemical applications of redox proteins, 
  nucleic acids and nanoparticles for bioanalysis 
16:30-17:10 T8: Ashutosh Tiwari, Smart 2D bionanosystems for analytical  
  applications 
17:10-17:50 T9: Ilia Ivanov, Combining optical-electrical and gravimetrical  
  measurements with deep learning networks algorithms is a path  
  towards development of “optimal” sensing platform. 
18:00-19:00 Dinner 

Monday, September 25, 2017 
Congress center, room No. 2 

 
Tutorial lectures 

 
09:30-10:10  T10: Michael Thompson, Surface modification strategy for anti-fouling 
  acoustic wave and  electrochemical sensor technology 
10:10-10:50 T11: Michael Thompson, Acoustic wave study of biological cells at the 
  liquid-solid interface 
10:50-11:20  Coffee Break  
11:20-12:00 T12: Gordon Hayward, Three quartz crystal response mechanisms: 
  Part I: Theoretical basis. 
12:00-12:40 T13: Gordon Hayward, Three quartz crystal response mechanisms: 
  Part II: Examples  
13:00 -14:00 Lunch 
14:00 -14:40 T14: Petr Skladal, Piezoelectric immunosensors 
14:40 -15:20 T15: Petr Skladal, Piezoelectric systems for cellular sensing 
15:20 -15:50 Coffee Break  
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15:50 -16:30 T16: Andreas Ebner, AFM based molecular recognition imaging and 
  force spectroscopy as powerful tools to study biomolecular   
  interactions 
16:30-17:10 T17: Michael Leitner, New developments in AFM technology - from 
  self-sensing cantilevers to correlative microscopy 
18:00-19:00 Dinner 
 

Tuesday, September 26, 2017 
FMFI UK, room F1-364 

 
09:00-09:10  Presentation of Metrohm 
09:10:10:00  Introduction to the practical courses 
10:00-13:00  Practical courses   
13:15-14:15  Lunch 
14:30-18:00  Excursion to the Red Stone Castle 
18:30-20:30  Dinner 
 

Wednesday, September 27, 2017 
FMFI UK, rooms No. F1-342,344,347 

 
09:00-13:30 Practical courses 
13:45-14:45 Lunch 
 

Conference of PhD students and young researchers 
Congress center, room No. 2 

Oral presentations 
 

15:00-15:15 O1: Alexandra Poturnayová, Application of acoustics and single  
  molecule force spectroscopy methods for T-cells detection using DNA 
  aptamers 
15:15-15:30 O2: Marek Tatarko, Proteolysis detection of non-covalently bound  
  casein layer using quartz crystal microbalance methods 
15:30-15:45 O3: Erika Chocholová, Toward detection of rheumatoid arthritis  
  by analyzing of human IgG´s glycans with an impedimetric lectin  
  biosensor in an array format 
15:45-16:00 O4: Filip Kveton, The Tn antigen as a part of glycan based biosensor 
  for detection of tumor-associated antibody GOD3-2C4 
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Short Introduction into the posters 

 
16:00-16:05 P1: Tomas Bertok, Preparation of nanostructured interfaces and  
  their use in biorecognition 
16:05-16:10 P2: Lenka Lorencova, Novel perspective nanomaterials in sensing 
  applications 
16:10-16:15 P3: Eduard Jane, EIS study of multilayer films: analytical and numerical 
  simulations 
16:15-16:20 P4: Iveta Triskova, Polymer pencil graphite electrode as a promising 
  sensor for guanine and its analogues 
16:20-16:25 P5: Tatiana Kulikova, Sensors based on layer-by-layer application of 
  polymer dyes and DNA: structure, electrochemical properties and  
  application in electroanalysis  
16:25-16:30 P6: Yurii Kuzin, Electrochemical biosensors based on cross-linked 
  oligolactic acid and thiacalix[4]arenes 
16:30-16:35 P7: Reka Sarok, Determination of aflatoxin M1 in milk and milk  
  products using ELISA 
16:35-16:40 P8: Attila Hucker, Detection of microorganisms in food products by 
  atomic force microscopy 
16:45-16:50 P9: Clemens Kemptner, Self-sensing AFM cantilever for imaging of 
  biological samples 
16:50-16:55 P10: Sopio Melikishvili,  Ultrasonic monitoring of trypsin catalysis in β - 
  casein solution  
16:55-17:00 P11: Ľuboš Černaj, Preliminary testing of analog frontend of handheld 
  potentiostat 
 
17:00-18:30  Coffee break and posters 
18:30  Announcement of the winners of oral and poster presentations 
19:00-20:30  Dinner 
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Abstracts of Tutorial Lectures 
 

T1 
Chemical modification and electrochemistry of glycoproteins 

plus remembrance of nucleic acid electrochemistry 
 

Emil Paleček 
 

Institute of Biophysics, Academy of Sciences of the Czech Republic, v.v.i.  
Královopolská 135, 612 65 Brno, Czech Republic 

palecek@ibp.cz 
 

Until recently electrochemical protein analysis focused predominantly on conjugated 
proteins containing non-protein redox centers. Almost 80% of human protein are 
glycosylated and their glycosylation play an important role in health and disease. 
Glycoproteins  (representing another type of conjugated proteins), attracted however little 
attention of electrochemists because their carbohydrate parts (glycans) were considered as 
electrochemically inactive under conditions close to physiological. Recently we have shown 
that some glycans and polysaccharides catalyze hydrogen evolution at mercury electrodes 
and can be determined by voltammetric and chronopotentiometric stripping [1,2]. We also 
showed that glycans can be modified by Os(VI)L complexes (L, stands for a nitrogenous 
ligand) and determined voltammetrically at nM or pM concentrations [3-12, reviewed in 7 
and 12]. The beginning of the electrochemical analysis of DNA and RNA [13,14] and its 
present state (reviewed in [15]) will be briefly discussed. 
 
References 
[1] E.  Palecek, L. Rimankova, Electrochem. Commun. 44 (2014) 59. 
[2] E. Paleček, Electrochim. Acta 187 (2016) 375. 
[3] M. Trefulka, E. Palecek, Electroanalysis 21 (2009) 1763.  
[4] M. Trefulka, E. Paleček, Electroanalysis  22 (2010) 1837. 
[5] E. Palecek. M. Trefulka, Analyst 136 (2011) 321. 
[6] M. Trefulka, E. Paleček Bioelectrochemistry 88 (2012) 8. 
[7] E. Palecek, M. Bartošík, V. Ostatná et al., Chem. Rec. 12 (2012) 27. 
[8] M. Trefulka, E. Paleček, Electroanalysis, 25 (2013) 181. 
[9] M. Trefulka, E.  Paleček, Electrochem. Commun. 48 (2014) 52. 
[10] S. Strmecki, M. Trefulka, P. Zatloukalova et al., Anal. Chim. Acta 955 (2017) 108. 
[11]  M. Trefulka, V Dorčák, J.  Křenková et al., Electrochim. Acta 239 (2017) 10. 
[12] E. Palecek, J. Tkac, T. Bertok et al., Chem. Rev. 115 (2015), 2045.  
[13] E. Palecek, Naturwiss. 45 (1958) 186.      
[14] E. Palecek, Nature 188 (1960) 656.                                                                                          
[15] E. Palecek, M. Bartosik, Chem. Rev., 112 (2012) 3427. 
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T2 
Electrochemistry of proteins 

 
Veronika Ostatná*, Hana Černocká, Veronika Kasalová and Emil Paleček  

 

Institute of Biophysics of the CAS, v. v. i., Královopolská 135, 612 65 Brno, Czech Republic 
* Corresponding author: ostatna@ibp.cz 

 
Proteins were the first biomacromolecules analysed by electrochemical methods already in 
1930. Heyrovský and Babička described polarographic “presodium wave” for albumins, in 
presence of ammonium ions [1]. Later attention of electrochemists turned to electrochemistry 
of the direct electron transfer (DET) of non-protein parts of conjugated proteins [2]. Almost 
15 years, we started to study peptides and proteins using constant current 
chronopotentiometric stripping (CPS) peak H (in tribute to J. Heyrovsky, Hydrogen evolution 
and High sensitivity) at bare and thiol-modified mercury-containing electrodes [3]. CPS peak 
H is well separated from the background discharge and displays sensitivity to local and global 
changes in protein structure at mercury electrodes. This peak was applied in the analysis of (i) 
free proteins, such as tumor suppressor p53 [4], anterior gradient protein AGR2 [5] involved 
in cancer, α-synuclein and Aβ-peptides involved in neurodegenerative diseases [3], 
membrane proteins as well as of (ii) proteins in their complexes with DNA [3, 6] and with 
proteins [7]. Our results show new possibilities in electrochemical analysis of practically any 
protein. 
 
Acknowledgement: The work has been supported by Czech Science Foundation, 13-00956S 
project.  
 
References 
[1] J. Heyrovsky, J. Babicka, Coll. Czech. Chem. Commun., 2 (1930) 370. 
[2] J.R. Winkler, H.B. Gray, Chem. Rev., 114 (2013) 3369. 
[3] E. Palecek, J. Tkac, M. Bartosik, T. Bertok, V. Ostatna, J. Palecek, Chem. Rev., 115 (2015) 2045. 
[4] E. Palecek, V. Ostatna, H. Cernocka, A.C. Joerger, A.R. Fersht, J. Am. Chem. Soc., 133 (2011) 
 7190. 
[5] V. Kasalova, R. Hrstka, L. Hernychova, D. Coufalova, V. Ostatna, Electrochim. Acta, 240 (2017) 
 250. 
[6] V. Ostatná, V. Kasalová-Vargová, L. Kékedy-Nagy, H. Černocká, E.E. Ferapontova, 
 Bioelectrochemistry, 114 (2017) 42. 
[7] V. Vargova, R. Helma, E. Palecek, V. Ostatna, Anal. Chim. Acta, 935 (2016) 97. 
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T3 

Modification of nucleic acids with redox active and fluorescent moieties 
and with chemically reactive groups. Examples of analytical applications 

 
Miroslav Fojta* 

 

Institute of Biophysics, Czech Acad. Sci., Brno, Czech Republic 
* Corresponding author: fojta@ibp.cz 

 
Nucleic acids (NAs) possess intrinsic electrochemical activity due to electrochemically 
reducible or oxidizable nucleobases which have been utilized in a number of label-free 
concepts of NA sensors and assays. Labelling of the NAs with extrinsic electroactive 
moieties has been introduced as a way to the development of more specific and more 
sensitive techniques of the NA electrochemical analysis in which measurements of the label-
specific and intrinsic electrochemical signals can advantageously be combined. By contrast to 
the electrochemical activity, unmodified NAs yield only weak fluorescence which has not 
been analytically utilized; on the other hand, label-based fluorescence techniques are widely 
applied in the NA research.   

There are several ways to the preparation of labelled or otherwise modified NAs. 
Apart from the phosphoramidite oligonucleotide synthesis (usually on commercial basis), two 
facile techniques of incorporation of extrinsic moieties into the NAs have been developed and 
applied. One of these techniques consists in chemical modification of natural NAs with 
oxoosmium complexes in the presence of bidentate nitrogenous ligands such as 2,2’-
bipyridine or 1,10-phenanthroline derivatives. Reagents based on osmium tetroxide proved to 
be suitable for the modification of unpaired pyrimidine (particularly thymine) residues. 
Analogous complexes of six-valent osmium react with vicinal diols and have been applied for 
3’-terminal labelling of RNAs.  

The other approach is based on enzymatic incorporation of labelled nucleotides (using 
either template-dependent DNA polymerases or terminal deoxynucleotidyl transferase) and 
modified deoxynucleoside triphosphates (dNTPs) as substrates. A general methodology for a 
facile synthesis of base-modified dNTPs, usually using Sonogashira or Suzuki cross-coupling 
reactions has been developed to prepare dNTPs bearing various electroactive moieties 
(ferrocene, nitrophenyl, benzofurazane, azidophenyl, phenothiazine etc), fluorophores (e.g., 
solvatochromic aminophthalimides or GFP-related viscosity-sensitive molecular rotors), as 
well as chemically reactive species allowing further chemical modification (e.g., aldehyde 
group, Michael acceptors such as vinylsulfonamides or click-reactive azidophenyl).  

Bioanalytical applications of both technique of NA modification within the areas of 
SNP typing, ratiometric analysis of nucleotide sequences as well as studies of protein-DNA 
binding will be presented in the lecture. 
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T4 
Assembling electrochemical DNA sensors:  

The role of transducer surface modification 
 

Gennady Evtugyn*, Herman Budnikov 
 

A.M. Butlerov’  Chemistry Institute, Kazan Federal University, Kremlevskaya Street, 18, 
Kazan 420008, Russian Federation 

* Corresponding author: Gennady.Evtugyn@kpfu.ru 
 

Assembling surface layer is one of the crucial stages that determines performance of the 
electrochemical biosensors. Besides immobilization of a bioreceptor, the surface modification 
protocols improve conditions for signal measurements, prolong lifetime of a biosensor, 
increase sensitivity and, to some extent, selectivity of the response toward various analytes. 
The use of modern techniques, e.g., electropolymerization and sol-gel immobilization, 
introduction of nanomaterials and supramolecular structures result in remarkable progress in 
performance of modern DNA sensors and offer promises in their further commercialization, 
especially in medical diagnostics. 
  In this lecture, modern trends in assembling biorecognition layers of electrochemical 
DNA sensors and its influence on the biosensor performance are reviewed on the base of own 
author’s and literary results. Most attention is paid to the protocols of surface modification 
and mechanisms of the signal transduction in electrochemical DNA sensors.  
  First, main techniques for deposition of modifiers onto the primary transducer surface 
are briefly considered, i.e., drop casting, electropolymerization, direct synthesis / electrode 
material conversion, entrapment in polymer films and affine modification. Besides, most 
frequently used methods for monitoring of the assembling progress are briefly introduced 
including electrochemical impedance spectroscopy, atomic force microscopy, transmission 
and scanning electron microscopy, quartz crystal microbalance and surface plasmon 
resonance analysis.  
  The following examples of the electrochemical DNA sensor design are then 
considered to illustrate existing approaches depending on the analyte nature and measurement 
mode: 
- DNA sensors based on electropolymerized layers for the detection of low-molecular 
compounds specifically binding to DNA and reactive oxygen species; DNA sensors based on 
polyaniline and polyphenothiazine dyes offer broad opportunities for tuning specificity of the 
response measured in the presence of the redox probes and in the “reagent-free” regime; 
- Layer-by-layer immobilization of the DNA and aptamers in polyelectrolyte layers; the role 
and significance of the layer components on accessibility of DNA toward various analytes are 
discussed; 
- Preliminary deposition of the polymers with specific permeability and pore distribution, 
dendrimeric and hyperbranched structures as a way to distinguish the influence of analytes 
and matrix components on the biosensor signal. 
 Finally, contribution of various factors related to surface modification on the DNA 
sensor performance is compared and their influence on the real sample assay discussed. New 
materials expected to find more application in the DNA sensors, e.g., molecularly imprinted 
polymers, solid supports with nanopores and the polymers with spatially distributed redox 
centers are characterized. 
 
Acknowledgement: Financial support of Russian Foundation for Basic Research is gratefully 
acknowledged (grant No 15-03-03224). 
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T5 

Introduction into the concept of impedance and the use of impedance 
spectroscopy for surface characterisation 

 
Fred Lisdat 

 

Biosystems Technology, Institute of Applied Life Sciences, Technical University of Applied 
Sciences Wildau, Hochschulring 1, 15745 Wildau, Germany 

* Corresponding author: flisdat@th-wildau.de 
 

The lecture is intended to introduce into the concept of impedance, the different basic 
impedance elements and the behaviour in series and parallel circuits. Attention will be given 
to the different forms of data presentation used in electrochemical impedance spectroscopy.  
The lecture will also show how equivalent circuits can be applied in order to model a real 
chemical or biological system and what kind of experiments are need in order to verify the 
equivalent circuit used. Examples for electrodes in electrolyte contact and electrodes with 
additional membranes shall illustrate the basic concepts.  
 
References 
[1] O. Pänke, T. Balkenhohl, J. Kafka, D. Schäfer, F. Lisdat, Impedance spectroscopy and biosensing. 

In: Biosensing for the 21st Century, Series: Advances in Biochemical Engineering / 
Biotechnology, Vol. 109, 195-237, Springer, 2008. 

[2] S. Krause, Impedance methods. In: Encyclopedia of Electrochemistry (Eds. A.J. Bard, M. 
Stratmann) Vol. 3: Instrumentation and Electroanalytical Chemistry (Ed. P.R. Unwin), Wiley-
VCH Weinheim, Germany, 2003. 

[3] J.R. Macdonald, Impedance Spectroscopy, John Wiley and Sons, New York, 1987,  
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T6 

The use of impedance spectroscopy for biosensing  
 

Fred Lisdat 
 

Biosystems Technology, Institute of Applied Life Sciences, Technical University of Applied 
Sciences Wildau, Hochschulring 1, 15745 Wildau, Germany 

* Corresponding author: flisdat@th-wildau.de 
 

The lecture will illustrate how impedance measurements can be used during the construction 
of sensing surfaces in order to verify that the desired modification is successful. Furthermore, 
it will introduce into the use of the technique as transduction principle for sensorial detection. 
This is mainly based on resistance or capacitance changes upon the bio-recognition event. 
Special focus is on affinity sensing using DNA as recognition element. Here different 
directions of application will be demonstrated. 
The lecture will also show that care has to be taken in applying this label-free technique for 
reliable data acquisition. One aspect is the limited sensitivity, which can be overcome by 
different amplification techniques. This includes surface structuring and application of nano-
objects, but also biochemical strategies. 
 
 
References 
[1] F. Lisdat, D. Schäfer, The use of electrochemical impedance spectroscopie for biosensing, 

Analytical and Bioanalytical Chemistry  391 (5) (2008) 1555-1567. 
[2] Chang, Byoung-Yong; Park, Su-Moon, Electrochemical impedance spectroscopy, In: Annual 

Review on Analytical Chemistry (Eds. Yeung, E.S.; Zare, R.N.) , Vol. 3, pp. 207-229,  2010.  
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T7 
Bioelectrochemical applications of redox proteins, nucleic acids and 

nanoparticles for bioanalysis 
 

Itamar Willner 
 

Institute of Chemistry, The Hebrew University of Jerusalem, 91904 Jerusalem, Israel 
Itamar.willner@mail.huji.ac.il 

 
The integration of biomaterial nanostructures and nanomaterials with electrodes provides 

means to introduce new analytical concepts. The high porosity and surface area of 
nanomaterials, the possibility to integrate biomaterials with nanomaterials to yield hybrid 
systems, and the unique electronic conductivity and catalytic properties of nanoparticles 
provide new means to develop bioelectronic systems for analytical applications. 

The electrical contacting of redox proteins with electrodes is a key-step for developing 
amperometric biosensors and biofuel cells. Different methods to electrically contact redox 
proteins with electrodes were developed. The unique properties of nanomaterials were 
broadly used to electrically wire redox proteins with electrodes, thus allowing the 
construction of amperometric biosensors and biofuel cells. This topic will be exemplified 
with the following systems: 

(a) The reconstitution of apo-enzymes on flavin/PQQ-modified Au nanoparticles to yield 
electrically wired glucose-sensing electrodes. 

(b) The reconstitution of apo-enzymes on cofactor-modified carbon nanotube 
nanostructures to yield amperometric glucose-sensing electrodes. 

(c) The use of graphene as a functional matrix for the assembly of electrically wired redox 
proteins for amperometric sensors and biofuel cell applications. 

(d) The application of mesoporous carbon nanoparticles as conductive high-surface nano-
containers for the electrical conductivity of redox proteins for biosensors and biofuel cell 
applications. 

The catalytic properties of Pt nanoparticles (NPs) and of nanostructures were applied for 
the development of different electrochemical sensors. This subject will be exemplified with: 

 The use of the Pt NPs as catalytic labels for the detection of nucleic acids or aptamer-
ligand complexes. The Pt NPs-electrocatalyzed reduction of H2O2 provides a means to 
amplify the sensing platforms. 

 The hemin/G-quadruplex horseradish peroxidase-mimicking DNAzyme is an 
effective electrocatalyst for the reduction of H2O2. Different electrochemical sensing 
platforms involving caged G-quadruplex sequences on electrodes that are being 
unlocked in the presence of analytes were developed. The analyte-induced uncaging 
of G-quadruplex enabled the assembly of the catalytic hemin/G-quadruplex 
electrocatalyst that enabled the amplified amperometric detection of the analyte. 
DNA, aptamer-ligand complexes and Pb2+ ions were sensed by this method. 
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T8 
2D smart nanobiosystems for analytical applications 

 
Ashutosh Tiwari1,2* 

 

1Institute of Advanced Materials, Teknikringen 4A, Mjärdevi Science Park, Linköping 58330, 
Sweden 

2Semiconductor Materials Division, IFM-Linkoping University, Linkoping 58183, Sweden 
* Corresponding author: director@iaam.se and ashutosh.tiwari@liu.se  

 
 
Two-dimensional (2D) dynamic nano-interfaces are emerging fields in the biosensors and 
bioelectronics [1-5]. Today, 2D materials are applying a renewed influence on bioelectronics 
beyond the incorporation of atom-thick interfaces, which fuses the benefits of extraordinary 
interior and exterior multi-functions with those of super-regulated biotechnology [6, 7]. The 
development of dynamic interfaces of 2D materials endowed with desirable functionalities, 
and incorporation of these interfaces into self-regulated bio-devices [8-10]. The aim of talk is 
to demonstrate various strategies of 2D dynamic interfaces and -based bioelectronic systems 
including digital enzymatic super-thin systems answer by a considerable control in their 
biochemical behavior with uni- and multi-model dynamic of interfaces via physical functions. 
These smart bioengineered approaches are being formulated that sense specific biochemical 
changes and regulate in a liable manner, making them useful self-regulated biotechnological 
tools. The progress in this field would make significant contributions to new age self-
powered bio- energy and medical technologies.  
 
References 
1. A. Tiwari (Ed.), In Graphene Bioelectronics, Elsevier, Oxford, 2017. 
2. O. Parlak, A.P.F. Turner, A. Tiwari, Advanced Materials, 26 (2014) 482. 
3. O. Parlak, S. Beyazit, M.J. Jafari, B.T.S. Bui, K. Haupt, A. Tiwari, A.P.F.Turner, Advanced 

Materials Interfaces, Nanoscale, Nanoenergy, Biosensors and Bioelectronics, 2015.  
4. A. Tiwari, M. Syväjärvi (Eds.), In Graphene Materials: Fundamentals and Emerging 

Applications, Wiley - Scrivener, USA, MA, 2015. 
5. O. Parlak, S. Beyazit, M.J. Jafari, B.T.S. Bui, K. Haupt, A. Tiwari, A.P.F. Turner, Advanced 

Materials Interfaces, 2015. 
6. O. Parlak, A.P.F. Turner, A. Tiwari, Advanced Materials,  26 (2014) 482. 
7. A. Tiwari, M. Syväjärvi, (Eds.), In Graphene Materials: Fundamentals and Emerging 

Applications, Wiley - Scrivener, USA, MA, 2015. 
8. H. Patra, R. Imani, M. Pazoki, A. Iglic, A.P.F. Turner, A. Tiwari, Nature – Scientific Reports,  5 

(2015), 14571. 
9. O. Parlak, S. Beyazit, B. Tse-Sum-Bui, K. Haupt, A.P.F. Turner, A. Tiwari, Nanoscale, 8 (2016) 

9976-9981. 
10. S. Mishra, M. Ashaduzzaman, P. Mishra, H.C. Swart, A.P.F. Turner, A. Tiwari; Biosens. 

Bioelectr.  89 (2017) 305.  



 17 

 
T9 

Combining Opto-Electrical and Gravimetrical Measurements for the 
development of new sensing platforms 

 
Ilia N. Ivanov1*  

 

XR&D scientist, adjunct professor Center for Nanophase Materials Sciences, Oak Ridge 
National, University of Tennessee Knoxville, 

 1 Bethel Valley road 8010, M166Oak Ridge TN, 37831, USA 
* Corresponding author: ivanovin@ornl.gov 

 
Over last several years we are observing a transformational change in the way the 
experimental data are being collected/ Driven by the low cost high throughput CMOS process 
allows low cost implementation of broad range of sensors, shifting the paradigm from 
sporadic single point measurement towards continuous digital multi-device, multi-parameter 
monitoring (from personal health to environment). Low cost sensor coupled to accessibility 
of high performance computers to process this data using standard and newly developed data 
processing platforms, brought new opportunity in many the life of people, and changes 
research and development methodologies. 
  As cost of R&D devices decreases from thousands of dollars to under hundred dollars, 
as new materials and complex architectures become easy to implement, we will see a shift in 
the way we pursue the structure- functional characterization in general and development of 
sensors in particular.  
  In this presentation we will review recent developments in the characterization of thin 
films using multi-modality coupled tp data analytics using the neural networks. To reduce the 
multidimensional problem of multi-modal characterization we have selected a frequency 
response as aa variables. We will present examples of how big data analytics combined with 
multimodal sensing could open new opportunities for the development of sensing platforms 
using examples of 2-D material, small molecules and polymers. Scattering (neutron and X-
ray), spectroscopic (Raman and ellipsometry), gravimetric and electrical characterization 
(impedance spectroscopy) techniques will be reviewed. We will also look at how 
computational science could facilitate the development of structural and functional materials 
of the future. This research was conducted at the Center for Nanophase Materials Sciences, 
which is a DOE Office of Science User Facility.    
 
References 
[1] E.S. Muckley, C.B. Jacobs, K. Vidal, J.P. Mahalik, R. Kumar, B.G. Sumpter, I. N. Ivanov New 

insights on electro-optical response of poly(3,4-ethylenedioxythiophene): Poly(styrenesulfonate) 
film to humidity. ACS Applied Materials & Interfaces  9 (2017) 15880-15886. 

[2] C.B. Jacobs, A.B. Maksov, E.S. Muckley, L. Collins, M. Mahjouri-Samani, A. Ievlev, C. M. 
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Our research concerns the development of a chemipassive surface that is being employed to 
modify both the surface of biosensors and other devices used in medicine.  The interaction of 
substrates with the components of biological fluids, especially blood, has constituted a 
research problem over many years. In this regard, a variety of strategies have been used to 
attempt an enhancement of biocompatibility with some emphasis being centered on the 
imposition of a plethora of surface coatings. In our work we are addressing the physical 
chemistry of covalent surface modification through the synthesis of new silane-based 
molecules. These moieties are bifunctional, medium-chain length trichlorosilanes containing 
a PEG backbone. (PEG has been the subject of intense study for many years). Given that 
strategies for enhanced biocompatibility and anti-fouling of biosensors share much common 
ground, we applied our surface modification in both fields. In particular, we have applied the 
anti-fouling approach to the acoustic wave detection of endotoxin in human plasma and K+ 
concentration in brain-based fluid. With regard to the former, a qualitative, cut-off (mid pg 
per mL) biosensor assay alternative for bacterial endotoxin has been developed based on the 
acoustic wave physics of the highly sensitive, ultra-high frequency electromagnetic 
piezoelectric acoustic sensor (EMPAS) transducing device. Secondly, in collaboration with 
Electrical Engineering at the University of Toronto and the Krembil Institute (Western 
Hospital) Toronto we have fabricated a multichannel monolayer coated gold microelectrode 
for in vivo spatio-temporal measurements of [K+]o in a mouse brain as an improvement to 
the more conventional glass capillary electrode. The performance of the device is critically 
dependent on the aforementioned anti-fouling surface modification used in tandem with a 
new probe for potassium.  
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A cell, the fundamental building block of life is the smallest functioning unit in all living 
organisms. From unicellular to multicellular organisms, all cells have developed highly 
evolved cellular pathways to allow the organism to thrive and grow in variable conditions. As 
such, the use of analytical techniques in the examination of cellular-based biophysical and 
biochemical phenomena has always constituted an important area of research in the fields of 
basic biology, medicine, disease and drug studies. Acoustic wave devices offer the ability to 
study cells non-invasively, under label-free conditions and in real-time. In this presentation, 
the link between experiments involving the triggering of cellular changes (instigated at the 
solid –liquid interface) and the response of acoustic wave sensors is discussed. Following a 
concise review of the literature on the various acoustic wave studies of cells, employment of 
the thickness-shear mode device applied for the specific study of immortalized murine 
hypothalamic neurons (mHypoE-38 and -46 cell models) lines will be described. The 
discussion will include evaluation of the detectable neuronal responses originating from 
neuronal deposition, adhesion and proliferation, effects of cell depolarization and neuronal 
synchronization, and the effects ligand-receptor interaction (glucagon). The discussion will 
conclude with an appraisal of the true potential of acoustic technology for the study of cells 
with a particular emphasis on medical applications. Included will be a brief look at own 
research on acoustic wave experiments on bacterial drug resistance. 
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The response of a thickness shear mode quartz sensor depends on three phenomena. The first 
is the well known response to mass rigidly attached to the sensor surface. The second is the 
response to the viscosity of the medium near the oscillating surface. The third is the response 
to the affinity between the sensor surface and the surrounding medium. The overall response 
is a combination of all of these occurring simultaneously. This lecture will present the bases 
of the three response mechanisms. 
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Examples of sensors based on each of three response mechanisms; mass deposition, viscosity 
and surface affinity will be presented. The first, illustrating the mass response, is a sensor for 
nickel carbonyl, an extremely toxic intermediate in the Mond process for refining nickel. The 
second is a viscosity based assay to determine the concentration of plasminogen activators, an 
important class of thrombolytic drugs. The third uses surface affinity to detect prions, the 
agent causing ‘Mad Cow’ disease and scrapie. 
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Recent trends in the field of piezoelectric (QCM, quartz crystal microbalance-based) 
immunosensors will be reviewed. The progress in instrumentation, miniaturization trends and 
novel sensing strategies will be highlighted. The traditional immunosensing assays employ 
immobilized antibodies – both thiol monolayers and plasma-polymerized coupling layers will 
be compared as activating interfaces. Examples of immunoassays based on piezosensors will 
include sensing of pesticides as environmental pollutants (immunoreactions in organic 
solvents), clinical markers (albuminuria and bone diseases) and food contaminants. A special 
attention will be focused on microbial agents; rapid detection and identification of low levels 
of bacterial cells integrated into a portable device remains challenging for point-of-care 
clinical diagnosis, food testing and military screening. The combination of air-sampling 
cyclone and piezo-immunosensor for bioaerosol analysis will be described. The signal 
amplification strategies based on both biochemical cascades (often involving nanoparticles) 
and enzyme label product precipitating enhancement will be discussed. Finally, piezosensors 
are widely used as tools for characterization of affinity interactions between various ligand – 
receptor complementary pairs; the theoretical background will be explained and several 
examples on kinetics of immunocomplexes will be demonstrated. 
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Mammalian cell-based biosensors exploit the sensitivity of cells as a recognition element to 
the wide range of chemical agents including toxins, pharmaceutical and environmental 
compounds. The construction needs stable attachment of (semi)-adherent cell on the planar 
sensor surface and careful adjustment of the experimental condition to physiological 
requirements of cells. The transformation of normal cells to those capable of cancerous 
growth are accompanied by changes cellular morphology, cytoskeleton arrangement and 
focal contacts. The dissipation parameter (resistance of the oscillating system) supplementing 
the common resonance frequency shift output of piezosensors is very interesting for detailed 
interpretation of cellular interactions, adhesion processes and other reactions involving 
membrane systems. 

Atomic force microscopy (AFM) was successively applied for detailed visualization 
of surface-bound cells. QCM and AFM were used for complementary investigation of IgE-
mediated degranulation of mast cells involved in many allergic diseases due to the pro-
allergic and pro-inflammatory substances released from granules when they become 
activated. The sensitized RBL-2H3 mast cells were cultured on poly-L-lysine coated gold 
surface of QCM integrated in the flow cell and frequency and resistance of QCM was 
followed. The activation of mast cells by antigen was continuously monitored for several 
hours. Furthermore, quercetin as the efficient inhibitor of the degranulation was tested. The 
observed response was also confirmed using AFM for imaging topography and 
morphological changes of the mast cells during the degranulation.  

Piezosensor functioned also as a mechanical transducer coupled to the activity of 
spontaneously beating cardiomyocyte clusters derived from reprogrammed pluripotent stem 
cells obtained from patients. The effects of modulation agents (adrenaline, isoproterenol, 
caffeine) and blockers (metoprolol) were tested on-line. It was found that the mechanical 
activity of cardiomyocytes can be measured using a piezosensors. The developed system was 
an excellent in vitro tool for studying the function of human cardiomyocytes and for 
assessing the cardiotoxicity of various pharmacological and chemical substances. 

 
References 
[1] Z. Fohlerova, J. Turanek, P. Skladal. The cell adhesion and cytotoxicity effects of the derivate of 

vitamin E compared for two cell lines using a piezoelectric biosensor. Sens. Actuators B 174 
(2012) 153-157. 

[2] M. Pesl, J. Pribyl, I. Acimovic, A. Vilotic, S. Jelinkova, A. Salykin, A. Lacampagne, P. Dvorak, 
A.C. Meli, P. Skladal, V. Rotrekl. Atomic force microscopy combined with human pluripotent 
stem cell derived cardiomyocytes for biomechanical sensing. Biosens. Bioelectron. 85 (2016) 
751-757. 



 24 

T16 
AFM based Molecular Recognition Imaging and Force Spectroscopy as 

powerful tools to study biomolecular interactions 
 

Andreas Ebner* 

 

Institute of Biophysics, Johannes Kepler University Linz, Gruberstrasse 40, 4020 Linz, 
Austria 

* Corresponding author: andreas.ebner@jku.at 
 

Atomic force microscopy (AFM) has established to a powerful tool in life sciences. Surface 
roughness and shapes of biological specimen like living cells can be investigated at near 
physiological conditions with nanometer resolution and without any labeling. Furthermore, 
the scanning AFM can be upgraded into a monomolecular biosensing device 1. This is 
realized by tethering biomolecules like antibodies, aptamers, or hormons to the tip apex using 
heterobifunctional linkers. Both, silicon(nitride) based chemistry using aminosilanization und 
hetero-bifunctional poly(ethyleneglycol) based liker as well as thiol based linker on gold 
coated tips yield tight binding suitable for biosensing AFM measurements 2. 
Single Molecule Force Spectroscopy (SMFS or MRFS): (for a review see 3) Here the tip 
tethered ligand is approached and withdrawn from the sample surface. When close to each 
other ligand and receptor may form a complex. In the withdrawing part this single ligand – 
receptor complex gets ruptured und the force applied in the moment of rupturing can be 
measured.  
  Topography and Recognition Imaging (TREC): TREC (for a review see 4) is an 
imaging technique also based on the use of biofunctionalized AFM tips. With this technique 
surfaces, ranging from isolated molecules over supported lipid bilayers up to cells, can be 
investigated regarding their surface topography and their specific binding epitopes (towards 
the corresponding ligand on the tip) simultaneously. 
 
Acknowledgements: We thank the OEAD and APVV for funding (WTZ project: SK-AT -2015-
0004). 
 
References 
[1] A. Ebner, L. Wildling, R. Zhu, C. Rankl, T. Haselgruebler, P. Hinterdorfer, H.J. Gruber, P. 

Samori, P. Top. Curr. Chem.,  285 (2008) 29-76. 
[2] C. Lamprecht, P. Hinterdorfer, A. Ebner, Expert Opinion on Drug Delivery, 11 (2014) 1237-1253. 
[3] A. Ebner, R. Nevo, C. Rankl, J. Preiner, H. Gruber, R. Kapon, Z. Reich, P. Hinterdorfer  In: 

Handbook of Single-Molecule Biophysics (Eds. P. Hinterdorfer, A. Oijen) Springer , New York, 
2009; pp 407-447. 

[4] A. Ebner, L.A. Chtcheglova, J. Preiner, J. Tang, L. Wildling, H.J. Gruber, P.; Hinterdorfer, In: 
Scanning Probe Microscopy in Nanoscience and Nanotechnology; Springer, 2010; pp 325-362. 

 
 



 25 

T17 
New developments in AFM technology – from self-sensing cantilevers to 

correlative microscopy 
 

M. Leitner1,2,*, M. Winhold3, T. Strunz3, A. Ebner2, F. Hofbauer3, A. Deutschinger1,  
H. Plank4, G.E. Fantner5, Chris Schwalb3  

 

1SCL.Sensor.Tech Fabrication GmbH, 1220 Vienna, Austriaa 
 2Johannes Kepler University, Institute for Biophysics, 4040 Linz, Austria  

3GETec Microscopy GmbH, 1220 Vienna, Austria  
 4Institute for Electron Microscopy and Nanoanalysis, University of Graz, Austria 

 5Laboratory for Bio and Nano Instrumentation, Institute for Biosensing, EPFL, Switzerland 
* Corresponding author: Michael.leitner@sclsensortech.com 

 
Atomic force microscopy (AFM) as invaluable tool of significant importance in different 
areas of research has undergone much advancement since its first development in 1986. To 
improve AFM technology and to widen the range of use a lot of effort has been made 
especially to extend measurements capabilities, to increase acquisition speed but also to make 
instruments more robust and user-friendly. This consistent progress raised the possibility to 
combine different microscopy and spectroscopic methods into one instrument. The 
importance of such correlative microscopy methods increased significantly during the last 
decade [1]. 
 In this tutorial talk, we present some of the most important developments in AFM 
within the last years. We will in detail present the concept and fabrication of low noise self-
sensing cantilevers and their use in AFM equipment like AFSEMTM but also the 
implementation to standard AFM systems [2]. We will present a unique AFM – the 
AFSEMTM – designed for the seamless integration into scanning electron microscopes (SEM) 
or other host systems (e.g. dual beam microscopes).  
 We will present a broad variety of case studies for correlative analysis of 
nanostructured material ranging from in situ electrical characterization to nanoscale dose-
dependent conductivity measurements. In addition we will give examples on analysis of 2D 
materials regarding their real topographical structure, roughness and physical parameters 
within the SEM as well as first interactive AFM/SEM/EDX analysis and the matching 
imaging speed between SEM and AFM. 
 
Acknowledgements: We thank the OEAD and APVV for funding (WTZ project: SK-AT -2015-
0004). 
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Leukemia is a common, aggressive cancer that seriously affects blood cells, the 

lymphatic system, and the bone marrow. Immediate treatment is critical for improving the 
survival rate of patients with leukemia, highlighting the need for early diagnosis using 
sensitive and specific methods. Development of sensitive biosensors based on DNA aptamers 
is one of possible tool for early detection. DNA and RNA aptamers are single-strand 
oligonucleotides which are able to form highly specific affinity bond with various target 
molecules. In the solution, they form unique structures containing binding site for selected 
molecules, for example oncomarkers on the cell surface. In this work we used sgc8c DNA 
aptamer that is specific to protein tyrosine kinase 7 (PTK7) receptors of acute lymphoblastic 
leukemia cells. PTK7 was identified as a gene upregulated in colon carcinoma cells and 
appears to be misregulated in a variety of cancers. The connection between PTK7 and cancer 
has so far mostly been deduced on the basis of up- or downregulation of PTK7 in a variety of 
cancer types. Highly sensitive methods of Single molecule force spectroscopy (SMFS) and 
thickness shear mode acoustic method (TSM) were applied for tracking the interactions 
between sgc8c aptamer and PTK7 receptors on different cell lines. In experiments we used 
MOLT-4 and Jurkat cells containing in their membranes PTK 7 receptor.  Addition of the 
cells on the surface of TSM transducer modified by aptamers in concentration range 50 – 
5x105 cells /mL caused the decay in frequency by approx. 97.5 ± 7.6 for Jurkat cells and 
about -121.7 ± 16.4 Hz for MOLT-4. The aptamer specificity was verified using non-specific 
aptamer or control cells U266. These interactions were monitored in real time and enabled 
determination of binding kinetic constants and interaction force between aptamers and 
monitored receptors. We were able to detect 50 cells/mL. Key role was to determine specific 
and nonspecific interaction of sgc8c with transmembrane PTK7 receptor on the cell surface. 
Obtained results demonstrate that application of sensitive physical techniques such as TSM 
and SMFS allowing better understanding of the molecular mechanisms of affinity 
interactions at the surface of cancer cells and making possible to develop new tools for early 
diagnostics of cancer diseases.  
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State of protein structures in milk heavily influence its quality. Caseins are the most common 
group of milk proteins and degradation of these molecules causes bitterness and bulkiness of 
the milk. Loss of the milk quality can be prevented by ultra-heat treatment to cease all 
proteolytic activity. The most prominent protease in bovine milk is plasmin. Detection of 
residual plasmin activity and its efficient inactivation were main motivations behind 
development and testing of several methods based on quartz crystal microbalance. One of 
these methods, multi-frequency QCM, enabled sensitive measurement and distinguished 
adsorption of various casein types on hydrophilic SiO2 surface [1]. Adsorbed casein mass was 
approximated by Sauerbrey equation [2]. β-casein layer was exposed to different pH to test 
strength of its non-covalent binding to the surface [3]. EMPAS (Electro-magnetic 
piezoelectric acoustic biosensor), unique QCM-based biosensor, was also tested for β-casein 
layer formation [4]. Enhanced sensitivity of EMPAS allowed formation of the asymmetrical 
casein bilayer to be recorded. After the successful casein layer formation, both systems were 
utilized for β-casein layer proteolysis detection. Serine proteases trypsin and plasmin were 
applied to compare efficiency of both systems to distinguish between their proteolytic effects. 
Observed changes in QCM characteristics following their application were proved to be 
concentration-dependent. The sensitivity of detection β-casein cleavage by proteases was 
substantially higher using EMPAS in comparison with traditional QCM. 
Acknowledgements: This research was conducted through user proposal CNMS2016-031 at the 
Center for Nanophase Materials Sciences through, which is a DOE Office of Science User Facility. 
MT, TH acknowledge support from European Union's Horizon 2020 research and innovation 
programme under the Marie Sklodowska-Curie grant agreement No 690898. 
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Glycans are complex oligosaccharides which could be attached on protein or lipid 

forming glycoproteins and glycolipids. They play a number of important physiological roles and 
are also involved in different pathological processes in human body [1]. Changes in glycan 
structure can be associated with development and progression of certain diseases, such as 
cancers and autoimmune diseases (e.g. rheumatoid arthritis) [2].  

In our study we focused on glycans attached on IgG antibodies isolated from human sera 
of patients suffering from rheumatoid arthritis. To determine glycan structure, we prepared an 
impedimetric lectin biosensor based on gold surface, which was covered by self-assembled 
monolayer (SAM). SAM consisted of two different thiolated zwitterionic derivatives 
(carboxybetaine and sulfobetaine), which prevented nonspecific interactions. The advantage of 
biosensor was that he had a form of an array chip - consisting of eight gold working electrodes, 
what allowed more sample measurement at the same time. This could be very useful especially 
in real medicinal application. We confirmed a correlation between progression of rheumatoid 
arthritis and changes in the glycan structure of human IgG. We also applied two other 
bioanalytical methods standardly used in study of glycans: lectin microarray and enzyme-linked 
lectin binding assay. Moreover, our results from electrochemical analysis were in very good 
correlation with DAS28 index [3].  
 
Acknowledgements: Financial support received from the Slovak Scientific Grant Agency VEGA 
2/0090/16 and from the Slovak Research and Development Agency APVV 14-0753 is acknowledged. 
The research leading to these results received funding from the European Research Council under the 
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Glycoconjugates are formed under condition of glycosylation when sugar residues are 

added step-by-step to proteins or lipids. This reaction creates most of the widely available 
forms of conjugates with a large variety of molecular structures [1]. For a basic 
understanding of biology, these molecules are really important, thanks to them we are able to 
discover new strategies for therapeutic and diagnostic cures [2]. The Tn antigen (GalNAcα-
O-Ser/Thr) can be used as a biosynthetic intermediate. Its presence was detected in nearly 
more than 80 % of tumor tissues (breast, prostate, colon, lung, pancreas… ) and its induction 
is in correlation with cancer development and poor prognosis. The Tn antigen is an efficient 
biological marker in a view of its early expression in mutated cells [3]. 

Three different strategies for interfacial presentation of a small glycan (S ~ 1 nm2) for 
analyzing of tumor-associated anti-Tn antibody (2C4) have been used. First two of them 
applicate immobilization of the Tn antigen on a mixed self-assembled monolayers (as 2D 
biosensor) and the last one is based on compact layer of 3D spherical molecules of a human 
serum albumin (HSA).  

This 3D configuration proposes much superior analytical property compared to the 
2D biosensors in terms of sensitivity, linear range and limit of detection. In addition, we 
demonstrated that 3D surface is more reachable for antibody binding and has better kinetics 
of affinity binding. In order to optimize and characterize construction of the biosensors, 
several techniques has been applied, such as quartz crystal microbalance (QCM), atomic 
force microscopy (AFM) and surface plasmon resonance (SPR). 
  
Acknowledgements: The research leading to these results has received funding from the European 
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Nanostrutures, such as different nanomaterials (e.g. metallic or carbon) and self-

assembled monolayers play an important role during a bioreceptive interface preparation 
these days[1]. They offer an increase in surface area, as well as some other physical/chemical 
properties (conductivity, hydrophobicity, etc.). They can also be used prior to analysis for 
enrichment procedures[2]. Here we present some of our specifically designed thiolated 
zwitterionic derivatives for gold electrode surface modification for lowering non-specific 
interactions, what is a great problem for affinity biosensors[3]. These biointerfaces were used 
for different medicinal applications, such as autoinflammatory (autoantibodies) and cancer 
biomarkers (PSA, ErbB2) detection and detection of different glycans/glycoproteins using 
lectins. Other examples include viral hemagglutinins or whole viruses detection using 
electrochemical impedance spectroscopy. This contribution aims to present an 
electrochemical approach for in situ glycoprofilation for medical diagnostics as an alternative 
to more commonly used, yet still expensive and time consuming, robust machinery such as 
mass spectrometry. 
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2D MXenes are a novel class of nanomaterials with a complex layered structure. 

Their remarkable properties, such as metal like conductivity and hydrophilicity (due to 
presence of a negative charge on the surface) make them materials of choice for batteries [1], 
supercapacitors [2] and for electromagnetic shielding [3]. Here we evaluated electrochemical 
performance of Ti3C2Tx in an aqueous solution for sensing applications.  
The supplementary microscopic and spectroscopic methods were applied for complete 
characterization of Ti3C2Tx. It is shown, that the pristine Ti3C2Tx could be effectively applied 
in a cathodic potential window for sensing purposes, i.e. Ti3C2Tx was proved as an excellent 
catalyst for ultrasensitive detection of H2O2 down to nM level with a response time of ~10 s 
[4]. In this work we also show electrochemical behavior of Ti3C2Tx modified electrode 
towards oxidation of NADH and towards oxygen reduction reactions. Further modification of 
Ti3C2Tx by noble metallic nanoparticles could further enhance performance of modified 
Ti3C2Tx to detect H2O2. 
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Diffusion processes through a multilayered material are of interest for a wide range of 
applications, including heat transport across composite materials or layered biological 
material. Biological applications include determining the effectiveness of drug carriers 
inserted into living tissue [1], drug penetration into mammalian skin, the probing of 
biological tissue with infrared light [2], and analyzing the heat production of muscle [3]. 
 Analysis of experimental EIS data in terms of equivalent circuits is the common 
approach used in most commercial software dedicated to EIS method. We present the EIS 
study for the redox reaction on the electrode surface coated with multilayer material in time 
and frequency domain.  Results are obtained for multilayered biological materials with a 
range of matching conditions between the layers, in particular for a jump matching condition. 
It is assumed a small alternating voltage perturbation in frequency domain .The time domain 
don’t have this limitation, so it can be used for other electrochemical methods such as 
voltammetry. 
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The oxidative electrochemistry of guanine (G - one of the two purine bases in nucleic acids) 
and its derivatives including the nucleoside and nucleotide monophosphate appears to be of 
particular interest to compare with biological pathways [1-3]. Different electrodes are useful 
for the study of oxidation processes. Among diverse electrode materials, carbon is often 
favored as the key component for construction of electrochemical sensors and biosensors [4-
6]. One of carbon-based electrodes is a pencil lead which is easily available at a very low cost 
[4-6]. Previously, we characterized surfaces of “polymer” branded pencil leads by modern 
non-electrochemical methods such as scanning electron microscopy (SEM), energy-
dispersive X-ray spectroscopy (EDX), Raman spectroscopy and X-ray photoelectron 
spectroscopy (XPS) [7]. Here we present that electrochemical techniques in connection with 
polymer pencil graphite electrodes (pPeGE) are fruitful for the analysis of guanine and its 
derivatives such as guanosine (Guo), guanosine monophosphate (GMP) and their deoxy-
derivatives. The investigation was aimed at oxidation responses of G, Guo and GMP in 
dependence on pH (phosphate-acetate buffer), accounting for structural increments 
(ribofuranosyl-, deoxyribofuranosyl and phosphate group). It was found that anodic peak 
potentials increase in the order G<<dGMP<GMP<dGuo<Guo and correlate with HOMO 
energies obtained by quantum chemical calculations (Spartan’16 software). Since the 
interaction between the pPeGE surface and purine molecules results into fast electron transfer 
reactions and low detection limits the origin and cause of this interaction is discussed.  
Finally, we can declare that polymer pencil lead is a prospective electrode material with good 
stability and reproducibility for analyses of G and its analogues. 
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Electropolymerized coatings are widely used in electrochemical sensors and biosensors as 
heterogeneous mediators of electron transfer and carriers of synthetic and natural receptor. 
Recently we have found [1] that the use of oxalic acid makes it possible to perform aniline 
polymerization in the middle pH region and avoid acidic denaturation of DNA added to the 
reaction media. In this work, similar hybrid coatings obtained by layer-by-layer deposition on 
the glassy carbon electrode with intermediate inclusion of DNA have been obtained and their 
electrochemical characteristics compared. 
 The addition of DNA stabilizes electroactive form of polyaniline due to doping effect. 
The DNA entrapped in-between two polyaniline layers retains its ability of extension of 
polymer doping area and of highly sensitive detection of specific intercalators like Methylene 
blue and anthracycline antitumor drugs on sub-nanomolar level. The characteristics of 
intercalator determination depend on the electropolymerization protocols and DNA 
immobilization conditions.  
 Mixed coatings based on layered polyaniline, DNA and polymeric forms of phenazine 
and thiazine dyes (Neutral red, Methylene blue and Methylene green) were synthesized in a 
similar manner. Their functioning as effective electron transfer mediators as well as the DNA 
contribution to the polyaniline doping have been quantified by electrochemical techniques. 
The electrodes modified with hybrid coatings were tested in the analysis of some standard 
solutions of antioxidants and dyes. The results obtained were successfully used for the 
assessment of antioxidant activity of green tea fusion, and for the discrimination of native and 
denatured DNA samples. The comparison of the redox activity recorded prior to and after 
removal of dissolved oxygen indicated its participation as precursors of reactive oxygen 
species in the oxidative DNA damage and in the appropriate changes of the redox activity of 
the coatings.  
 The relationships found can be applied for the development of electrochemical 
“reagent-free” sensors and voltammetric DNA sensors for the determination of individual 
antioxidants and antioxidant capacity and for the detection of DNA damaging factors 
including cytostatic effect of some antitumor drugs.  
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The development of implantable biodegradable sensors for the medical diagnostic is a 
promising direction of modern electroanalytical chemistry. Polylactides have become 
widespread application within bioanalysis explorations due to simple synthesis, 
biodegradability and appropriate mechanical properties. The aim of this work was to evaluate 
the opportunities of application and future prospects of novel materials based on oligolactic 
acid cross-linked with thiacalix[4]arene derivatives as the platform for electrochemical 
biosensors development. 
  Electrochemical measurements have been performed in the three-electrode cell with 
Ag/AgCl reference electrode (1 M KCl), and glassy carbon working (GCE, 1.67 mm2) and 
counter electrodes. All the modification procedures were performed by casting a certain 
aliquot of a modifier onto the electrode surface. The electron transfer investigation showed 
predominant electrostatic control of the charge carrier transfer through the polymeric 
materials synthesized. Further impedimetric exploration of the direct DNA immobilization on 
the polymeric film demonstrated instability of the coating caused by repulsion of the 
negatively charged DNA and oligolactide molecules. The addition of poly(allylamine 
hydrochloride) to DNA solution provided reliable immobilization of the biocomponent. The 
DNA-sensors developed indicated the opportunity of the discrimination of specific DNA 
interactions including thermal denaturation, methylene blue interaction and oxidative 
damage. The influence of the DNA and of the reagents specifically interacting with DNA 
highly depended on the nature of thiacalix[4]arene bridge of the polymeric matrix. 
The polymeric film synthesized was also tested in the assembly of the acetylcholinesterase 
biosensor. The GCE was covered with cross-linked oligolactides and Ag dendrites obtained 
by electrodeposition. The enzyme was immobilized by cross-linking with glutaraldehyde in 
bovine serum albumin. Acetylthiocholine was added to the working cell as enzyme substrate. 
The acetylcholinesterase biosensor developed showed extremely low potential of thiocholine 
oxidation (0 mV) and high sensitivity of the response toward the substrate. The biosensor 
developed was tested on standard samples of Malaoxon and the spiked samples of fruit juice 
and peanuts. 
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Aflatoxins are carcinogenic, highly toxic metabolites of the mold fungus varieties Aspergillus 
flavus and Aspergillus parasiticus. Aflatoxin M1 is produced as a metabolite of aflatoxin B1. 
It is secreted with the milk after the feeding of aflatoxin B1 containing feed to lactating cows. 
As aflatoxin M1 is relatively stable thoughout the pasteurizing process, not only a 
comprehensive routine check of the raw materials to be processed is required, but also of the 
final products. For aflatoxin M1 the limit has been fixed at 0.05 µg/l (50 ppt). Several 
methods have been developed for AFM1 determination in milk, mainly based on high-
performance liquid chromatography (HPLC), which advantageously substituted the thin layer 
chromatography technique (TLC). Enzyme-linked immuno-sorbent assays (ELISA) have 
become very popular for mycotoxins analysis, raising the development of many 
commercially available kits, which are essentially based on competitive assays. These ELISA 
techniques have been in some cases successfully transferred to biosensor technology. 
In our work we used ELISA for the quantitative analysis of aflatoxin M1. Using this method, 
it is possible to detect aflatoxin M1 in milk, milk powder and cheese quantitatively and with 
accuracy. The basis of the test is the antigen-antibody reaction. The microtiter wells are 
coated with capture antibodies directed against anti-aflatoxin M1 antibodies. Aflatoxin M1 
standards or sample solutions, aflatoxin M1 enzyme conjugate and anti-aflatoxin M1 
antibodies are added. Free aflatoxin M1 and aflatoxin M1 enzyme conjugate compete for the 
aflatoxin M1 antibody binding sites (competitive enzyme immunoassay). At the same time, 
the anti-aflatoxin M1 antibodies are also bound by the immobilized capture antibodies. Any 
unbound enzyme conjugate is then removed in a washing step. Substrate/chromogen is added 
to the wells, bound enzyme conjugate converts the chromogen into a blue product. The 
addition of the stop solution leads to a color change from blue to yellow. The measurement is 
made photometrically at 450 nm. The absorbance is inversely proportional to the aflatoxin 
M1 concentration in the sample. The ELISA allowed detectin of aflatoxin M1 in milk with 
detection limit of 0.005 µg/l (5 ppt) 
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The enumeration of different lactic acid bacteria’s and „probiotics“ from several products are 
not only as a manufacturer's requirement, but also as an authority and a market requirement. 
The used level of microorganisms in foods or in drugs is normally high and sample 
preparation is difficult. The current methods of detection of lactic acid bacteria’s are focused 
on biochemical characteristic (plate method). Not any rapid method is available. Although 
these methods have advantages each method also has limitations. Another technology that is 
applicable in microbiological studies is atomic force microscopy (AFM). AFM has been used 
to image a wide variety of biological materials, like bacterial cells, and human chromosomes. 
The basic idea of AFM is to use a sharp tip scanning over the surface of a sample while 
sensing the interaction between the tip and the sample. The tip with a flexible cantilever or 
the sample is mounted on a piezoelectric scanner which can move precisely in three 
dimensions. During the test, a laser diode emits a laser beam onto the back of the cantilever 
over the tip. As the cantilever deflects under load from the laser, the angular deflection of the 
reflected laser beam is detected with a position-sensitive photodiode. Magnitude of the beam 
deflection changes in response to the interaction force between the tip and the sample. The 
AFM system senses these changes in position and can map surface topography or monitor the 
interaction force between the tip and the sample. AFM was applied to investigate morphology 
and characteristic parameters of the microorganisms. Using AFM we successfully detected 
the Lactobacillus spp., Streptococcus spp., Bifidobacterium spp., immobilized at the surface 
of glass, and determined their shape and dimensions. 
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Atomic force microscopy (AFM), a key member of the scanning probe microscopy (SPM) 
family, has developed into an invaluable tool of significant importance in many different 
areas of research and industry. Since its first development in 1986 [1]. AFM has undergone 
much advancement, not only to extend measurement capabilities and to increase acquisition 
speed, but also to make the instrument more robust and user-friendly. Most commercial AFM 
systems today still use optical deflection detection to image samples of interest with 
nanometer resolution. Whereupon easy to handle and user-friendly self-sensing cantilevers 
are still mainly limited to home-build systems and special applications [2].   
 Here we show two different systems working with self-sensing cantilevers on 
biological samples. We performed measurements performed on different biological samples 
in try state but also in liquids ranging from deionized water to physiological buffer solutions 
and none transparent liquids. In addition the use of an AFSEMTM system dedicatedly 
designed and developed to be used in vacuum systems for the use at ambient conditions and 
in liquid is shown for the first time. 
 As biological relevant systems blood platelets and erythrocyte ghost have been 
imaged with both AFM systems at ambient conditions and in physiological buffer solutions. 
The recorded images have been compared and analysed regarding their 3D topographical 
structure. For erythrocytes this study was a proof of concept for sample preparation – for 
platelets the time depended activation has been studied.  
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Proteolysis, the enzymatic hydrolysis of a protein, plays an important role in various fields of 
bioscience and biotechnology. Technologically, there are broad applications of proteolysis in 
food processing [1]. Ultrasonic spectroscopy is a novel, fast, noninvasive, highly sensitive, 
analytical technique for monitoring of enzymatic reactions [2,3]. The goal of the research was 
to analyze the real-time ultrasonic profiles of hydrolysis in β - casein solution in the presence 
of enzyme trypsin at 25°C. Ultrasonic velocity and attenuation were measured using a HR-
US 102PT ultrasonic spectrometer (Sonas Technologies Ltd., Ireland) equipped with 
precision programmable temperature controller. The size of casein micelles presented in the 
solution was measured using dynamic light scattering (DLS) in a photon correlation 
spectrometer (Zetasizer 3000 HSA, Malvern Instruments, UK). The addition of enzyme into 
the β - casein solution was accompanied by the increase of velocity and the attenuation. It is 
well-known that hydrolysis causes a change of ultrasonic velocity in the reaction mixture, 
furthermore, magnitude of the change is proportional to the concentration of the bonds 
hydrolyzed [3]. 2,4,6-Trinitrobenzene Sulfonic Acid (TNBS) assay was applied in order to 
recalculate a change of ultrasonic velocity in the reaction mixture caused by hydrolysis of β-
casein,  into the terms of concentration of covalent bonds hydrolyzed, c(t) (mole per kg of 
mixture at reaction time t). The obtained results have clearly demonstrated capability of 
ultrasonic tools for nondestructive real-time assessment of the enzyme activity in complex 
formulations. 
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There are various reports on milk composition and quality based on storage [1], dry period 
[2] or dietary supplements [3]. Milk components can be easily identified by etrchemical 
methods such as cyclic voltammetry. In this work, the preliminary testing of analog frontend 
of handheld potentiostat is reported. The core of this frontend is integrated transimpedance 
amplifier with programable gain and voltage reference. The gain can be set to reach full scale 
from 5 to 700 µA whereas voltage reference can be set in range ±24%, which represents full 
scale ±0,6 V in our case. In voltammetry testing procedure, the gold wire working electrode 
and Ag/AgCl reference electrode in ferrocene solution were used to demonstrate device 
reliability. Designed analog frontend shows good results in preliminary testing and it is 
suitable for handheld potentiostat. 
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THEORETICAL PART 
 
Biosensors are devices detecting the presence of a target by using a particular 
recognition element and then monitoring the mass, optical, electronic, or magnetic 
signal changes, which are induced by the interaction of the recognition element 
and the analyte of interest. Molecular recognition is consequently the key for the 
sensor performance. The recognition elements include receptors enzymes, 
antibodies, nucleic acids, molecular imprints and lectins. Among them the 
DNA/RNA aptamers are of special interest. Aptamers, first  reported in 1990, are 
single-stranded oligonucleotides (typicaly 30 to 100 bases), which recognize 
specific ligands and bind to various target molecules ranging from small ions to 
large proteins, viruses, bacteria or cells with high affinity and specificity. The term 
aptamer derives from Latin word aptus, that means to fit and the Greek meros, 
meaning the part. The aptamers are selected in vitro (selection evolution of 
ligands by exponential enrichment, SELEX process) from populations of random 
sequences.  
 The aptamers form characteristic three-dimensional structures, such as 
stems, loops, hairpins, triplexes or quadruplexes. This tertiary conformational 
structure furnishes the key for understanding molecular interaction between the 
aptamer and the target. Small molecules are bound by fitting into the aptamer 
conformation by the formation of intermolecular hydrogen bonds. However, for 
larger targets, for instance proteins or cells, the aptamer binding site is induced to 
fit better into the surface of the target by noncovalent ligations such as hydrogen 
bonds, electrostatic interactions, base stacking effects and hydrophobicity.  
Aptamers offer numerous advantages over antibodies: 
 * chemical stability under a wide range of buffer conditions 
 * resistant to harsh treatments without losing its bioactivity 
 * the thermal denaturation is reversible for aptamer 
 * small in size, cost effective, offering remarkable flexibility and    
   convenience in designing their special structure 
 
APTASENSORS 
Biosensors based on aptamers as biorecognition elements - the aptasensors - are 
of substantial interest. In 2005, the first electrochemical aptasensor was 
described. The crucial step in electrochemical aptasensors is the immobilization of 
aptamers to an electrode surface. It is important to develop strategies for reliable 
immobilization of aptamers so that they retain their biophysical characteristics and 
binding abilities, as well as for minimizing nonspecific binding/adsorption events. 
 
Aptamer immobilization techniques on the electrode surface 
The control of aptamer immobilization is essential in order to ensure proper 
orientation, reactivity, accessibility and stability of the sensor. The achievement of 
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high sensitivity and selectivity requires minimization of nonspecific adsorption and 
the stability of the immobilized aptamers. Immobilization techniques: 
 * physical adsorption (hydrophobic interaction) 
 * covalent binding (chemical binding) 
 * avidin-biotin affinity (specific interaction) 
 * self-assembled monolayers (chemical binding or adsorption) 
 
The detection method is also important in practical application of aptasensors. 
Different types and formats of detection can be used in aptasensing: (A) label-free 
or labeled detection, (B) format of detection (configuration assay: direct, sandwich 
or competitive). 
 
Electrochemical aptasensors 
Electrochemical techniques have been extensively recognized as a powerful tool 
for fast detection of aptamer-ligand interaction due to their high sensitivity, fast 
response, easy operation, possibility of miniaturization, relatively compact, as well 
as low production cost. Aptasensors are used in numerous applications - 
therapeutic, drug delivery, in the field of pharmaceuticals or biological analysis 
(the separation techniques), bio-imaging, diagnostics. 
 
Electrochemical impedance spectroscopy (EIS) 
The term impedance was introduced by the electrical engineer, physicist and 
mathematician Olivier Heaviside in 1886, who adapted complex numbers to the 
study of electrical circuits. Impedance spectroscopy is a powerful method of 
analysis the complex electrical resistance of a system and is sensitive to surface 
phenomena and changes of bulk properties. The term impedance “spectroscopy” 
is derived from the fact that the impedance is generally determined at different 
frequencies rather than just one.  
 
Basic principles: Theory of electrochemical impedance is a well-developed 
branch of ac theory that describes the response of a circuit to an alternating 
current or voltage as a function of frequency. In dc theory (a special case of ac 
theory where the frequency equals 0 Hz) resistance is defined by Ohm's law: 
 
         (1)   
   
Using Ohm's law, one can apply a dc potential (E) to a circuit, measure the 
resulting current, and calculate the resistance (R) - or determine any term of the 
equation if the other two are known. A resistor is the only element that impedes 
the flow of electrons in a dc circuit. In ac theory, where the frequency is non-zero, 
the analogous equation is: 
 
        (2)   
   
As in Eq. (1), E and I are defined as potential and current, respectively. Z is the 
impedance, the ac equivalent of resistance. Impedance values are also measured 
in ohms (Ω). In addition to resistors, capacitors and inductors impede the flow of 
electrons in ac circuits. The impedance Z of a system is determined by applying a 
sinusoidal voltage with a small amplitude and detecting the current response. To 
calculate the impedance of the system, an expression analogous to Ohm’s law is 
used:  
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     (3) 
 
where E0 and I0 are the amplitudes of voltage and current, respectively, t  is  the 
time,  is the circular frequency (f is frequency expressed in Hz),  is the 
phase shift between the voltage-time and current-time functions and Y is the 
complex conductance or admittance.  
According to Euler’s expression: 
 
       (4)    
 
the impedance is represented as: 
 
    (5) 
   
 
Data presentation: The most common graphical representation of impedance 
data is the "Nyquist Diagram", in which the imaginary part of the impedance is 
plotted versus the real part to give a complex-plane impedance plot. In this plot, 
each point corresponds to a different frequency. The impedance vector with 
magnitude |Z| (|Z|  Z0) forms with x-axis an angle – phase angle  (Fig. 1). 
 
 

    
 
 
Fig. 1. Impedance is a complex value that is defined as the quotient of the voltage 
(time) and current (time) functions. It can be expressed as the modulus ∣Z∣ and the 
phase angle φ, or it can be specified by the real (ZR) and the imaginary (ZI) parts of 
the impedance. 

In order to characterize a biological material, e.g. antibodies or cells, electrodes must 
be introduced into the system, thus forming an electrochemical cell. Upon applying of 
an ac voltage perturbation, the current is coerced to flow through all components of 
the system – the working electrode, the biological material, the solution and the 
counter electrode. The measured impedance is the sum of all of the individual 
contributions. The Randles equivalent circuit fits many chemical systems. The simply 
Randles equivalent circuit is the starting point for other more complex models (Fig. 
2A). 
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Fig. 2. A) Randles’ equivalent circuit for an electrode in contact with an electrolyte. 
The double-layer capacitance Cdl results from charge being stored in the double 
layer at the interface. The charge transfer resistance Rct refers to current flow 
produced by redox reactions at the interface, and the Warburg impedance, W, 
results from the impedance of the current due to diffusion from the bulk solution to 
the interface. Rs is the solution resistance afforded by the ion concentration and the 
cell geometry. Rs and Rct can easily be determined from the Nyquist plot (B). The 
intercept is equal to RS + Rct – 2σCdl, from which σ and subsequently diffusion 
coefficients can be calculated. 

APPARATUS 

µAUTOLAB TYPE III FRA2 potentiostat/galvanostat (Eco Chemie, Netherlands) 
Ultrasonicator DT 31 (BANDELIN electronic, Berlin) 
 
Setup of the electrochemical cell:  
An electrochemical workstation consists of a potentiostat and relevant control 
software on one end, and the electrochemical cell setup – generally inside a 
Faraday cage – on the other. Electrochemical cells are designed to hold a 
working, reference, and counter electrode in an appropriate geometry, but beyond 
that they can vary a great deal. 
 
 
ACCESORIES AND REAGENTS 
 
Thiol modified DNA oligonucleotide (Eurogentec, Belgium), 6-mercapto-1-hexanol 
(MCH, Aldrich, 97%, Sigma-Aldrich, Germany), phosphate buffer saline tablet 
(PBS, Sigma-Alddrich), potassium ferricyanide(III) powder (K3Fe(CN)6, Aldrich, 
99%), potassium hexacyanoferrate(II) trihydrate (K4Fe(CN)6, Aldrich, 99%), 
alumina powder 1.0 µm and 0.3 µm (CH Instruments Inc., USA), ethanol (96.3%, 
Slavus), H2SO4 (96%, Slavus, Slovakia) 
 
CHI101 2-mm-diameter gold working electrode (CH Instruments)  
CHI111 Ag/AgCl/3M NaCl reference electrode (CH Instruments) 
Platinum wire auxiliary electrode 
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PREPARATION OF SOLUTIONS AND SAMPLES 
 
All solutions are prepared with Milli-Q water (18 M) from a Millipore system. 
* Washing buffer (W-buffer): 10 mM PBS + 2.7 mM KCl + 137 mM NaCl (pH 7.4) 
* Electrochemistry buffer (E-buffer): 2 mL of 10 mM K4Fe(CN)6 + 2mL of 10 mM 
K3Fe(CN)6 +   4 mL of 10 mM W-buffer  
* MCH solution: 100 mM MCH in water 
* Aptamer (APT) solution: 1 M in W-buffer 
* Polishing kit: nylon polishing pads + alumina powder + miliQ water 
 
  !! Critical step: It is very important not to mix large and small particle sizes. 
 
Pretreatment methods. 
 
1. Mechanical polishing of gold electrodes using the polishing kit: Hold the 
electrode surface vertically to obtain a smooth planar surface. This is especially 
important with voltammetry electrodes and will ensure that the surrounding plastic 
is not worn unevenly. For uniform polishing is optimal eight pattern. An alternating 
clockwise/counterclockwise motion is also acceptable. Four step polishing 
procedure:  alumina-water slurry of 1 µm - sonicating in ethanol for 5 min - 
alumina-water suspension of 0.3 µm - sonicating in ethanol for 5 min. Electrodes 
are sonicated to remove residual abrasive particles. The scheme of mechanical 
polishing of gold electrodes is shown on Fig. 3. 

 

                      
  
 

     Fig. 3. Schematic representations of correct electrode polishing. 
 

2. Electrochemical cleaning of gold surface. Electrochemical cleaning remove 
any residual impurities from the gold electrodes through electrochemical oxidation 
and reduction of the metal without destroying the underlying Au surfaces. This 
process improves electrode coverage. Place the gold electrode in the 
electrochemical cell. Add 8 mL of 0.5 M H2SO4 into the cell. 
 

1. Turn on Autolab and open GPES procedure. 
2. Choose method “Cyclic voltammetry (staircase): Normal” 
3. Use scan rate of 100 mV/s.  
4. Run 20 cycles between potential range +0.2 to +1.5 V. 
5. Save the cyclic voltammogram.   

A typical cyclic voltammogram for a clean, bare gold electrode is shown on Fig. 4. 
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Fig. 4. A typical cyclic voltammogram for a clean, bare gold electrode in a 0.5 M 
H2SO4 solution. The characteristic single sharp reduction peak located at 0.9 V 
and multiple overlapping oxidation peaks in the range of 1.2-1.5 V are clearly 
visible.  
 
After the finishing the electrochemical process, rinse the electrode briefly with 
copious amount of Mili-Q water and dry under the nitrogen stream.  
!! Critical step: To avoid deposition of contaminants on the metal surface, the 
cleaned electrodes should be immediately used for immobilization.  
 
1. Preparation of sensing layer:  

!! Use freshly prepared APT and MCH solutions. 
1. Insert clean gold electrode in 200 µl of 1 µM APT in PBS oovernight (at 

least 12-14 h).  
2. Rinse the electrode with PBS to remove nonspecifically bound aptamer. 
3. Incubate the electrode in 200 µl of 1 mM MCH solution in PBS for 1h. MCH 

was used as a surface blocking-agent and spacer between aptamers. 
4. Wash the electrode in buffer.  
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Fig. 5. Schematic representation of sensing surface composed of aptamers and 
MCH.  

 
EXPERIMENT AND PARAMETERS  
 
Electrochemical impedance spectroscopy: Place the gold electrode in the 
electro-chemical cell. Add 8 mL of E-buffer. 
 

1. Turn on Autolab and open FRA procedure.  
2. Put the following parameters:  

a. Frequency range: 10 kHz - 0.01 Hz. 
b. Amplitude signal 5 mV. 
c. DC potential +0.2 V  

3. Start the experiment.  
4. Control that data are recorded.  
5. After the measurement select “Analysis” and “Fit and Simulation”. 
6. Analyse the impedance spectrum using an equivalent circuit to gain RCT 

values. 
 
RESULTS 
 
To monitor the fabrication process of biosensor and the recognition of analytes on 
the electrode surface, we adopted EIS method, which has been widely used for 
monitoring the changes of electrode surface state because of its sensitive 
response and rapid label-free detection. Due to its nontoxicity, [Fe(CN)6]3-/4- 
solution was used as the redox probe. To analyze the data of EIS, Nyquist 
diagram and the Randles equivalent circuit model were applied. The semicircle 
diameter of the Nyquist diagram corresponds to the electron transfer resistance 
(Rct) deriving from the resistance of the electrode surface. Therefore, Rct indicates 
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the change of the resistance properties of the layer which hinders the transfer of 
redox probe to the electrode surface. 
 

                
 
Figure 6: Typical Nyquist diagrams of EIS for fabrication and application of the 
aptasensor in [Fe(CN)6]3-/4- solution. EIS results were recorded (a) at bare Au 
electrode pretreated electrochemically in 0.5 M H2SO4, (b) after immobilization of 
specific APT, (c) after formation of MCH layer. 
 
Rct for above steps (a-c) fitted to the Randles equivalent circuit model (Fig. 2): 

Bare Au electrode:  166.8   23.4 
APT layer:  3.96 k  0.04 
APT+MCH layer: 5.46 k  0.16.  
 
As seen from curve (a), the bare gold electrode exhibits a very small 

semicircle domain, suggesting a very low electron-transfer resistance to the redox 
marker in the electrolyte solution. The negative charge of the DNA aptamer 
produces an electrostatic barrier to the negatively charged redox marker 
[Fe(CN)6]3-/4-, which hinders the charge transfer processes between the redox 
marker in solution and the electrode (curve b). A further step of MCH backfilling 
completed the coverage due to monolayer reorganization, coverage of pinholes in 
the initial monolayer, and lifting of any DNA lying flat on the surface due to 
electrostatic interactions. This resulted in firther increase of Rct value (curve c).  
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THEORETICAL PART 

Electrochemistry studies the chemical processes accompanying by electrical 
changes at the surface of the electrode. Process that can be measured with this 
method is named as redox process. The term "redox" stands for reduction-oxidation. 
Oxidation and reduction is a change of oxidation state that takes place in atoms, ions 
or molecules involved in an electrochemical reaction. An atom or ion that gives up an 
electron to another atom or ion has its oxidation state increase and the recipient of 
the negatively charged electron has its oxidation state decrease. Applied external 
potential in electrochemistry can cause reduction or oxidation of a substance when it 
is sufficiently high. Electrochemical methods allow us to prepare biosensors sensitive 
for detection of proteins, DNA. toxins or cells via redox processes or electron transfer 
[1]. 
 Different kind of techniques are named as electrochemical. One of them is 
cyclic voltammetry. Cyclic voltammetry (CV) is an electrochemical technique that 
measures current changes in electrochemical cell based on change of applied 
voltage. CV is performed by cycling of applied potential and the potential of working 
electrode is measured against a reference electrode. Forward scan (reduction 
voltage) in CV (Fig. 1a) causes reduction of analyte and reverse scan cause 
oxidation of analyte. Some analytes can oxidate first so in that case, scan needs to 
start from oxidation voltage. This cycle can be repeated. Graphic representation of 
CV is cyclic voltammogram, graph with specific shape including reduction and 
oxidation peaks (Fig. 1b). For observation of oxidation and reduction different 
solutions or redox markers can be used, for example potassium ferro/ferri cyanide 
(K[Fe(CN)6]3-|4-), hexaammineruthenium(III) chloride ([Ru(NH3)6]2+|3+) complexes, 
methylene blue or ferrocene. Redox probes are used for studying the barrier 
property on a gold surface and creating biosensors. 
 

 
Fig. 1. Cyclic voltammetry principle: a) potential applied between working and reference 
elektorde, b) cyclic voltammogram [2]. 
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Biosensors are devices which can recognize various compounds via sensitive 
receptors of biological origin that are on or in tight contact with transducer (Fig. 2). 
Depending on which type of transducer is used, biosensor can be known as optical, 
mass-sensitive, acoustic or electrochemical.  
 

 
Fig. 2. The scheme of biosensor 

 
Using electrochemical transducer, one can prepare electrochemical biosensor. 
Electrochemical measurement runs in electrochemical cell usually with three 
electrodes: working, reference and auxiliary, all immersed in solution. On the working 
electrode (gold, carbon, graphene) appears the process we want to observe. 
Biological sensitive part of biosensor can be antibodes, proteins, cells or aptamers. 
Aptamers are single stranded DNA or RNA molecules, sensitive to various targets 
such as small molecules, proteins, cells, viruses etc. They are selected by SELEX 
(systematic Evolution of Ligands by EXponetial enrichment) method and are 
considered as artificial antibodies. For an optimal function of biosensor it is important 
to know the surface density of aptamers on the electrode surfaces, but the active 
area of electrode should be determined first. 
 
Determination of active/effective area of gold electrode 
 
Effective area of gold electrode can be estimated by using Randless-Sevcik 
equation. In cyclic voltammetry, the Randles–Sevcik equation describes the effect of 
scan rate on the amplitude of peak current. For simple redox events, peak current 
depends not only on the concentration and diffusional properties of the electroactive 
species, but also on scan rate. Using the relationships defined by this equation (1), 
the diffusion coefficient of the electroactive species can be determined [6]. Linear 
plots of Ipa vs. ν1/2 provide evidence for a chemically reversible redox process. For 
species where the diffusion coefficient is known, the slope of the plot of Ipa vs. ν1/2 

provides information into the stoichiometry of the redox process. [6].  
 

Ipa = (2.69 × 105) n 2/3AeffD1/2 ν1/2 C0  (1) 
 
where D and C0 are the diffusion coefficient (in cm2/s) and bulk concentration (in 
mol/cm3) of the redox probe, respectively. Aeff  is the active/effective area (in cm2), v is 
the potential scan rate (in V/s) The other symbols have their usual meanings. Cyclic 
voltammetry experiments are usually determined in a presence of 1 mM [Fe(CN)6]-3/-4 

with 0.05 M KCl in working buffer [5].  
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Quantitation of DNA surface density 
Hexaammineruthenium(III) chloride ([Ru(NH3)6]2+|3+) complex in aqueous solutions 
exhibits reversible redox behaviour and has been widely used for comparisons 
between models and experiments in theoretical studies of mass transport.  
 Thiolate DNA monolayers, as model systems, are ideal for the study of long-
range electron transfer through the DNA double helix, as well as for the correlation of 
DNA structures and their biomolecular recognition properties. For examination of 
DNA-modified surfaces, the voltammetric response of multiply charged transition 
metal cations (such as [Ru(NH3)6]3+) which electrostatically bound to the DNA 
probes, can be used [3].  
 The surface density of DNA can be calculated by determination of charge 
transfer, Q, at presence of redox marker [Ru(NH3)6]2+|3+ (RuHex). The surface 
density, ΓRu  (in mol/cm2) corresponding to RuHex electrostatically bounded to to the 
surface-confined DNA [4]: 

 ΓRu = Q/nFAeff   (2) 

where n is the number of electrons per molecule for reduction (n = 1), Aeff is the area 
of the working electrode (in our case: 0.0314 cm2), F is the Faraday constant. Using 
ΓRu value it is possible to calculate surface density of DNA, ΓDNA (molecules cm-2) [4]:  

  ΓDNA = ΓRuzNA/m  (3) 

where z is the charge of the redox molecules (z = 3), NA is Avogadro’s number, m is 
the number of nucleotides in the DNA.        
 The surface concentration (mol/cm2) of the [Ru(NH3)6]3+ ions incorporated into 
the DNA film depends on the charge, size, and concentration C (M) in solution, as 
well as on the number of bases and the surface density of oligonucleotides 
immobilized on the electrode surfaces. 
 
APPARATUS 

 AUTOLAB PGSTAT12 (Eco Chemie, Netherlands) 
 Working gold electrodes (CH instruments, USA), reference electrode 

(Ag/AgCl), auxilary electrode (platinum wire), disposable electrodes 
(PalmSens BV, The Netherlands) 

 GPES or NOVA software. 

Setup of the electrochemical cell consists of the Teflon cell placed inside a custom-
made Faraday cage. A conventional three electrodes system, gold working 
electrode, auxiliary electrode and reference electrode must be involved. Electrodes 
were cleaned according to procedure described in previous exercise and disposable 
electrodes were cleaned electrochemicaly. 
 
ACCESORIES AND REAGENTS 
Thiol modified DNA oligonucleotide (Eurogentec, Belgium), 
hexaammineruthenium(III) chloride Ru(NH3)6Cl3 (= Ru(Hex), Aldrich, 98%), 
K3[Fe(CN)6], K4[Fe(CN)6], 6-mercapto-1- hexanol (MCH), phosphate buffer saline tablet, 
TRIS tablet (Sigma-Aldrich, Germany), MiliQ water, pipets, tips, gloves. 
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PREPARATION OF SOLUTIONS AND SAMPLES 
Working buffer: PBS tablets (10 mM PBS + 2.7 mM KCl + 137 mM NaCl (pH 7.4)) 
dissolved in 200 mL of MiliQ water. 

RuHex solution: 50 µM [Ru(NH3)6]3+ in working buffer or TRIS (pH 7.4), TRIS tablets 
dissolved in 15 mL MiliQ water 
1 µM DNA aptamer PBS buffer 
1 mM potassium ferro/ferri cyanide (K[Fe(CN)6]3-|4-) in a ratio 1:1. 
1mM 6-mercapto-1-hexanol in MiliQ water 
 
DNA aptamer is incubated overnight, rinse electrode with PBS buffer and then it is 
incubated with 1 mM of mercaptohexanol (MCH) for 1 h to cover vacant part of gold 
and removal of physically adsorbed DNA. Electrode is then rinsed with MiliQ water, 
PBS and dry gently with the nitrogen stream. The electrode is now ready for 
measurement. 
 
EXPERIMENT AND PARAMETERS  
Cyclic voltammetry: Place clean gold electrode in the electrochemical cell. Total 
volume is 8 mL of ferro/ferri cyanide. 

1. Turn on Autolab and open procedure CV measurement. 
2. Prepare solution of 1 mM [Fe (CN)6] -3 / -4 in PBS with 0.05 M KCl. 
3. Measure CV in range of potential: -0.2 V to +0.6 V vs. Ag / AgCl. 
4. Measure with scan rate: 0.1, 0.2, 0.3, 0.4, 0.5 V/s. 
5. For each scan rate read Ipa, (amplitude of the anodic peak). 
6. Create Ipa dependence on the square root of the scan rate (dependence 

should be linear). 
7. Use the Randles-Sevcik equation (1). 

 
Electrochemical measurements for calculation of DNA surface density:  
Place the gold electrode with incubated aptamer and MCH in the electrochemical 
cell.  
 

1. Incubate electrode in 50 µM [Ru(NH3)6]3+. 
2. Run one cycle in potential range -0.5 to 0.15 V. 
3. Use scan rate 50 mV/s and 0.1 V/s. 
4. Select “Analysis” and “integrate between markers”. 
5. Determine the charge, Q (C), by integration of the redox peaks in the cyclic 

voltammogram. 
6. Calculate the surface density of DNA using Eqs. (2), (3). 
7. Discuss obtained results and compare them with literature. 

 
EVALUATION 
Determination of active/effective area of gold electrode 
From cyclic voltammograms obtained with different scan rate we can determine the 
amplitude of anodic peaks (Ipa) (Fig. 3a). Then we construct plot of Ipa  as a function 
of the square root of the scan rate (Fig. 3b).  
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Slope of the curve is the last unknown parameter for calculation of the active area of 
the electrode in cm2 under the conditions, n = 1, D = 7.7x10-6 cm/s is the diffusion 
coefficient for 1 mM ferricyanide and C0= 1 mmol/L = 10-6 M/cm3 is the ferri/ferro 
cyanide concentration from equation (1). 

 

 
 

Fig. 3. a) CV measurements with different scan rates, b) Current dependance from the 
square root of scan rate. 
 
Analysis of cyclic voltammograms for calculation of DNA surface density 
 
Area under the cathodic peak (Fig. 4) should be calculated for determination of the 
surface concentration ΓRu on DNA-modified gold electrode [4].  
 

 
 

Fig. 4. Cyclic voltammogram of gold electrod modified with HS-ds-DNA in 3.5 µM (dashed 
line) and 50 µM [Ru(NH3)6]3+ (solid line) in 10 mM Tris buffer, pH 7.4, scan rate 0.05 V/s [4]. 
 

a) b) 
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RESULTS  
Aim of this exercise was to show how the electrochemical methods can be used for 
calculation of surface density of DNA aptamers at the gold worrking lectrode. Using  
cyclic voltammetry and redox probe [Ru(NH3)6]2+|3+ the surface density of DNA can 
be calculated. Surface density of single stranded DNA is according to literature in the 
raange of 5.2 - 50x1012 molecules/cm2 and those for double stranded thilated DNA is 
around 2.8 - 7.2x1012 molecules/cm2 [4].  
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THEORETICAL PART 
Thickness shear mode (TSM) acoustic method is considered as one of the basic 
acoustic gravimetric tool for its widespread application in various fields especially for 
study affinity interactions at surfaces. Its main component is AT-cut quartz crystal 
with gold electrodes located on the both sides with matching central position (Fig. 1).  
 

 
Fig. 1. Schematics representation of  the AT-cut quartz crystal with gold electrodes 
(A) and its implementation into TSM settings (B). Crystal is places into the flow cell 
and the liquid is added at the crystal surface using syringe pump (C) 
 
Application of high-frequency voltage can initiate transverse shear oscillation in 
crystal by bringing it to its resonant frequency, f0. Adsorption of molecules on the 
crystal causes decrease in the resonant frequency. In contrast, the desorption  
causes its increase. Kinetics of motional resistance Rm are also recorded, providing 
information about viscoelastic properties of the layer [1]. Monitoring of these 
characteristics under correct conditions (blocking surface and exclusion of non-
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specific interactions) can reveal specific interactions between immobilised molecules 
and analyte. These interactions can vary, from simple cleaving of the immobilised 
molecule to complex bonding of adsorbed aptamer with its target. As fundamental 
frequency is recorded, it is possible to approximate adsorbed mass on crystal gold 
surface by using Sauerbrey equation [2]: 

 
Δf = Δm (-2  / (A ))  (1) 

 
where f0 = fundamental resonant frequency (Hz), A – active crystal area (0,2 cm2),  
Δf = frequency change (Hz), ρq – quartz density (2.648 g.cm-3), Δm = mass change 
(g), µq – shear modulus of crystal (2.947x1011 g.cm-1.s-2) 
Surface density of the molecules, for example neutravidin (NA) can be further 
calculated as: 

N = NA Δm / A.MW (2) 
 
where N – surface density of NA molecules (cm-2), MW – molecular weight of NA (66 
kDA), NA – Avogadro constant (6.022x1023 mol-1) and A is active crystal area  
 Gold surface of electrodes allows immobilisation ba chemisorption of the most 
thiol based molecules, like mercapto-compounds, that forms self-assembling 
monolayers (SAM) and function as linkers for another molecules immobilisation. 
Another molecule used as linker for immobilisation on gold surface is neutravidin. 
This deglycosylated avidine has high affinity to biotin, enabling immobilisation of 
molecules modified with biotin [3]. Traditionally, this technique is used for preparation 
of layer consisting of short nucleic acid sequence called aptamer modified with biotin 
at one end. The binding of analyte by aptamers at the cryystal surface can be then 
monitored by TSM method.   
 In this task, formation of neutravidin layer will be monitored on the clean 
quartz crystal to demonstrate application and sensitivity of gravimetric method.  
 
APPARATUS 
TSM method utilizes a network analyser 8712ES (Agilent Technologies, USA) to 
determine resonant frequency fs and motional resistance Rm. AT-cut crystal (Total 
Frequency Control, Ltd., UK) with fundamental frequency of 8 MHz and working area 
0,2 cm2 is placed to flow cell with inner volume of 100 µL and 50 µl/min flow is 
secured by digital pump Genius Plus (Kent Scientific, USA). The scheme of 
apparatus with a flow cell is on Fig. 1.B,C. 
 
ACCESSORIES AND REAGENTS 
Deionised water, Neutravidin (THP Medical Products, Austria), scintillation vials, 
syringe. 
 
PREPARATION OF SOLUTIONS AND SAMPLES 
Before measurement, AT-cut crystals were cleaned in basic Piranha solution (5:1:1 
deionised water, hydrogen peroxide and ammonia), rinsed in deionised water and 
ethanol and eventually dried by nitrogen stream before inserting into the cell. 
Neutravidin is diluted to 125 µM concentration in deionised water. Volume of this 
sample must be at least 2 ml. 
 
EXPERIMENT AND PARAMETERS 

1. Measurement is initiated by wash of the crystal surface in a flow cell with 
deionised water.  
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2. When characteristics of resonant frequency and dynamic resistance become 
stable, deionised water input is exchanged for 125 µM aqueous solution of 
neutravidin (THP Medical Products, Austria) (Fig. 2 (1)).  

3. Neutravidin is applied for 35 minutes to react sufficiently with gold surface 
(Fig. 2 (2))  

4. Neutravidin is replaced by deionised water.  
5. Deionised water is left to flow through the cell for at least 20 minutes to 

achieve stabile characteristics after unbound neutravidin is being washed off 
from the crystal surface (Fig. 2 (3)). 

 

 
 

Fig. 2. Immobilisation of neutravidin. Neutravidin is being applied on clean crystal (1) 
until sufficient coverage of gold surface is achieved (2). Crystal is washed with water 
to remove unbound neutravidin (3).  
 
EVALUATION 
Resonant frequency values before application of neutravidin and after neutravidin 
being washed off are recorded and frequency change value is put into Sauerbrey 
equation (1) to calculate total mass and surface density of neutravidin layer. Motional 
resistance is also monitored simultaneously in order to analyze possible contribution 
of viscous forces. 
 
RESULTS AND DISCUSSION 
Kinetics of resonant frequency, dynamic resistance and values of surface density are 
discussed in respect to the molecule size and surface coverage. Example of the 
changes of the resonant frequency and dynamic resistance following addition of 
neutravidin to a clean gold surface are shown on Fig. 3. It can be seen that addition 
of NA resulted in sharp decrease of resonant frequency, while only small changes of 
motional resistance took place. After approx. 35 min. the steady-state values of f0 
and Rm are observed. Subsequent washing of the surface by deionised water 
resulted in removal of weakly adsorbed NA molecules, which cause certain increase 
of resonant frequency and decrease of motional resistance. Thus, the total changes 
of resonant frequency, corresponding to the formation of stable NA layer are Δfs= -
196 Hz, confirming NA mass deposition on gold surface. However, motional 
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resistance decreased only little by ΔRm= -1,8 Ω, suggesting rigid layer formation. 
Therefore, due to only low contribution of viscosity the Sauerbrey equation can be 
used for evaluation of the surface density of NA molecules. Mass density of 
neutravidin is calculated using Sauerbrey equation (1) as 0,27 µg.cm-2. 
Consequently, using equation (2), surface density of the NA molecules is 0,246.1012 
NA molecules.cm-2. As total coverage of the gold surface of the crystal requires 
0,269.1012 NA molecules.cm-2 [5], it can be considered almost completely covered. 

 
Fig. 3. Kinetics of changes in resonant frequency fs and motional resistance Rm after 
neutravidin sample application [4]. 
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THEORETICAL PART  
 

The milk composition plays a key role in the term of its processing and 
production of high quality milk based products. Major components in milk are casein 
proteins (α-, β-, κ-). Caseins can be found in the milk in a free state, but mostly in the 
form of casein micelles (Fig. 1).  

Casein micelles represent roughly spherical colloidal particles. Various 
models have been presented in order to describe their structure [1,2].                 
These particles are usually referred as sponge-like structures composed of casein 
proteins, which bind to each other and around calcium phosphate, having the          
κ-casein as stabilizing agent on the surface. The isoelectric point of casein is 
approximately 4.6. In milk, the pH is about 6.6, casein has a negative charge. 
Stability and physical-chemical properties of these micelles can be affected by the 
action of various agents and surrounding conditions. 

 
 
 
 
                             
 
 
 
 
 

 
Fig. 1. Schematic illustration of casein micelle and its electron micrograph. Adapted 
from [2,4]. 

 
Biophysical characterization of casein micelles by means of their size and 

zeta potential measurements can be important in the milk industry [3,4], especially 
during converting milk into the gel-based products such as cheese. Here, as an initial 
step, enzymatic hydrolysis of κ-casein by rennet enzyme (chymosin) takes a place. 
During renneting, a net negative charge and steric repulsion between particles is 
reduced. As a result, casein micelles aggregate and a solid portion - curd starts to 
form (Fig. 2). The quality of the formed curd depends on the various factors including 
casein micelle characteristic, e.g. size of micelles [5-7]. 
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- casein 

κ - casein 
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Fig. 2. Rennet induced coagulation of casein micelles followed by the curd 
formation. Chymosin cleaves the κ-casein from micellar surface and changes it from 
being hydrophilic and negatively charged to hydrophobic and neutral. As a result, 
micelles aggregate to trap fat globules and microorganism in developing curd. 
Adapted from [8]. 
 

The micellar size varies between individual animals, feeding regimes, seasons 
and it can be also influenced by genetic protein variants. It has been reported that by 
the selection of smaller native casein micelles, the enhanced gelation properties may 
be achieved [6]. Casein micelle size had the dominant effect on curd firmness and 
gelation rates of milk, where small casein micelles formed rennet gels earlier and 
resulted in a firmer gel than milk with large micelles [7]. 

Size of casein micelles can be inspected by dynamic light scattering (DLS) 
method. DLS also known as PCS – Photon Correlation Spectroscopy, measures 
Brownian motion and relates this to the size of particles. It does this by illuminating 
the particles with a beam of monochromatic light directed through the sample.        
The Brownian motion of particles in suspension causes laser light to be scattered at 
different intensities. The time dependent fluctuations in intensity of scattered light is 
then analyzed and yields the velocity of the Brownian motion called translational 
diffusion coefficient D. This coefficient is then converted into the hydrodynamic 
diameter DH using the Stokes-Einstein relationship, 

 
                                                

 
 

 
where k is the Boltzmann constant, η represents viscosity of the solvent and T is the 
temperature of the medium. 

 
Figure 3 shows a typical DLS system comprising laser as a light source to illuminate 
the sample particles within the cell. Detectors measure the intensity of the scattered 
light and can be arranged in the position of 173° or 90°. In order to overcome 
detector to be overloaded, attenuator is used to reduce intensity of the laser, hence 
measuring the intensity of scattered light within a specific range for detector.        
From the detector, the scattering intensity signal then passes to a digital signal 
processing board called correlator. The correlator compares the scattering intensity 
at successive time intervals to derive the rate at which the intensity is varying.      
The correlator information then passes to the computers, where special algorithms 
are used to extract the decay rates for a number of size classes to produce a size 
distribution [9]. 
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Fat 
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Fig. 3. Schematic representation of size measurement system by DLS. Adapted 
from [9]. 

 
APPARATUS 

 ZETASIZER NANO ZS 90 (MALVERN INSTRUMENTS LTD, MALVERN, UK) 
 
ACCESSORIES AND REAGENTS 
Milk samples (e.g. goat pasterized milk), rennet (ChyMax®Plus, Chr.Hansen), 
Sodium phosphate buffer (10 mM; pH 6.0), Miliq water, ethanol, pipets, tips, syringe 
filters (0.45 µm), syringes, cuvettes  
 

PREPARATION OF SOLUTIONS AND SAMPLES 
Milk samples – will be sufficiently diluted (to the attenuation 6-7) in sodium 
phosphate buffer and filtered. To obtain rennet-induced caseine micelles, 1 mL of  
milk samples will be heated to 37°C in Zetasizer followed by the addition of rennet  
(1 µl/ml of ChyMax®Plus) and gentle stirring for 60 s. Rennet-induced gelation will 
be carried out for 30 min at 37°C and rennet-induced micelle sizes will be 
determined e.g. after 2, 10, and 30 min gel formation; the addition of rennet 
corresponds to time zero. 

 
EXPERIMENT AND PARAMETERS 

1. Turn on PC and Zetasizer Nano, allow the instrument warm up. 
2. Double click on DTS Zetasizer software 
3. In the File menu, select New, Measurement File, create filename.dts 
4. From the Menu Bar select Measure, Manual*. Edit parameters as needed: 

 
Measurement type: SIZE 
 

5. Sample: Enter Sample name  
6. Material: Select the material you are measuring from the list (Casein micelle), 

if the material is not listed, you need to enter its refractive index (1.52) and 
absorption by yourself (please do not change parameters for the materials 
that are already in the database) 

Detector 
Detector 

Laser 

Attenuator 

 Cell 
Digital signal processor 

Correlator 

C
o
r
r
e

Perfect Correlation 

t = 0                              Time                                  t = ∞ 

1 

0 

Large particles 
Small 
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7. Dispersant: select the solvent from the list (Na-phosphate buffer), if solvent is 
not listed you need to enter its viscosity, refractive index and Dielectric 
constant.  

8. Temperature: 37° C 
9. Cell: select the proper cell type using the description and Picture. 
10. Measurement: Measurement Angle (90°),  

   Measurement Duration (Automatic, or Manual: ≈ 12 runs) 
   Number of measurements (at least 3) 
   Delay (0) 

11. Advanced: Accept default values 
12. Data processing: General Purpose. 
13. Click OK. A measurement window should appear. 
14. Click on the Green Start  button 
15. When measurement is done the instrument will beep once. Saved data will 

appear on the screen. 
 
*When repeating the experiments and using Manual measurement, be sure that the setting 
parameters are the same as you have used before. Instead of Manual measurement it is also 
possible to create your SOP (standard operation protocol) simplifying routine measurements. 
 
Note: Avoid of dust or any impurities to be present in your sample. Dispersant/samples 
should be filtered before measurement (using the appropriate sized filter). Check also the 
cuvette for possible impurities, when needed flush with deionized water/dispersant (when 
running the sample of just DI water, the measurement should be aborted). 

For particle sizes smaller than 10 nm, the major factor in determining a minimum 
concentration is the amount of scattered light that the sample generates. In practice, the 
concentration should generate a minimum count rate of 10,000 counts per second (10 kcps) 
in excess of the scattering from the dispersant. As a guide, the scattering from water should 
give a count rate in excess of 10 kcps, and toluene in excess of 100 kcps. Too low 
concentration will be indicated by the system setting an attenuator index position of 11, and 
the generated results being variable. In extreme cases, or where there is a bubble in the cell, 
a ‘low sample concentration’ error may be displayed. 

 
Check also Data quality report/Expert advice. 
 

 
EVALUATION 

Values to be reported will be Zeta average size (also known as cumulant mean) 
together with polydispersity index (PDI). The PDI is dimensionless and scaled such 
that values smaller than 0.05 are rarely seen other than with highly monodisperse 
standards. Values greater than 0.7 indicate that the sample has a very broad size 
distribution and is probably not suitable for the DLS technique. 

 
Size can be analyzed by Intensity distribution (which is fundamental size distribution 
generated by DLS) as well as by Volume or Number distributions. When transforming an 
intensity distribution to a volume/number distribution, there are assumptions that must be 
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accepted – sphericity, homogeneity and the knowledge of the optical properties of the 
particles. Volume and number distributions derived from intensity distribution are best used 
for comparative purposes, or for estimating the relative proportions where there are multiple 
modes, or peaks, and should never be considered absolute. It is therefore good practice to 
report the size of the peak based on an intensity analysis and report the relative percentages 
only (not size) from a Volume distribution analysis. 
 
RESULTS  
Casein micelles (CM) from pasteurized goat milk sample were analyzed (based on 
Intensity DLS distribution) and the change of hydrodynamic diameter and 
polydispersity index were monitored upon the addition of rennet during 30 min (Fig. 
4). Z-average size of casein micelles was around 189 nm and PDI index  0.2. Upon 
the addition of rennet, the size of casein micelles continuously increased and 
reached 845 nm. PDI was around 0.4 (Table 1). 

 

Fig. 4. Rennet induced gelation of pasteurized goat milk casein micelles (CM) 
analyzed by size measurements using DLS technique. 

Table 1. Hydrodynamic diameter (Z-average size) and polydispersity index (PDI) 
values of pasteurized goat milk casein micelles upon the rennet induced gelation. 

   time [min] 
 CM CM+rennet 2 10 20 30 
Z-average size 
[nm] 188,9 201,7 229,1 422,8 665,6 844,6 
PDI 0,22 0,35 0,45 0,43 0,4 0,42 
 

Different kind of milk samples can be analyzed by means of size (and zeta potential 
measurements) using dynamic light scattering method operated by Zetasizer Nano 
ZS device. Process of rennet-induced gelation (renneting behavior) can be 
monitored and analyzed according to the initial size of micelles from various milk 
samples. 
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THEORETICAL PART 
 
Atomic Force Microscopy (AFM) is powerful method for study biological materials 
with variable complexity such as tissues, yeasts, bacteria and their components, 
providing real-time in situ quantitative morphological information. The AFM’s 
versatility combines high resolution (less than 1 nm) on a sample in native 
conditions, i.e. the ability to generate detailed images in air and even in liquid, with 
no conductive coating or staining applications. 
 Using AFM it is possible to investigate the food samples at nanoscale with 
high resolution. With minimal sample preparation, the technique generates 2- and 3-
dimensional images of the surface ultrastructure in nearly real time. AFM is more 
than a surface-imaging tool; it alowing to obtain many physical properties of the 
specimen including molecular interactions, cell growth and division, surface 
hydrophobicity and viscoelastic properties. These measurements provide new insight 
into the structure-function relationships of food samples. AFM has been successfully 
applied in food science to characterize and manipulate the molecules of food 
polysacharides (for instance starch and peach pectins) and proteins (for instance fish 
gelatin), and investigate the delicate structure and physical properties of microbial 
surfaces and biofilms. AFM has the capability to investigate microorganisms at a 
level as low as even single microbe.  
 
Principle of AFM  
AFM-imaging is obtained by sensing the force (commonly van der Waal’s forces) 
between a very sharp probe and the sample on a very smooth surface (mica, glass). 
A laser beam from a laser diode is adjusted to the end of the cantilever (Fig. 1). The 
laser beam is then reflected by a mirror onto a position-sensitive photodetector. 
During scanning, the probe tip moves in response to the sample topography. The 
angle of the reflected laser beam changes causing the laser point mirrored onto the 
photodetector to move. This beam movement produces changes in the intensity and 
this generates an electrical signal which quantifies the motion of the tip. The 
topography of the sample surface causes the cantilever to deflect as the force 
between the tip and sample changes. The surface topography and control apparatus 
are generated by computer software and displayed on different monitors (Dufrene 
2002). 
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Fig. 1.  Schematic illustration of  AFM imaging process. 

 
APPARATUS, ACCESSORIES AND REAGENTS 

 AFM 5500 (Agilent Technologies, USA), softwer Picoview 1.20 
 sample plate 
 vortex, centrifuge 
 AFM tips (MSCT, Bruker)  
 tape, mica, cover glass, pipets, tips, tweezer, gloves 

 
BACTERIA IMMOBILIZATION 
In order to be imaged with AFM, bacteria must be anchored to a flat surface. Many 
strains of bacteria readily adhere to glass or mica. Lactobacillus acidophilus will 
be used as a model bacteria. An aliquot of a culture will be pelleted by centrifugation 
(6000 x g for 10 min). Cells wash with deionized water. Bacteria are serially diluted, 
and these diluted solutions were disrupted by Vortex for even distribution. The 
solutions are deposited onto freshly clean mica sheets (2x2 cm2, Muscovite mica, 
Tedpella, USA) or cover glass. For each sample, about 20 µL of the solution is 
deposited onto the surface of mica/glass using a pipete. Samples are naturally air-
dried at a room temperature before AFM imaging. 
 
EXPERIMENT AND PARAMETERS 
1. Insert the nose assembly into the scanner. 
2. Insert a AFM probe into the nose assembly. 
3. Place the scanner in the microscope and connect its cables. 
4. Align the laser on the cantilever. 
5. Insert and align the detector. 
6. Prepare the sample and mount the sample plate. 
 
All morphological measurement are performed in air at room temperature using an 
AFM 5500 in air. A V-shaped cantilever with silicon nitride (Si3N4) pyramidal shaped 
tip (Bruker, model MSCT) is used in contact mode. Random areas from 50 x 50 µm 
to 5x5 µm are scanned and the images processed by a resident Picoview software.  
 
 
EVALUATION 



 77 

The AFM images are analyzed by PicoImage provided by the company or by 
Gwyddion software. The bright and dark colors in the images corresponds to high 
and low parts in the Z-axis direction, respectively. The qualitative and quantitative 
information of the microbes can be obtained using the AFM software. To improve the 
quality of image, a function in software called “leveling” was applied to reduce the 
electronic noise in the raw data; however, the quantitative parameters were 
determined based on the unprocessed images to maintain maximum accuracy. 
 
RESULTS AND DISCUSSION 
A typical 3D image of L. acidophillus attached on glass is presented on Fig. 2. Using 
AFM software, individual analysis can be conducted providing a quantitative 
measurement of cell dimensions and surface roughness. From height and section 
images the bacterial cell is relatively smooth, rod-shape, 5 µm long, 1,6 µm in 
diameter and with middle high not exceeding 0,8 µm. 
 

 
Fig. 2. Example of AFM image of Lactobacillus acidophillus on glass. Individual 
bacteria can be chosen and profile measured in a wide and in a length 
measurement.  
The results show that AFM is very promising for rapid determination of bacteria for 
safety purposes. 
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