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ABSTRACT 
 
Background: Fixation of tissue is a common method to stop biological processes and preserve a status 

of interest for later examination. Popular done with liquid nitrogen, this is not possible during 

parabolic flight investigations, due to safety issues. However, for the investigation of the direct effects 

of gravity, respectively the absence of it, it is necessary to fixate the tissue during or right after the 

experience of weightlessness. 

Hence the aim of this thesis was to invent and establish a method for shock freezing biological 

samples during parabolic flight. 

A carbon dioxide based freezing system was designed and constructed. Tissue was frozen in a steel 

tube where dry ice was created from carbon dioxide out of two gas cylinders conducted over a 

pressure system. 

The method was tested on Arabidopsis thaliana seedlings and compared to known freezing techniques, 

like chemical fixation and liquid nitrogen. 

In a comparison of quality and quantity the RNA of deep frozen material was analyzed.  

Results: A system was constructed where samples are deep frozen by dry ice in a steel cylinder. 

Gaseous carbon dioxide from a gas cylinder is conducted over a pressure line into a steel cylinder, 

where dry ice is formed due to a pressure gradient. Arising gas is conducted out of the chamber by a 

pressure system. 

The whole system is fixed on a rack construction, which can be mounted on the air craft. 

The quality of the new system was found to be comparable to other methods. Analyzed RNA was 

found to be of good quality. Time until shock freezing could be reduced to under a minute and 

duration of freezing could be guaranteed long enough for a whole flight day during a parabolic flight 

campaign.  

Conclusion: The Pre-testing on ground gives evidence that the system can be used during in flight 

configuration. The system is now to be used in the 10th parbolic flight campaign of the DLR for a first 

operational test. In future campaigns it will be available to different research groups as fixation 

method. 



TABLE OF CONTENTS     1

List of figures .......................................................................................................................................... 3 

List of tables............................................................................................................................................ 4 

1 INTRODUCTION........................................................................................................................ 5 

1.1 Basics of gravitropism..................................................................................................................... 5 
1.2 Arabisopdis as model organism............................................................................................... 6 
1.3 Deep freezing................................................................................................................................ 9 
1.4 Objective of the study ...............................................................................................................10 

2 MATERIAL AND METHODS ................................................................................................. 11 

2.1 Freezing tests .............................................................................................................................. 11 
2.2 Cultivation of Arabidopsis thaliana (columbia) ................................................................12 
2.3 Deep freezing...............................................................................................................................15 
2.4 Fixation of Arabidopsis thaliana (columbia) material .....................................................16 

2.4.1 Fixation with liquid nitrogen.............................................................................................16 
2.4.2 Fixation with RNAlater RNA Stabilization reagent ....................................................16 
2.4.3 Fixation with solid carbon dioxide (carbocryonix).....................................................16 

2.5 Gravistimulations: ..................................................................................................................... 17 
2.5.1 Controls ................................................................................................................................... 17 
2.5.2 Hyper g–controls................................................................................................................... 17 
2.5.3 90°stimulus .............................................................................................................................18 

2.6 Test of total RNA isolation methods for Arabidopsis seedlings....................................18 
2.7 Total RNA isolation from Arabidopsis seedlings ..............................................................21 
2.8 Agarose gel..................................................................................................................................22 
2.9 Agilent Bioanalyzer 2100.........................................................................................................22 
2.10 Flight hardware and procedures...........................................................................................25 

2.10.1 Parabolic flight manoeuvre............................................................................................25 
2.10.2 Parabola sequence ...........................................................................................................25 

3 HARDWARE .............................................................................................................................. 27 

3.1 Principle ...................................................................................................................................... 27 
3.2 Structure ..................................................................................................................................... 27 

3.2.1 Properties of the structure .................................................................................................29 
3.2.2 Safety requirements ..............................................................................................................31 

3.3 Tube holder ................................................................................................................................ 32 
3.4 Pressure system ......................................................................................................................... 32 

3.4.1 Gas cylinder ........................................................................................................................... 33 
3.4.2 Freezing chamber................................................................................................................. 33 
3.4.3 Ice generator .......................................................................................................................... 34 
3.4.4 Temperature sensor ............................................................................................................. 35 
3.4.5 Manometer............................................................................................................................. 35 
3.4.6 Overpressure valves ............................................................................................................. 35 
3.4.7 Exhaust valve......................................................................................................................... 36 

3.5 Collection box............................................................................................................................ 36 
3.6 Sample holder............................................................................................................................. 36 
3.7 Insulation .................................................................................................................................... 37 

4 RESULTS ...................................................................................................................................... 38 



TABLE OF CONTENTS     2

4.1 Pre–testing.................................................................................................................................. 38 
4.1.1 Freezing tests ........................................................................................................................ 38 
4.1.2 Deep freezing......................................................................................................................... 39 
4.1.3 Cultivation of Arabidopsis..................................................................................................41 
4.1.4 Test of total RNA isolation methods for Arabidopsis seedlings ...............................41 

4.2 Total RNA isolation from Arabidopsis seedlings .............................................................42 
4.2.1 Agarose gel electrophoresis Test A) ................................................................................42 
4.2.2 Agilent Bioanalyzer 2100 Test A) .....................................................................................42 
4.2.3 Agarose gel electrophoresis Test B).................................................................................44 
4.2.4 Agilent Bioanalyzer 2100 Test B) .....................................................................................45 

5 DISCUSSION...............................................................................................................................50 

5.1 Arabidopsis cultivation ...........................................................................................................50 
5.2 Total RNA analysis...................................................................................................................50 
5.3 Construction .............................................................................................................................. 52 
5.4 Deep freezing.............................................................................................................................. 52 

6 SUMMERY AND OUTLOOK.................................................................................................54 

7 REFERENCES ............................................................................................................................. 55 

8 APPENDIX................................................................................................................................... 58 

8.1 Abbreviations............................................................................................................................. 58 
8.2 List of used chemicals and solutions.................................................................................... 58 
8.3 Gel electrophoresis ....................................................................................................................61 
8.4 List of used items ...................................................................................................................... 63 
8.5 Design ..........................................................................................................................................66 

8.5.1 Structure................................................................................................................................. 67 
8.5.2 Pressure system..................................................................................................................... 73 

8.6 Tube holder: ............................................................................................................................... 78 
8.7 Mechanical strength of the structure .................................................................................. 78 

8.7.1 Linear rail load ...................................................................................................................... 78 
8.7.2 Shear force.............................................................................................................................. 79 
8.7.3 Traction force ........................................................................................................................ 79 
8.7.4 Bending moment...................................................................................................................80 

 



TABLE OF CONTENTS     3

List of figures 

 
Figure 1:                Gravitropism........................................................................................................ 5 

Figure 2:                Statoliths in Arabidopsis. ................................................................................. 6 

Figure 3:                Adult Arabidopsis plant.................................................................................... 6 

Figure 4:                Arabidopsis thaliana root tip. .......................................................................... 8 

Figure 5:                Auxin flux. ........................................................................................................... 8 

Figure 6:                Cultivated 4 days old Arabidopsis samples..................................................15 

Figure 7:                Comparison of flight procedure and hyper g controls. ...............................18 

Figure 8:                Schematics of 90° stimulation of Arabidopsis plants..................................18 

Figure 9:                Agilent bioanalyzer chip. ................................................................................ 23 

Figure 10:                Parabolic flight profile of the A–300 ZERO–G. ........................................25 

Figure 11:                Sequence of the parabolas. .............................................................................26 

Figure 12:                Basic structure of the rack construction.....................................................28 

Figure 13:                Attachment of the structure to the aircraft rails. ......................................29 

Figure 14:                Rack structure. ...............................................................................................29 

Figure 15:                Air craft axes.....................................................................................................31 

Figure 16:                 Tube holder..................................................................................................... 32 

Figure 17:                Overview of the pressure system.................................................................. 33 

Figure 18:                Schematics of the freezing chamber. ...........................................................34 

Figure 19:                Ice generator. ................................................................................................... 35 

Figure 20:                Holder for the samples. ................................................................................. 37 

Figure 21:                Shock freezing tests with different media and containers. ..................... 38 

Figure 22:                Shock freezing tests with filter paper in Petri dishes.............................. 38 

Figure 23:                Deep freezing time without insulation. ..................................................... 39 

Figure 24:                Freezing chamber with produced dry ice..................................................40 

Figure 25:                Deep frozen samples with dry ice. ..............................................................40 

Figure 26:                Isolated total RNA of three different fixation methods. .........................42 

Figure 27:                Virtual gel image of the isolated total RNA...............................................43 

Figure 28:                Electropherogram of the isolated total RNA. ...........................................44 

Figure 29:           Isolated total RNA of three of different fixation methods and different 
stimulated seedlings.......................................................................................44 

Figure 30:     Virtual gel image of the isolated total RNA, three fixation methods are 
shown. ..............................................................................................................46 

Figure 31:         Virtual gel image of the isolated total RNA, different gravistimulations 
are shown. ........................................................................................................47 



TABLE OF CONTENTS     4

Figure 32:          Electropherogram images of the isolated total RNA, three different 
fixation methods shown................................................................................48 

Figure 33:    Electropherogram image of the isolated total RNA, different 
gravistimualtions. ...........................................................................................49 

Figure 34:                Structure of the RNA. ....................................................................................61 

Figure 35:                Schematic of a gel electrophoresis...............................................................62 

Figure 36:                Bracket for the ball valve of the upper freezing tube ...............................65 

Figure 37:                Bracket for the ball valve of the lower freezing tube................................65 

Figure 38:                View of the finalized rack, without insulation. ........................................66 

Figure 39:                Collection box. ...............................................................................................66 

Figure 40:                Structure, isometric view. ............................................................................ 67 

Figure 41:                Structure of the rack, side view. ..................................................................68 

Figure 42:                 Structure of the rack, top view. ..................................................................69 

Figure 43:                Structure of the rack, front view. ................................................................ 70 

Figure 44:                ITEM® strut profiles. .....................................................................................71 

Figure 45:                Base and intermedium plate......................................................................... 72 

Figure 46:                Pressure plan of the system. ......................................................................... 73 

Figure 47:                Front flange, ring............................................................................................ 75 

Figure 48:                Front flange, lid. ............................................................................................. 75 

Figure 49:                Flange, back. ................................................................................................... 76 

Figure 50:                Tube.................................................................................................................. 77 

Figure 51:                 Schematics of the tube holder. .................................................................... 78 

 

List of tables 

 
Table 1:                Mass of the rack .................................................................................................. 30 

Table 2:               Centre of gravity ................................................................................................. 30 

Table 3:               Novespace safety calculations for the rack structure ....................................31 

Table 4:               Results of the isolated total RNA of three fixation methods......................43 

Table 5:               Results of the isolated total RNA of three fixation methods ......................45 

Table 6:               Results of the total isolated total RNA of different gravistimulations. ....46 

Table 7:               Manufacturers data .............................................................................................71 

 
 
 



INTRODUCTION

1 INTRODUCTION  

     5

 

1.1 Basics of gravitropism 
 

Gravity is one of the fundamental interactions in physics and one of the few reliable factors in 

our environment. Even if it still remains more mysterious than the other fundamental forces, 

we know it acts uniformly through all times at any place of the earth. Meaning unlike, for 

example, light, temperature and availability of water, gravity is a factor which has maintained 

its consistency during the whole history of Earth’s development. (Morey–Holton, 2003) 

Gravity makes all mass fall to the centre of the 

earth and prevents our atmosphere from free–

floating into space.   

Moreover, gravity is the force that ensures 

that plant roots grow downwards into soil, 

for gathering water and nutrients, and shoots 

to grow upwards to the light where they can 

Figure 1: Gravitropism. 

undergo photosynthesis, reproduce and spread their seeds (Masson et al. 2002, Limbach 

2006) . A mechanism we call gravitropism. 

Still gravitropism is far from being understood (Morey–Holton, 2003). 

The first to undertake some experiments in this field was Charles Darwin in 1880, with his 

famous root cap experiment. He discovered that plants direct there growth after the vector of 

gravity. Even if a seed is turned the roots always grow downwards to the centre of gravity 

(positive gravitropism) and shots are always directed upwards to the light (negative 

gravitropism). See Figure 1. 

Since then the question how plants sense and react to gravity has fascinated scientists for 

more than a century. 

One method to sense acceleration, the effect of gravity, which is widely used in nature is the 

usage of free floating heavy bodies. For example in the vestibular system in the human ear the 

movement of statoliths (calzium crystals), fixed to hair cells, is used for balance sensing. 

For graviperception in higher plant the starch–statolith theory of Nĕmec and Haberkand 

(1990) is now commonly accepted. It states that displacement of amyloplasts in plant 

organelles are the reason for a gravitropic response. 

These starch containing sedimentable bodies are believed to act as heavy particle (statoliths). 

They are located in specialized cells in the root (columnella) and shoot (endodermal layer) 
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and are displaced due to the effect of gravity (see Figure 2). (Kiss et al, 1996; Kuznetsov and 

Hasenstein, 1996).  This causes an asymmetric growth at the vertical sides of the root tip and 

therefore a curvature of the plant (Boonsirichai et al.).  

 

 
Figure 2: Statoliths in Arabidopsis. 

 
A similar mechanism is found in the algae Chara. Their barium sulphate filled vesicles in 

protonemata and rhizoids act as statoliths and leading to the curvature of the cell (for review, 

see Sievers et al. 1996; Braun 1997; Braun 2002). 

 

1.2 Arabisopdis as model organism 

 
Lineage:  
 

Kingdom: Plantae        

Division: Magnoliophyta

Class: Magnoliopsida 

Order: Brassicales 

Family: Brassicaceae 

Genus: Arabidopsis 
 

Figure 3: Adult Arabidopsis plant. 

 
 
Rockness or Arabidopsis is a genus within the Brassicaceae related to cabbage and mustard 

[6]. 

It contains the thale cress or mouse ear cress (Arabidopsis thaliana) which is the first plant to 

have the complete genome sequenced, in the year 2000 [6]. 

http://en.wikipedia.org/wiki/Plant
http://en.wikipedia.org/wiki/Flowering_plant
http://en.wikipedia.org/wiki/Magnoliopsida
http://en.wikipedia.org/wiki/Brassicales
http://en.wikipedia.org/wiki/Brassicaceae
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Arabidopsis has a very small genome of only 5 chromosomes with 114.5Mb/125Mb and a very 

rapid life cycle of only 6 weeks from germination to mature seeds and is therefore easy to 

cultivate. 

These traits with a large number of mutant lines makes it a widely used model organism in 

the studies of cellular and molecular biology in flowering plants [6]. 

The normal response of a plant to changed gravity is a not uniform growth in roots and 

shoots. Plants grow by using a combination of cell division and expansion in elongation 

zones (Blilou et al. 2005; Friml et al. 2002). If one side of the plant is growing faster (or more) 

it results in a bending of the plant, as one side is shorter than the other and the tension is 

reduced in the curvature.  

Each process like growing, bending, running and so on, in living organisms has to be 

triggered at cellular layer by some kind of signal.  There must be some stimulus which 

generates a response; in the case of gravity, the stimulus is change of gravity and the response 

is curvature of the plant.  

In plants like in animals a signal cascade has four steps: Perception, the acquiring of the 

sensory information, transduction, the converting of the stimulus into a signal, transmission 

of the signal to destination organelles and a reaction of the plant. 

Perception, transduction and transmission of the gravity stimulus can be combined as 

gravisensing.  

In Arabidopsis the gravisensing steps are localized in different tissues (Masson et al. 2002, 

Fleming 2006, Ottenschläger 2003).  

The main organelles for the gravitropism are located in the first two columnella cells (see 

Figure 4). Starch filled amyloplasts (statoliths) which are responsible for the sensing of the 

gravitropic stimulus are situated in these columnella cells (Nĕmec 1990, Haberlandt 1990). 

Displacement of the statoliths results in curvature of the root (Kuznetsov and Hasenstein 

1996, 1997; Kuznetsov et al. 1999; Weise et al. 2000) 

The response (curvature) takes place in the elongation zone due to differential growth. The 

lower side of the root grows less than the upper one and the root is bent downwards. 

(Masson et al. 2002)  As soon as the root tip is horizontal the statoliths are again in their 

original position and the bending stops, usually after a short overshoot and back bending [6]. 
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Figure 4: Arabidopsis thaliana root tip. 

Modified after Boonsirichai et al. 2002,Figure1, and Greuel 2007, Figure 2 
 
 
As mentioned, in roots, unlike than shoots, the sensing and response take place in different 

tissues of the plant. Sensing in the columnella and response in the elongation zone (see 

Figure 4). Obviously kind of signal transmission is needed between these two tissues. 

One possible mechanism is described in the Cholodny–Went hypothesis. (Cholondy 1928, 

Went 1928). 

Which states that during normal growth a special phytohormon (auxin) is transported 

basipedal to the columnella cells, from where it is redirected along the root cap flanks into 

the elongation zone (Friml, 2003, Fleming 2006). See Figure 5. 

By placing the root into a horizontal position the auxin flux at the upper side of the root is 

reduced. The emerged auxin gradient results in a reduced growth rate in the upper side and a 

curvature of the root (Felming 2006, Ottenschläger 2003). (Compare Figure 5) . 

 

 
Figure 5: Auxin flux.  

In a) a normal growing root, b) a 90° gravistimulated root. Modified after Boonsirichai et al. 2002, Figure2, and 
Greuel 2007, Figure 3 
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The exact mechanisms creating this gradient are not yet fully understood (Friml 2003). The 

fountain theory states a relocation of a hormone complex (PIN) to the lower side which 

results in an increased auxin influx (Moday and Delong 2002, Friml 2003). 

The current knowledge of the early process of the graviperception, the sensing of the 

gravistimulus, is even less detailed than the described signal transmission (for review, see 

Kiss 2000; Morita and Tasaka 2004).  

One of the early models described the activation of a gravireceptor by compression of the ER 

(endoplasmatic reticulum) through sedimenting statoliths (Sievers et al, 1991). Actin, a 

structural protein, was supposed to play a role in the transport of the statoliths to the lower 

cell membrane. And a mechanoreceptor was suggested. (Soga et al. 2004, Yoder et al. 2001) 

However Braun could disprove a mechanical sensor during microgravity experiments in 

parabolic flight and TEXUX missions. (Greuel 2007, Limbach et al. 2005, Braun, personal 

refernce, 2007). 

So now a chemical rather than a mechanical receptor is assumed (Greuel 2007, Limbach et al. 

2005, Braun, personal reference, 2007). 

 When statoliths sediment in statocyte cells, they can interact with cytoskeleton elements 

and, thus, actin microfilaments could represent transducers of tensional or shearing forces to 

mechanosensitive receptors in the ER membrane or the cell plasma membrane. The exact 

mechanism is to be investigated in future research. 

 

1.3 Deep freezing 

 

In biology every not directly mechanical response to a signal can be reduced to a micro 

molecular level.  Any signal, results in the production of specific transmitter substances (e.g. 

Hormones, Pheromones, Neurotransmitter) which trigger the particular response.  For this 

purpose the RNA, that encodes these transmitters, is transcript and released into the cell for 

transport and further processing at the ribosomes.  Meaning a response is early visible in a 

change of present transcript RNA (Babbick et al. 2005). If one wants to investigate a certain 

signal cascade it is therefore helpful to take a look at the transcript RNA during the observed 

process. Since RNA is always present in a cell (e.g. for normal life regulating processes) and 

disintegrated during the protein synthesis there is only a short time interval in which the 

specific RNA, e.g. for the proteins synthesised during gravitropism, is available (Babbick et al. 

2005).  The cell has to be fixated and preserved in exactly this situation, to prevent normal 

RNA degrading proteins to remove the RNA of interest.  
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This can be done by rapidly stopping the cell metabolism with chemical substances (like 

RNAlater), which has the disadvantage of contaminating the cell tissue with the very 

substances, or by shock freezing the tissue with some freezing reagent like nitrogen or 

carbon dioxide. 

Freezing preserves the cell in the status without intervening or polluting the tissue and is 

often preferred over the chemical fixation method when the cell constituents have to be 

further analyzed. 

 

1.4 Objective of the study 

 

This thesis has been carried out in the gravitational group of the University of Bonn. Part of 

the work of this group is the investigation of gravitropism of Arabidopsis thaliana and its 

response to microgravity during parabolic flight.  For the analysis the plants have to be 

fixated during, or shortly after, the flight manoeuvre. Due to the disadvantage of chemical 

fixation methods it is desired to do this by shock freezing the tissue.  

For safety reasons the work with nitrogen is forbidden inside the aircraft, as well as the 

release of any gaseous materials. Therefore a sealed system is needed in which the plants can 

be transferred or stored, eventually gravistimulated and subsequently fixated and deep frozen 

until the transfer into liquid nitrogen on ground. In later applications the system will be used 

for different experiments and organisms and additionally it is foreseen to be changed to run 

automatically and used during rocket flights. 

In this work a freezing chamber is designed and constructed. Additionally the quality of the 

fixation is tested and compared to chemical and nitrogen fixation by isolating and comparing 

RNA of Arabidopsis seedlings, fixated with three different methods (CO2, N2 and chemical 

fixation with RNAlater). The isolated RNA of the three fixation methods is used to prepare 

mRNA and compare the expression pattern. 

As a preparation for the parabolic flight campaign, the difference in RNA expression in 

gravistimualted Arabidopsis plants and a control sample is also investigated. In September 

2007 the freezing unit will be used for experiments during the 10th parabolic flight campaign 

of the DLR.  
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2.1 Freezing tests 

 
To obtain shortest possible deep freezing times in the later application, a series of freezing 

tests was run before the actual experiment. 

Different media and storage systems were put into solid CO2  snow (T = –78°C) until they 

were frozen down to –70°C. Thereby CO2 was created in a polystyrene box, as the 

construction of the freezing chamber was not finished at that time. The temperature inside 

the media was measured with a PT 100 temperature sensor every 10 sec. 

 
Several different systems were tested:  
 
Material:   

 

ℵ Glass Petri dishes 100 mm with 3 mm of agar 

ℵ Glass Petri dishes 30 mm with 3 mm of agar 

ℵ Polystyrol dishes 60 mm with 3 mm of agar 

ℵ Polystyrol dishes 60 mm with 3 mm of agar, coated with aluminium foil 

ℵ Polystyrol dishes 100 mm with 3 mm of agar, coated with aluminium foil 

ℵ Microscope slice, think with an agar filling 

ℵ Microscope slice, thin, with an agar filling 

ℵ Microscope slice thin, with an agar filling, coated with aluminium foil 

ℵ Polystyrol dishes 60 mm with inserted filter paper 

ℵ Polystyrol dishes 60 mm with inserted filter paper, coated with aluminium foil 

 
Due to shortest deep freezing times (see 4.1.1), all further experiments were run with 60 mm 

polystyrol dishes with filter paper soaked in agar as cultivation media, coated with 

aluminium foil at the back side. 
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2.2  Cultivation of Arabidopsis thaliana (columbia) 

 
Wild type Arabidopsis plants were grown in a cultivation room for higher plants (16 hours of 

light alternating with 8 hours of darkness) until seed production. The mature seeds were 

gathered and stored at 4°C.  

Before usage, the seeds were sterilised for three minutes with 75% EtOH followed by 15 

minutes of NaOCl and three to five cycles of elutriation with MilliQ water. 

To find a suitable cultivation method Arabidopsis seeds were sown on different media, each 

medium was tested with 3 different types of agar. Additionally, different ground covers were 

tested.   

 
The following media were used.  

 
ℵ Gabi Monshausen, Feb 2006  

 
For 50ml:  
 

℘ 3 mM    KNO3 

℘ 2 mM  Ca(NO3)2 · 4H2O 
℘ 1 mM  (NH4)2H2PO4 

℘ 0.5 mM  MgSO4 · 7H2O 
℘ 50 μl  micronutrients 1000·conc. (Legué et al. 1997)  
℘ 15 mg  Myoinositol 
℘ 26 mg  MES (pH 5.7) 
℘ 1%   Sucrose 
℘ 1%   Agar 

 

Micronutrients (Legué et al. 1997): 
 

℘ 25μM  KCl 
℘ 17.5μM  H3BO3 

℘ 1μM  MnSO4 · H2O 
℘ 1μM  MnSO4 ·  7H2O 
℘ 0.25μM  CuSO4  ·  5H2O 
℘ 0.25μM  (NH4)6MoO24 · 4H2O 
℘ 25μM  FeNa EDTA 

 
 
ℵ Legué et al., 1997 
 

℘ 3 mM  KNO3 

℘ 2 mM  Ca(NO3)2 · 4H2O 
℘ 0.5 mM  MgSO4 · 7H2O 
℘ 1 mM  (NH4)2H2PO4 
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℘ 1 mg/ml  Thiamine 
℘ 0.5 mg/ml  Pyridoxin – HCl 
℘ 0.5 mg/ml  Nicotinic acid 
℘ 0,56 mM  Myoinositol 
℘ 2.3 mM  MES 
℘ 0.1 g/l  Sucrose 
℘ 1%   Agar 

 
Micronutrients (Legué et al. 1997): 
 

℘ 25 μM  KCl 
℘ 17.5 μM  H3BO3 

℘ 1 μM  MnSO4 ·  7H2O 
℘ 0.25 μM  CuSO4  ·  5H2O 
℘ 0.25 μM  (NH4)6MoO24 · 4H2O 
℘ 25 μM  FeNa EDTA 

 

ℵ Forsberg – Medium (Forsberg, 1965) 
 

℘ 0.339 mM  Ca(NO3) · 4H2O 
℘ 0.406 mM  MgSO4 · 7H2O 
℘ 0.189 mM  Na2CO3 

℘ 0.402 mM  KCl 
℘ 0.175 mM  KH2PO4 · 3H2O 
℘ 0.02 g/l  NTA (Nitrilotri acetic acid) 

 
Trace elements:  

 
℘ 0.4 mg/l  FeCl3 · 6H2O 
℘ 0.1 mg/l  ZnSO4 · 7H2O 
℘ 0.002 mg/l  MgSO4 · 7H2O 
℘ 0.004 mg/l  CaCl2 · 6H2O 
℘ 0.4 mg/l  H3BO3 

℘ pH 5.7 (HCl) 
 

ℵ Julich (oral reference): 
 
 
In 100ml Aqua dest. 
 

℘ 2.768 ml   Stock solution A 
℘ 2.768 ml  Stock solution B 
℘ 0.623 mg  EDTA 
℘ 1%    Agar 

 
Stock solution A: 
 

℘ 141 mM  K2SO4 

℘ 82.3 mM  K2HPO4 

℘ 131 mM  KH2PO4 
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℘ 197.5 mM  KNO3 

℘ 1360 mM  NH4NO3 

 
Stock solution B: 
 

℘ 125 mM  Ca(NO3)2 · 4H2O 
℘ 185 mM  Mg(NO3)2 · 6H2O 
℘ 6.27 mM  Fe(NO3)3 · 9H2O 
℘ 3.64 mM  Mn(NO3)2 · 2H2O 
℘ 0.46 mM  Zn(NO3)2 · 2H2O 
℘ 0.24 mM  CuCl2 · 2H2O 
℘ 0.04 mM  Na2MoO4 · 2H2O 
℘ 9.25 mM  H3BO3  
℘ 48.35 mM  HNO3 

 
ℵ Kimbrough et al., 2004:  
 

℘ 4.3g/l  Murastige and Skoog salt 
℘ 0.5g/l   MES Salt 
℘ 10g/l  Sucrose 
℘ 1%  Agar 
℘ pH 5.7 

 
Each media was tested with the following three agar types:  

 

ℵ Bacto 1% (DIFCO Dehydrated Culture Media & Additives) 

ℵ Merck 1% (Merck KGaA) 

ℵ Phytagel 1% (Sigma) 

 
Petri dishes were sealed with PARAFILM® and stored at 4°C for 2 days, to ensure similar 

conditions for the plants. The samples were fixed in a half pipe shaped Plexiglas®–holder. 

After two days the samples were transferred to incubation at 24°C with constant 

illumination (Radium Bonalux super, NL24W/11–860). After the first visible examination 

plants were gravistimulated for 2 hours to examine bending of the root tips. 

Best cultivation results were obtained on the Gabi Monhausen medium with Legué 

microelements which was used in all the following experiments.   

Parallel with the freezing tests, seeds were cultivated on different surface layers to reduce the 

deep freezing times. Physiological appearance and curvature after 4 days of cultivation was 

tested on the following media: 

 

ℵ Agar , 3mm thick 

ℵ Filter paper dipped in agar 

ℵ Nitro celluloses dipped in agar 
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Finally seeds were grown either in two parallel lines, or spread out randomly on the filter 

paper. 

 

After the pre–testing the following method was used during the experiments:  

 

Arabidopsis thaliana columbia seeds were cultivated in 60mm Petri dishes.  

The used media was after Gabi Monhausen (2004) with Legué microelements (Legué et al. 

1997) and 1% Bacto agar. 

Seedlings were grown on filter paper, dipped into the media.  

Seeds were spread out randomly inside the Petri dishes (see Figure 6).   

 
Figure 6: Cultivated 4 days old Arabidopsis samples. 

Before fixation. 
 
Petri dishes were sealed with PARAFILM®. For reducing the time until shock freezing the 

back of the Petri dishes was covered with self–sticking aluminium foil after the cultivation in 

light. For pressure compensation during the CO2 shock–freezing, a small hole was punctured 

into the Petri dishes right before fixation.   

 

2.3 Deep freezing 

 
Deep freezing times (meaning the time it took until the samples were frozen) were measured 

inside a Petri dish, prepared with in agar soaked Filter paper. During each test, the pressure 

inside the tube was noted. The weight of the gas cylinder was measured before and after each 

test. The outside temperature and the time of the gas flow were noted. 

Temperatures were taken by a PT100 sensor.  Temperature was measured every 10 sec for the 

first three minutes, following every 5 minutes for two hours. 
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2.4  Fixation of Arabidopsis thaliana (columbia) material 

 
Arabidopsis seeds are kept two days in darkness before they are cultivated for four days (24 

hours light, 24°C). After four days they are put back in darkness to let them acclimate, for 16 

hours, before they are either gravistimulated, set in the centrifuge to run the parabola profile 

or left as a control respectively. 

After treatment they were fixated with one of the following methods. 

 

2.4.1 Fixation with liquid nitrogen 
 
The plant material is shock frozen directly in liquid nitrogen. The tissue scraped from the 

Filter paper with a scalpel, grind up and transferred into a 2 ml collection tube. After 

evaporating of the nitrogen the tube is closed and stored in liquid nitrogen. 

 

2.4.2 Fixation with RNAlater RNA Stabilization reagent 
 

The volume (or weight) of the plant material to be stabilized is determined to estimate the 

appropriate volume of RNAlater RNA Stabilization Reagent needed for preserving the used 

tissue. Thereby a minimum of 10 volumes of RNAlater Stabilization Reagent (or 

approximately 10 μl/1 mg of tissue) is assumed.  

The sample is excised and, if necessary, cut into pieces, smaller than 0.5cm, to ensure quick 

diffusion of the reagent into the tissue. 

The material is now completely submerged into the RNAlater Stabilization Reagent. 

For the archival storage it is incubated in the reagent at 4°C overnight and then transferred 

into liquid nitrogen. There it is grind up, transferred into a 2 ml collection tube and, after 

complete evaporation of the nitrogen inside the tube, stored in liquid nitrogen for subsequent 

treatment. 

 

2.4.3 Fixation with solid carbon dioxide (carbocryonix) 
 
Samples are transferred into the steel cylinder of the carbocryonix freezing system. For 

pressure compensation a small hole is pierced into the Petri dishes.  

Plant material is deep frozen with solid carbon dioxide at a temperature of –78°C in the steel 

tube. 
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After extracting the material of the freezing tube it is directly transferred into liquid nitrogen. 

During the transfer plant material is not allowed to thaw to ensure undamaged and intact 

tissue. 

In liquid nitrogen the tissue is grinded up to a fine powder and then transferred into a 2 ml 

Eppendorf tube. After evaporating of the nitrogen the tube is closed and stored in liquid 

nitrogen for further processing.  

In addition to the mentioned three freezing methods, samples were gravistimulated by 

common gravibiological techniques before deep freezing in the carbocryonix rack. 

 

2.5 Gravistimulations: 

 

2.5.1 Controls 
 

As a control plants were allowed to grow in darkness for two hours without any stimulation 

at normal 1 g before fixation. 

 

2.5.2 Hyper g–controls 
 

To test the influence of the hyper gravity phases in the following parabolic flight, a hyper–g 

control was made.  The controls passed through the complete parabolic flight profile of one 

flight day without the microgravity phases. Thereby Arabidopsis samples were centrifuged 

62x at 1.8g for 20 seconds analogue to the flight profile (see Figure 7). This test will be 

compared with ground controls and stimulated plants. Additionally the hyper g–samples can 

be used as a control for the parabolic flight samples in September. There plants are also 

fixated after the total 31 parabolas (62 hyper g phases), which went through the same profile. 

The analysis of the actual flight is not integrated in this thesis work. 
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Figure 7: Comparison of flight procedure and hyper g controls. 

Modified after Greuel 2007, Figure 13. 
 
 

2.5.3 90°stimulus 
 

For a gravistimulus of the Arabidopsis seedling, Petri dishes were inverted for 90° to obtain a 

stimulation and therefore curvature of the plant. Plants were stimulated for 2 hours at 1 g (see 

Figure 8) 

 

 
Figure 8: Schematics of 90° stimulation of Arabidopsis plants. 

Modified after Greuel 2007, Figure 14. 
 
 

2.6 Test of total RNA isolation methods for Arabidopsis seedlings 

 
For the total RNA isolation from Arabidopsis seedlings the RNeasy Plant Mini Kit 

(QUIAGEN, Catalog No 74103) was used. 

Four days old plant material was fixated with the three different methods (N2, CO2 and RNA 

later).  After fixation the material was ground to a fine powder in liquid nitrogen with a 

pestle. Additionally the material was homogenised by centrifugation through a QIAshredder. 
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A high–salt buffer system and RNeasy spin column was used for binding the total RNA to a 

silica–gel membrane. Containments were washed away and RNA was eluted in RNA free 

water.  

 

As protocol the procedure for RNeasy Mini Protocol for isolation of total RNA from the 

QIAgen handbook was followed: 

 

ℵ Each sample consists of 0.1 g ground and frozen material  

 

℘ 0.1 g N2–fixated controls 

℘ 0.1 g N2–fixated parabolic flight simulation 

℘ 0.1 g RNAlater –fixated controls 

℘ 0.1 g RNAlater–fixated parabolic flight simulation 

℘ 0.1 g CO2–fixated controls 

℘ 0.1 g CO2–fixated parabolic flight simulation 

 
 
ℵ Mix buffer RLT with β–Mercaptoethanol with the ratio 10 μl β–ME /1 ml Buffer 

RLT.  

ℵ Mix buffer RPE with 4 volumes Ethanol (96–100%) for a working solution. 

ℵ For RNA free water treat distillate water with 0.1% DEPC (0.1 ml per 100 ml 

water). Shake the solution and incubate at 37°C for 12 hours. Autoclave for 15min. 

ℵ 450 μl of this mixture is added to 100 mg grind plant Arabidopsis material. Vortex 

vigorously. 

ℵ Pipette the lysate into a QIAshredder spin column in a 2ml Eppendorf tube and 

centrifuge for 2min at maximum speed (15000 rpm) in a micro centrifuge. 

ℵ Carefully transfer the supernatant to a new collection tube. 

ℵ Add 0.5 volumes (225 μl) of ethanol (98–100%) to the lysate and mix well. Do not 

centrifuge. 

ℵ Apply sample (650 ml) with the precipitate that is formed to RNeasy mini spin 

column inserted in a 2 ml collection tube. 

ℵ Centrifuge for 15 sec at ≥8000g (≥10000 rpm). Discard the flow–through. 

ℵ Pipette 700 μl of Buffer RW1 onto the RNeasy column, centrifuge for 15 sec at 

≥8000g(≥10000 rpm), discard the flow through and change the collection tube. 
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ℵ Pipette 500 μl of Buffer RPE solution onto the spin column, centrifuge for 15sec at 

≥8000g(≥10000 rpm), discard the flow through and change the collection tube. 

ℵ Add another 500 μl of Buffer RPE solution onto the RNeasy column, centrifuge for 

2 min at ≥8000g(≥10000 rpm), discard the flow–through and change the collection 

tube. 

ℵ Optional: Place the column in a new collection tube, discard the old tube with the 

flow through, and Centrifuge for 1min at maximum speed (15000 rpm) to dry the 

RNeasy silica–gel membrane through the removal of residual ethanol. Discard the 

flow–through along with the collection tube. 

ℵ To elute, transfer the RNeasy column to a new 1.5 ml collection tube (supplied). 

Pipette 30–50μl of RNase–free water directly onto the silica–gel membrane. Close 

the tube and centrifuge for 1 min at ≥8000g (≥10000 rpm) 

ℵ If a higher concentration of RNA pipette the elute onto the silica–gel membrane, 

centrifuge for 1 min at ≥8000g (≥10000 rpm) and discard the RNeasy spin column. 

ℵ Close the tube and store it in –70°C until further processing. 

 

As an alternative to the QIAgen Kit the innuPREP Plant RNA Kit from Analytic–Jena (No: 

845–KS–1010010) was tested. Material was prepared in the same way. 

The innuPREP Protocol for isolation of total RNA described in the innuPREP Plant RNA 

Kit manual was used. 

 

Initial steps:  

ℵ Add 3 ml of 96–99.8% Ethanol to the washing solution HS, mix thoroughly 

ℵ Add 12 ml of 96–99.8% Ethanol to the washing solution LS, mix thoroughly 

ℵ Add 450 μl lysis solution RL to 100 mg ground material and incubate the sample 

for further lysis under continuous shaking. 

Protocol:  

ℵ Centrifuge for 1 min to spin down unlysed material. Transfer the lysed sample 

onto a Spin Filter D. Centrifuge at 10.000 g (12.000 rpm) for 2 min. Discard the 

filter D. 

ℵ Place a Spin Filter onto a new 2.0 ml Receiver tube. Add an equal volume (app. 

400 μl) of 70% ethanol. Mix by pipetting up and down. Transfer the sample onto 

Spin Filter R. Centrifuge at 10.000g (12.000 rpm) for 2 min. Discard the 2.0 ml 

Receiver tube and place the filter into a new 2.0 ml Receiver tube. 
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ℵ Add 500 μl Washing solution HS, centrifuge at 10.000g (12.000 rpm) for 1 min. 

Discard the Receiver tube with the filtrate, place the spin filter into a new 2.0 ml 

Receiver tube. 

ℵ Add 650 μl Washing Solution LS, centrifuge at 10.000g (12.000 rpm) for 1 min. 

Discard the Receiver tube with the filtrate, and place the spin filter into a new 2.0 

ml Receiver tube. 

ℵ Add 650 μl Washing Solution LS, centrifuge at 10.000g (12.000 rpm) for 1 min. 

Discard the Receiver tube with the filtrate, and place the spin filter into a new 2.0 

ml Receiver tube. 

ℵ Centrifuge at 10.000g (12.000 rpm) for 2 min to remove all traces of ethanol. 

Discard the Receiver tube. 

ℵ Place the spin filter into a 1.5 ml Elution tube. Add 30–80 μl RNase–free water. 

Incubate at room temperature for 1 min. Centrifuge at 6.000g (8.000 rpm) for 1 

min. 

 

2.7 Total RNA isolation from Arabidopsis seedlings 

 

The Quiagen kit was chosen as isolation method for the following experiments. 

 

Arabidospis seeds were cultivated after the mentioned method and RNA was isolated with 

the described Quiagen protocol. 

Two isolation experiments were undertaken with two different batches of Arabidopsis seeds:   

 

The first test was between the three fixation methods. Due to time problems the CO2 fixation 

could not be done in the final construction of the freezing chamber but was done in a 

comparable configuration in a polystyrene box instead. 

Test A): RNA was isolated with grind material from the following samples:  

ℵ 0.1 g N2–fixated controls 

ℵ 0.1 g RNAlater –fixated controls 

ℵ 0.1 g CO2–fixated controls 

 

Test B): Another test was done with three independent rounds at three different days, CO2 

fixation was done in the constructed freezing chamber. 
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RNA was isolated with grind material from the following samples: 

 

ℵ 3* 0.1 g N2–fixated controls 

ℵ 3* 0.1 g RNAlater –fixated controls 

ℵ 3* 0.1 g CO2–fixated controls 

 

And additionally, as a pre–test for the parabolic flight, samples were gravistimulated by 

either turning the plants for 90° or running the hyper–g phases of the parabolic flight profile. 

After treatment, samples where fixated with the Carbocryonix freezing chamber. 

RNA was isolated with grind material from the following samples: 

 

ℵ 3* 0.1 g  2 h 90° stimulated (CO2–fixated) 

ℵ 3* 0.1 g  2 h parabolic flight profile (CO2–fixated) 

ℵ 3* 0.1 g controls, normal growth (CO2–fixated) 

2.8 Agarose gel 

 
For a first comparison the isolated RNA was plotted on a 1% agarose gel. 

Respectively 5 μl of the isolated RNA was merged with 5 μl of RNA free water and 2ml of 

loading dye for plotting.  

For the agarose gel, 1g agarose per 100 ml 1x TAE buffer was used. The gel was hardened in a 

gel rack with an included comb to form pockets for the samples. The solid gel was fixed in a 

gel chamber. Ethidium bromide (0.5 μg/1ml) was used as staining detergent. A 100 mm x 70 

mm gel was run with 75 Volt for around one hour. For a more detailed description of the gel 

electrophoresis see appendix (Gel electrophoresis). 

 

2.9 Agilent Bioanalyzer 2100 

 
In addition to the gel electrophoresis the isolated total RNA was analyzed with the 

Agilent 2100 Bioanalyzer, RNA 6000 Nano LabChip system. This assay is similar to gel 

electrophoresis in concept, but it is cleaner, more efficient, and only requires a very small 

amount of sample[1]. 
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Figure 9: Agilent bioanalyzer chip. 
 
Twelve samples can be sequentially separated on a chip through a single separation channel. 

The chip reader contains high voltage power supplies, each of which is connected to a 

platinum electrode, which allows the instrument to perform multiple separations.  

For the RNA applications, the instrument uses fluorescence detection, monitoring the 

fluorescence between 670 nm and 700 nm.  

It measures the amount of fluorescence as the RNA sample is pulsed through a micro channel 

over time. The Agilent Bioanalyzer software creates a graph called an electropherogram, this 

diagrams fluorescence vs. time. Smaller molecules are pulsed through the separation channel 

quicker than larger ones and will therefore appear on the left side of the electropherogram. 

Data can also be displayed as a virtual gel–like image to compare it to a conventional 

electrophoresis. 

 

The Agilent 2100 Bioanalyzer Protocol was used: 
 

ℵ Take out RNA Nano 6000 reagents (stored at 4°C) and place them in the dark at 

room temperature for 30 min before starting. 

ℵ Dispense enough RNA 6000 ladder (Ambion, stored at –70 °C) for use in one day 

(1 μl per chip) into a tube.  

ℵ Clean the electrodes on the Bioanalyzer before and after each chip run: 

℘ Slowly pipette 350 μl RNAse–free DI water into any one well of the 

appropriate Electrode Cleaner chip. The liquid should spread to cover 

the bottom of all wells. 

℘ Place the RNAse–free DI water Electrode Cleaner chip into the 

Bioanalyzer, close the lid, and incubate for 10 sec. Open the lid and 

remove the chip. 

℘ Allow the Bioanalyzer to dry with the lid open for at least 10 sec before 

use. 
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ℵ Prepare Gel Matrix by filtering 550 μl in the supplied filter column. Centrifuge 

at 1500g (4000 rpm in Eppendorf microcentrifuge) for 10 min. Dispense 65 μl 

filtered gel into Eppendorf tubes and store at 4°C. Use within one month. 

ℵ Vortex the dye concentrates for 10 sec and spin down. Add 1 μl to a 65 μl gel 

matrix aliquot. Cap, vortex thoroughly, and spin at 13,000g for 10 min. Return 

dye concentrate to 4°C in the dark. 

ℵ Take a new chip out of its bag and place it on the chip priming station. Pipette 

9 μl of gel–dye mix into the well marked G (in a black dot). 

ℵ Set timer to 1 min and pull the plunger up to the 1–ml mark. Close the chip 

priming station so that the latch audibly clicks. Depress the plunger, tucking it 

under the clip. Wait exactly 30 sec and release. Wait for 5 sec, then slowly pull 

plunger up to the 1–ml mark. Open the chip priming station. 

ℵ Pipette 9 μl gel–dye mix into the remaining wells marked G (in grey dot). 

Discard the remaining gel–dye mix. 

ℵ Pipette 5 μl Nano Marker (buffer) into all 12 sample wells and the ladder well. 

ℵ Denature the ladder and RNA samples for 2 min at 70 °C before loading them. 

Quick–spin them down to collect the evaporation. 

ℵ Pipette 1 μl ladder into the well marked with a ladder. 

ℵ Pipette 1 μl sample into each sample well. If a well is empty, add 1 μl DI water 

or marker to maintain volume; otherwise the chip will not read correctly. 

ℵ Vortex the chip for 1 min at 240 rpm. There should not be any liquid coming 

out of the chip; wipe off any visible liquid before placing the chip in the Bio 

Analyzer. 

℘ Begin the run within 5 min to avoid evaporation and loss of 

volume in wells. 

ℵ Activate the software before inserting the chip. On the bottom right corner, 

the software will recognize the Bio Analyzer and show an icon. If it doesn’t, 

make sure the Bio Analyzer is on and plugged into the proper port (COM1). 

ℵ Open the lid and insert the chip. Close the lid SLOWLY. 

ℵ The software will recognize the chip.  
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2.10  Flight hardware and procedures 

2.10.1 Parabolic flight manoeuvre 
 
The parabolic flight manoeuvre provides for 2 hours consecutive flight alternating conditions 

of hyper gravity and microgravity. 

After normal, steady horizontal flight the aircraft starts to rise in an angle of 47°, with full 

engine power (pull up). The gravity arises from 1g (g=9.81 m/s²) to about 1.8g for 22 seconds.  

The plane ascends from around 6000 m altitude to 7500 m, where the engines are derated 

(injection). With the stop of the engines the plane enters the free fall situation which 

facilities microgravity of about 10–2 g on board of the A–300. The aircraft continues to rise 

until 8500 m altitude from where it begins to fall down again in an angle of 42°. 

After 22 seconds of microgravity the engines are started again and another phase of hyper 

gravity is initiated, until it reaches normal horizontal flight, around 1 minute after the 

beginning of the parabola. After about one minute of horizontal flight the manoeuvre repeats. 

 

 
Figure 10: Parabolic flight profile of the A–300 ZERO–G. 

 
 

2.10.2 Parabola sequence 
 
A campaign consists of three flight days with 31 consecutive flown parabolas each day. 

After an initial parabola to accumulate crew, scientists and the experiments, always five 

continuant flown parabolas are followed by a short break. 



     26MATERIAL AND METHODS

The first and the fifth break are thereby four minutes long. The second and the forth five 

minutes and the middle break after 16 parabolas is eight minuets long (see Figure 11 ). With 

a microgravity time of 22 seconds, each parabola, a total of 12 min of microgravity per day, or 

36 minutes per campaign is reached. 

 

 
Figure 11: Sequence of the parabolas. 

 

 
After the described methodology, the next chapter will explain the mechanical basics and the 

design of the structure and the pressure system of the freezing device.  
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The basic idea was to avoid chemical fixation and construct a system to deepfreeze organic 

tissue during parabolic flight. For future plans the system is intended to be used as 

automatically freezing system on parabolic flights as well as on sounding rockets, e.g. TEXUS 

missions. 

All hardware, if not mentioned otherwise, is designed by Jens Hauslage and Astrid Horn and 

purpose build after this plans, by the Feinmechanik Werkstatt IMBIO.  The welding of tube 

and flanges has been done by MSG Grönewald GmbH in Bonn. 

Structural parts (struts, brackets and grips) are ordered by the company ITEM® 

Industrietechnik GmbH. If not mentioned otherwise, all fluid system technology parts are 

ordered by Swagelok® Fluidsystemtechnologien. 

The draftings are made with the help of the program Catia V5. For more detailed descriptions 

and calculations of the parts view Appendix (Mechanical strength of the structure). 

 

3.1 Principle 

 

The deep freezing takes place in a sealed steel cylinder. As freezing detergent C02 was chosen 

as it is easier and safer to handle than liquid nitrogen.  

Gaseous carbon dioxide is conducted over a valve system to a 3.6l volume chamber (steel 

tube).  There it is allowed to suddenly expand. This releases pressure and results in the 

formation of gas (50%) and due to the spontaneous cooling dry ice (50%). The arising 

residual gas is conducted to the vent line of the aircraft over a system with two overpressure 

valves. 

The dry ice has a temperature of –78°C. The tissue is shock frozen and stored in the ice until 

further processing. 

 

3.2 Structure 

 

A basic structure was needed to fix the system on the rails of the aircraft. The structure was 

constructed after the user manual for Parabolic Flight Campaign with A300 ZERO–of 

NOVESPACE and the design guide for building an experiment by NOVESPACE [7][8]. 
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For this purpose a simple rack was constructed (see Figure 12). It contains two chambers, 

beside each other, to mount the gas cylinders and two chambers on top of each other for the 

freezing tubes.  The supporting structure is built out of aluminium ITEM® strut profiles, fixed 

with ITEM® brackets. (80x40 for base plate connection and 40x40 for profile to profile 

connections.)  

It is fixed on an 850x700x10[mm] aluminium base plate. Additionally there is an app. 

375x550x 5 [mm] inter–medium aluminium plate to hold the upper freezing unit (see Figure 

12) 

 

70
0m

m

 
 

Figure 12: Basic structure of the rack construction. 
 Base and inter–medium plate are grey coloured. 

 
 
The whole structure is attached to the rails of the aircraft over four attachment points with 

12 mm screws (see Figure 13):  
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Figure 13: Attachment of the structure to the aircraft rails. 

3.2.1 Properties of the structure 
 
Height:   810 mm 
Length:  850 mm 
Width:   700 mm 
Mass:   59.3 kg  
 
  

 
Figure 14: Rack structure. 
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Table 1 shows an overview of the mass of the system. For a detailed description see Appendix 
(Design). 
 

Table 1: Mass of the rack 
 Weight [kg] 

Structure 59.3 
Gas cylinder 48.9 

Chamber 55 
Holder 10 

Coll. box 2.5 
Hoses 2 

Total weight 177.7 
 

Table 2 shows an overview of the calculation of the centre of gravity of the total rack.  
 

Table 2: Centre of gravity 
 ITEM® Quantity m all[kg] H(ITEM®)[mm] 

Structure ground board 1 16.07 5 
 int layer 1 3 402.5 
     

Profil 8leicht 800*40*40 6 8.4 410 
 215*40*40 7 2.618 30 
  5 1.87 380 
  5 1.87 500 
  5 1.87 790 
 211*40*40 2 0.74 380 
  2 0.74 500 
  2 0.74 790 
 295*40*40 2 1.02 380 
 295*40*40 2 1.02 790 
 550*40*40 1 0.96 380 
  1 0.96 790 
 800*80*40 2 3.88 410 
     

Elbows  22 3.3 25 
  16 2.4 345 
  12 1.8 475 
  16 2.4 755 
 80*80 10 3.6 45 

Gas cylinder  2 48.9 307.5 
Chamber  1 27.5 115 

  1 27.5 510 
Holder  1 5 100 

  1 5 495 
Coll box  1 2.5 800 

Hoses  4 2 720 
     

Total mass[kg]   177.7  
Total H[kg*mm]    312.15 
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3.2.2 Safety requirements 
 

The structure has to resist the maximum load based on the safety specifications of 

CEV(Centre d’essais en vol) [7][8]. In order to withstand the maximal impact force in the 

case of an emergency landing of the A–300 ZERO–G, the following loads are required. 

 

Roll:      9 g forward 

               1.5 g backward 

Pitch:   3 g left or right 

Yaw:     4.2 g upward 

               7.3 g downward 

 

Figure 15: Air craft axes. 
 
Therefore a maximum load of 9g was used for the calculations. Structural calculations were 

based on the yield strength of the hardware and the possible maximum load of 9g in case of 

an emergency. Calculations were performed after the NOVESPACE user manual for parabolic 

flight, for shear force, traction force and bending moment of the system [7][8].  The calculated 

safety factor has to reach at least 1.5, see Table 3. For detailed calculation see Appendix 

(Mechanical strength of the structure).  

 

 
Table 3: Novespace safety calculations for the rack structure 

 Structural load Structural load 
under 9g 

Maximum 
allowable load 

Safety factor 

Shear force Fs=3928 N Fsmax=348000 N SF=8.9 Floor 
attachment 

screws 
Traction force Fttot=31518 N Fadm=58000 N SF=1.8 

Uprights Bending 
moment 

Mb=613200 N Mbmax=1125000 N SF=1.8 
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3.3 Tube holder 

 
The steel cylinders are attached to the base and respectively middle plate of the rack by an 

aluminium holder (see Figure 16). 

 

 
Figure 16: Tube holder.  

Unit [mm]. 
 
 
It consists of two 40x40mm thick aluminium struts; connected by cylindrical side struts 

screwed together by M12 screws with hex nuts (see Figure 16).  Each steel tube is fixed by 

two of the shown holders, one after each flange. 

The holder itself is attached to the plate with three M12 screws. The contact points of holder 

and tube are isolated with 3mm foam rubber material. 

 

3.4 Pressure system 

 
Each freezing unit consists of a carbon dioxide cylinder with stand pipe, a conduct with a 

ball valve leading to two dry–ice generators within a steel cylinder (see Figure 17). 

The freezing procedure will take place in the steel cylinder. Attached on the cylinder are two 

outlets with an over pressure–valve leading to a collections box and from there conduction to 

the vent line of the air craft.  

Figure 17 gives a basic overview of the pressure system with all elements. A bigger pressure 

plan can be seen in Appendix 8.5.2.  
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Figure 17: Overview of the pressure system. 

 
 

3.4.1 Gas cylinder 
 
Height:   700 mm 
Radius:   103 mm 
Max. pressure: 50 bar 
Capacity:   10 kg CO2, of which 2 kg residue amount. 
Weight:   14.45 kg, without CO2

 
Gas cylinders are from the company Praxair. They are 10 l cylinders with stand pipe, with a 

remaining residual volume of 2l. Gas is conducted over a 6mm tube from the cylinder to the 

ice generators. Behind the cylinder valve, a manual ball valve is installed for additional safety. 

 

3.4.2 Freezing chamber 
 
The freezing chamber is a 305mm long steel tube (inner ø 139 mm, outer ø 171 mm) with two 

steel flanges (see Figure 18).  Tube and flanges consist out of austenitic steel (see Pressure 

system). 

The steel tube is countersunk and welded onto the back flange. The front flange consists of 

two parts; a lid and a disc, which are hold together by 8 screws with hexed nuts and a 

silicone–rubber sealing ring (see Figure 18). The disc is welded to the steel tube. 
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Figure 18: Schematics of the freezing chamber. 

 Unit [mm]. 
 

Liquid C02 is conducted over a 6 mm diameter hose and separated to two identical ice 

generators, which are screwed into the steel cylinder (see Figure 18).  

Pressure and temperature are measured inside the cylinder, by a manometer attached to the 

lid (see Figure 17) and a Pt 100 temperature sensor screwed into the back flange of the 

chamber. (See Figure 17) 

The residual gas is conducted over two redundant overpressure valves to a collection box. 

There pressure and temperature is measured again and conducted over a 25 mm Teflon hose 

to the vent line of the aircraft. An additional manual valve is installed before the outlet for 

closing the system in case of an emergency. 

 

3.4.3 Ice generator 
 
The ice generator is in principle a nozzle. It is a square brass cube of 38 mm length (see Figure 

19) with a 10° opening (1 mm). Liquid carbon dioxide is conducted over the hose into two 

half circular paths (see Figure 19, right). At the 10° slit the CO2 is remerged to give an 

additional cooling effect and dry ice is produced, due to the pressure gradient. 
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Figure 19: Ice generator. 

Unit [mm], Design by Jens Hauslage. 
 
Two ice generators are screwed into the wall of each steel tube (see Figure 18). 
 

3.4.4 Temperature sensor 
 
The temperature inside the cylinder is measured by a Pt 100 Platinum sensor (–80 – 100°C ± 

1°C range). The sensor is screwed in the back flange of the cylinder (See Figure 17). Measured 

temperature is shown on an external LED display. 

An additional temperature sensor is integrated into the collection chamber to measure the 

temperature of the outlet gas.  

 

3.4.5 Manometer 
 
The pressure inside each tube is measured by a manometer with drag indicator of the 

company Swagelok®. It has a pressure range up to 50 bar. 

An additional similar manometer is attached inside the collection box. This has a range up to 

40bar. 

 

3.4.6 Overpressure valves 
 

Two Swagelok® overpressure valves are screwed into the back flange of each chamber (see 

Figure 17). The valves are adjusted to open at a pressure of 1.4 bars. The second identical valve 

is for redundancy. One valve is equipped with a handle to manually depressurise the system if 

necessary. 

Each overpressure valve is followed by a Swagelok® quick coupling for easy dismantling of 

the freezing chamber during the campaign.  
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3.4.7 Exhaust valve 
 
A manual Swagelok® exhaust valve is integrated in the system. This can be used to 

depressurise the system and release the gas into the aircraft chamber in case the vent line 

access is blocked. 

 

3.5 Collection box 

 

The gas from all four outlets (two for each chamber) is aggregated in a collection box (see 

Figure 17).  It is a cubic 180x95x60 [mm] aluminium box, with 10 mm thick walls. From 

there the gas is directly conducted to the vent line over a 25 mm Teflon hose. Integrated in 

the box is a temperature sensor and a manometer to measure the state of the outlet gas. 

Additionally an exhaust valve of the company Swagelok® is integrated to manually 

depressurise the system in case of an emergency and exhaust the gas into the air craft 

chamber. 

 

3.6 Sample holder 

 

The biological samples are mounted on a holder which is inserted in the steel tube (see Figure 

20). The sample holder consists of four aluminium side struts with PVC cross struts. The 

Petri dishes can be clamped between these PVC struts. The holder is fixed inside the tube by 

inserting the outside aluminium struts in counterborings in the back flange. 

The holder can be used for 20   60mm Petri dishes. 
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Figure 20: Holder for the samples. 

 

3.7 Insulation 

 

To increase the duration of the deep freezing time and for additional safety, inside and 

outside of the freezing tube are insulated. 

The whole interior (freezing tube and flanges) is lined with a 1 mm thick PVC layer. The 

contact point of holder and freezing tube are covered with 1 mm thick foam rubber. 

The whole outside of the tube and all attached fittings are covered with 2 cm thick isolation 

Armaflex® material from Kälte–Hunke, GmBH, Bonn. 



RESULTS

4 RESULTS 

     38

 

4.1 Pre–testing 

 

4.1.1 Freezing tests 
 
Freezing test were undertaken to obtain the best cultivation containment for the shock 

freezing.  Figures show temperature vs. time for different containments 
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Figure 21: Shock freezing tests with different media and containers. 
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Figure 22: Shock freezing tests with filter paper in Petri dishes. 

 
 



RESULTS     39

The best freezing times were obtained in 60 mm Petri dishes with filter paper, which was 

soaked in agar (compare Figure 24 and Figure 25 ). To further reduce the time a thin layer of 

aluminium foil was attached on the Petri dishes (Figure 25). The Petri dishes could be frozen 

under –20 °C in 55 sec. A temperature of –50 °C was obtained after 70 sec. 

Petri dishes filled with 3mm thick agar needed more than two minutes to freeze down to  

–20 °C. Bigger Petri dishes obtained longer deep freezing times, prepared microscope slices 

turned out to be not feasible, as it was difficult to fix agar and plant material for 90° 

stimulation. 

 

4.1.2 Deep freezing 
 

Figure 23 shows a test without attached insulation with a Pt 100 Temperature sensor which 

was placed inside the freezing chamber during the shock freezing. The sensor was inserted 

into a Petri dish, filled with in agar soaked filter paper. Temperature was measured every 10 

sec, for the first three minutes. Afterwards temperature was taken every five minutes. 
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Figure 23: Deep freezing time without insulation. 

 
 
The amount of produced dry ice with one bottle has to be sufficient to deep freeze twenty 

60mm Petri dishes with samples. 

With the usage of the whole amount of 8 l liquid C02 of one gas cylinder, the calculated 

amount of dry ice is:  

η (CO2liquid → CO2solid )= 0.24 

ρ (CO2 liquid) = 1.1 kg/l 
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kgl
kglmsolid 11.224.01.18 =⋅⋅=  

 
The whole amount of 8 l solid carbon dioxide will produce an amount of about two kg dry ice 

for one freezing chamber. 

Figure 24 shows a picture of the freezing chamber after a test with six litres of carbon 

dioxide used (3/4 of the cylinder, cylinder weight for and after the test). The entire inside is 

filled with dry ice. 2 l of liquid carbon dioxide still remaining, for later additional dry ice 

production for longer freezing time, if necessary. 

 

 
Figure 24: Freezing chamber with produced dry ice. 

6 l liquid carbon dioxide used. 
 

 
Figure 25: Deep frozen samples with dry ice. 

 
Figure 25 shows deep frozen samples of a second test. The produced ice is nicely falling into 

the space between the Petri dishes, to ensure rapid covering and deep freezing of the samples. 

 

It was intended to undertake a second test with the attached outside insulation from 

Armaflex® unfortunately this was not possible before the finalizing of this thesis. The test 

will be carried out shortly before the parabolic flight campaign. 
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4.1.3 Cultivation of Arabidopsis 
 

In comparison of the different media, growing results were best at the Gabi Monhausen 

Medium with Legué microelements. Size and appearance was better than in the other media.  

By comparing the different agar types, 1 % Bacto agar turned out to be most suitable. Phytagel 

and Merck agar did not achieve good curvature of the plant. Additionally 1 % Merck agar had 

a suboptimal consistence, which tended to glide during 90° stimulation. 

The different ground layers (Filter paper, nitro cellulose and 3 mm thick agar) did not exhibit 

any difference in plant growth. Due to better freezing results compared to the agar and easier 

handling than micro cellulose, the filter paper was chosen for further experiments. 

Spreading out seed or growing them in parallel lines did accomplish similar growth and 

appearance. However, the spreading method gave much more plant material and was easier 

to prepare and was therefore preferred.  

 

4.1.4 Test of total RNA isolation methods for Arabidopsis seedlings 
 

Due to RNA degradation no good quality was achieved in the pre–testing of the isolation 

methods. 

However, in terms of quantity no difference could be seen between the innuprep and 

Quiagen protocol.  Both kits showed isolated RNA in all the freezing methods. For the 

further analysis the Quiagen kit was chosen in the following experiments. 

 



4.2 Total RNA isolation from Arabidopsis seedlings 

 
The total RNA isolation and the comparison of isolated total RNA of three fixation methods 

was a test to check whether the new freezing method is suitable for further genetically 

analyse the material.  

 

 

4.2.1 Agarose gel electrophoresis Test A)  
 

 
Figure 26: Isolated total RNA of three different fixation methods. 

 

Figure 26 shows an agarose gel electrophoresis where the three fixation methods (CO2, N2 

and RNAlater) are compared. 

The gel shows no visible difference between the qualities of the isolated RNA, which 

indicated at least similar feasibility of the new freezing method. Meaning all three methods 

show two clear distinguishable band, with no RNA degradation. All three fixation methods 

achieved isolated RNA of good quality. 

However there are obvious differences in the quantities. The  amount of RNA of the CO2 –

fixated samples in this test is comparable with the RNA later fixation and better than the 

fixation with nitrogen. 

 

4.2.2 Agilent Bioanalyzer 2100 Test A) 
 
The Agilent Bioanalyzer was used to confirm the results of the agarose gel. 

RNA area was measured together with the concentration and the ratio between the two 

ribosomal RNAs (18S and 28S) (see Table 4). This ratio is proofed to be a good quality check, 

where a ratio of two is supposed to be ideal [3].  
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As in the agarose gel, RNAlater showed the highest amount of isolated RNA, however the 

carbon dioxide fixation achieved the best quality of RNA with a rRNA ratio of 1.82. 

 

Table 4: Results of the isolated total RNA of three fixation methods 
Dry ice fixation in a polystyrene box 

 
 RNAlater N2 CO2  (box) 

RNA area 647.29 561.71 367.37 
RNA concentration 

ng/μl 257.17 223.17 146 
rRNA ratio (18S/28S) 1.69 1.55 1.82 

 

In Figure 27 a virtual gel image of the isolated RNA is shown, calculated by the Agilent Bio 

analyzer. High quality Arabidopsis RNA will have two prominent ribosomal bands 

accompanied by a series of smaller plastid ribosomal peaks that are isolated from the 

Arabidopsis chloroplasts. Additionally there should be low noise between the peaks and 

minimal low molecular weight contamination.  

 

All three methods show a very good quality. The two ribosomal RNA bands can be clearly 

seen. (18S at 47 sec. and 28S at 42 sec.) 

 

 
Figure 27: Virtual gel image of the isolated total RNA. 
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Figure 28 shows an electropherogram of the same samples. The two big peaks are the two 

ribosomal bands (18S and 28S). The peak a 25 s is the 5S ribosomal RNA and tRNA. Small 

peaks between 25 and 200 nt, is degraded RNA.  

All three samples show a profile, typical for Arabidopsis, with very good quality. There is a 

very low amount of degraded RNA and characteristic peaks.  

 
Figure 28: Electropherogram of the isolated total RNA. 

 
 

4.2.3 Agarose gel electrophoresis Test B) 
 
 

 
Figure 29: Isolated total RNA of three of different fixation methods and different stimulated seedlings. 

First two lanes are samples with known RNA concentration of 250 ng, left, and 500 ng, right.  
* =partially loss of sample during the extraction. 

 

In Figure 29 isolated RNA the three different fixation methods and gravistimulated CO2 

fixated samples are seen. 

Concentration of RNA was compared to a sample of known concentration and found to be 

between 100–500 ng/μl. 

On the agaroses gel, the least quantity of RNA is achieved in the RNAlater fixated samples.  

Nitrogen and carbon dioxide showed similar results.  
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4.2.4 Agilent Bioanalyzer 2100 Test B) 
 

Table 5 and Table 6  show the result of the Agilent Bioanalyzer. The second comparison 

between the freezing methods achieved similar results.  Isolated RNA concentration ranged 

between 80 and 650 ng/μl.  Nitrogen yield most quantity of isolated RNA but the least 

quality of the three methods, according to the rRNA ratio. Carbon dioxide and RNA later had 

rRNA–ratio values around two, which means a good quality. But RNA later obtained a lower 

amount of material in these fixations. 

 

Table 5:  Results of the isolated total RNA of three fixation methods 
* =partially loss of sample during the extraction. 

Fixation    
    
Sample: RNAlater 1 N2 1 CO2 1 
RNA area 438.72 1593.87 1134.2 
RNA concentration ng/μl 173.91 633.25 450.6 
rRNA ratio (18S/28S) 1.86 1.66 1.74 
Sample: RNAlater 2 N2 2 * CO2 2 
RNA area 467.07 116.94 251.72 
RNA concentration ng/μl 185.6 46.46 100.01 
rRNA ratio (18S/28S) 1.79 1.93 2.01 
Sample: RNAlater 3 N2 3 CO2 3 
RNA area 209.23 1220.51 556.16 
RNA concentration ng/μl 83.13 484.9 220.97 
rRNA ratio (18S/28S) 2.15 1.69 1.91 

 
In Table 6:  Results of the total isolated total RNA of  results for gravistimualted samples are 

shown. All samples are fixated with the freezing chamber. The amount of RNA ranged 

between 100 and 460 ng/μl, not taken into account the first control where most of the 

material was lost during the grinding. The gel and electropherogram images (see Figures 8 

and 10) indicate comparable results to the previous extractions. All RNA samples seemed to 

be of reasonable good quality.  Low degradation and clear identifiable 18S and 28S peaks can 

be seen. The noise level is very low in all the probes. 
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Table 6:  Results of the total isolated total RNA of different gravistimulations. 
* =partially loss of sample during the extraction. 

gravistimulation  
(all CO2 fixated)    

    
Sample: 90° 1 62*2g 1 Control (1g) 1 * 
RNA area 406.97 191.29 28.167 
RNA concentration ng/μl 323 151.83 22.36 
rRNA ratio (18S/28S) 1.83 1.98 1.45 
    
Sample: 90° 2 * 62*2g 2 Control (1g) 2 
RNA area 142.37 359.3 169.28 
RNA concentration ng/μl 113 285.18 134.36 
rRNA ratio (18S/28S) 1.8 1.86 1.86 
    
Sample: 90° 3 62*2g 3 Control (1g) 3 
RNA area 582.77 233.21 344.25 
RNA concentration ng/μl 462.54 185.1 273.27 
rRNA ratio (18S/28S) 1.51 1.97 1.77 

 
 

 
Figure 30: Virtual gel image of the isolated total RNA, three fixation methods are shown. 
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Figure 31: Virtual gel image of the isolated total RNA, different gravistimulations are shown. 
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Figure 32: Electropherogram images of the isolated total RNA, three different fixation methods shown. 
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Figure 33: Electropherogram image of the isolated total RNA, different gravistimualtions. 

All dry ice fixated. 
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5.1 Arabidopsis cultivation 

 

Arabidopsis seed can be cultivated on various different media, e.g. plain agar, Filter paper, 

nitrocelluloses, Nylon paper (Reddy et al. 1998).  

Between the different media tested here, Filter paper proved to be most suitable for 

Arabidopsis seeds. Plants appeared healthy and showed normal growth.  

Time until shock freezing was achieved in less than one minute, compared to a much longer 

time with the agar medium. However, this method is not suitable for much longer cultivation 

times, as the less amount of agar in the Filter paper does not provide enough nutrition for 

longer cultivation times. 

The puncturing of the Petri dishes is necessary to provide ambient pressure within the Petri 

dishes during the deep freezing (Pmax ~10bar, see below). However, it might be a disadvantage 

as it risks possible contamination of the plants. The samples are fixated right afterwards 

which makes a contamination very unlikely, however it should be memorized. 

5.2 Total RNA analysis 

 

Total RNA was extracted with the RNeasy® Plant Mini Kit (Qiagen, Catalog No. 74103). 

Quality of the isolated RNA was checked with a normal agarose gel and the Agilent 

Bioanalyzer[2][3]4].  

Test A) was a first test, where the dry–ice–fixated samples were deep frozen in a polystyrene 

box. 

The gel image of Test A) showed a good RNA quality in all three fixations. The same result 

was found in the Agilent analyse.  The prominent ribosomal bands are clearly visible; the 

rRNA ratio is acceptable in all methods, though it is best in the dry ice fixated samples[3]. 

The RNA is almost not degraded, which proves a good isolation, but also that there has 

occurred no thawing of the material during the fixation and isolation process. Since, if the 

tissue would have been brought to a temperature over zero degrees, present ribonucleases 

(RNases) would start to degrade the available RNA and make the samples useless for further 

analysis. 
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In Test A) carbon dioxide achieved the lowest amount of RNA material, with a concentration 

of 146 ng/μl compared to 223.17 ng/μl of N2 and 257.17 ng/μl of RNAlater, but, as mentioned 

with the best quality. 

In Test B) the samples were deep frozen in the actual freezing chamber. The agarose gel 

image was not really satisfactory. Available RNA could be seen in most of the lanes, but the 

bands were not uniform and not clear. In three samples (marked with *) parts of the sample 

were lost during the grinding of the material, which could be a reason for the bad gel image in 

these lanes. Lane 10 (90° 1) showed no RNA material, out of unknown reasons. A reason for 

the blurred bands could be degradation of the RNA. Either already in the probes, or during 

the gel electrophoresis process (e.g. in the buffer, the RNA free water, the dye or the gel 

chamber). 

The Agilent Bioanalyzer showed good gel images and electropherograms.  Therefore a 

possible contamination must be during the gel preparation and not already in the isolated 

samples. In the Agilent chip all the samples (including the 90° 1 probe) showed a very good 

quality, like in Test A). Two clear bands/peaks with almost no degradation, a very low noise 

level and a good rRNA ratio. Even the three “partly lost” samples showed a satisfactory 

quality, though a reduced quantity of RNA. 

By comparison of the three fixation methods, RNAlater achieved the least amount of material 

and nitrogen the most. Quality (rRNA ratio) was least in nitrogen fixation.  Overall it can be 

said that the dry ice fixation with carbocryonix is totally comparable to nitrogen as well as 

RNAlater fixation, in quality as well as in quantity. Even if not a huge number of independent 

tests has been done (three, or four respectively counted the test in the polystyrene box) the 

results are really similar. The gel images and the electropherograms appear very alike, small 

differences can only be seen in the calculated results. Therefore, even without the actual in 

flight test, the constructed chamber can be seen as a good alternative to chemical fixation. 

A detailed analysis of the gravistimalated samples will be made after the actual flight. 

However for a first view it can be said that the total RNA image of the three samples looks 

very similar, as expected. To see real differences the specific messenger RNA (mRNA) has to 

be extracted from the total RNA. This is the RNA which is actually transcript “in the 

moment” and therefore mark the genes that are active at this very moment (e.g. to react on 

the gravistimulus or other stress, but as well for normal life processes). This mRNA only 

makes about 4% of the total RNA and the fragments are much smaller than the seen 

ribosomal RNA. Consequently these differences, if existing, are masked in the total RNA. The 

observed ribosomal bands are supposed to be alike, as they are the same within the same 

species. 
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For a future analysis the isolated total RNA will be processed to mRNA and again compared. 

5.3 Construction 

 

The construction was made after the structural requirements of Novespace and based in the 

design guidelines for building an experiment on the A–300 Zero G [7][8]. Safety criteria were 

the requirement and safety factors of Novespace, for the structural needs during parabolic 

flight. For the pressure system the rules of Novespace as well as the AD 2000 regulations for 

pressure systems were used as guideline. Maximal load and safety equipment (e.g. release 

valve, over pressure valve redundancy, manual valves) were designed and updated following 

these regulations. 

Apart from safety, desired criteria were: easy access to freezing chamber, gas cylinder and 

outlet valve, minimal size and weight of the total rack and functionality, meaning easy 

dismantling and changing of gas cylinders and freezing chambers. 

Primary criteria thereby were always the safety issues. Thus the weight could not be reduced 

any more, as wall thickness of tubes and the profiles should not be reduced due to maximal 

safety. The hole rack was designed very compact but all important parts are still easily 

accessible.  Therefore the overall design was found to be satisfactory. Whether it will also be 

convenient during a flight mission is to be determined.  

A desirable improvement could be in the insulation of the tube. A lot of energy is lost due to 

heat exchange with the steel tube and a better insulation could greatly expand the duration 

of deep freezing. Optimal would be an evacuated double walled steel tube. This would ensure 

minimal thermal conduction. The thermal bridges at the over–pressure valves should also be 

interrupted with the help of some insulation between the valve and the tube walls. 

5.4 Deep freezing 

 
A standard procedure was established for the deep freezing. The manual valve was opened for 

approximately 30 seconds. The pressure inside the tube was checked and never found to 

exceed 10 bars. There was always a peak of about 6 bars in the beginning of the process, when 

the liquid CO2 suddenly expands and gas was formed. As soon as the over–pressure valves 

open, the inside pressure is reduced to the set 1.4 bar, and stays 1.4 bar during the whole 

process.  

 

Deep freezing results obtained during the tests on ground were quite satisfying. 
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The material was deep frozen in under twenty seconds. A temperature of –50°C was achieved 

in less than one minute. 

To prevent most biological processes a temperature under 0°C is sufficient, as the water 

inside the cells begins to freeze. Below –15°C it is guaranteed, at least in non temperature 

adapted plants, that all processes are stopped.  With the attempted –50°C there is a sufficient 

safety margin to prevent the tissue from thawing.  

The produced dry ice was more than enough to fill the entire freezing chamber. The 

calculated amount of produced dry ice was 2.11 kg. Although it was not possible to actually 

measure the weight of the produced ice the amount could be determined measuring the 

weight of the gas cylinder before and after each test. It could be seen, that two–thirds (6 l) of 

the available liquid carbon dioxide were enough to completely fill the tube. 

It was desired to make a further test with the Armaflex® insulation material. Unluckily it 

was not possible to run this test before the finalization of this thesis. The test will be made 

shortly before the Parabolic flight campaign. 

However, because the system already operates satisfactory, the additional insulation will not 

change the functionality of the system apart from expanding the duration of deep freezing. 
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Weightlessness or “zero gravity” has fascinated human kind for a long time. The idea of free 

floating, partly realisable in water, has come to reality on the 12 April 1961, when Yuri 

Gagarin became the first man to see earth from space. Until now, more than 30 years later, 

numerous experiments in weightlessness have been undertaken. Still the reaction of biological 

systems to the absence of gravity is far from being understood. 

It has often been shown that plants strongly react to gravity and adapt their growth with the 

help of this stimulus. Roots tend to turn towards the gravitational force and shoots grow in the 

other direction (Limbach 2005). The why is fairly understood in this question, the how is still 

not known and under close investigation. 

In this project a system has been designed to fixate tissue, during, or closely after, 

experiencing the absence of gravity, by shock freezing in a chamber. This wants to enable a 

closer look at the mechanisms, on cellular level, that happen while a plant is reacting to 

gravity, or the absence of it. 

A shock freezing system has been designed and tested on ground. The quality of the method 

has been compared to previous fixation methods, like liquid nitrogen and chemical fixation, 

and found to be at least equivalent. 

This gives hope for a similar good performance of the freezing system at the first operational 

test during the upcoming parabolic flight campaign. 

When the operational tests will be successful, the system will be available for various 

scientific groups to deep freeze their samples during parabolic flight. 

Additionally it is intended to be used on a rocket mission (TEXUS). For this purpose the 

system has to be automated, to shock freeze on command or after a given time. Thus it may 

give its small contribute to the challenge of understanding one of the most common but still 

most mysterious forces in our world: Gravity. 
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8.1 Abbreviations 

DLR  Deutsches Zentrum für Luft– und Raumfahrt e.V., German Aerospace 

Center 

DNA   deoxyribonucleic acid 

EDTA    ethylenediaminetetraacetic acid 

ER    endoplasmic reticulum 

ESA    European Space Agency 

g    gravity (g = 9,81ms–2) 

MilliQ   deionized water purified in a MilliQ ® system,  

mRNA  messenger ribonucleic acid  (A molecule of RNA encoding for a “blueprint” of a 

protein. It carries the information of actual necessary proteins to the site of protein 

synthesis.) 

pH    measure of the acidity of a solution in terms of activity of H+–ions 

RNA    ribonucleic acid 

RNase ribonuclease, nuclease that catalyzes the hydrolyses of RNA into 

smaller components 

RNAlater  tissue storage and RNA Stabilization Solution  

rpm    revolutions per minute 

rRNA ribosomal ribonucleic acid (Non–coding RNA, active during the transcription 

of mRNA to amino acids in the protein biosynthesis.) 

TAE    Tris–acetate–EDTA 

Tris trivial name trishydroxymethylaminomethane for 2–amino–2–

hydroxymethyl–1,3–propanediol 

tRNA transfer RNA (cloverleaf structured small DNA strang that transfers a 

specific amino acid to a growing polypeptide chain at the ribosomes.)  

 

8.2 List of used chemicals and solutions 

 
agar  extra pure, fine powder, normally used: Bacto; DIFCO Dehydrated 

Culture Media & Additives, if not mentioned otherwise 

1% in distilled water for cultivation of Arabidopsis seedlings, 
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agarose   polysaccharide for gel electrophoresis 

Ca(NO3)2  calcium nitrate 

CaCl2   calcium chloride 

CuSO4   copper (II) sulphate 

DEPC   diethyl pyro–carbonate 

EtOH    ethanol 

Ethidium bromide 

Fe(NO3)3  ferric nitrate 

FeCl3   ferric chloride 

FeNa EDTA  iron chelate 

H3BO3   boric acid 

HCl    hydochloric acid 

HNO3   nitric acid 

K2HPO4  potassium hydrogen phosphate 

K2SO4  potassium sulphate 

KCl   potassium chloride                                          

KNO3  potassium nitrate 

Loading dye (diluted) to load RNA samples on a gel 

ℵ 50% glycerol 

ℵ 1M EDTA ethylenediaminetetraacetic acid 

ℵ a few drops 6x loading dye (peqlab) 

MES                2–(4–morpholinyl) ethanesulfonic acid 

         + 1,4–ONC4H8–4–CH2CH2–SO3H 

MgSO4  magnesium sulphate 

MilliQ Water purified deionised water  

Mn(NO3)2   magnesium nitrate 

Murastige and Skoog salt 

Myoinositol 

Na2CO3  sodium chloride 

Na2MnO4   sodium permanganate 

(NH4)2H2PO4 sodium hydrogen phosphate  

NH4NO3  ammonium nitrate 

Nicotinic acid 

NTA   Nitrilotri acetic acid 
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Pyridoxin  

Sucrose 

TAE buffer(10x, pH 8) for gel electrophoresis 

ℵ 400 ml Tris     trivial name trishydroxymethylaminomethane for 

2–amino–2– hydroxymethyl–1,3–propanedio          

l 

ℵ 200mM Na–acetate  sodium acetate 

ℵ 10mM EDTA   ethylenediaminetetraacetic acid 

Thiamine 

Zn(NO3)2   zinc nitrate 

ZnSO4   zinc sulphate 

 

Used Kits 

 

RNeasy® Plant Mini Kit (Qiagen, Catalog No. 74103): 

 

RLT buffer   RNeasy® lysis buffer 

RW1 buffer  washing buffer 

RPE buffer   washing buffer 

 

innuPREP Plant RNA Kit from Analytic–Jena (Cataloge No. 845–KS–1010010) 

 

HS   washing solution 

LS   washing solution 

RL   lysis solution 

 

Agilent 2100 Bioanalyzer 

 

RNA 6000 ladder (Ambion cat. #7152) 

RNA 6000 Nano kit (Cat# 5065–4476):  

ℵ RNA Dye Concentrate (Blue),  

ℵ RNA 6000 Nano Marker (Green) 

ℵ RNA Gel Matrix (Red)  
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8.3 Gel electrophoresis 

 

Gel elctrophoresis is a procedure to dissolve RNA or DNA of different length and therefore 

different molecular weight. The probes are brought on a gel where a current is applied. They 

are coloured with an ultraviolet marker (e.g. ethidium bromide) to make the genetic 

fragments visible under ultra–violet light. 

 As the genetic material is negatively charged (see Figure 34) it will move to the anode of the 

gel. Smaller fragments have less resistance in the gel and therefore move faster than larger 

ones.  

 

 
 

 
Figure 34: Structure of the RNA. 

 The phosphor acid moiety is negatively charged which enables the separation of RNA fragments with a current. 
 
Protocol for gel electrophoresis:  
 
Make a 1% agarose solution in 100ml TAE. 

1. Dissolve the agarose by boiling the solution. 

2. Cool down the mixture to about 60 °C at room. Stir or swirl the solution while 

cooling. 

3. Add 5 μl ethidium bromide stock per 100 ml gel solution. 

4. Dissolve the ethidium bromide, then pour it into the gel rack. 

5. Insert a comb at one side of the gel, about 5–10 mm from the end of the gel. 
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6. When the gel has set, carefully remove the comb. The holes that remain in the gel are 

the slots to fill in the RNA material. 

7. Put the gel, together with the rack, into a tank with 0.5x TBE. Make sure the gel is 

completely covered with TBE, and the voltage is applied in the right direction (from 

negative to positive) 

After the gel has been prepared, use a micropipette to inject about 12 μl of stained RNA. 

Close the lid of the electrophoresis chamber and apply current (75 V for 60 minutes).  

The RNA is normally not visible during this process; therefore a coloured dye is added to the 

RNA, which acts as a front wave to avoid the RNA to run off the gel. The marker has a lower 

molecular weight, meaning it runs faster than the actual RNA. When it approaches the end of 

the gel, the current is stopped. Now the stained RNA can be visualized with ultraviolet light. 

 Steps: 

a) The agarose gel with three slots. 

b) Injection of RNA samples into the slots. 

c) Current is applied. The RNA moves toward the positive anode due to the negative 

charges on its phosphate backbone.                     

Small RNA strands move fast, large RNA strands move slowly through the gel.  

 

Figure 35: Schematic of a gel electrophoresis. 
 



APPENDIX     63

8.4 List of used items  

 

ITEM:  

 

Profil 8leicht natur: 

   

800*40*40  6  List number 0.0.026.33 

215*40*40  22       

211*40*40  6   

550*40*40  2   

295*40*40  2   

800*80*40  2  List number 0.0.026.34 

         

Brackets:  

40*40  66  List number 0.0.411.15 

80*80  10  List number 0.0.411.32 

        
 

Swagelok®: 

 

Angle fitting   4  No: SS–6MO–9 

Back clamp collar  1  No: SS–6M4–1   

Ball valve (con. to vent line) 1  No: 266FT BSP100     

Ball valve (to gas cylinder) 2  No: SS–43GS6MM  

Box nut (6 mm)  2  No: SS–6M2–1     

Cylinder adapter   2  No: SS–6MO–1–0113    

Exhaust valve  1  No: SS–4P–4     

Fitting (1 inch, 25 mm) 2  No: SS–25MO–1–16RS   

Fitting (1/2 inch, 12 mm) 2  No: SS–12MO–1–8RSBT   

Fitting (1/2 inch, 18 mm) 4  No: SS–18MO–1–8RS    

Fitting (1/2 inch, 6 mm) 2  No: SS–6MO–1–8RSBT  

Fitting (1/4 inch)  1  No: SS–6MO–1–4RS   

Front clamp collar  1  No: SS–6M3–1    

Gasket (1/2 inch)  15  No: 304L–8–RSNB–2   
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Gasket (1/4 inch)  1  No: 304L–4–RSNB–2   

Gasket;   (12 mm)  2  No: 304L–16–RSNB–2    

Gasket;   (8 mm)  2  No: 304L–8–RSNB–2   

Manometer (0–60bar) 1  No: PGI–63B–BG60–LASX 

Manometer   2  No: PGI–63B–BG100–CASX–I  

Manometer   1  No: PGI–63B–BG16–CASX    

Metal hose, flexible (con. to vent line)        

    1  No: SS–FJ16SM25SM25– 750cm  

Metal hose, flexible (cylinder to ball valve con.)     

1 No: SS–FL4SM6SM6,  23 cm   

Over pressure valve (12 mm) purpose built ITEM® for low temperature application   

    4  No: SS–RL4S12MM–EP   

Pipe (6mm x 1 m)  1  No: 316TI–T6M–S–1.0M–6ME   

Pipe fitting (1/4 inch) 1  No: SS–4–TA–1–4RS    

Pipe section (25 mm) 3  No: SS–25M1–PC    

Pipe section (6 mm)  8  No: SS–6M1–PC   

Quick coupling, body 1  No: SS–QF8–B–12MO    

Quick coupling, connector 4  No: SS–QF8–S–12MO    

Reducing fitting  4  No: SS–18MO–R–12M    

Replacement part  2  No: SS–R4–K5     

Spring for o.p. valve  4  No: 177–13K–RL4    

Teflon hose   1  No: SS–FL4SM6SM6,  50 cm   

Teflon hose   2  No: SS–TH12TM18TM18– 42 cm  

Teflon hose   4  No: SS–TH12TM18TM18– 70cm  

Teflon washer, flat  2  No: GR–1WT   

 

Insulation:  

 

PVC plates:   1 mm thick insulation layer 

Foam rubber:   3 mm thick insulation layer 

Armaflex® insulation: 20mm thick insulation layer, plate 1x1m² and tubing (ø 18mm, 

and ø 36mm) 

Armaflex® glue 
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Other parts:  

 

2 rubber sealing rings:  3x 75 (Ri), 80 (Ra) mm 

2 steel discs:   20x105 (R) mm, Material: X6CrNiTi 18–10,  1.4541 

2 steel tubes: 305x 85.5 (Ra) mm, 68 (Ri), Material: X6CrNiMoTi 17–2–2,  

1.4571 

4 Aluminium bars:   40x295x3 mm (for fixing the cylinders in z direction) 

4 steel discs:   10x105 (R) mm, Material: X6CrNiTi 18–10,  1.4541 

8 Aluminium bars:   40x310x40 mm (Tube Holder) 

8 Aluminium sticks:   166x 12 (R) mm (Tube Holder) 

Aluminium box:  180x95x60  mm, 10 mm thick 

Aluminium plate:   850x700x10 mm 

Aluminium plate:  630x375x5 mm 

Aluminium bracket:   For fixation of the ball valve to the tube holder:  

     
Figure 36: Bracket for the ball valve of the upper freezing tube 

 Unit [mm] 
 
Aluminium bracket:   For fixation of the ball valve to the tube holder:  

 

 
Figure 37: Bracket for the ball valve of the lower freezing tube  

Unit [mm]  
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8.5 Design 

 
Figure 38: View of the finalized rack, without insulation. 

 
 
 

 
Figure 39: Collection box. 

Con. to the vent line is hidden by the box. 
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8.5.1 Structure 
 

 

 
Figure 40: Structure, isometric view. 
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Figure 41: Structure of the rack, side view. 
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Figure 42: Structure of the rack, top view. 
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Figure 43: Structure of the rack, front view. 



     71APPENDIX

8.5.1.1      Strut profiles 
 
Material :   AL Mg Si 0.5  
Tensile strength:   RT=250 N/mm² 
Yield strength (0.2%proof) R0.2=200 N/mm² 
 

 
Figure 44: ITEM® strut profiles. 

 
Table 7: Manufacturers data 

Product characteristics Profile 8 
40x40 light, natural 

Material Al, anodized 
Height 40 mm 
Width 40 mm 

Cross sectional area 6.46 cm² 
Moment of Inertia 9 cm4

Moment of inertia 
torsional 1.12 cm4

Resistance moment 
(W) 

4.5 cm³ 

Weight/spec. length 1.74 kg/m 
 
Length of strut profiles:  
 

mL
L

7.14

4295.028.06211.022215.0255.068.0

=
⋅+⋅+⋅+⋅+⋅+⋅=

 

 
Mass of strut profiles:  

kgm
m

62.26

42.26.174.11.13

=
⋅+⋅=

 

  
8.5.1.2       Elbows 

 
The 8 uprights are fixed to the base plates by 40*80 [mm] elbows in x–direction. 

Mass m=0.36 g (each) 
All other profiles and the uprights in y–direction are fixed with 40*40 elbows. 

Mass m=0.15 g (each) 
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8.5.1.3       Aluminium plates 
 

 
Figure 45: Base and intermedium plate.  

Unit [mm]. 
      
 
The base plate is made out of 10 mm thick aluminium (ρ=2.7kg/mm³):  
 

kgVm
cmV

V

base

base

7.18

³5950

0.10.700.85

=ρ⋅=
=

⋅⋅=
 

 
The middle plate is made out of 5 mm thick aluminium (ρ=2.7kg/mm³):  
 

kgm
cmV

middle

middle

9.2

³3.108512´)5.00.40.4(5.00.635.37

=
=⋅⋅⋅−⋅⋅=
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8.5.2 Pressure system 
 
The pressure system consists out of two CO2 cylinders and two freezing chambers. 
 

 
Figure 46: Pressure plan of the system. 
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8.5.2.1       CO2 cylinders 
 

The gas cylinders are proofed at 175 bars. They provide a small burst disk for preventing over–

pressure inside the cylinder.  This burst disk is a small metal gasket engineered to rupture at 

the pre–determined pressure of 175 bar. 

 

The cylinders are fixed against movement in X–Y direction by the cage and additional 

isolation material. Against movement in z–direction two aluminium rods are attached on the 

second (from the top) horizontal strut in the rack. The rods are of the dimensions: 295 x 40 x 

3 mm, fixed inside the furrow of the strut profiles with two M8 screws for each rod. To insert 

the cylinders the front strut profiles are loosened and lowered. The bottle is placed in from 

the front, and twisted into the isolation material. The rods are inserted, the strut profiles 

lifted and fixed. For changing the cylinders the same procedure is used. 

The cylinders have a height of 755 mm and a diameter of 205 mm. 
 

³0249.0

5.102755

mV
V

⋅=
π⋅⋅=  

 
 

8.5.2.2      Freezing chambers 
 
The freezing chambers consist of a steel tube with two steel lids 

m= 27.5 kg each (with fittings) 
 
Filling volume:   

lV
mmmmV

fil

fil

⋅=
π⋅⋅=

78.4

315)²5.69(
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Figure 47: Front flange, ring,  

Unit [mm], stainless steal, 1.4541 X 6 CrNiTi 18–10 
 
 

 
Figure 48: Front flange, lid.  

Unit [mm], stainless steal, 1.4541 X 6 CrNiTi 18–10. 
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Figure 49: Flange, back.  

Unit [mm], stainless steal, 1.4541 X 6 CrNiTi 18–10. 
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Figure 50: Tube.  

   Unit [mm], stainless steal, 1.4571 X 6 CrNiMoTi 17–12–2 
 

. 
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8.6 Tube holder: 

 
Figure 51: Schematics of the tube holder.  

Unit [mm]. Freezing tube, for clarity, without fittings and sensors.  
 
 

8.7 Mechanical strength of the structure 

 

8.7.1 Linear rail load 
 

d= 30 inch  (762 mm) 
H= 312.15 mm  
mtot= 178 kg 

 

screwkgkg
N
m

RL
attach

tot /5.44
4

178
===  

 
Since the distance between the screws is 30 inch and the centre of gravity is lower than  
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670 mm the maximum allowable linear load RLmax has to be smaller than 100 kg/screw which 

is guaranteed here. 

 

8.7.2 Shear force 

 
mtot= 178 kg  
Nattch= 4 

 
Shear force in case of a 9g forward load is:  

NF
N

mgF

s

attch
s

3928

4
17881.999

=

⋅⋅
=

⋅⋅
=

 

 
The safety factor for the shear force on each attached screw is: 
 

9.8

3928
34800max

=

==

SF
F

F
SF

s

s

 

 

8.7.3 Traction force 
 

m=178 kg 
H=312.15 mm 
Nrear attch=2 
d= 762 mm 
 

Traction force due to 9g force is:  
 

NF

N
dN

gmHF

t

rearattch
t

3218

7622
15.31217881.999

=
⋅

⋅⋅⋅
=

⋅
=

 

 
To obtain the total traction force on each rear screw the load induced by the torque of the 

screw has to be added (Fload =28300 N, CEV)  

 

kNFFF loadtttot 518.31=+=  
 

The safety factor for the traction force on each rear screw is:  
 

8.1
31518
58000max ===

ttot

t

F
F

SF  
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8.7.4 Bending moment  
 

mtot=  178 kg  
H= 312.15 mm 
Nup= 8 
RT (strut profiles) = 250 N/mm² 
W (strut profiles) = 4.5·10³ cm³ 

 
The maximum bending moment with a 9g force is:  
 

kN
N
gmHM

up
b 2.613

8
15.31217881.999

=
⋅⋅⋅

==  

 

The maximum allowable bending moment is:  
 

kNmmM
NmmWRM

b

Tb

1125

105.4250

max

3
max

=
⋅⋅==

 

 
The safety factor for the bending moment for an upright is:  
 

8.1
3.620

1125max ===
kN
kN

M
M

SF
b

b  

 
 Structural load Structural load 

under 9g 
Maximum 
allowable load 

Safety factor 

Shear force Fs=3928N Fsmax=348000N SF=8.9 Floor 
attachment 
screws 

Traction force Fttot=31518N Fadm=58000N SF=1.8 

Uprights Bending 
moment 

Mb=613200N Mbmax=1125000N SF=1.8 
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