The Technical Progress
Methods of protein immobilization

Typical cantilever sensors has silicon and gold sides. For this reason in the first part of the present work protein monolayer’s formations on gold and silicon surfaces were studded.  The main stage of protein immobilization is surface amination. There are two types of this kind of modification used for our cantilever sensor application: chemical modification of silicon surface with 3-aminopropylsilotran (Fig. 1, a) and chemical modification of gold surface with 4-aminothiophenol (Fig 1, b). 
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	Fig.1. Amination of cantilever surfaces: a) gold, b) silicon


Then aminogroups on surface interact with glutaric dialdehyde. After the exposure to reagents the surface is put into solution of protein which should be immobilized on cantilever’s side (Fig. 2). 
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	Fig. 2. Stages of covalent protein immobilization on surface: (a)  glutaric dialdehyde modification, (b) reaction with protein, (c) blocking of not-reacted aldehyde groups.


The quality of surface amination was controlled with atomic force microscopy (Fig. 3) Deepness of holes in monolayer should be approximately about 0.5 nanometers. 
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Fig. 3. Topography of modified mica surface. Image was obtained with AFM in taping mode.
Formation of IgG macromolecules film
In this work young scientists from team of A.V. Bolshakova have studied the problem how it is possible to control with nanomechanical cantilever sensors the formation of immune complex of horseradish peroxidase and rabbit IgG. Two systems were investigated: the first one was the IgG immobilized on the cantilever with protein A and the second the IgG chemical modification on silicon cantilever surface.

Protein A with concentration 100 µg/ml was adsorbed on the gold surface of the cantilever from water solution for one hour. Protein A could form affinity complex with rabbit IgG. So the final step of sensor layer preparing was the modification of the surface with protein A with rabbit IgG. 

Before chemical immobilization of antibodies the silicon cantilever was modified with aminopropylsilotran. Then modified side of cantilever was put in IgG water solution. 

Both this systems were studied with AFM. In Fig.4 we could see that macromolecules of IgG form the compact monolayer of protein globules.  It is very important to achieve high-quality monolayer for detection of properties of the sensor layer.
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Fig. 4. AFM image of the silicon surface modified with IgG.

Every step of modification with protein A was controlled with AFM (Fig.5). From these images it is possible to understand that the properties of surface are different on every stage of modification.

	[image: image28.wmf]2

3

4

5

6

0

50

Number of globules

Height of the globule, nm

[image: image6.jpg]



	[image: image29.png]


 [image: image7.jpg]1000





	[image: image30.png]a & @
X 41.08 nm

G
dY: 0.7261 nm

180 nm



[image: image8.png]



	[image: image31.png]TG nm
dX 7877 nm dY: 04572 nm



[image: image9.emf]0

0,2

0,4

0,6

0,8

1

1,2

Белок АБелок А+IgGБелок

А+IgG+ПХ

Шероховатость (Ra, Rmax, Rq, Rsk), нм

Ra

Rmax

Rq

Rsk


Fig.5: AFM images of the gold surface modified with a) protein A, b) protein A + rabbit IgG c) protein A + rabbit IgG + horseradish peroxidase.


DNA-immobilization

In this part of work DNA immobilization on octadecylamine (ODA) vapor highly oriented pyrolytic graphite (HOPG) surface was studied by young scientist Evgeniy V. Dubrovin from the team of Igor.V. Yaminsky. ODA have been chosen as modifier due to its known ability to self-assemble on HOPG into patterns, which direct the adsorption of negatively charged synthetic polymer, poly(sodium 4-styrenesulfonate) (PSS): polymer chain orients preferably along ODA lamellae formed by alternating amine groups and hydrophobic tails. Knowledge about DNA behavior during the adsorption on ODA monolayer on HOPG could be very useful for future biosensor applications.
ODA molecules evaporated onto HOPG form self-assembled monolayer, which consists of domains with striped structure with own orientation of the stripes inside each domain (Fig. 6). Alkyl chains orient along the substrate axes parallel to each other, while the end groups separate into straight lamellae.
[image: image32.wmf]2

3

4

5

6

0

50

Number of globules

Height of the globule, nm

[image: image33.png]


[image: image34.png]0.1 um



[image: image10.png]


                [image: image11.png]


   [image: image12.png]



Fig 6. (a)  High resolution height AFM image of ODA monolayer on HOPG (inside one ODA domain); (b) AFM amplitude image of ODA monolayer (many ODA domains are inside) and (c) its fast Fourier transformation reflecting 3-fold symmetry. AFM image sizes are (a) 84x48 nm2 and (b) 312x312 nm2.

Octadecylamine monolayer is stable in water environment though after exposition to water droplet two types of structures appear on the surface according to AFM images (Fig 7a): globules with heights within the range 2-5 nm (distribution histogram is presented in the Fig. 7b) and plain elongated structures with the height approximately 1.2 nm.
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Fig. 7. AFM image of octadecylamine modified HOPG (modification time 20 seconds), exposed to water droplet for several minutes and histogram of height distribution of observed globules.

Observed heights are in good agreement with the height of assumed structures taking into account that the length of octadecylamine molecule is about 2.46 nm  and that there is the effect of lowering of the height due to contact deformations by the AFM cantilever.
AFM images of DNA molecules immobilized on octadecylamine modified HOPG reveal segmented shape of biopolymers: it constitutes straight segments with sharp turns at angles 1200 (about 90% cases) or 600 (about 10% cases) between them (Fig. 8).
In order to investigate how the shape of this potential ripple correlates with observed DNA conformation on the surface we scanned our samples at high magnifications (scan size less than 1 μm) using high-resolution tips. In high magnification AFM images (Fig. 9) DNA molecule looks like thread with non-homogenous width and height (that most likely reflects real DNA structure) and with its contour following the direction of underlying octadecylamine lamellas. In other words the direction of each straight segment of DNA matches octadecylamine lamellae direction beneath biopolymer and its contour usually turns at the boundaries of two adjacent octadecylamine crystal domains (fig. 9).

[image: image14]
Fig. 8. AFM images (a-c) and Fourier spectrum (d) of DNA molecules, immobilized onto octadecylamine modified HOPG. AFM image sizes are (a) 1x1 µm2, (b) 383x383 nm2 and (c) 694x694 nm2.
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Fig. 9. High resolution AFM images of DNA molecules, immobilized onto octadecylamine modified HOPG. Inset demonstrates zoomed region from the center of the image; (c) is 3D AFM image, demonstrating partial DNA unfolding. Images sizes are (a) 516x516 nm2 (inset 42x42 nm2), (b) 335x335 nm2 and (c) approximately 200x200x2 nm3.

To study the conformation of single stranded DNA on octadecylamine modified HOPG we carried out DNA deposition in thermostat at 800C. Under this temperature dsDNA normally denatures and adsorbs as ssDNA. DNA deposition on octadecylamine modified HOPG at 800C results in formation of dense network of extended ssDNA molecules with similar orientation effect as for dsDNA (Fig. 10). No secondary structures of ssDNA typical for usual deposition substrates are observed.
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Fig. 10. AFM image of single-stranded DNA molecules, immobilized onto octadecylamine modified HOPG at 800C.

So as a conclusion in this part of work was shown how ODA molecules deposited onto HOPG by evaporation self-organize in the pattern similar to that obtained by ODA deposition from chloroform and ethanol solutions. Obtained monolayer contains domains with three possible directions of ODA assembling inside them, revealing up to 3-folded symmetry. ODA pattern is stable in aqueous environment up to 800C though excess of ODA leads to the formation of micelles and 3D-lammelas due to hydrophobic interaction of ODA molecules in water. DNA molecules immobilized onto ODA pattern reveal extended shape consisted of straight segments (typical length is 44 nm) with sharp turns at angles 1200 (about 90% cases) or 600 (about 10% cases) between them, reflecting the symmetry of underlying pattern. The mean length of DNA adsorbed on ODA modified HOPG is about 20%  longer than expected value for B-form DNA that was shown to be the consequence of partial DNA unfolding. Our results also show that DNA deposition on ODA modified HOPG at 800C results in formation of dense network of extended ssDNA molecules with similar orientation effect as for dsDNA. No secondary structures of ssDNA are observed.

According to analysis of DNA shapes two types of conformation of DNA on ODA patterns were found in our experiments. The first type implies scenario of 2D equilibrium DNA adsorption on the scale of a whole molecule and local straightening of the polymer by the potential ripple. The second type of observed DNA conformation was formed in non-equilibrium deposition. 

Development of the Cantilever Sensor Basis
The model of the cantilever sensor was created before the development of the prototype (Fig. 11, 12). This device consists of special optical system of the cantilever deflection detection and liquid flowing system. Using this model of cantilever sensor we have studied deflection of the cantilever modified with IgG during the reaction with horseradish peroxidase. 
Commercial available cantilevers Fpc01 (State Research Institute for Problems in Physics) were used for surface stress measurements. All reagents were purchased from Sigma.
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Fig. 11. Photos of the model of the cantilever sensor with liquid cell and without.
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Fig. 12. Components of the liquid cell.

After injection of horseradish peroxidase in liquid cell with sensor the cantilever began to deform the side of modified surface (The kinetics of this process is shown on Fig. 13). 
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Fig.13: Kinetics of bending of the cantilever with protein A modification.

Operation of this model is realized with special developed software “FemtoScan VideoSense” (Fig.14). This program was written on C++ programming language and is operated with Windows software. The size of this program is about 800 Kb.

Program is able to register video signal, to analyze, to calculate set points and to write data on hardware. As video source in model we have used digital camera with following computer requirements:

· Windows 2000, XP, Vista;

· Pentium 1,5G, Celeron, AMD Athlon;

· RAM 128 MB;

· 150 MB Hardware;

· VGA: 16 bit.
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Fig. 14. Interface of the FemtoScan VideoSense Software.
The possibility of sensor system remote control was realized using this software and proprietary libraries. FemtoScan VideoSense was developed for remote device control, data acquisition and analysis in real time.

Computer Modeling of the Cantilever Sensor Prototype

Sketch documents for cantilever sensor prototype were developed in this work. After that the detailed drawings were converted in special program Ultimax. This program is the operation system of vertical machining centers Hurco. All mechanical producing operations were planed to be provided in M.V. Lomonosov Moscow State University where vertical machining center Hurco VM1 (Fig. 15) is placed. This type of machines is able to provide high quality milling and drilling operations in fully automatical mode. Positional precision of Hurco vertical machine center is about ±0.005 mm. 
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Fig. 15. Young scientist operates with vertical machining center Hurco VM1
Ultimax software allows programming the machinery operations using detailed drawings in dialog regime with vertical machining center Hurco VM1. Developer without special technical knowledge could operate this high precision machine using this mode. Young scientist from team of I.V. Yaminsky (M.V. Lomonosov Moscow State University, Physical Faculty) – Dmitry Kolesov – has developed all sketch documents for cantilever sensor prototype (Fig. 16 a). The  detailed drawings were converted in Ultimax through dialog mode (Fig 16 b).
[image: image36.png]


[image: image25.png]



[image: image37.png]



[image: image38.jpg]


[image: image26.jpg]-----.-.0

®

- -

man

...!!!
'
]
1]

Wi

"

tHnn
v
ninan

un
'
"

-
“





Fig. 16. Conversion  of  sketch documents for cantilever sensor prototype (a) into Ultimax program (b).
Milestones for the next six months
We will continue researches concerning to formation of the IgG macromolecules in various conditions. Experiment on the model set-up of cantilever sensor is planed to carry out. Using this device we would like to measure with high accuracy the evolution of surface tension in IgG layer with specific adsorbed horseradish peroxidase.
We would like to create following sensor cantilevers which we will test in the model set-up of cantilever sensor.  
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Fig. 17. Scheme of two various types of cantilever sensors.
Also intermolecular forces in adsorbed monolayer will be measured using Atomic Balance device in various conditions. The changes of surface tension during film formation on surfaces of different roughness will be monitored. Surface roughness will be characterized by the atomic force microscopy, while the surface tension will be measured by the Atomic Balance device.
We will start to develop the conception of high-sensitive microcantilever sensor creation. Also we would like to continue the creation of the computer model of the cantilever sensor prototype. We will finish the programming of detailed drawings in Ultimax and we will be able to check programs on real material. So we would like that the prototype of the high sensitive cantilever sensor will be finished at the end of next six months.
We will continue to develop software and to integrate of CS into manufacturing process. Preparation to the development of the low scale manufacturing of the medical remote controlled analyzers will be started.
Visibility of the Science for Peace Project

1. Scientific Publications

Evgeniy V. Dubrovin, Jan W. Gerritsen, Jelena Zivkovic, Igor V. Yaminsky, Sylvia Speller. The effect of underlying octadecylamine monolayer on the DNA conformation on the graphite surface, Langmuir, in press.    

2. Presentations in other journals or at conferences; aricles in newspaper; web-site, etc.

· Peter Gorelkin, Gleb Kiselev, Alexander Filonov, Igor V. Yaminsky, Nanomechanical Cantilever Device Atomic Balance for Biochemical and Medical Researches, International Workshop on Nanomechanical Cantilever Sensors 2009 Jeju, Korea, May. 20-22, 2009, in print.

· Kiselev G.A., Gorelkin P.V.,Yaminsky I.V., Ukraintcev E.V., Detection of pathogen prions aggregation process with Atomic Balance, International Workshop on Nanomechanical Cantilever Sensors 2009 Jeju, Korea, May. 20-22, 2009, in print.

Conclusion
Two schemes of protein immobilization were studied during this period of time. Unique methods of cantilever surfaces modification were developed by young scientists from the team of A.V. Bolshakova. The model of the cantilever sensor was created before the development of the prototype by young scientists from the team of I.V. Yaminsky. The special program for this model was written. Sketch documents for cantilever sensor prototype were developed during this period. Then detailed drawings were converted in special program Ultimax. So for these facts we could say that the work of this stage of project is successfully realized. All this actions were taken to ensure the implementation of the end-results.
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