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Nowadays: more than 80% of proteins, large complexes, DNA,

RNA crystals are usually obtained in droplets ranging from 10 to

1000 nl. Average size of the droplets is about 200 nl.

Hanging & Sitting- drop Method



Is there on Earth somewhere any enormous

crystal growth cell of a size large enough to

grow giant crystals of about 6 meters?

YES, where is it?



Can we improve Nature 

in terms of crystal size?



Sulfate mineral

Chemical formula Calcium sulfate CaSO4·2H2O

Identification

Color Colorless to white; with impurities may be yellow, tan, blue, 

pink, brown, reddish brown or gray

Crystal habit Massive, flat. Elongated and generally prismatic crystals

Crystal system Monoclinic 2/m - Prismatic

Twinning Very common on {110}

Cleavage Perfect on {010}, distinct on {100}

Fracture Conchoidal on {100}, splintery parallel to [001]

Mohs Scale hardness 1.5-2

Luster Vitreous to silky, pearly, or waxy

Refractive index nα = 1.519 - 1.521 nβ = 1.522 - 1.523 nγ = 1.529 - 1.530

Optical Properties 2V = 58° Biaxial (+)

Birefringence δ = 0.010

Major varieties

Satin spar Pearly, fibrous masses

Selenite Transparent and bladed crystals

Alabaster Fine-grained, slightly colored





This cave is called: 

The Sistine Chapel of Crystal 

Growth:

There are only two or three 

places like this  in  the world!



Esta es llamada la Capilla Sixtina del Crecimiento de Cristales

We can never improve or

compete against Nature!







Magnetotactic bacteria (or MTB) are a polyphyletic group of

bacteria discovered by Richard P. Blakemore in 1975, that orient

along the magnetic field lines of Earth's magnetic field



Styloides Raphides

DrusesPrisms

Biomineralization of Calcium Oxalate in Plants



Biomineralization in humans and other vertebrates, bone is a 

tailor-made design: hydroxyapatite + biological macromolecules





THE DREAM OF A PROTEIN PROTEIN CRYSTALLOGRAPHER…

100 m



A chronology of protein crystal growth

PROTEINS OR FAMILY Time period (year) Investigator or research group

Hemoglobins 1840 - 1855 Hunefeld, Reichert, Leydig, Kohlker, Budge, Funke, Lehmann

Excelsin (from Brazil nut) 1858 Maschke

Globulins 1880 - 1894 Rithausen, Grubler, Osborne

Hen egg albumins 1890 - 1899 Hofmister, Hopkins and Pincu, Wichman, 

Horse serem albumin 1915 Gurber, Sørensen

Concanavalins A & B 1919 Summer

Urease 1926 Summer

Insulin 1927 Abel et al. (NOT ME) !

Tripsin and trypsinogen, trypsin inhibitor 1930’s Northrop et al.

Pepsin and pepsinogen 1930’s Northrop et al.

Chymotrypsin & chymotrypsinogen 1930’s Northrop et al.

Ribonuclease 1930’s Northrop et al.

Hexokinase 1930’s Northrop et al.

Diptheria toxin 1930’s Northrop et al.

Pepsin 1934 Diffracted these crystals, this was done by Bernal J. D. & Crowfoot, D.

-Lactalbumin 1934 Palmer

Carboxypeptidase 1935 Anson

Catalase 1937 Summer and Dounce

Ferritin 1937 Laufberger

GPDH 1939 Baranowski

Lysozyme 1939 Alderton & Fevold

Human Haemoglobin crystallisation & resolution 1959 Perutz and Kendrew

Adapted from reference: A. McPherson J. Cryst. Growth 110 (1991) 1-10



Protein crystallization what for?

At the beginning (latter half of the 19th century):

1. It provided a means for the purification of specific proteins.

2. It served as a demonstration that a protein had been purified.

3. It was an interesting laboratory curiosity.

Between 1900 and 1940

1. Emphasis was on enzymes to prove properties and nature of

catalytic macromolecules.

2. Protein crystallization for X-ray diffraction.

In the 1980’s and up to now

1. Due to the development of the recombinant DNA technology

permitted researchers, for the first time, to prepare ample amounts

of otherwise rare and elusive proteins.

2. Structural biologists would like to describe all living systems, and the

materials they produce, in molecular and even atomic terms.
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SOLID STATE 

SYNTHESIS & 

HYDROTHERMAL 

METHODS

MICROGRAVITYHIPERGRAVITY

CLASSICAL CRYSTAL

GROWTH METHODS

1) Hanging-drop

2) Sitting-drop

3) Batch

Crystal growth in solution

a) Classical methods in  small  droplets.

b) Small growth cells and nano-droplets

c) ROBOTS for highthrougput nano-

crystallization

BIOMINERALIZATION 

and GEL METHODS
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Protein Crystallization

 We have to consider two aspects:

 1) The Thermodynamics of the process  

related to the solubility problem.

 2) The Kinetics of the process related to 

nucleation phenomena and crystal

growth methods.



Reference: from Richard Giege invited talk in Puebla Mexico during a 

Workshop on Crystal Growth. 



Reference: Chayen, N. & Saridakis, E. Nature 5, No. 2 (2008) 147-153



Phase diagram for protein crystallisation

Figure pathways: i) microbatch, ii) vapour diffusion, iii) dialysis, iv) FID 

Reference: Chayen, N. & Saridakis, E. Nature 5, No. 2 (2008) 147-153



10/10/2011

Schematic representation of a protein phase diagram as a function of precipitant and protein concentrations based on Foffi et al. 

Phys. Rev. Letters E2002, 65, 31407-31417.

Published in: André C. Dumetz; Aaron M. Chockla; Eric W. Kaler; Abraham M. Lenhoff; Cryst. Growth Des. 2009, 9, 682-691.

DOI: 10.1021/cg700956b

Copyright © 2009 American Chemical Society

Mode Coupling Theory

Dumetz, A.C., et al.

Biophys. J. 2008, 94, 570-583.

LLPS applications to Hb

Q. Chen et al. 

Biophys. J. 2004, 86, 1702-1712





Separating nucleation to crystal growth

Crystal growth: is a coupled process of 1) fluid

dynamics, 2) heat and mass transfer, 3) surface

kinetics and 4) morphology, phase transitions,

and 5) chemical reactions.

“Nucleation is a miracle when the embryo grows

to a critical size opposite to the Second Law of

Thermodynamics”, Christo N. Nanev (Bulgarian

Academy of Sciences).



What are the Chemical and Physical

parameters to be taken into account?

Remember that Crystallisation process

involves two separate processes:

nucleation and growth, which are rarely

unconnected.



Solubility versus Temperature



10/10/2011

Solubility and metastable zone curves of BPTI in 350 mM KSCN at pH = 4.9 (after ref 12). Point (1) represents the starting point

and arrows represent the path in the phase diagram.

Published in: Jean-Pierre Astier; Stéphane Veesler; Cryst. Growth Des. 2008, 8, 4215-4219.

DOI: 10.1021/cg800665b

Copyright © 2008 American Chemical Society



10/10/2011

Growth of a BPTI crystal in 350 mM KSCN at pH = 4.9 across the trajectory shown in Figure 1. Panels a−c are frames of a time 

sequence obtained at different temperatures showing the evolution of the growth form as illustrated in (d), in which arrows 

indicate the face displacement with time.

Published in: Jean-Pierre Astier; Stéphane Veesler; Cryst. Growth Des. 2008, 8, 4215-4219.

DOI: 10.1021/cg800665b

Copyright © 2008 American Chemical Society



10/10/2011

Solubility of B polymorph of α-amylase (after ref 3), points (1), (2), and (3). Arrows represent the path in the phase diagram.

Published in: Jean-Pierre Astier; Stéphane Veesler; Cryst. Growth Des. 2008, 8, 4215-4219.

DOI: 10.1021/cg800665b

Copyright © 2008 American Chemical Society



10/10/2011

Kinetic ripening of B polymorph of α-amylase crystals shown in (a), by (b) partial dissolution and (c) regrowth. Elimination of a 

macrodefect observed in (d) by (e) dissolution and (f) growth.

Published in: Jean-Pierre Astier; Stéphane Veesler; Cryst. Growth Des. 2008, 8, 4215-4219.

DOI: 10.1021/cg800665b

Copyright © 2008 American Chemical Society



10/10/2011

(a) Phase diagram of BPTI at pH 4.75 in 2 M NaBr (after ref 21); (b) in situ observation under optical microscopy of the solution 

mediated phase transition of BPTI crystals: mixture of both phases (point (1)) at 25 °C; (c) dissolution of the needle-polymorph 

and growth of the bipyramid-polymorph; (d) stable phase at equilibrium at end of process at T = 25 °C (point (2)); (e) 

dissolution of the bipyramid-polymorph and nucleation and growth of the needle-polymorph at T = 15 °C (between point (2) 

and (3)); (f) growth of needle-polymorph; (g) nucleation and growth of bipyramid-polymorph at T = 25 °C; and (h) finally return 

to point (1).

Published in: Jean-Pierre Astier; Stéphane Veesler; Cryst. Growth Des. 2008, 8, 4215-4219.

DOI: 10.1021/cg800665b

Copyright © 2008 American Chemical Society
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How to grow big protein crystals for neutron diffraction?

Dr. Susana Teixeira suggested to use the TG40 (Temperature

controller from CENTEO) to grow big protein crystals for

neutron diffraction: teixeira@ill.fr



10/10/2011

(a) Phase diagram of BPTI at pH 4.9 in 350 mM KSCN in the concentration range 0−50 mg/mL (after refs 12 and 32); and (b) 

observation by optical microscopy of the nucleation of droplets of the protein-rich phase in a supersaturated solution of BPTI (30 

mg/mL) when temperature is decreased to 25 °C (point (1)).

Published in: Jean-Pierre Astier; Stéphane Veesler; Cryst. Growth Des. 2008, 8, 4215-4219.

DOI: 10.1021/cg800665b

Copyright © 2008 American Chemical Society



Liquid-Liquid Phase Separation (LLPS)

Please remember!

According to Oswald’s rule of stage, LLPS

occurs prior to crystal nucleation: for kinetic

and thermodynamic reasons, liquid

nucleation, which proceeds by density

fluctuations alone, is faster and easier than

crystal nucleation, which requires both

density and structure fluctuation.





Active control of supersaturation

Temperature

Protein
concentration

(A)

(B)

(C)

(D)

Undersaturated

Precipitation

3D nucleation

2D nucleation
Active control of
supersaturation

Spiral
growth

Ordinal
crystallisation

Driving
force

Low

High

Quality of
crystals

(diffraction
power)

Low

High

Island growth

Adhesive
growth

Spiral growth

Reference: Prof. Gen Sazaki’s presentation with permission.



Summary of key points about T

Although these methods require the protein solubility to be sensitive to

temperature. So, when the protein solubility is not so sensitive to temperature

changes or is little sensitive.

There are two possibilities to sort this problem out:

v For salting-out effect: diminishing the crystallization agent concentration

(temperature dependency is more pronounced at low ionic strength than at high

ionic strength).

v For salting-in effect: the reverse process applies.

Finally, we can hypothesize that the same is expected for non-absorbing

polymers, such as PEG.



Vapor diffusion methodsLiquid-liquid interface

Batch method

Gels and capillary tubes
Electrocrystallization

Natural-crystal-growth: biomineralization phenomena

Crystal Growth in Solution



ROBOTICS for the New Millennium

This robot is valid only for screening the crystallisation conditions, 

and optimization, but not for crystal quality enhancement!!!



Nucleation and Crystal Growth

Is it possible to separate both 

processes?

1. Transport phenomena

2. Kinetics



Fluctuations 

Amplitud

Kinetics control Transport control

Allègre C.J., Provost, A. And Jaupart C. (1981) Nature 294, 223



How to increase the crystal quality?

 By elimination of the convective transport  

or at least look for its minimization:

 1) To grow crystals in gels

 2) To grow crystals in capillary tubes

 3) To grow crystals in microgravity 

conditions.



Increasing the crystal quality of 

AspRS by using the crystal growth 

in gels

Reference: A. Moreno et al., experiments performed during my first sabbatical year in Strasbourg, 

France (2003-2004) 



DRS-1 a) before and b) after crystal growth 

in gel

Amorphous precipitation Single crystal of DRS-1

0.3 mm

a b



How to increase the crystal quality?

 By elimination of the convective transport  

or at least look for its minimization:

 1) To grow crystals in gels

 2) To grow crystals in capillary tubes

 3) To grow crystals in microgravity 

conditions.



-

Protein 

solution

Precipitating 

agent solution

Gel

Reference: García-Ruiz and Moreno Acta D50 (1994) 484-490





Nucleation controlled by capillary  

diameter

No. of crystals No. of crystals

Diameter 

(mm)

LYSOZYME THAUMATIN

0.2 2 - 4 3 - 5

0.5 6 -13 5 - 6

0.8 18 - 20 7 - 8

1.2 20 - 25 50 - 75

1.5 30 - 40 80 - 90



Growth rates along the capillary tube

PROTEIN GR (Lower part)

(Å s-1)

GR (Upper 

part)

(Å s-1)

Lysozyme 35 8.21

Thaumatin 36 8.32



Some crystals of biological macromolecules 

obtained by the gel acupuncture method



COUNTER-DIFFUSION METHOD IN CAPILLARY TUBES



Crystallisation of different proteins in 

counter-diffusion obtained in Cambridge

a b

C-1 C-2 C-3

Courtesy of (a) Dr. Takashi Ochi, (b) Dr. Sachin Surade, and 

(c) Dr. Marko Hyvonen.



AcrB MEMBRANE PROTEIN: is a major multidrug exporter in 

Escherichia coli. It cooperates with a membrane fusion protein, AcrA, 

and an outer membrane channel, TolC. Courtesy of Dr. Ben Luisi

University of Cambridge, UK.



How to increase the crystal quality?

 By elimination of the convective transport  

or at least look for its minimization:

 1) To grow crystals in gels

 2) To grow crystals in capillary tubes

 3) To grow crystals in microgravity 

conditions.



Microgravity advantages and disadvantages

Published in: Luis A. Gonzalez-Ramirez; Jordi Carrera; Jose A. Gavira; Emilio Melero-Garcia; Juan M. Garcia-Ruiz; Cryst. Growth Des. 2008, 8, 

4324-4329.DOI: 10.1021/cg800788e

Copyright © 2008 American Chemical Society



Fluctuations      

Amplitud

Kinetics control Transport control

Allègre C.J., Provost, A. And Jaupart C. (1981) Nature 294, 223



What are the Chemical and Physical 

parameters more than T and P that 

we can use for this nucleation 

control or kinetics control?



Lorentz Force Law
Both the electric field and magnetic field can be defined from 

the Lorentz force law:

The electric force is straightforward, being in the direction of the

electric field if the charge q is positive, but the direction of the

magnetic part of the force is given by the right hand rule.

Physical parameters used to induce the nucleation process:

http://hyperphysics.phy-astr.gsu.edu/hbase/electric/elefie.html
http://hyperphysics.phy-astr.gsu.edu/hbase/magnetic/magfie.html


Protein crystallization under the 

influence of the electric field and 

magnetic fields



Nanev and Penkova in 2001 observed that lysozyme crystals had a

preferential orientation to the cathode under the presence of an

external electric field of 1000 V/cm

M. Taleb et al. (1999) J. Cryst. Growth 200, 575-582.



CRYSTALLIZATION CELL 

(The gel acupuncture method: GAME)

POWER SUPPLY

-

ANODE

CATHODE

Protein solution

Precipitating agent 

solution

Gel
-

+

Reference: Mirkin et al., Acta Cryst. D59 (2003) 1533-1538.



Water electrolysis at different 

electric currents

Higher than 20 A Between 5 -15 A

Anode (+):  O2 Cathode (-): H2 Anode (+):  O2 Cathode (-): H2



Effect of the polarity  using the GAME

Platinum used as cathode:

Platinum used as anode:



STRUCTURAL INVESTIGATIONS 

ON THAUMATIN I

MW 22 kDa, pI 12.0 / P.A. NaK Tartrate



Application of Einternal to thaumatin 

from Taumatoccoccus danielli

a b

CONTROL ANODE

300 m



NH2

COOH

Comparison between the two polypeptide chains 

with/without current



Reference. A. Moreno & G. Sazaki  Journal of Crystal Growth 264 (2004) 438-444.



PROTEIN ELECTROCRYSTALIZATION THE EXPERIMENTAL SET-UP

a b

c d

CATHODEANODE



Calculated values of electric at different distances between both electrodes.  was

calculated using equations from our model. The total driving force for the nucleation

is estimated by TOTAL = concentrations + electric. For this, the chemical potential

due to the concentrations, concentrations, was calculated by the equation kT ln  giving

the value of 5.52 x 10-21 J. E = 3.796 x 10-3 Vcm-1. Where,  = c/Ce supersaturation

Distance between 

electrodes (cm)

electric (J)  (JC-1) TOTAL (J)

0.25 -1.5 x 10-21 9.5 x 10-4 4.0 x 10-21

0.50 -3.0 x 10-21 1.9 x 10-3 2.5 x 10-21

1.50 -9.1200 x 10-21 5.7 x 10-3 -3.6 x 10-21



APPLYING VOLTAGE ON THE 

NUCLEATION STEP



BIOELECTROCRYSTALLIZATION BEHAVIOUR OF 

LYSOZYME UNDER CON TROLLED POTENTIAL

E. Nieto Mendoza et al. Journal of Crystal Growth 275 (2005) 1443-1452



Electrochemically-assisted protein crystallization: a 

case study for Catalase’s immobilisation for AFM 

investigations.

Crystals are immobilised with ppy films. An equilibrated droplet of the crystallisation conditions, 

with crystals of catalase, were mounted on the HOPG surface previous to the injection of an 

aqueous solution of 0.77 M pyrrole (py)/0.34 M LiClO4 in the fluid cell of the EC-AFM.



PYRROLE                                             Conductive polymer



Polypyrrole and protein surface 

characterization

T. Hernández-Pérez, N. Mirkin, A. Moreno & M. R ivera “In situ Immobilization of 

catalase monocrystals on HOPG by the voltammetric growth of polypyrrole films for AFM 

investigations”. Electrochemical and Solid-State Letters 5, No. 8 (2002) E37-E39.  



78

Is the protein well 

supported on the 

surface by this 

chemical glue?

Scanning on the 

surface and pushing the 

crystals with the 

cantilever.



IV. Applications to Protein Crystal Growth

and

Biosensors

Mechanisms of crystal growth

2D images of high resolution

Protein-based biosensors



ELECTROCHEMICALLY-ASSISTED PROTEIN 

CRYSTAL GROWTH

Cytochrome C

Francisco Acosta, Désir Eid, Liliana Marín-García, Bernardo A. Frontana-Uribe, and Abel 

Moreno “From Cytochrome C Crystals to a Solid-State Electron-Transfer Device”. Crystal 

Growth and Design 7 (2007) 2187-2191. 



Electrochemically-assisted protein 

crystal growth

Cytochrome C

AFM micrographs 2.5 x 2.5 microns 

image 

a) - b) Surface of the ITO

electrode;

c) - d) Polypyrrole surface

e) - f) After pyrrole polymerisation the

crystal surface was scanned.

Francisco Acosta, Désir Eid, Liliana Marín-García, Bernardo A. Frontana-Uribe, and Abel 

Moreno “From Cytochrome C Crystals to a Solid-State Electron-Transfer Device”. Crystal 

Growth and Design 7 (2007) 2187-2191. 



Reference: Gabriela Gil-Alvaradejo et al., Crystal Growth and 

Design 11 (2011) 3917-3922.



Reference: Gabriela Gil-Alvaradejo et al., Crystal Growth 

and Design 11 (2011) 3917-3922.



LYSOZYME: Data Collection Statistics from the Synchrotron Radiation (BNL)



FERRITIN: Data Collection Statistics from the Synchrotron Radiation (BNL)





Reference: Gabriela Gil-Alvaradejo et al., Crystal 

Growth and Design 11 (2011) 3917-3922.





Sazaki et al., 1997; Ataka et al., 1997; Wakayama et al., 1997 started the  pioneering 

investigation of  the  influence  of  the  magnetic  field  upon  the  nucleation,  crystal 

growth and crystal quality of biological macromolecules.



Sazaki et al., 1997; Ataka et al., 1997; Wakayama et al., 1997



Sazaki et al., 1997; Ataka et al., 1997; Wakayama et al., 1997.



Membrane protein

Protein Data Bank, 1BAC: K.-C. Chou, L.Carlacci, G.M. Maggiora, 
L.A. Parodi and M.W. Schulz, Protein Sci., 1 (1992) 810.

Seven a-helix bundle of 
bacteriorhodopsin

Since membrane proteins 
have a very large 
diamagnetic anisotropy, 
those proteins are most 
promising to crystallise
under a magnetic field.





Magnetic anisotropy of
protein molecule

Protein molecule is diamagnetic.
(i)  Peptide bond in a backbone.
(ii) Aromatic ring in a side chain of amino acid.

1) Peptide bond

Anisotropic

2) Aromatic ring

Anisotropy of diamagnetic
susceptibility: large

F. Takahashi, "Magnetism and Life, 2'nd ed.", (Tokyo,
Gakkai Syuppan Center, 1989) in Japanese.

a-helix -sheet

C

O

N
H

Courtesy of Dr. Gen Sazaki. Hokkaido University, Japan.



Protein crystallization in gels under 

the electric and magnetic influence



Reference: Sazaki et al., Journal of Crystal Growth 262 (2004) 499-502



The influence of coupled the magnetic and electric fields 

upon protein nucleation

The cell was introduced inside of a 10 T Magnet



Reference: Sazaki et al., Journal of Crystal Growth 262 (2004) 499-502



Magnetic field applied perpendicular to the current and 

parallel to the electrodes

a b

c d

_____ 1 mm

Reference: Sazaki et al., Journal of Crystal Growth 262 (2004) 499-502



Reference: Sazaki et al., Journal of Crystal Growth 262 (2004) 499-502



Combining gel, electric, and magnetic influence 

on the crystallisation process…

a b

c dc

_____ 1 mm

This figure (d) represents the ideal case for 

a protein crystallographic research.



Reference: Sazaki et al., Journal of Crystal Growth 262 (2004) 499-502



a b

c d

Magnetic field parallel to the current and perpendicular to the electrodes

_____ 1 mm

Reference: Sazaki et al., Journal of Crystal Growth 262 (2004) 499-502



Mix: protein +

Precipitant and

Agarose gel 

(0.2% w/v)

NMR Magnet

MIX

NMR tubes

Capillary tubes 

containing the 

mix for 

crystallization

Capillary tube 

Ø=0.5 mm

EXPERIMENTAL SET -UP FOR MAGNETIC FIELD INFLUENCE

Silica 

Hydrogel

Reference: A. Moreno et al., experiments performed during a sabbatical year in Strasbourg, France 

(2003-2004) 



NMR and Crystal Growth in Gels. EXPERIMENTAL SET-UP and FACILITIES

Reference: A. Moreno et al., experiments performed during my first sabbatical year in Strasbourg, 

France (2003-2004) 



NMR TUBE

CAPILLARY TUBES

(protein + precipitant and agar)

Silica HIDROGEL

MAGNETIC 

FIELD

DIRECTION

AND AREA 

OF 

MAXIMAL

INTENSITY

FIGURE 2a

CONTROL

FIGURE 2b

Application to the crystallization of Aspartyl t-RNA Synthetase.



Direction of the 

magnetic field

DRS-1 crystals

Capillary tube Ø=0.5 mm

The best results at best conditions for Aspartyl t-RNA Synthetase I

Reference: A. Moreno et al., experiments performed during my first sabbatical year in Strasbourg, 

France (2003-2004) 



DRS-1 grown in gel/under 

magnetic field DRS-1 grown in gel



Application to thaumatin from 

Taumatoccocus daniellii



THAUMATIN

MW 22 kDa, pI 12.0 / P.A. NaK Tartrate



Effect of the magnetic field on the orientation of 

thaumatin crystals grown in gels inside capillary 

tubes

Growth in gel at 10 TeslaControl crystals

Reference: A. Moreno et al., "Protein crystal growth in gels and stationary magnetic fields".  Crystal 

Research and Technology 42 (2007) 231-236



Electron density maps for thaumatin

around the Asp 25 grown in magnetic

field of 10 Tesla. This diffracted 1.5A

resolution



However… the most practical

methodology to get high quality

protein crystals is as follows…



Experimental set up to grow protein crystals in a NMR magnet of 11.75 T (500 MHz).

Published in: Sachin Surade; Takashi Ochi; Daniel Nietlispach; Dima Chirgadze; Abel Moreno; Crystal Growth & Design 2010, 10, 691-699.

Copyright © 2009 American Chemical Society



All space groups with a 2-fold axis perpendicular to the screw axis are not polar.





Crystals of ferritin grown in the presence of a strong magnetic field of 11.75 T, (a) Ferritin PDB: pdblier (b) control: in solution, (c) solution 

in magnetic field, and (d) gel-growth (agar 0.07% w/v) in magnetic field. As a reference for the size of all crystals, the capillary tube is 1 mm 

in diameter.

Published in: Sachin Surade; Takashi Ochi; Daniel Nietlispach; Dima Chirgadze; Abel Moreno; Crystal Growth & Design 2010, 10, 691-699.

Copyright © 2009 American Chemical Society



Crystals of thaumatin grown in the presence of a strong magnetic field of 11.75 T, (a) thaumatin PDB: 2Vl3 (b) control in solution, (c) 

solution in magnetic field, and (d) gel-grown (agar 0.07% w/v) in magnetic field. As a reference of the size of all crystals, the capillary tube 

is 1 mm in diameter.

Published in: Sachin Surade; Takashi Ochi; Daniel Nietlispach; Dima Chirgadze; Abel Moreno; Crystal Growth & Design 2010, 10, 691-699.

Copyright © 2009 American Chemical Society



INHA-NAD crystals grown in a strong magnetic field of 11.75 T, (a) INHA-INH 3D-structure: INHA-NAD PDB file 2AQ8, (b) control 

(randomly oriented crystals): in-capillary tube, the inset shows a close up of the INHA-NAD crystal shape, (c) solution-growth of INHA-

NAD in magnetic field, and (d) gel-growth (agar 0.07% w/v) of INHA-NAD in magnetic field. The size of the capillary tube is 1 mm in the 

inner diameter (b, c, and d).

Published in: Sachin Surade; Takashi Ochi; Daniel Nietlispach; Dima Chirgadze; Abel Moreno; Crystal Growth & Design 2010, 10, 691-699.

Copyright © 2009 American Chemical Society





Crystal of lysozyme grown in the presence of a strong magnetic field of 11.75 T, (a) lysozyme PDB: l93L (b) control in solution, (c) solution 

in magnetic field, and (d) gel-grown (agar 0.2% w/v) in magnetic field. As a reference of the size of all crystals, the capillary tube is 1 mm in 

diameter.

Published in: Sachin Surade; Takashi Ochi; Daniel Nietlispach; Dima Chirgadze; Abel Moreno; Crystal Growth & Design 2010, 10, 691-699.

Copyright © 2009 American Chemical Society



Thaumatin crystals grown in a strong magnetic field of 11.75 T at two concentrations of agar: (a) 0.07% and (b) 0.2% w/v. The three dotted 

circles show the oriented crystals along their c-axis in the direction of the magnetic field. As a reference of the crystal size, the capillary tube 

is 1 mm in diameter in both cases.

Published in: Sachin Surade; Takashi Ochi; Daniel Nietlispach; Dima Chirgadze; Abel Moreno; Crystal Growth & Design 2010, 10, 691-699.

Copyright © 2009 American Chemical Society





The capillary tube shows (a) the monoclinic lysozyme crystals (P21) grown in solution, (b) monoclinic crystals grown in solution and in 

magnetic field after 96 h out of the magnetic field, (c) monoclinic crystal grown in agar 0.2% (w/v). The lower capillary tube (d) shows the 

different shape of the monoclinic lysozyme crystals grown in agar (0.2% w/v) inside a magnetic field of 11.75 T for 2 days. As the figure 

shows, two crystals appear properly oriented. After 96 h out of the magnetic field, the same crystals grown in gel from Figure 9d are shown 

(insets e and f), but some satellite crystals (having a monoclinic shape) were starting to form in both crystals.
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Rate versus transport control or kinetic control of the crystal growth process (adapted from Vekilov et al.).(32) The right-side of the figure 

shows different methods for increasing the crystal quality by transport control, while the left-side lists some of the approaches that can 

influence or affect the kinetics of the process.
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Conceptual protein solubility plots of batch crystallization under different experimental conditions. The black line represents the control 

solubility curve, the red line is the solubility curve in the presence of the magnetic field, and the blue line is the resultant curve after the 

experiment. The black, red, and blue spots represent the fixed crystallization conditions (protein concentration and precipitating agent ratio) 

for batch crystallization at the beginning, under the strong magnetic field influence, and at the end of the experiment, respectively.
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What is necessary to apply this method?

This thermal process at the beginning is slow: there are two main equations, 

where temperature plays an important role into the nucleation (physicochemical 

process): 

1. Δμ = kT ln β per molecule or per mole: Δμ = RT ln β 

2. Rh = kT / 6πηD

1. To know the batch crystallization conditions.

2. To Prepare the experiment before crystal growth is initiated.



Crystal growth kinetics

Solution        Capillary Tube           Gel       Gel/magnetic field

(Ø < 0.5 mm)                              (11.75 Tesla)

_________________________________________________

100-200 Å/s       10-30 Å/s             8-10Å/s          5-10 Å/s

The rate of crystal growth in microgravity is ranging from 5-8 Å/s. 

So that, is microgravity necessary? At this stage maybe NOT



CONCLUSIONS
 You need to bear in mind that nucleation takes place at high supersaturation, while

the crystal growth takes place at lower supersaturation values. The ideal case is to
look for a method to separate nucleation and crystal growth.

 Temperature is a very practical and useful physicochemical parameter to control the
shape, morphology, phase separation or crystal growth, please use this simple
parameter as much as you can.

 Protein crystallisation in capillary tubes as well as gels allow you to obtain less
number of crystals, and open the possibilities to increase the crystal quality. By this
process the nucleation and crystal growth is dominated by transport phenomena.

 The nucleation inductors like nucleants, lasers, electric and magnetic fields are a very
promising kinetic-tools for controlling the number, size of the crystals or the crystal
orientation (in the case of magnetic fields).

 The 3D structure is not affected when lasers or electric and magnetic fields are
applied. So that, the main advantage of this strategies for nucleation control is the
increase of the size, the crystal quality and the obtaining of crystals in a shorter time.



 The magnetic fields are a very promising tools for controlling the number of
crystals, crystal orientation, and high quality.

 The magnetic field coupled to the crystal growth in gels is a very promising
method for the enhancement of the crystal quality for X-ray Crystallography.
The kinetics and transport phenomena of crystal growth can be controlled at the
same time.

 The 3D structure is improved when magnetic field was applied. So that, the
main advantage of this method is the increase of the size, the crystal quality and
the obtaining of crystals in a shorter time.

 We must consider that macromolecular impurities play an important role along
the crystal obtaining as well as the crystal growth method for high resolution X-
ray crystallography research.

 Finally, this method is not applicable when you do not have the batch
crystallization conditions or your protein takes longer time to be crystallized.
The use for a magnet 500 MHz is so expensive.
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