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 [TL] = 19.4 µl
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�����������1 	� �& �� 	� :���� ����0���
/��� ������� ������� 0��1 * 	
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% ������ 
� 	� ����������� ��4���� �� ���
�� ������ 
� 	� ��	����� FKJG1 ����
������� ������� * ������� 
�� 	� ����������� 
� ����� 
� �������������� ����
	� �#����	4���� ���� �#�0�� �#�Q�� 
� ��	������ 2��� ��� ��	����� 
� 
� ��	�!
���� 
� ����� ��	���	���� �6 � 
�� �^��	1 ���� ������� �	��� ������� 0�� 	�
������������� ������	� �� �������� ���� 	� �#����	4���� ���� ��� 

������� �� ���
)� ����� 	� ����� ��4���� 

�� ���
� ����� ����� * ������� 
�� �^��	1 ����
������� ������� 0�
��� �#�Q�� 
� ��	����� �������� ������� ���� ���
�� ������1

��� ��� ����������� �� �������� ���� 	
��(4���
 � ��	����� ��� * 	� ������������� 
� ������������1 �
��� * 
��� 0�
�	 4 � ��
��4���� ��� �#�Q�� 
� ��	����� ���� �#�0�� 	��� ����� 	�� �#�Q����
%���	��� �& 	� ������ �����0�� 
� 	���� 0�
�	 :��� 
�:���� ���� 0�� 	� ����������
��	!��	 �� :�����  � ��	��� ������ 
� �& 
����
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�� ����	������ ������0��� 
� ��
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� �����	����� FKEG �� 
� �#��� ��4��
FKKG ��� ������ 0�� �& 1 ���� /��� ����� �� 0�
�� ��4���� �#�0�� �#�Q�� 
�
��	����� �������� ������� ��� ����� 
� ������� ���� 	� �#����	4����� �� ����� 
�
��� 
� 	� ���������� 
� �#���1 �	 ��8� 0�� 	� �#����	4���� #4
��	4�� �� ���	 
�
��� ����� ���� 0�� 	� ���������� ��� 	���� /��� ������� �	��� ������� 0��1 �� ����	

� 	� ����������1 	� ������������ �� �������� ��� 	� �#����	4���� ��� ��:�������
* ���$
�� � � � 
��� �����
 � ������������ �� �������� ��� ���	�����	� * 	� �����������  � 0������� 
� ���!
����� �� ������� ���1 	� ������� 
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����
����� " 
�6��� 
��� 	
�0������ I��� ����
O��� �����
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��� 
�,����� 
�� ���������� �	����0����
�� ����	��� 
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 :�������� 
� 	� ��$� :���	� ������������� �� �#����	4���� �
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����� 

�� ��	 
� 6���������� ��� 	� �#����	4���� *

�� �������������� �� ��(4�� ��������� ����� ��� �� � �� 
������1 �� �,��1 	�
����	��� ����� ��� 	
�0������ I��� F�G�  � ��������� 
� 
����
����� ����	� O���
�����P	� ��� 	� 
�,����� 
� 	
��(4���
2��� ���	4��� �� ����	���1 ���� ������� ��#�������� 	� 
�,����� 
� 	
��(4�� 
���
	� ��	 
� 	� ����$�� ���������  �� ��	���	�� 

��(4�� ���� 
���������� �� #����


��� ���� 	� ��	����
����������� ���� ��� ��� ��	���	� 

��(4�� �������	�$�� �� ����	��� � 	� 
�������
��4���� ����� 
��� ��	���	�� 

��(4��� 3� ����� ��#��� ��� ������ 
��� 	�
6���� I�E� /��� ������� ���
������ 	� ��	 �� ����!������� 
� ��	��� = � ��1
�#����� ��������� �� ��4���� ��� ��	���	� 

��(4�� 0�� 
�,���1 * 	
���������

� �� ������	���1 ���� �� ���8����� 
� 
�,����� ,�  � ������������� �� ��(4��
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��(4�� ���� 	� �O�� �� �������	�� 	�� �,��� 
��� �� ������!
	��� = * ���� 	� ��	��� ������ ��� 	� ��	 � �
3�� ��	���	� 

��(4�� #4
��	4��1 �� ��4����1 �7 	���� �����
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��� ��
����� ��
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������� ��4���� ����� 
��� ��0������ �����
�0��� 0�� ���� ���!
����� ���� 	
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��������� �#����0�� ���� �� ���8�����
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�,����� �1 	� ������ 
�� 	���� #4
��	4��� * 	
������� � ��� �
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)� ����������� 	�� �0������� I��M1 I��J �� I��I 
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��� 	
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� 9I��I;

���� 2 1 
� /��� ���������1 �����1 ���	�0��� 	� ����	��� 
� 	� 6���� I�J�

���� I�E� R +����� �� ���
���� �� �#��H!�� ���� �� ��� � �#��H!�� ���
�� ,
�#��	�
��

 �#
� ���
�� 
 �� �J � ��	 �� ���	���� ��!���� ��	
� ��� �����
���
�#��H!��� +� ��
� �������� 6 �� ���	���� ��!���� ��	
� ��
� ����� ���	����
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�
��	
�	 ��

 �#��H!�� �� ������	
�	��� �� �
��	
�	 ��	 ��� 
 6��� )��� ���
�
�����
� �� ���
���� �� �
�� �� H���� ���
���� , �#��	�
��
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 ����

2��� ����6�� ����� #4���#$��1 ���� 
����� ���
��� 	� 
�,����� 
� 	� �#����	4!
����� ����� 
����$�� ����� ���� ������ ���� O��� ���
��� ��� 
�,����� 
� 	� 	���$��1
���� �� ����� ������ 	� 
�,����� ��� ������������� 
� �����	����� 
� <�����������
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�������

������  ������� �� �� 	�����������

2��� 	�� ����������� 
� �����	����� 
� <����������1 ���� ����� ���0�� 	�
�#����	4���� ���� ��� ��	���	� <���������� ��
�
������� (��	����!���	� 9A5'�;�
 � A5'� �� ����	��� ���� 	� �������� * ������� 
�� 	������� ���� 	�� ������
����������  � ������� 

�������� 
� <���������� 
� 	� �������� ����� ���0���
��� * �
���� 2��� ���0��� 	� �#����	4����1 ���� ����� �����
� ����� 
�����

��� 	� ����� �

! ��� ��	����� 
� �#����	4���� * 	� ������������� 
� 
�^	 � ��� �������� 
���
��� ��	����� ������ ��� �� ��������� 
� ��
��� * 3A� U

! 	� A5'� ��� 
������ 
��� 
� )���	�!��
������� 9���C; * 	� �������������

� 
� �^	 �� ��� ������� ��	���� ���� 	� ��	����� 
� �#����	4���� 9���� �
���

�	 
� 	� ��	����� 
� A5'� 
��� � �	 
� 	� ��	����� 
� �#����	4����; U
! 	� ��	����� ��� ������ 
��� ��� ��	���� 
� �#����������#�� 9���#�
�� "!
�E; 0�� ������ 
� �������1 ��� ���������� 
� ��	1 	
���$� 
� A5'� ���
�������� ���� 	� �������� � ���	� 	� �������� ���0��� ��� ����������

 � ������������� 6��	� 
� 	� �#����	4���� ��� ������� ��� 
�� ������� 
� �������
C���0�� 9�C; ��	�� 	� :����	� �������� �

��	�"	 '! ��	 ('� %"�	"��$�� �
�&� � � �&�!� � ����� � )!� "*' +��* ��	

�
9I��J;

�V � ��� 	� ���8����� 

���������� ��	���� 
� 	� �#����	4���� * 
���� �
�� � 9�#����	4����; W���
�
�� ������� FK�G�  � ����� ��	���� 
� 	� �#����	4����
����� 
� !6 � ������^��	1 �� ���� �������� � �� � � 9	 ��;�� 9� � 
��
 �
� 9	 ��;��;�  � :������ ��� 0�� ��	���	�� &�!� ��� �� :������ 
� ���������� 0��
�������� 	
���������� 
� A5'� * 
�����
2��� ��	��	�� 	� 0������� 
� �������� ���0��� ���� 	� A5'�1 C1 �� ���	��� 	�
:����	� �������� �

C �
&�!� � )!� "*' +��* ��	

����� � ��	�"	 '! ��	 ('� %"�	"�&�

�V �����%���!�� ��� 	� ���8����� 

���������� ��	���� * 3A� �� * ��� �� 
�
A5'��

������ ���
���	��� �� �������	�����

 � ����������� 
� ��	 
� ��	����� ��� 	� �O�� 0�� ���� 	�� ������� 
� 
�:!
:����� 
� 	� 	���$���  � ������������� 
� 	� ��	����� 
� ��	����� ��� 
� 
�1 	�
������������� 
� 	� ��	����� 
� �#����	4���� ���0��� ��� 
� � ���
 �� ��		�� 
� 	���� <����������� ��� ��� ��#����� �#�( ��	���	�� 2������ )		�� ���
��� ���		� 
 � 
� ���

��



���� (
���
� 	
 "���������� 	
 /����
��
��


������ #� $
��	�����
�� �� �������	��� �� %�����������

 � ������������� 
� �����	����� 
� <���������� 9A��; ��� ��� ���#��0�� 0��1 *
������� 	
���	4�� 
�� <���������� 
� <����������1 ������ 	
���
� 
� ��������� 
4!
����0��� ��	���	����� ��	� 0�� 	� 
�,����� �� 	�� <���������� ���:����������		��

� ��	���	��� ���� ��� ���������� 
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Figure 1. (A) Scheme of a standard confocal experimental setup for FCS. (B) Two-photon
modificationof the confocal setup. Abbreviations: S: sample; OB: objective; L: lens; DM: dichroic
mirror; NF: notch  lter;T: tube lens; PH: pinhole; BS: beamsplitter; APD: avalanche photodiode;
CORR: correlator.
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Statistical Conformation of Human Plasma Fibronectin
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ABSTRACT: Fibronectin is a multifunctional glycoprotein (molecular mass,M ) 530 kg/mol) of the extra
cellular matrix (ECM) having a major role in cell adhesion. In physiological conditions, the conformation
of this protein still remains debated and controversial. Here, we present a set of results obtained by scattering
experiments. In “native” conditions, the radius of gyration (Rg ) 15.3( 0.3 nm) was determined by
static light scattering as well as small-angle neutron scattering. The hydrodynamic radius (RH ) 11.5(
0.1 nm) was deduced from quasi-elastic light scattering measurements. These results imply a low internal
concentration (M/Rg/H

3 ) compared to that of usual globular proteins. This is also confirmed by the ratio
RH/Rg ) 0.75( 0.02 consistent with a Gaussian chain, whereasRH/Rg ) 1.3 for spherical shaped molecules.
However, adding a denaturing agent (urea 8 M) increasesRg by a factor 2. This means that fibronectin
“native” chain is not either completely unfolded. The average shape of fibronectin conformation was also
probed by small-angle neutron scattering performed for reverse scattering vectorq-1 smaller thanRg (0.2
< q-1 < 15 nm). The measured form factor is in complete agreement with the form factor of a random
string of 56 beads of 5 nm diameter. It rules out the possibility of unfolded chain as well as globular
structures. These results have structural and biological implications as far as ECM organization is concerned.

Fibronectin is a multifunctional glycoprotein expressed by
many different cell types (hepatocytes, fibroblasts, macro-
phages, and leukocytes among others). It is found in plasma
and extracellular matrix (ECM).1 Its main biological func-
tions are based on its affinity for different biological
compounds such as cell surface receptors, ECM proteins
(collagens, heparin, etc), DNA, gangliosides, and immuno-
globulins. In vivo, fibronectin mediates cell adhesion to the
ECM, and contributes to phagocytosis regulation, wound
healing, cell proliferation, differentiation, and locomotion (1).

Fibronectin is composed of two identical polypeptide
subunits covalently linked via two disulfide bonds near their
carboxy termini. Each subunit is made of nearly 2500 amino
acids (molecular weight about 250 000). It consists of the
repetition of 56 modules (1) of three types having a well-
defined structure and a high degree of internal homology.
Modules of type I, II, and III consist of about 45, 60, and
90 amino acids, respectively. The type I modules make up
the NH2-terminal and COOH-terminal ends of the polypep-
tide. Two type-II modules interrupt a row of nine type-I
modules at the NH2-terminus. Fifteen type-III modules, make
up the middle of the polypeptide (1, 2). Type-I, II, and III
modules are also found in many other proteins, type III even
being ubiquitous in animal proteins (3). These modules are
connected together by short polypeptide segments sensitive
to proteinases and are grouped in functional domains that

express specific binding activities (4). The above structure
of fibronectin varies somewhat depending on the cellular
source of the protein. These variations are mainly due to
alternative splicing of the fibronectin mRNA (5).

The three types of modules are globular. Separately, their
structure is known as being mainly�-sheet from X-ray and
NMR studies on isolated modules (6-8). However, the
global conformation of fibronectin cannot be assumed from
the folding of the individual isolated modules and, until now,
no success in the crystallization of the whole protein has
been reported. Thus, to understand the relationship between
fibronectin structure and its various adhesive biological
functions, a lot of studies have been performed in solution.

On the overall protein, fluorescence studies show the
existence of hydrophobic domains(9, 10). Circular dichroism
and infrared spectroscopy studies have only detected�-sheet
secondary structures (10-12). These results suggest that the
modules within the overall protein retain the same structure
as isolated.

In the absence of X-ray or NMR experimental data about
the whole fibronectin, little is known about its three-
dimensional structure. The molecular shape of fibronectin
in solution has been extensively investigated by several
techniques, but its statistical conformation still remains
debated (13).

The early studies of fibronectin conformation are based
either (1) on a near macroscopic length scale investigation
of hydrodynamic properties (9, 10, 14-16) or static light
scattering properties (17) or (2) on a more local length scale
investigation using circular dichroism or fluorescence spec-
troscopy (9, 10, 18).

The main result of these works is that the conformation
of fibronectin in physiological conditions would imply both
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large length scale flexibility and local order. The emerging
picture is that of a “string of beads”. However, such a
conformation determination is indirect and has been widely
controversial. Thus, several authors have used more ap-
propriate techniques to directly access to this conformation
either (1) in the reciprocal space by small-angle X-ray or
neutron scattering (19) or (2) in the direct space by
microscopy techniques (20-24).

The above results are quite contradictory. Using scattering
techniques, a compact and globular conformation is reported
in physiological conditions. On the opposite, microscopy
studies mainly show a “string of beads”-like conformation
but also either a globular or an extended straight strand
conformation depending on sample preparation.

In addition to the above suggestions, from fluorescence
polarization experiments, another structural model consisting
of two independently rotating disk-shaped subunits has even
been proposed (25). These contradictory suggestions show
the difficulty to validate a model on the basis of a unique
technique. Principally, the difficulty follows from the prob-
able complex fibronectin conformation. To summarize, the
common opinion for the fibronectin conformation in physi-
ological conditions is in favor of the string of beads model.
However, up to now, X-ray and neutron-scattering experi-
ments seem to disagree.

This paper deals with the light-scattering (elastic and quasi-
elastic) and small-angle neutron-scattering study of fibronec-
tin conformation in dilute solution. For a better understand-
ing, results obtained in “native” conditions2 are compared
to those obtained in the presence of denaturing agent (urea
8 M) and to theoretical expectations for globular and ideal
polymer coil conformations (Gaussian statistics). In “native”
conditions, our data show that fibronectin conformation
varies according to the observation length scale: the chain
is Gaussian at large scales and globular at smaller ones. This
pleads unambiguously in favor of the string of beads model
already reported using other techniques. In the presence of
denaturing agents, the global conformation turns to an
excluded volume chain.

The results allow the discussion of the fibronectin con-
formation in terms of its structural and biological implications
as far as ECM organization is concerned.

MATERIALS AND METHODS

Fibronectin Purification. Fibronectin was purified from
human cryoprecipitated plasma according to a new protocol
developed in our laboratory that yields high quantity and
purity protein (26). This protocol is based on fibronectin
affinities for both gelatin and heparin. Briefly, it consists of
three liquid chromatography steps: a gelatin affinity, fol-
lowed by a heparin affinity, and, finally, another gelatin-
affinity chromatography. All chromatography gels were
purchased from Chisso Corp., Japan. The purity of the
preparation was determined by densitometry analysis of silver
nitrate-stained SDS-polyacrylamide gel electrophoresis, to
(98.6( 1.2)% (w/w). Fibronectin solution in 25 mM, pH
7.4, Tris HCl buffer, containing 0.5 mM EDTA, was

concentrated just before use, using Ultrafree-15 centrifugal
concentrators from Millipore (100 kg/mol cut off). Fibronec-
tin concentrations were determined by optical absorbance
measurements:A280nm

1% ) 12.8 (27).
Samples Preparation. Fibronectin solution, 1 cm3, at

concentration of the order of 10 mg/cm3, was dialyzed (2×
24 h, at room temperature) using a micro dialysis cassette
(Slide-A-Lyzer, 10 000 MW cut off, Pierce, Rockford, IL)
against large volumes (g100 cm3) of solution containing 25
mM Tris-HCl (pH 7.4), 0.5 mM EDTA, and 150 mM NaCl.2

For experiments on denatured protein, 8 M urea was added
to dialysis bath. For neutron-scattering experiments, these
dialyzes were realized using deuterated compounds (water,
Tris, Urea, and DCl, purchased from Eurisotop, Saclay,
France).

Scattering Experiments. (1) Fundamentals of Elastic Light
Scattering and Small-Angle Neutron Scattering. The basic
principles (28) of elastic light scattering and small-angle
neutron scattering are essentially identical. An incident plane
wave of wavelengthλ0 is scattered by the elementary
scatterers (monomers of a macromolecule, small solvent
molecules, ...). The interference pattern is measured as a
function of the scattering vectorq ) 4π/λ× sin(θ/2) with θ
the scattering angle andλ the actual wavelength in the
medium (for light scatteringλ ) λ0/n with n the refractive
index of the sample). For macromolecules in solution, after
data treatment (29) one accesses to the quantityΣ̃(q), which
only reflects the macromolecules contribution to the scattered
intensity. For neutronicians,Σ̃(q) is the “coherent scattering
cross-section per unit volume” usually named “excess
Rayleigh ratio” by light-scattering experimentalists. Very
generally, one has

whereΣ̃(q) is expressed in centimeters-1; C (g/cm3) is the
concentration;M (g/mol) the molecular mass of the macro-
molecules in solution;K2 (mol cm2 g-2) is the contrast factor.
The scattering functionS(q) expresses the interference of
waves scattered by monomers belonging to the same
macromolecule but also to different macromolecules. The
intramolecular termP(q) is the form factor of the macro-
molecules: P(q) ) (1/N2)∑n)1

N ∑m)1
N 〈eiq(rm-rm)〉, N being the

number of monomers of the macromolecule andr their
position vectors. The brackets mean an average over all the
possible conformations. For free rotating macromolecules,
an average over all orientations leads to

with rn,m ) |rn - rm|. At smallq (qrn,m < 1), one obtains the
Guinier formulaP(q) ) 1 - q2Rg

2/3+ ..., whereRg
2 ) (1/

2N2)∑n)1
N ∑m)1

N 〈rn,m
2 〉 is the averaged square radius of gyra-

tion of the macromolecule. In the Guinierq-range (qRg <
1), due to the average over all the orientations, the macro-
molecules are viewed as spherically symmetrical. In that case,
the scattering functionS(q) can be factorized into the product
of P(q) and of the structure factorG(q). This last factor is
directly linked to the osmotic compressibilitykT(C/M)[C(dπ/
dC)]-1, with π the osmotic pressure of the solution andkT

2 In this paper, the term “native condition” is used for conciseness.
It means that the protein is prepared in nondenaturing conditions and
is in solution at pH 7.4 and [NaCl] 150 mM. These conditions
correspond to pH and ionic strength of physiological plasma.

Σ̃(q) ) K2CMS(q) (1)

P(q) )
1

N2
∑
n)1

N

∑
m)1

N 〈sin(qrn,m)

qrn,m
〉 (2)
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the thermal energy. For macromolecules in weak interaction,
a virial expansion of the osmotic pressure can be used:π )
πcf0(1 + MA2C + ...), with MA2 the two bodies interaction
term. Finally,

At zero q, elastic-scattering experiments are sensitive to
the osmotic compressibility of the solution, i.e., a macro-
scopic property. In this limit, the macromolecules are
pointlike. For increasingq, the size of the macromolecules
is beginning to emerge, allowing the radius of gyration to
be determined. Actually, the scattering vectorq acts as the
magnifying of a microscope. For even higherq value (qRg

> 1 in dilute solution), the intermolecular interference term
can be neglected and scattering experiments are only sensitive
to the form factorP(q), reflecting the internal conformation
of a single macromolecule.

Exact calculation of the form factor can be performed only
in a few cases. For instance, a sphere of radiusR givesP(q)
) [3 × (sin(qR) - qR cos(qR))/(qR)3]2, with characteristic
oscillations atqR > 1, which come down to a strongq-4

dependence of the scattered intensity using low-resolution
spectrometers (as small angle neutron scattering spectrom-
eters). Note that such an oscillation smoothing can also be
due to a size distribution of the spheres. Finally, the sphere
form factor can be viewed as a reference and generic
behavior for dense and compact structures, theq-4 behavior
being the signature of a sharp interface between the inner
and outer parts of the macromolecule. Another borderline
case, which is valuable to consider for comparison with
experiment, is the ideal polymer chain obeying to Gaussian
statistics. Ideal chain corresponds to a random walk ofN
steps of lengthb. Its radius of gyrationRg is known as being
equal to Nb2/6. For observation length scalesq-1 large
enough compared tob, the form factor of the ideal chain
obeys to the Debye functionP(q) ) (2/x2)(e-x - 1 + x)
with x ) q2Rg

2. At qRg > 1, the Debye function displays a
characteristicq-2 dependence reflecting the random walk
fractal dimension equal to 2. However, in good solvent
condition, the polymer is swelled due to excluded volume
interactions. In that case, the chain conformation rather
corresponds to a self-avoiding random walk leading to aq-1.7

dependence of the form factor.
(2) Quasi-Elastic Light Scattering. Concentration fluctua-

tions within the scattering volume result in scattered intensity
fluctuations. Thus, computing the time-dependent correlation
function of the scattered intensity (30) yields the time-
dependent structure factorS(q,t). At large length scalesq-1,
compared to the radius of gyrationRg of macromolecules,
only their translational motion contributes to concentration
fluctuations. If only one species of macromolecule is in
solution, the relaxation function of concentration fluctuations
is a single exponential with a characteristic time correspond-
ing to that needed for a macromolecule to cover aq-2 area
through Brownian motion.S(q,t) can thus be written asS(q,t)
) e-Dq2t, with D the diffusion coefficient of the macromol-
ecules. According to the Stockes-Einstein relation, the

diffusion coefficient is inversely proportional to the hydro-
dynamic radiusRH, i.e., the radius of the sphere which would
encounter the same friction,RH ) kT/6πηD. For spheres,
e.g., polymers having a globular and compact structure,RH

is equal to the radius of the sphere�5/3Rg. However, for
polymer chains in the Zimm limit of hydrodynamic interac-
tions between monomers,RH is an average value, the
calculation (31) of which differing from that ofRg. Actually,
1/RH ) (1/2N2)∑n)1

N ∑m)1
N 〈1/rn,m〉. The different way of

averaging forRg andRH is the source of different integration
constants for both radii leading to a ratioRH/Rg bearing
information on the chain statistical conformation. For
instance,RH/Rg ) 0.80 for an ideal Gaussian chain andRH/
Rg ) 0.64 for excluded volume chain (32). However, these
values correspond to asymptotical behaviors that are observed
for sufficiently long chains, whereas for shorter chains,
smaller ratios are found experimentally and explained
theoretically (33).

(3) Experiment Setup and Measurement Conditions. Light-
scattering experiments were performed using vertically
polarized Argon gas laser of wavelengthλ0 ) 488 nm.
Scattered intensity is measured in the horizontal plane at
different scattering angle from 20 to 150°. The total scattered
intensity per scattering volume unit of toluene taken as
reference is measured to be independent of the scattering
angle within 1% error bars. The Rayleigh ratio of toluene is
equal toRtoluene) 42.7× 10-6 cm-1. The refractive index
n0 of urea solutions was measured using an Abbe refratom-
eter: n0 ) 1.333× (1 + 6.52× 10-3 [urea]), with [urea] in
moles per liter. The refractive index increment dn/dC of
fibronectin cannot be easily measured in our case because
these measurements should be performed in a concentrated
regime and thus should require a large amount of protein.
From literature, the refractive index increment of proteins
in water is (dn/dC)water) 0.200 cm3 g-1 at λ0 ) 488 nm. In
the case of proteins in urea solutions, no value of dn/dC is
available to our knowledge. Thus, we have calculated the
refractive index increment following the equation

where F ) 1.39 g/cm3 is the fibronectin density (9) and
∆n8Murea/water) 0.067 is the difference between the refractive
index of an 8 M urea solution and pure water. Such equation
is based on a mixing law argument. It gives (dn/dC)8Murea)
0.152 cm3 g-1. The light-scattering contrast factor

whereNa is the Avogadro’s number, was thus calculated as
equal to 8.22× 10-7cm2 g-2 mol for protein in water and to
5.23× 10-7cm2 g-2 mol for protein in 8 M urea solutions.
Quasi-elastic light-scattering measurements were performed
computing the time-dependent autocorrelation function of
the scattered intensity with a Malvern 7032 correlator. The
viscosityη of urea solutions was measured at 20°C using
an Ubbelohde capillary viscometer:η(cp) ) 1.0309× (1
+ 0.0475 [urea]).

Σ̃(q)qRg<1,MA2C<1

C
)

K2M(1-
q2Rg

2

3
+ ...)(1-2MA2C + ...) (3)

(dn
dC)8Murea

)
F(dn

dC)water
- ∆n8Murea/water

F

K2 ) (2πn0

λ0
2Na

× dn
dC)2
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Small-angle neutron-scattering measurements were per-
formed with the PACE spectrometer at the Laboratoire Le´on
Brillouin. To cover the widestq-range, three configurations
(distance from sample to multidetector/wavelength) were
used: 4.7 m/15 Å, 2.3 m/5 Å, and 0.6 m/4 Å. Initial data
treatment was carried out following Cotton (29). The contrast
factorK2 was calculated following Jacrot (34). For fibronectin
in D2O, K2 ) 1.10× 10-3cm2 g-2 mol assuming that 80%
of labile hydrogens is actually exchanged (35). For fibronec-
tin in D2O/8 M urea, K2 ) 1.22 × 10-3 cm2 g-2 mol
assuming that all labile hydrogens are exchanged.

RESULTS

Scattered Intensity at qf0. Light-scattering experiments
were performed on fibronectin solutions in the presence of
salt (150 mM NaCl) for protein concentrationC between
0.2 and 10 mg/cm3. Theq-dependent scattered intensity was
analyzed using eq 3. The values of radii of gyration are
discussed below. Extrapolation to zeroq of the scattering
cross-section leads to the apparent molecular mass of the
protein in solution: Mapp ) Σ̃(qf0,C)/K2C ) M × (1-
2MA2C). Results are plotted in Figure 1, for fibronectin in
“native” conditions and in the presence of 8 M urea,
respectively. First, note that error bars are much more
important for measurements performed in “native” condition
than for 8 M urea solutions. In the former case, the very
smallq dependence (small radius of gyration) of the scattered
intensity is responsible for the inaccuracy of the zeroq
extrapolation. However, the apparent molecular massMapp

is found to be concentration independent in “native” condi-
tions, i.e., the second virial is unmeasurable and near zero.
In presence of 8 M urea, the apparent molecular massMapp

is strongly sensitive to concentration. The second virial
coefficient deduced from the slope ofMapp vs C is equal to

In terms of concentration, 1/MA2 is the concentration at
which proteins strongly interact and are not any more in a
dilute regime. This concentration is equal to 1/MA2 ) 17
mg/cm3.

Extrapolation to zero concentration of the apparent mo-
lecular mass leads to the actual molecular mass of fibronectin
deduced from our measurements. One obtainsM ) (570(
50) kg/mol in “native” conditions andM ) (590( 30) kg/
mol in 8 M urea. These measurements are in rather good
agreement with the value 530 kg/mol calculated from the
fibronectin primary structure. This calculated value is actually
increased by the glycosylation that is of the order of 4% of
the molecular mass (1). The value measured with urea is
slightly higher than the expected molecular mass, but this
can be imputed to our calculation of refractive index
increment.

Radius of Gyration. In the Guinier range (qRg < 1), the
radius of gyrationRg of fibronectin can be determined from
the q dependence of the scattered intensity. In the case of
“native” fibronectin,Rg is found to have a small value with
respect to the light-scatteringq-range, leading to a weakq
dependence of light-scattered intensity (see eq 3). On the
contrary,Rg is found to have a high value with respect to
small-angle neutron-scatteringq-range, leading to a reduced
Guinier range. However, the use of both techniques gives a

good estimate ofRg. In Figure 2, the scattering cross-section
per concentration unit,Mapp(q) ) Σ̃(q)/K2C, is plotted as a
function of the scattering vectorq. This figure contains both
results obtained by light scattering (at a concentrationC )
6.7 × 10-3 g/cm3) and neutron scattering (C ) 7.1 × 10-3

g/cm3). The data are expressed in units (g/mol) accounting
for the different contrast factor of both techniques. In the
overlappingq-range of both measurements, one notes a fair
superposition of data, making us confident in the measure-
ments performed. Classically, the curvature of the scattering

MA2,8Murea) (58( 5) cm3/g

FIGURE 1: Apparent molecular massMapp ) Σ̃(q f 0,C)/K2C,
deduced from light scattered intensity measurements, vs concentra-
tion, C. In “native” conditions (]), Mapp is constant within
experimental accuracy, i.e., the second virial coefficient (MA2) is
unmeasurable. In 8 M urea solution ([), the second virial coefficient
deduced from the slope of the straight line is equal to MA2,8 M urea
) (58 ( 5) cm3/g.

FIGURE 2: Scattering cross section per concentration unit and
contrast unit,Mapp(q) ) Σ̃(q)/K2C, as a function of scattering vector
q, for fibronectin in “native” condition. Diamonds correspond to
light scattering measurements and circles to small-angle neutron
scattering measurements. Atqf0, Mapp is equal to the molecular
mass of fibronectin.
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profile corresponds to scattering vectors of the order of 1/Rg.
To have a more accurate determination ofRg, light-scattering
data have been fitted using the Zimm approximation,Σ̃qf0/Σ̃
) [1 + (qRg)2/3] (Figure 3), and the Calmettes’ approxima-
tion (36), Σ̃qf0/Σ̃ ) [1 + 0.359(qRg)2.206/3] (Figure 3, inset),
which is known to linearize the Debye function up toqRg =
4. The two approximations lead to the same radius of
gyration within error bars:Rg ) (15.1( 0.1) nm. The above

value ofRg reduces so much the Guinier range that it is not
possible to fit small-angle neutron-scattering data using the
Zimm approximation with the constraintqRg < 1. However,
the 1/Σ̃ vs q2.206 representation allows us to fit the data (see
Figure 4) yielding Rg ) (15.6 ( 0.2) nm. The values
determined using the two scattering techniques are in good
agreement. In addition, no systematic dependence ofRg on
concentration has been brought out, within error bars in the
concentration range here studied (C < 15 mg/cm3). Finally,
the mean value is

In presence of 8 M urea, an increase of the radius of
gyration is observed. In Figure 5, the normalized inverse
light-scattered intensityΣ̃qf0/Σ̃ as a function ofq2 is plotted
and compared to measurements obtained for the “native”
protein. The increasing slope in the presence of urea gives
evidence for the increase ofRg. In 8 M urea solutions, the
radius is too high to be measured with small-angle neutron
scattering. The value measured by light scattering is con-
centration dependent, i.e., sensitive on protein-protein
interactions. In Figure 6, the measured values are plotted as
a function of protein concentration. The linear behavior
allows us to extrapolate the apparentRg values to zero
concentration, leading to the actual size of fibronectin in 8
M urea:

Quasi-Elastic Light Scattering. Quasi-elastic light-scat-
tering measurements were performed in “native” solutions
and 8 M urea solution. In both conditions, the dynamical
structure factor measured at different scattering angles can
be rescaled usingtq2 as variable. Without any data fit, this

FIGURE 3: Reverse scattering cross-section per concentration unit
and contrast unit, 1/Mapp(q) ) K2C/Σ̃(q) vsq2 (Zimm approximation)
and vsq2.206 (see inset, Calmettes’ approximation). Measurements
performed by light scattering for fibronectin in “native” condition
at a concentrationC ) 6.7 mg/cm3. Straight lines correspond to
linear fits. Both approximations leads to the same radius of gyration
Rg ) (15.1( 0.1) nm and to the molecular massMapp,qf0 ) (570
( 10) kg/mol.

FIGURE 4: Reverse scattering cross-section per concentration unit
and contrast unit, 1/Mapp(q) ) K2C/Σ̃(q), measured by small angle
neutron scattering for fibronectin in “native” condition at a
concentrationC ) 14 mg/cm3, as a function ofq2.206 (Calmettes’
approximation). Straight line corresponds to a linear fit leading to
the same radius of gyrationRg ) (15.6( 0.2) nm as that measured
by light scattering and to the molecular massMapp,qf0 ) (545(
10) kg/mol.

FIGURE 5: Normalized inverse light scattered intensityΣ̃qf0/Σ̃ as
a functionq2 for “native” fibronectin in “native” conditions (])
and in a presence 8 M urea ([). Measurement performed at
concentrationC ) 7.1 mg/cm3 for “native” protein and in a more
dilute solution (C ) 1.46 mg/cm3) for denatured protein because
of the higher second virial coefficient. Straight lines correspond to
the corresponding Zimm approximation fits:Σ̃qf0/Σ̃ ) 1 + q2 ×
Rg

2/3.

Rg,“native” ) (15.3( 0.2) nm

Rg,8Murea) (30( 1) nm

5150 Biochemistry, Vol. 39, No. 17, 2000 Pelta et al.



gives evidence that a diffusion process is probed. In Figure
7, S(q,t) is plotted as a function oftq2/η. The time axis is
divided by the solvent viscosityη in order to get free of
trivial effects due to the different viscosities of the two
solvents. In log-linear scale, the linear behavior ofS(q,t)
clearly indicates the simple exponential relaxation ensuring
that no aggregation takes place. Thus, in this representation,
the slope is equal toDη ) kT/6πRH, with D the diffusion
coefficient andRH the hydrodynamic radius of fibronectin
differing in “native” conditions and 8 M urea solution (see
inset of Figure 7). The averaged values of the hydrodynamic
radius are

In both conditions, no significant concentration effect was
observed on measurements. This can be explained by a well-
known cancellation of hydrodynamic and thermodynamic
interactions that operate with opposite signs in the expression
of the diffusion coefficient (31).

Small-Angle Neutron Scattering. To probe the internal
conformation of fibronectin, the neutron-scattering intensity
of fibronectin solutions was collected in a wideq-range
corresponding to length scales: 0.2< q-1 (nm) < 30. In
this q-range and in dilute solution, the intermolecular
contribution to the scattering function can be neglected, and
the normalized scattering cross-sectionΣ̃(q)/Σ̃qf0 gives a
good approximation of the form factor. In Figure 8,Σ̃(q)/
Σ̃qf0 is plotted as a function ofqRg for “native” and denatured
protein, respectively. At zeroq, the two curves tend to one
because of normalization. Such normalization is needed for
the comparison of the curves. Actually, accounting for the
contrast factors (which differ with and without urea) and for
the concentration, the two curves should join the value
corresponding to the molecular mass of fibronectin, which
remains unchanged with urea addition. However, due to the

second virial coefficient that is nonzero with urea, this is
not quite correct, and at zero,q Σ̃(q)/K2C tends only to an
apparent molecular mass. Normalization allows us to get free
of such an effect. Nevertheless, the two curves differ strongly
in the wholeq-range. In 8 M urea solution, the form factor
at qRg > 1 displays a power law behavior over more than
one decade. The corresponding exponent is equal to 1.7 as
expected for a completely unfolded protein. In “native”
solution, no power law is observed; the form factor does
not show the characteristics of scattering by polymers neither
in coil nor in globular conformation. The form factor is much

FIGURE 6: Apparent radius of gyrationRg as a function of protein
concentration,C, for fibronectin solutions in the presence of 8 M
urea (150 mM NaCl). The straight line is a linear fit leading to the
extrapolated valueRg,8 M urea) (30( 1) nm at zero concentration.

RH,“native” ) (11.5( 0.1) nm

RH,8M-urea) (18.3( 0.3) nm

FIGURE 7: Dynamical structure factorS(q,t) as a function of the
reduced variabletq2/η, wheret is the time,q the scattering vector,
andη the solvent viscosity. Measurements performed in “native”
conditions (“native” protein,C ) 7.1 mg/cm3) and in 8 M urea
solution (denatured protein,C ) 3.5 mg/cm3) at three different
scattering angles (see legend). The slope of the curves correspond
to D × η ) kT/6πRH, whereD is the diffusion coefficient andRH
the hydrodynamic radius. In the inset the productD × η is plotted
as a function ofq.

FIGURE 8: Reduced scattering cross-sectionΣ̃/Σ̃qf0 of “native”
fibronectin [C ) 14 mg/cm3 (O)] and urea 8 M denatured
fibronectin [C ) 6 mg/cm3 (2)] measured by small-angle neutron
scattering as a function ofqRg.
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more complex and will be discussed in details in the next
section.

DISCUSSION

To elucidate the “native” fibronectin conformation, com-
parison with the denatured conformation is useful. Our results
give evidence for an increase of both hydrodynamic radius
and radius of gyration with 8 M urea addition, i.e., with
respect to a completely unfolded conformation. The hydro-
dynamic radius increases by a factor of 1.6, whereas the
radius of gyration increases by a factor of 2. That means the
volume occupied by a protein molecule is increased by a
factor of 23 when unfolded. To compare the different results,
let us define the protein concentration inside a protein coil
or protein globule asC* ) M/(4/3πRg

3). One obtainsC* =
64 mg/cm3 for fibronectin in “native” conditions andC* =
8.4 mg/cm3 for the unfolded fibronectin. For globular proteins
the valueF ) 1370 mg/cm3 is usually reported (37) for the
density. This value leads toC* = 2950 mg/cm3 for a globular
protein and using our above definition ofC* (C* andF differ
by a factor�5/33). Such a direct comparison would indi-
cate that “native” fibronectin adopts neither an unfolded nor
a globular conformation.

Examination of the ratioRH/Rg gives a first indication for
the conformation of the protein. The valueRH/Rg ) 0.61(
0.03 observed for denatured fibronectin is not very far from
the value of 0.64 expected for excluded volume chain. As
for the valueRH/Rg ) 0.75 ( 0.02 observed in “native”
conditions, it indicates clearly that “native” fibronectin is
certainly not globular (RH/Rg ) 1.3 for spheres). Such a ratio
is much more compatible with a coil structure allowing a
partial solvent-free draining through its volume. The ratio
RH/Rg is just below the asymptotic value expected for ideal
infinite polymer chains and significantly higher than the value
expected in the case of excluded volume chain. Actually,
this result is compatible with the zero second virial coefficient
measured in “native” conditions.

The results discussed above would indicate that “native”
fibronectin adopts a coillike conformation but also that it is
not completely unfolded. This is quite compatible with the
string of beads model already reported in the literature. To
check this model, the corresponding form factor has been
calculated. The simplest model accounting for this conforma-
tion corresponds to an ideal linear chain made of the 56
modules of fibronectin. Assuming a spherical shape for each
module, the form factor can be rigorously factorized in two
terms: the form factorPRW(q) of a random walk of 56 unit
length steps and the form factor of a spherical module of
radius1/2:

This is equivalent for a single macromolecule to the
factorization of the scattering function in a form factor and
a structure factor accounting for the position of the centers
of mass. Such a factorization is often used in the case of
many particles problem (28) and is applied here in our case:
PRW(q) being equivalent to the structure factor of modules.
Unfortunately, exact calculation ofPRW(q) cannot be achieved,

especially due to the small number of steps leading to a radius
of gyration not far from the steps length. Thus, computation
of PRW(q) was performed using a Monte Carlo method: (1)
a random walk is generated; (2) its form factor is calculated
and averaged over all possible orientations following eq 2;
and (3) stages 1 and 2 are reiterated in order to average the
corresponding form factor.

The result is plotted in Figure 9 and compared to small-
angle neutron measurements for “native” fibronectin and
theoretical expectations for sphere and Debye’s function of
same radius of gyration. One can see that the sphere form
factor does not at all fit the data atqRg > 1, whereas the
Debye function accounts for the data up toqRg ) 5. On the
other hand, the string of beads model nicely fits the data up
to qRg = 20. It is important to note that this latter fit is
obtained without any adjustable parameter.

At qRg > 20, measurement is sensitive to the actual shape
of the modules: (1) these modules are of three different types
and sizes; (2) they are presumably not spherical but rather
elliptic; and (3) they are linked together by small spacer
peptide chains. All these refinements are not taken into
consideration and this is the reason for the discrepancy
between measurement and the model at highq. Accounting
for point 1 would result in smoothing the oscillations of the
model form factor at highq, in better agreement with
measurement. Accounting for the elliptic shape of the module
would be the most efficient modification of the model. But
this is not easy to achieve because factorization of the form
factor following eq 4 would not be allowed. Finally, point 3
can be easily achieved in a first approximation taking a
smaller average radius of gyration for the modules. In eq 4,
this radius is taken to be equal to the half of the step length
and this implies modules in contact. Finally, all these
refinements would introduce at least three adjustable pa-
rameters (size distribution of modules and longitudinal and
transverse radii) contrary to our model that has none.

P(q) ) PRW(q) × [3 × (sin(q2) - q
2

cos(q2))
(q2)3 ]2

(4)

FIGURE 9: Reduced scattering cross-sectionΣ̃/Σ̃qf0 of “native”
fibronectin (C ) 14 mg/cm3) measured by small-angle neutron
scattering as a function ofqRg. Measurement is compared to the
form factor of a sphere (lower curve), to the form factor of an ideal
chain made of infinitely small monomers [Debye function (upper
curve)], and to our calculation of the form factor for a string of 56
beads (intermediate curve).
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The validity of the string of beads model can be also
checked considering the average size of the modules deduced
from the model. The classical radius of gyration of a random
walk leads in our case toRg ) b�56/6, with b the step
length. Comparison with the valueRg ) 15.3 nm measured
for the fibronectin yieldsb/2) 2.5 nm for the average radius
of modules (Rg module ) (b/2)/�5/3 ) 1.9 nm). This is in
good agreement with the overall lengthb ) 4 nm of type
III modules deduced from crystallography data (38).

CONCLUSION

Our main result is that fibronectin in “native” conditions
has a string of beads conformation, i.e., it is globular at small
length scales and obeys to Gaussian statistics at larger ones.
This statistical conformation is the starting point to discuss
biological implications as far as ECM organization is
concerned. The ECM is a gellike network of various proteins,
i.e., a network resulting from weak or covalent bonds
between the chains, fibronectin being the major functional
protein. Its functional properties result from its affinities for
a number of biological macromolecules. For instance, in vivo,
fibronectin mediates cell adhesion to the ECM and regulates
cell proliferation and differentiation (1). Clearly, the fi-
bronectin Gaussian conformation at large length scales makes
easier the access of amino acids all along the flexible chain
for other ligands. Moreover, the number of possible confor-
mations of a Gaussian chain and their fluctuations are much
more important compared to a globular conformation. This
leads to a better adaptability for associations. At the same
time, fibronectin is stable, with respect to proteinase hy-
drolysis, because of its globular conformation at small length
scales. The ability to fulfill these functions results from its
particular statistical conformation: fibronectin is not globular,
unlike most intracellular or body fluid proteins. However,
besides the helical collagens, many ECM proteins present
modular structures composed of repeated globular domains,
similar to that of fibronectin (this is the case for vitronectin,
laminin, and tenascin). The “string of beads” conformation
could thus correspond to a widespread protein conformation
in the ECM.

In this paper, the fibronectin conformation was studied in
dilute solution at pH and ionic strength corresponding
roughly to that of blood plasma. Note that, in the ECM,
fibronectin concentration is presumably higher, allowing
fibronectin self-association. In addition, fibronectin associates
with many other ECM constituents, most of them being less
flexible than fibronectin. Finally, in the ECM, the ionic
strength is presumably higher than in the plasma because of
the high polyelectrolyte concentration. The conformation of
fibronectin in the ECM is probably affected by these different
physicochemical conditions. Investigations in these condi-
tions would be fruitful for biological understanding of the
ECM organization and function.

Finally, note that no crystallization of the whole fibronectin
has been reported in the literature. At first sight, this could
be due to the high molecular weight of this protein, which
increases the difficulty to achieve crystallization, but one has
to note that crystallization has been already achieved for
much bigger and less-studied proteins than fibronectin [for
instance, it is the case of earthworm hemoglobin which has
a 4 × 106 g/mol molecular weight (39)]. In our opinion, a

secondary consequence of our result is that the random
conformation of fibronectin prevents crystallization.
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Rigid structure of fractal aggregates of lysozyme
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PACS. 87.50.Gi – Ionizing radiations (ultraviolet, X-rays, γ-rays, ions, electrons, positrons,
neutrons, and mesons, etc.).

PACS. 61.43.Hv – Fractals; macroscopic aggregates (including diffusion-limited aggregates).

PACS. 81.10.-h – Methods of crystal growth; physics of crystal growth.

Abstract. – The aggregation of hen egg-white lysozyme upon salt addition was studied by
quasi-elastic light scattering. Our results agree with the fractal structure of the aggregates
already reported in the literature. However, we also demonstrate that these aggregates are
rigid, since they do not display any fluctuation of internal concentration. Such a rigid internal
structure is a key point to reconcile the fractal structure of the aggregates and their colloid-like
ordering. Furthermore, this result has to be considered for understanding crystal nucleation.

Introduction. – The determination of globular proteins structure by neutron or X-ray
diffraction is an increasing activity in biophysics [1]. Crystallization of protein is a crucial
point for these studies, although crystal growth methods remain greatly empirical up to now.
The understanding of protein crystallization is thus of major importance and motivates the
study of supersaturated protein solutions. A key point concerns the optimum conditions for
nucleation to occur. It has been shown that under physicochemical conditions favorable to
attractive interactions between lysozyme molecules and thus to nucleation, fractal aggregates
appear in supersaturated solutions [2]. The point is to know whether fractal aggregation is a
necessary initial stage for nucleation.

Recently, lysozyme fractal aggregates have been extensively studied [2, 3]. Their struc-
ture and growth with time have been analyzed in terms of the diffusion-limited (DLCA) and
reaction-limited (RLCA) cluster aggregation models. For instance, lysozyme at a concentra-
tion of 3 mM at 20 ◦C in a pH 4.5 buffer containing 0.5 M NaCl, forms fractal aggregates
with a dimension df = 2.08 ± 0.14. For increasing concentration, it has been shown [3] the
existence of colloid-like ordering of these aggregates, as revealed by a maximum in the light
scattering intensity as a function of scattering vector q. Such a result is quite puzzling. First,
because the presence of salt prevents possible electrostatic repulsion. Secondly, because usu-
ally low-density fractals either interpenetrate or shrink as their concentration increases. Thus
no interaction peak should be observed at low scattering vector.

In this paper, we report light scattering measurements on supersaturated lysozyme so-
lutions. Experiments were carried out in physicochemical conditions quite similar to that of
Georgalis et al. [2] and Umbach et al. [3]. We recover their results concerning the fractal struc-
ture of the aggregates, but our main observation is concerned with the dynamical structure
factor which does not reveal any internal modes for the aggregates. This demonstrates that
the aggregates have a rigid internal structure. Such a rigid structure explains their strong
interactions.
c© EDP Sciences
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Materials and methods. – Hen egg-white lysozyme was purchased from Sigma Chemi-
cals. The experiments were conducted in a buffer containing 0.10 M sodium acetate/acetic
acid (NaAc) at pH = 4.5. Lysozyme at the concentration of 60 mg/ml and NaCl at the con-
centration of 1.0 M were dissolved separately in the buffer. Equal volumes of the two solutions
were rapidly mixed and filtrated twice with Millipore GV 0.22µm filters. All measurements
were carried out at 20 ◦C.

The experiments were performed with a home-made spectrometer using a vertically polar-
ized argon gas laser with a wavelength λ0 = 488 nm. The scattered intensity was measured in
the horizontal plane at scattering angles θ from 20◦ to 150◦, corresponding to scattering vectors
q = (4πn/λ0)× sin(θ/2) between 5× 10−3 and 3.5× 10−2 nm−1. The total scattered intensity
per volume unit of toluene was taken as reference. The scattering intensity of toluene was
found to be independent of the scattering angle within 1%. From the literature, the Rayleigh
ratio of toluene is equal to Rtoluene = 42.7 × 10−6 cm−1. The absolute value (in cm−1) of the
scattering cross-section per volume unit, Σ̃(q), of lysozyme in solution was deduced from the
ratio Σ̃(q) = ((I(q)−I0)/Itoluene)×Rtoluene, where I(q), I0, Itoluene are the scattered intensities
of the lysozyme solution, the pure solvent and toluene, respectively. The refractive index in-
crement of lysozyme in water is equal to dn/dC = 0.230 cm3g−1 [4], where C (in g/cm3) is the
lysozyme concentration. The light scattering contrast factor K2 = (2πn0/λ2

0Na × dn/dC)2,
where Na is Avogadro’s number and n0 = 1.3330 the refractive index of water, was calcu-
lated to be 1.09 × 10−6 cm2 g−2 mol. This allows us to calculate the quantity Σ̃(q)/(K2 × C)
(in g/mole) and to compare it to the molecular weight, M = 14300 g/mole, of lysozyme
molecules. Quasi-elastic light scattering (QELS) measurements were performed in the self-
beating mode. The dynamical structure factor S(q, t) was deduced from the autocorrelation
function of the time-dependent scattered intensity I(t) computed by a 256 channels Malvern
7032 multi-correlator.

Quasi-elastic light scattering and internal modes. – The experimental results discussed
in the following are concerned with QELS measurements. Let us do a summary of what it
is theoretically expected for dilute solutions of large particles in a q-range for which only one
characteristic length (the size of the particle) is relevant.

For solutions, S(q, t) represents the relaxation over the length q−1 of concentration fluc-
tuations. In dilute solution and at large q−1 compared to the characteristic size Rg of the
particles (qRg < 1), this relaxation is achieved via the self-diffusion of the particles by trans-
lational motion. In the case of monodisperse particles with a diffusion coefficient D, S(q, t)
is a simple exponential decay with a characteristic time τ corresponding to the time 1/(Dq2)
needed for molecules to cover the q−2 area: S(q, t) = e−Dq2t. For dense particles and for
fractals made of hydrodynamically interacting units (Zimm model), the particle encounters a
friction f proportional to its radius, f = 6πηRH, where RH = αRg is the hydrodynamic radius
and η the solvent viscosity. The proportionality factor α depends on particle conformation
but it is never far from unity [5].

For increasing scattering vector q (qRg > 1), different cases have to be distinguished. For
dense particles such as colloids and spherical micelles, or for particles having a rigid structure,
internal density and concentration fluctuations are negligible and S(q, t) is dominated by
the translational motion. For fractals having a flexible structure, translational motion of
the particle still contributes to S(q, t), but in practice S(q, t) is dominated by concentration
fluctuations inside the fractal itself. Let us use a scaling argument stating that in this q range
(qRg > 1), S(q, t) is insensitive to the overall size of the fractal. It comes necessarily that the
diffusion coefficient corresponds to the motion of fractal segments having a size q−1. In the
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case of hydrodynamic interactions between fractal segments (Zimm model) one can write

D(qRg) =
kT

6πηRH
F (qRg) with

{
F (qRg < 1) = 1 ,

F (qRg > 1) = qR .
(1)

Actually, for qRg > 1, all the fractal segments having a size smaller than q−1 participate to
the dynamical structure factor. Due to the distribution in size of these segments, S(q, t) is no
longer exponential. As time goes by, the segments shorter than (t × kT/η)1/3 have already
relaxed, but the slower ones have not. This distribution in relaxation time is responsible for
a stretched exponential behavior of S(q, t) [6]:

S(qRg > 1, t) = e−(D(q)q2t)2/3
. (2)

These two equations are the signature of internal modes and have been checked by experiments
on various objects: binary mixture near the critical point (except for the nonexponential relax-
ation) [7], linear polymers in good and θ solvent [8–11], branched polymers [12,13], associative
polymers aggregates [14], dilute solution of bilayers [15]. This is the general behavior of objects
having a flexible structure allowing fluctuations of internal concentration. Note that in the
case of no hydrodynamic interactions between fractal segments (Rouse model), an even more
drastic effect is expected for internal modes: D(q) ∝ q2 and S(qRg > 1, t) = e−(D(q)q2t)1/2

.
Results. – After salt addition, lysozyme aggregates. The aggregation kinetics has been

extensively studied [2, 3] and is not the purpose of this paper. The aggregation process is
very slow in the physicochemical conditions here studied. In fig. 1, the reduced scattering
cross-section Σ̃(q)/(K2 × C × M) is plotted as a function of the scattering vector q, for a
solution at the initial stage and 4 days later. Initially, the spectrum is completely flat because
of the very small radius of gyration of lysozyme compared to the light scattering q range. The
mean value is 〈Σ̃(q)/(K2×C×M)〉 = 1.35±0.05. To explain this value higher than unity, one
needs to take into account attractive lysozyme-lysozyme interactions. In the dilute regime, the
osmotic compressibility can be expressed as a virial expansion leading to Σ̃(0)/(K2×C×M) =
1−2MA2C+ . . ., where A2 is the second virial coefficient. Negative values for A2 have already
been observed. With 0.5 M NaCl in water the value MA2 = −6.4 cm3 g−1, given in ref. [4,16],
leads to the expected value Σ̃(0)/(K2 × C × M) = 1 − 2MA2C = 1.38, in good agreement
with our result.

Four days later, the scattering cross-section has increased strongly at low q values (see
fig. 1). This reveals association of lysozyme molecules in large aggregates. However, at high q
values the scattering spectrum superimposes on the one measured at the beginning. This
means that only a very small amount of lysozyme molecules are involved in the aggregates,
and the contribution of the free lysozyme molecules to the total scattered intensity cannot be
neglected. This is the reason why the scattering function of the aggregates cannot be directly
deduced from these measurements.

QELS measurements were performed on lysozyme solutions after aggregation has occurred.
In fig. 2, S(q, t) measured at different scattering vectors q is plotted as a function of tq2. Such
a plot would give a single master curve in the case of a single diffusion process with a diffusion
coefficient D: S(q, t) = e−Dtq2

. In the present case, relaxation of concentration fluctuations
shows two modes with characteristic times differing by two orders of magnitude. The dif-
ferent curves superimpose at short and large tq2 values. Without further data analysis, this
indicates that the two relaxation modes are controlled by diffusion. In order to account more
quantitatively for these two modes, S(q, t) is written as the sum of two exponential decays:

S(q, t) = Y1(q)e−D1tq2
+ Y2(q)e−D2tq2

, (3)
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Fig. 1 – Reduced scattering cross-section per volume unit Σ̃(q)/(K2 ×C ×M) vs. scattering vector q
measured for lysozyme concentration C = 3 × 10−2 g/cm3, [NaCl] = 0.5 M, T = 20 ◦C and pH = 4.5.
Hollow symbols: measurement at the initial stage, full symbols: 4 days later. The straight line
corresponds to the mean initial value 1.35 ± 0.05.

Fig. 2 – Dynamical structure factor S(q, t) vs. tq2 in a linear-log scale (inset: log-linear scale) for
different scattering vectors q. From upper to lower curve q = 5.9, 7.4, 8.9, 10, 12, 13, 14, 17, 20 and
26 × 10−3 nm−1. In the inset (q = 8.9, 20 × 10−3 nm−1 upper and lower curve, respectively) the log-
linear scale outlines more particularly the long-time part of the relaxation which decays exponentially.

where the subscripts 1 and 2 refer to short- and long-time relaxation modes, respectively.
The short-time diffusion coefficient D1 is found to be q-independent and equal to (76 ±

1.5)×10−8 cm2/s. Using the Stockes-Einstein relation D1 = kT/(6πηRH1), the hydrodynamic
radius RH1 = (2.03 ± 0.05) nm reported in the literature [17] would lead to D1 = 106 ×
10−8 cm2/s for free lysozyme molecules. Here again the discrepancy between the measured
and the calculated values is explained by lysozyme-lysozyme interactions. For dilute solutions,
the diffusion coefficient can be written as D = D0(1 + kDC), where kD is an effective two-
body interaction parameter reflecting both thermodynamic and hydrodynamic interactions.
Usually in good solvent, kD is very small because of cancellation of thermodynamic and
hydrodynamic interactions, but here the second virial coefficient is negative and thus magnifies
the concentration effects. It has been reported [4] that kD = −10 cm3 g−1 for lysozyme
solutions in conditions identical to those of this study. This value gives D = 74× 10−8 cm2/s
at C = 30mg/cm3, in good agreement with our D1 value.

The long-time diffusion coefficient is found to be D2 = (0.87 ± 0.07) × 10−8 cm2/s. It can
be ascribed to the presence of lysozyme aggregates. The corresponding hydrodynamic radius
is RH2 = (245 ± 20) nm. Such a high value requires two remarks.

1) As shown in fig. 3, D2 is q-independent within the experimental accuracy. This means
that the translational diffusion motion of aggregates is probed even at length scales smaller
than their size. In other words, there are no concentration fluctuations inside the aggregates
(no internal modes). In fig. 3, the measurements are compared to the behavior expected for
internal modes.

2) At large tq2 values, S(q, t) is nicely described by a single exponential and not by a
stretched exponential as expected in the case of internal modes for flexible structures. This
feature is emphasized in the inset of fig. 2, where S(q, t) is plotted as a function of tq2 in a
log-linear scale.
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Fig. 3 – Diffusion coefficient D2(q) of the aggregates as a function of the scattering vector q. The
straight line has a slope equal to kT/6πη, with η the solvent viscosity, and corresponds to what would
be expected for relaxation of internal concentration fluctuations.

Fig. 4 – Form factor P2(q) ∝ Y2(q)/Y1(q) of lysozyme aggregates deduced from the q-dependent
amplitudes of the two relaxation modes observed by QELS. The straight line has a slope equal to −2.

The two above observations prove that there is no fluctuation of internal concentration
inside the aggregates. There are only two possible explanations: 1) the aggregates have a
dense structure, i.e. they are not fractal; 2) the aggregates are fractal but rigid. Of course,
previous experiments reported in the literature plead in favor of this second possibility, but
it has to be checked in our case to rule out artifact. This can be achieved by analyzing the
amplitudes of the two relaxation modes [14]. In a dilute regime, cross terms can be neglected
in the total scattered intensity, I(q), so that

I(q) = I1(q) + I2(q) , (4)
where I1(q) and I2(q) are the scattering intensities corresponding to free lysozyme and ag-
gregates, respectively. In eq. (3), each mode is weighted by the ratio of the contribution of a
given species to the total scattered intensity:

Y1(q) =
I1(q)
I(q)

, Y2(q) =
I2(q)
I(q)

. (5)

Due to their small size, the contribution I1 of free lysozymes is q-independent (see fig. 1,
hollow symbols). Neglecting interactions between aggregates, the scattering contribution I2(q)
is proportional to their form factor P2(q) which can thus be deduced from the ratio

P2(q) ∝ I2(q) ∝ Y2(q)
Y1(q)

. (6)

The result is plotted in fig. 4 in log-log scales. We found that P2(q) ∝ q−2 at q−1 smaller than
the size of the aggregates. This result is in good agreement with the fractal dimension, df , of
lysozyme aggregates already reported [2]: 1.97 < df < 2.05 depending on lysozyme concen-
tration with 0.5 M NaCl. Note that in the case of a dense structure, one would expect rather
a Porods law (S2(q) ∝ q−4) as the signature of a sharp interface between the inside and the
outside of the aggregates [18].

Discussion and conclusion. – Our QELS data have been interpreted in terms of large-
aggregates self-diffusion rather than of a slow cooperative process. Fractal aggregates being
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so large, one may wonder about their possible interactions. Let us show a posteriori that
our analysis is self-consistent and that these interactions can be neglected. The aggregates
are found to have a radius 102 times higher than the one of lysozyme. One can estimate the
number of lysozyme molecules per aggregate to be N = (RH2/RH1)df = 104. Our static and
QELS measurements are sensitive to both the aggregates and the free molecules (see fig. 1
and fig. 2), this means that the products of the molecular mass by the mass concentration
for the aggregates and for free lysozyme molecules are of the same order. Consequently, the
aggregates are 104 times heavier than lysozyme molecules, but their concentration is 104 times
lower: C(N) = C(1)×10−4. Let us define the overlap concentration C∗ of the aggregates as the
ratio of their mass to the third power of their radius. C∗ scales as C∗(N) = C∗(1)×N1−3/df =
C∗(1) × N−1/2, where C∗(1) is the overlap concentration of lysozyme. Finally, the volume
fraction occupied by the aggregates is C(N)/C∗(N) = [C(1)/C∗(1)]×10−2, which means that
the aggregates are in a much more dilute regime than free lysozyme molecules. This supports
our interpretation neglecting aggregate-aggregate interactions.

The lysozyme aggregates studied here are very large compared to the light scattering q
range. Thus, their internal structure and dynamics is probed. Actually, the static structure
factor is found to vary as q−2 as expected for fractals at qRg > 1. In the same q range, we
find that the dynamic structure factor is not governed by internal modes. This observation
proves that lysozyme fractal aggregates are rigid. This result explains the colloid-like ordering
of these aggregates already reported in the literature [3] and revealed by a scattered intensity
peak at low q. Apart from this rigidity, such a peak could be caused by electrostatic interaction
(as for polyelectrolytes [19]) or “hard sphere”-like interactions (as for star polymers [20,21] or
spherical polymer micelles [22] which both display liquid-like ordering). The former is to be
ruled out because of the very high salt concentration but the latter needs special attention.
Because of their low-density fractal structure, polymer coils are able to interpenetrate. Thus,
polymers in good solvent (df = 1.7) or in θ solvent (df = 2) pass from a dilute regime (with a
distance d between coils larger than their size R) to a semi-dilute regime (with d < R) with
an overall scattered intensity profile remaining unchanged but with a decreasing characteristic
size ξ (ξ ∝ R in the dilute regime, and ξ ∝ d in a semi-dilute one). However, the structure of
lysozyme aggregates is different from that of a linear chain and rather similar to a branched
structure. Such a structure is comparable with monodisperse randomly branched polymers in
good solvent which have the same fractal dimension df = 2 and have been well studied from
the point of view of the concentration behavior. Theoretically [23], monodisperse branched
polymers do not interpenetrate. The reason is that if they interpenetrate, excluded-volume
interaction would be screened and thus the fractal dimension would be that of a Cayley
tree [24] (df = 4) which is not possible in three dimensions. Actually, in the reaction bath,
within which they are growing, branched polymers of a given size are swollen by smaller
ones, leading to df = 2.5. Once monodisperse, this possibility is removed and branched
polymers do not interpenetrate but rather shrink for increasing concentration. This shrinkage
is enabled by the soft and flexible structure of the polymer. Experimentally [25], despite a
different mechanism, the concentration behavior of monodisperse branched polymers is similar
to that of linear polymers (except for a different concentration dependence of the correlation
length). Lysozyme aggregates behave in a completely different manner and present liquid-like
interactions. This can be fully explained taking into account their rigidity.

From our quasi-elastic data, we find that the aggregates are monodispersed (as shown by
the simple exponential decay of S(q, t) at long time, see fig. 2). On the other hand, previous
results have shown that their fractal dimension is 2.08± 0.14 [2]. These two results come into
conflict with respect to DLCA or RLCA models. The former predicts monodisperse aggregates
but with a fractal dimension lower than 2. The latter predicts a fractal dimension in better
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agreement with the one of lysozyme aggregates but with a polydispersity which should have
an incidence on S(q, t) [26]. In summary, lysozyme aggregates are monodisperse fractals with
a dimension of the order of 2 and a rigid structure.

The reason for this rigidity is not understood and should be investigated. In our opinion
it is a key point for the understanding of lysozyme crystal nucleation. If fractal aggregation
is a necessary initial stage for nucleation, a rearrangement of lysozymes inside the aggregates
is required for a nucleus to appear. Clearly, the aggregate rigidity which causes the lack of
fluctuations is not favorable to such a rearrangement.

∗ ∗ ∗
We warmly thank O. Vidal for having kindly communicated to us her knowledge about

lysozyme and P. Calmettes for interesting remarks about the paper.

REFERENCES

[1] See for instance Crystallization of Nucleic Acids and Proteins, edited by A. Ducruix and R.
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Critical behavior of gelation probed by the dynamics of latex spheres
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ERRMECE, Université de Cergy-Pontoise, 95302 Cergy-Pontoise cedex, France

�Received 21 November 2000; published 23 May 2001�

We report a quasielastic light scattering study of the dynamics of large latex probe particles (R�225 nm) in
gelatin solution undergoing gelation. We show that by focusing on the short-time and long-time behavior of the
autocorrelation function, it is possible to simply interpret out data in terms of the divergence of the viscosity
and emergence of the shear elastic modulus near the gel point. Our crude analysis allows us to grasp the critical
behavior of gelation and to obtain the two critical exponents of the transport properties.
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I. INTRODUCTION

The use of spherical probe particles to study viscoelastic
properties of polymer solutions has been suggested for a long
time �1,2�. The basic idea is that in a semidilute solution of
linear chains, sufficiently small particles freely move in the
solution whereas larger particles would be trapped in the
polymer transient network. Thus, the dynamics of probe par-
ticles is expected to be governed either by the solvent vis-
cosity, or by the macroscopic viscosity, depending on their
sizeR compared to the correlation length�T of concentration
fluctuations. A suitable technique to study such dynamics of
probe particles is quasielastic light scattering, which has
been extensively used on various physicochemical systems.
According to the wide literature on this subject it appears
that some complications may occur. For instance, a complex
signal is sometime observed due to the contribution of the
matrix and of the probe particles to the total light scattered
intensity �3�. In addition, strong interactions between poly-
mers in solution and particles, are sometimes reported which
may cause adsorption of chains on the particles and particles
aggregation�4,5�. However, it has been shown that, as soon
as these complications are avoided, the basic idea is well
founded. In particular forR/��1, the long-time dynamics of
probe particles is slowed down and governed by the macro-
scopic viscosity�6–9� rather than the solvent viscosity.

Compared to rheology, the study of thermal fluctuations
of concentration of probe particles for the investigation of
weak structures is very attractive�10�, because it guarantees
the structure integrity. In particular, the use of probe particles
for the study of gelation looks very tempting and has been
already reported. Gelation�11� is a critical phenomenon of
connectivity occurring when molecules randomly connect to-
gether leading at the gel point to a giant cluster: the gel. The
understanding of quasielastic light scattering results obtained
on gelling systems is much less clear as those obtained in
semidilute solutions. On the one hand, gelation essentially
produces a wide polydisperse population of clusters, which is
responsible for complex relation processes. Therefore the
analysis of the dynamical structure factor of probe particles

in terms of time distribution is not quite obvious. On the
other hand, above the gel point, fluctuations tend to be frozen
at long-time because the solution becomes solid. This ap-
pears through a decrease in amplitude of the scattered inten-
sity fluctuations. The most often used approach to account
for this behavior invokes a loss of ergodicity�12–14�. The
physical meaning of this approach consists in splitting the
probe particles population into two parts: the first being free
to diffuse in the medium, the second being trapped in the
network and motionless. The scattered intensity has thus two
contributions: a time fluctuating or quasielastic part and a
constant or elastic part. Quasielastic light scattering tech-
nique consists in measuring the autocorrelation function of
the scattered intensity. Consequently it also shows the two
contributions. The first corresponds to the autocorrelation of
the fluctuating part of the scattered intensity and the second
to the correlation of this fluctuating part with the elastic scat-
tering that acts as a local oscillator signal. In terms of the
light scattering language, this amounts to mix a self-beating
and a heterodyne contribution. Such an analysis calls for two
remarks. First, the splitting of the probe particles population
into two parts seems somewhat arbitrary and unsatisfactory.
Second, above the gel point as fluctuations become more and
more frozen the increasing heterodyne part leads at short
time to a slowed dynamics while quite the opposite is experi-
mentally observed�15�.

In this paper, we present an analysis of quasielastic light
scattering results from probe particles during gelation of a
gelatin solution. We deliberately consider the simplest case,
that is: �1� very large spherical and monodisperse latex par-
ticles �radiusR�225 nm�; �2� negligible thermodynamic in-
teractions of probe particles between them or with the ma-
trix; �3� a negligible contribution of the matrix to the
scattered intensity;�4� measurements performed atqR�1
with R/�T�1. We show that, neglecting the nonergodicity
and focusing on the short-time and long-time behaviors of
the measured relaxation function, it is possible to simply
interpret our data in terms of the divergence of the viscosity
and emergence of a shear elastic modulus near the gel point.
Our crude analysis allows us to grasp the critical behavior of
gelation and to obtain the two critical exponents of the trans-
port properties.*Author to whom correspondence should be addressed.
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II. SAMPLE PREPARATION AND EXPERIMENTAL
DEVICE

Gelatin was purchased from Sigma. Solutions of gelatin
were prepared in 50 mM Tris-HCl buffer atpH�7.4. Solu-
bilization of gelatin was done at 40 °C. At this temperature,
the intrinsic viscosity of gelatin was measured with a
StressTech rheometer from Reologica. It was found to be
����61�0.04 cm3/g. The quasielastic light scattering ex-
periments reported in this paper were performed at a gelatin
concentration of 0.01 g/cm3.

Polystyrene latex particles were prepared and kindly pro-
vided by Loı̈c Auvray. The latex weight fraction of this ini-
tial preparation is 5.6�10�2 g/g. It was determined by
weighing after evaporation of water. This preparation was
diluted by a factor of 3.25�104. Assuming a density of�
�1.05 g/cm3 for polystyrene this yields a final volume frac-
tion of latex particles of��1.8�10�6.

Light scattering measurements were performed with a
home-made spectrometer using a krypton ion laser of wave-
length	�647 nm. Static light scattering measurements were
performed for scattering angle
 between 10° and 150°, cor-
responding to scattering vector,q�(4�n/	)�sin(
/2),
wheren�1.333 is the refractive index of water, in the range
2.2�10�3– 2.5�10�2 nm�1. Static measurements were
done with toluene as reference�Rayleigh ratio equal to 8.5
�10�6 cm�1�. Toluene scattered intensity per unit scattering
volume was found to be independent of the scattering angle
within 1%. For static light scattering measurements on
samples in the gel state, in order to obtain a correctly en-
semble averaged intensity whatever the scattering angle,
measurements were performed using a special device allow-
ing the sample rotation during measurement. For this pur-
pose, in order to minimize scattering due to optical defects,
samples were contained in high optical quality cylindrical
quartz cells�Hellma� having a large diameter of 25 mm.
Quasielastic measurements were performed by computing
the correlation function of the scattered intensity with a Mal-
vern K7032 multitau correlator.

III. STATIC LIGHT SCATTERING MEASUREMENTS

In Fig. 1 the ensemble and time averaged scattered inten-
sity is plotted as a function of the scattering vectorq. Mea-
surements were performed on gelatin alone in the gel state,
latex alone in solution, and latex plus gelatin solution at the
same concentrations.

Let us first discuss the latex alone measurements�Fig. 1,
hollow symbols�. Theq-dependent scattered intensity shows
the classical oscillation of the form factor of a sphere:S(q)
��3�sin(qR)�qR�cos(qR)
/(qR)3�2. Especially, the position
of the first minimum or the periodicity of the oscillations,
allow us to determine the radius of the latex particles as
beingR�225�2 nm. Note that these latex particles have a
very narrow size distribution. This is particularly emphasized
in the inset of Fig. 1, whereq4I(q) is plotted as a function of
q. In this representation,q4I(q) is close to zero at the first
minimum corresponding toq�0.02 nm�1. This indicates a
very good particle monodispersity. Knowing the shape of the

form factor and the characteristic size of the particles, it is
easy to extrapolate the scattered intensity toq�0. One gets
I(0)�(2.65�0.05)�10�2 cm�1. From the refractive index
of polystyrenenPS�1.595, the contrast factor is calculated to
be K2��2�n(dn/dC)/	2�2/NA�4.56�10�2 cm2 g�2 mol,
whereNA is Avogadro’s number anddn/dC the refractive
index increment of polystyrene in water assumed to be equal
to the differencenPS�n. Thus the forward scattered inten-
sity gives a molar mass of latex particles:M latex
�I(0)/(��K2)�(3.00�0.06)�1010g/mol, which has to be
compared to the calculated mass of one particle:M calc
�NA�R34�/3�3.02�1010g/mol. The very good agreement
between these two values indicates that the latex volume
fraction is so small that interactions can be neglected.

Measurements on the sample containing latex and gelatin
�Fig. 1, black symbols� and comparison with the value mea-
sured for gelatin-alone solution�gray symbols� shows that
the gelatin contribution may be neglected at small angles. In
this q-range, the shape of the scattered intensity for latex plus
gelatin sample is very close to the one obtained for latex
alone indicating that no latex particles aggregation occurs.

In Fig. 2, the reciprocal scattered intensity per volume
unit, 1/I(q), is plotted as a function ofq2, for the gelatin
alone in the gel state. The scattered intensity can be fitted by
an Ornstein-Zernike function:I(q)�1/(1�q2�T

2), and gives
the correlation length of concentration fluctuations,�T�43
�4 nm. This value is higher than the one already measured
by small-angle neutron scattering for gelatin at this concen-
tration �16�. This may be due to small heterogeneities that
are commonly observed in gels�17�. However, it is notewor-

FIG. 1. Ensemble and time-averaged light scattered intensity per
volume unit,I(q), vs scattering vectorq measured for 1% gelatin
alone solution in the gel state, latex alone solution�volume fraction
��1.8�10�6�, and latex plus gelatin solution in the gel state at the
same concentration. The dotted line corresponds toqR�1, with R
the radius of latex particles. In the inset, the classical representation
q4I(q) vs q, outlines the very good monodispersity of latex par-
ticles �solid line corresponds to sphere form factor withR
�225 nm�.
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thy that despite this higher value of�T , the measured corre-
lation length is much smaller than the latex particle size.
Consequently, on the length scale of the latex particles, gela-
tin concentration is homogeneous.

IV. QUASIELASTIC LIGHT SCATTERING
MEASUREMENTS

Quasielastic measurements were done on latex solution in
pure water atT�20 °C for scattering angles
 between 20°
and 150°. The dynamical structure factorS(q,�) has a
simple exponential decay, with a characteristic time�c pro-
portional toq�2 as expected for diffusive motion. The cor-
responding diffusion coefficient is found to beD0
�1/(�cq2)�(0.94�0.05)�10�3 cm2 s�1. From the Stokes-
Einstein relation, this value leads to the hydrodynamic radius
RH�kT/(6��0D0)�228�12 nm, wherekT is the thermal
energy and�0 the viscosity of water. This value is in very
good agreement with the radius measured by static light scat-
tering.

Measurements on latex particles were also performed in
1% gelatin solution at 40 °C in the liquid state. In Fig. 3, the
dynamical structure factorsS(q,�), measured in pure water
at 20 °C and in 1% gelatin solution at 40 °C, are plotted as a
function �q2/�0 , in order to account for trivial effect due to
the temperature dependence of water viscosity. One can see
that the initial decay rate of the structure factor remains un-
changed with gelatin. Note that at 40 °C the viscosity of wa-
ter is�0�0.653 mPa s, whereas the macroscopic viscosity of
the solution at the concentrationC�0.01 g/cm3, is �
��0(1����C)�1.07 mPa s. This proves that at this gelatin
concentration and temperature, the solvent viscosity governs

the short-time dynamics of latex particles. Moreover, this
result shows that at 40 °C, no significant polymer adsorption
occurs on the probe particles because such an adsorption
would be revealed by an increase of the hydrodynamic radius
of particles. In the following, we will show that the two
above remarks are still valid at 17 °C, the temperature at
which gelation was obtained.

In order to study gelation, the latex plus 1% gelatin solu-
tion, initially at T�40 °C, was quenched at 17 °C. Such a
temperature ensures a gelation process sufficiently slow
compared to the duration of one measurement. At
�20°,
the autocorrelation of the scattered intensity was continu-
ously measured during gelation by step of 10 min. In Fig. 4,
the normalized autocorrelation function,�I(0)I(�)�/�I�2, is
plotted versus correlation time�, at different timet during
the gelation process�here brackets mean a time averaging�.
The shape of the autocorrelation function is no more a
simple exponential decay. An accurate analysis of this shape
is out of the range of this paper. However, in order to quan-
tify the observed behavior, we have focused our analysis on
the short-time and long-time behaviors. At short-time (�
�1 ms), the autocorrelation function is characterized by the
initial slope of the relaxation function: (�I(0)I(�)�/�I�2

�1)1/2�exp��(�/�1)�; whereas the long-time behavior was
described by a stretched exponential: (�I(0)I(�)�/�I�2

�1)1/2�exp��(�/�2)
��. Note that such a stretched exponen-

tial behavior for the long-time tail of the correlation function
has already been reported and studied in details for gelling
systems�18,19�. Although we did not check the short- and
long-time dynamics behavior vary properly withq �a mul-
tiphotodetector and a multichannel correlator are required for
this�, we will use the apparent diffusion coefficients,DS and
DL , defined asDS�1/(�1q2) andDL�1/(�2q2).

Without further data analysis, in Fig. 4 one distinguishes

FIG. 2. Reciprocal scattered intensity per volume unit, 1/I(q),
vs square scattering vector,q2, for 1% gelatin alone solution in the
gel state. The straight line corresponds to the best fit using an
Orstein-Zernicke function for the scattered intensity:I(q)�1/(1
�q2�T

2), where�T�43�4 nm is the correlation length of gelatin
concentration fluctuations.

FIG. 3. Dynamical structure factorS(q,�) for latex particles in
water at 20 °C and for latex particles in 1% gelatin solution at
40 °C, vs tq2/�0 , where �0 is the viscosity of water��0

�1.002 cP atT�20 °C and�0�0.653 cP atT�40 °C�.
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two stages during the gelation process:

�1� For gelation timest shorter than 4.4 h the long-time
tail of the normalized autocorrelation function shifts to even
more long correlation times� with a constant amplitude�tri-
angles in Fig. 4,�, whereas the short-time decay rate remains
unchanged compared to the one observed in pure water.

�2� For gelation timest higher than 4.4 h the amplitude of
the normalized autocorrelation function drastically de-
creases, and the short-time behavior shifts to shorter correla-
tion times �circles in Fig. 4�. This short time behavior is
much more emphasized plotting the logarithm of the dy-
namical structure factor as in Fig. 5. One can see that the
initial decay rate increases as gelation goes on.

These two stages also appear clearly in Fig. 6, which shows
that: before a gelation timetc , the short-time dynamics is
unaffected whereas the long-time dynamics slows down�DL
tends toward 0 attc�; beyond tc , fluctuations decrease in
amplitude and the short-time dynamics becomes faster�DS
increases by a factor of 10�.

As it will be discussed in the following section, the key
point of our paper is that the change of the dynamics of
probe particles in these two stages are linked to the critical
behavior of gelation, namely,�1� divergence of the macro-
scopic viscosity below the gel point and�2� emergence of a
shear elastic modulus above the gel point.

V. DISCUSSION

A. Short-time behavior in the liquid state

We observed atT�40 °C and in the liquid state at 17 °C,
that the dynamics of the probe particles is governed at short-

time by the solvent viscosity. Our quasielastic measurements
were performed at a concentrationC corresponding to
���C�0.6, i.e., just below the overlap concentration from
the point of view of rheological properties. At this concen-
tration, the data already reported in literature�16� as well as

FIG. 4. Normalized autocorrelation function of the intensity
scattered by latex probe particles,�I(0)I(�)�/�I�2, vs correlation
time �, for different time t of the gelation process of 1% gelatin
solution atT�17 °C. Measurements were performed at a scattering
angle
�20 ° corresponding toqR�1 for latex particles.

FIG. 5. Logarithm of the short time part of the dynamical struc-
ture factorS(q,�) vs correlation time�, for different timet of the
gelation process�same experimental conditions as Fig. 4�.

FIG. 6. Dynamics of latex probe particles during gelation of 1%
gelatin solution atT�17 °C. Full symbols: amplitude of the auto-
correlation function of the intensity scattered by latex probe par-
ticles, (�I(0)I(�)�/�I�2�1)�→0�(�I2���I�2)/�I�2; Open tri-
angles: long-time apparent diffusion coefficientDL deduced from a
stretched exponential fit of the long-time tail of the correlation func-
tion; Open circles: short-time apparent diffusion coefficientDs de-
duced from the initial decay rate of the autocorrelation function. At
tc�4.4 h, DL tends to zero, fluctuations become frozen, and the
short-time dynamics become faster.
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our measurements�see Fig. 2� show that the correlation
length of the concentration fluctuations�T is smaller than the
size of the latex particles. In this situation, one would expect
the matrix be viewed by latex particles as a continuum
whose viscosity governs their dynamics. Therefore at first
sight, a short-time dynamics governed by the solvent viscos-
ity is puzzling. However, this behavior has been already ob-
served for gelatin solutions�15� and, more generally, for
polymer solutions near the overlap concentration�7�. In lit-
erature, it is often referred to as a ‘‘positive deviation from
Stokes-Einstein behavior.’’

The first idea that would account for such a behavior is a
diffusion mechanism within a cage�20� or in a harmonic
potential�21�. Let us consider a latex particle in a semidilute
solution �matrix� of correlation length�T and note�r2� the
mean-square displacement of the particle. The physical idea
is that the polymer transient network does not affect the par-
ticle dynamics as long as�r2�1/2 is smaller than�T . Beyond
�T , if the particle size is larger than�T , it begins to feel the
transient network and to be slowed by the macroscopic vis-
cosity. The dynamical structure factor of the particle can be
written asS(q,�)�exp(��r(�)2�q2), with

�r���2���T
2�1�exp� �

�

�S
��

�

�L
� . �1�

Equation �1� comes from the expression used in the cage
formalism �20,21�: the mean square displacement saturates
to a plateau value�r2�plateau��T

2 after a time�S . Here, we
have just added the term�/�L , with �L larger than�S , in
order to account for the liquid state of the semidilute solution
at long time. This point will be discussed in the following.
Note that due to the nonzero viscosity inside the cage, the
short-time dynamics is diffusive�10�, �r(�)2���, rather than
ballistic, �r(�)2���2. A similar expression for�r(�)2� has
been used successfully for the description of the dynamics of
telechelic triblock copolymers in semidilute solution�22�. In
the latter case the transient cross-links of the network are
dense copolymer micelles that give the major contribution to
the light scattered intensity. Actually, the role of the osmotic
modulus for the relaxation of concentration fluctuations can
be viewed as being quite similar to the action of a spring
constant kel . Then, the characteristic time is�S� f /kel ,
where f �6��0R is the friction experienced by the particle
andkel�kT/�T

2. One gets�S��T
2(6��0R)/kT, which leads

to the short-time diffusion coefficient DS��T
2/�S

�kT/(6��0R).
However, in our case the particle is larger than the cage

and we propose in this paper a somewhat different mecha-
nism. In general, the diffusion coefficient can be written as
the ratio of an elastic energy to a friction. But for a given
concentration fluctuation, what is the elastic energy and what
is the friction? Let us consider the fluctuations of the par-
ticles and matrix concentration. At short-time, the driving
force for relaxation of fluctuations is the matrix elastic
modulus, i.e., in the liquid state the matrix osmotic modulus
Kmatrix. Then, the particles move in phase with the matrix
and thus only experience the friction of the solvent. There-
fore, we propose to write

DS�
�T

3Kmatrix

6��0R
�

kT

6��0R
. �2�

Compared to the ‘‘cage mechanism,’’ the short-time diffu-
sion coefficient is the same, but the characteristic time at
which this mechanism begins to saturate is now shorter and
corresponds to the relaxation time of the matrix osmotic
modulus:�S�6��0�T

3/kT. At short time, the mean square
displacement saturates at�r2�plateau�DS�S��T

3/R, thus Eq.
�1� may be rewritten as

�r���2��
�T

3

R �1�exp� �
�

�S
��

�

�L
� . �3�

The above ‘‘matrix relaxation mechanism’’ is faster than the
‘‘cage mechanism’’ and for this reason dominates the short-
time behavior.

Very recently, Zanten and Rufener�9� have reported a
study of brownian motion of latex particles in solution of
entangled wormlike micelles. Their experimental results for
the mean square displacement seems to be in very good
agreement with our Eq.�3�: short-time and long-time diffu-
sive behaviors separated by a plateau region. This is a very
nice textbook case because wormlike micelles are expected
to display a pure exponential relaxation function at long-time
�23�. The authors interpret their data in terms of diffusion in
a Maxwell liquid, i.e., a liquid with a single relaxation time
and a single viscosity. At short-time, the viscosity of a Max-
well liquid vanishes and the inertia of the particle cannot be
neglected. Consequently, they expect a ballistic short-time
behavior. However, the authors have experimentally shown
that the short-time dynamics is slower and more compatible
with that of a diffusion process. In our opinion, introducing
the solvent local viscosity would solve this discrepancy. Ex-
cept for this point, our approach is very similar to that of
Zanten and Rufener. In particular Eq.�3� shows that the
mean square displacement saturates at�r2�plateau��T

3/R
�kT/(RKmatrix), which is identical to the result obtained
from the ‘‘Maxwell liquid approach.’’

B. Long-time behavior in the liquid state

At times longer than�S the matrix has completely relaxed
but not the particles, due to their longer characteristic time
proportional toR3 rather than�T

3. Now, the remaining relax-
ation is thus only driven by the osmotic modulus of latex
particles:K latex�nkT, wheren is the number of particles per
unit volume. In this time window, particles do not move in
phase with the matrix and thus undergo the macroscopic vis-
cosity �. The long-time diffusion coefficientDL is

DL�
K latex/n

6��R
�

kT

6��R
. �4�

For polymer chains in solution, gelation occurs when
chains are susceptible to link with each other and thus to
form polymer clusters. Let us denote the number of links as
p and the size of the largest cluster as�C . �C is the correla-
tion length of connectivity, meaning that the probability for
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two chains to belong to the same cluster is negligible for
distances higher than�C . Gelation is a critical phenomenon
of connectivity: at the gelation thresholdpc the correlation
length�C tends toward infinity and so does the macroscopic
viscosity as well�11�. As one approaches to the gelation
threshold, it is expected that

����s, �5�

where���p�pc�/pc is the relative distance to the gelation
threshold. Depending on the way hydrodynamic interactions
are considered, different values are predicted for the expo-
nents. In presence of solvent�as opposed to bulk gelation�,
the most often reported�11� value iss�0.9�0.1.

Gelatin is denatured collagen, a protein having a triple
helix structure. Gelatin aggregation and gelation is due to the
formation of helices between different polymer chains. It has
been already shown�24� that the relevant quantity that ac-
counts for the degree of connectivity is the helix amount�,
which varies linearly with the logarithm of time whatever the
concentration and the temperature. Thus, for the interpreta-
tion of our results, the appropriate expression for the relative
distance to the threshold is

��
����c�

�c
�6�

with ��a�b� ln(t)�¯ . For our purpose, which is to ex-
amine the gelation critical behavior, the exact expression for
the time-dependent helix amount is not needed, but only its
shape:�� ln(t) leading to�� ln(t/tc). However, in order to
obtain quantitatively correct values for�, the parametera
andb were estimated from Ref.�24�. In Fig. 7 �black sym-
bols�, the long-time diffusion coefficientDL is plotted as a
function of the relative distance to the gelation threshold. As
expected with respect to Eqs.�4� and �5�, a power law be-
havior is found over more than one decade in�:

DL��s with s�0.85�0.10. �7�

The value of the exponents is in very good agreement with
the most often reported value deduced from rheological mea-
surements.

Note that in order to account for the wide distribution of
characteristic times, which is inherent to gelation and to the
corresponding wide distribution of cluster sizes, the long-
time tail of the correlation function is better described by a
stretched exponential decay�see Sec. IV�. Therefore Eq.�3�
has to be replaced by an expression of the form:�r2�
�(�T

3/R)�1�exp(��/�S)�(�/�L)
��. As the gelation threshold

is approached, concomitantly with a decrease ofDL , we
have observed a decrease of the exponent� from 1 to 0.3.
Such a behavior has already been reported for quasielastic
experiments on gelling systems�without probe particles�
�18,19�.

C. Short-time behavior in the gel state

At the gelation threshold, the appearance of a giant cluster
is responsible for the emergence of a shear elastic modulus,

Gmatrix. Actually, above the threshold this giant cluster is the
gel phase that can be viewed as a polymer network of mesh
size�C . As for the macroscopic viscosity, gelation theories
predict a power law behavior for the shear elastic modulus
�11�

Gmatrix�� t. �8�

In the case of gelation in a solvent, the most often reported
�11� value for the exponentt is t�1.9�0.1.

Light scattering experiments�as well as other scattering
techniques� are sensitive to the longitudinal modulusM of
the sample that has a bulk�or compressibility� and a shear
contribution. Neglecting density fluctuations and focusing
only on concentration fluctuations, one can write�25�: M
�M matrix�Kmatrix�

4
3 Gmatrix. This longitudinal elastic modu-

lus governs�26� the amplitude of the fluctuations. At��0
andq�0, the dynamical structure factorS(q,�) can be writ-
ten as

S�0,0��
kT/�T

3

M matrix
. �9�

Since the short-time diffusion coefficientDS is almost con-
stant before the gelation threshold�see Fig. 6�, it appears that
the osmotic modulusKmatrix also does not significantly
change�see Eq.�2��. Let us assume that this is also the case
above the gelation threshold. This is in agreement with the
fact that gelation is a transition of connectivity��C diverges

FIG. 7. Black symbols: logarithm of the long-time diffusion
coefficientDL of latex particles before the gel point vs logarithm of
the relative distance to the gelation threshold,�. The straight line is
the best linear fit. The corresponding slope is found to bes�0.85
�0.1. Hollow symbols: logarithm of the shear elastic modulus de-
duced from the amplitude of fluctuations,���(�I2�
��I�2)/b�I�2��1/2�1, measured after the gel point. The straight
line is the best linear fit. The corresponding slope is found to bet
�1.90�0.10.
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asp tends towardpc� and not a thermodynamic transition��T

is rather constant�. Thus,Kmatrix�kT/�T
3 and Eq.�9� reduces

to

S�0,0��
1

1��

with ��

4
3 Gmatrix

Kmatrix
�Gmatrix. �10�

Let us neglect the possible problem due to nonergodicity�we
will come back to this problem in the following�. The auto-
correlation of the scattered intensity is

�I�0�I����

�I�2 �1�b�S�q,���, �11�

whereb is a constant lying between 0 and 1 and linked to the
number of coherence areas viewed by the photodetector�in
our experimentsb�0.8�. Assuming that Eq.�10� remains
valid up toqR�1, one gets at��0:

� �I2���I�2

b�I�2 �1/2

�
1

1��
. �12�

Equation �12� means that the amplitude of fluctuations is
constant in the liquid state (��0) and decreases above the
gelation threshold with the emergence of the shear elastic
modulus. This is in agreement with our results. From the
analysis of this decrease one can obtain the critical behavior
of the modulusGmatrix. The ratio��Gmatrix/Kmatrix is de-
duced from Eq.�12� and from data shown in Fig. 6�full
symbols�. In Fig. 7 �hollow symbols�, � is plotted as a func-
tion of the relative distance to the gelation threshold. As
expected from Eq.�8�, we observe a power law behavior
over more than one decade in�:

��� t with t�1.90�0.10. �13�

Here again, the value of the exponentt is in very good agree-
ment with the most often reported value deduced from rheo-
logical measurements.

According to our interpretation of the short-time behavior
before the gelation threshold�see Eq.�2��, we would expect
that above the threshold, the elastic modulus involved in the
short-time dynamics isM matrix�Kmatrix�

4
3 Gmatrix:

Ds�
�T

3�M matrix

6��0R
�

kT

6��0R
��1����D0��1���,

�14�

whereD0�kT/(6��0R) is the diffusion coefficient of latex
particles in water at the same temperature. Therefore, above
the gelation threshold, one expects a linear increase of the
short-time diffusion coefficientDs as� increases, i.e., as the
amplitude of fluctuations decreases. This is actually observed
�see Fig. 6�. In Fig. 8, the ratioDs /D0 is plotted as a func-
tion of �. A linear behavior is found in agreement with Eq.
�14�. More specifically, extrapolation to��0 �liquid state�

leads to a diffusion coefficientDs�(0.95�0.10)�D0 , in
good agreement with our expectation that at short time the
friction encountered by the particles is only due to the sol-
vent, in the liquid state as well as in the gel state. The slope
in Fig. 8 is higher than the value predicted in Eq.�14�. This
point is not understood for the moment.

D. Ergodicity or nonergodicity

Our interpretation for quasielastic light scattering on latex
particles in gels is on the one hand very classical, because it
comes directly from basic considerations on concentration
fluctuations and longitudinal compressibility. On the other
hand, this approach is different from the one commonly used
for this problem. The main feature invoked for the interpre-
tation of the dynamics in gels is the loss of ergodicity. Ac-
tually, in a gel, fluctuations are spatially frozen and the au-
tocorrelation of the scattered intensity recorded by usual
spectrometer is not an ensemble-averaged quantity. Different
techniques are used to account for this problem and to ex-
tract the correct structure factor�time- and ensemble-
averaged� from measurements�12,27�. As already men-
tioned, this approach consists in considering the scattered
intensity as due to two contributions: a quasielastic part due
to thermal fluctuations and an elastic part due to heterogene-
ities of the gel. Therefore, measurements mixes self-beating
and heterodyne contributions�28�:

�I�0�I����

�I�2 �1�b�y2S�q,��2�2y�1�y �S�q,���,

�15�

wherey��I�E /�I�T is the ratio of the ensemble-averaged to
the time-averaged intensity. In the case of probe particles in

FIG. 8. Ratio of the short-time diffusion coefficientDs of latex
particles measured during gelation to the diffusion coefficientD0

expected in water at 17 °C vs���(�I2���I�2)/b�I�2��1/2�1. The
straight line is the best linear fit corresponding toDs /D0�0.95
�2.34�.
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a gel contribution of which to the scattered intensity can be
neglected, the particle population is split into two parts�13�:
a first part corresponds to the fractiony of the total number
of particles freely moving in the solution; a second part cor-
responds to the fraction (1�y) of frozen particles. Let us
focus on the short-time behavior predicted by this ‘‘particle
population splitting model.’’ Denoting the initial decay rate
of S(q,�) as �, one has at short-timeS(q,�)�1��� and
S(q,�)2�1�2��. From Eq.�15�, one gets

�I�0�I������I�2

b�I�2 �y�2�y ��2y��. �16�

At ��0, the amplitude of the autocorrelation function de-
creases with decreasing fractiony of moving particles. This
latter expression has to be compared to our approach. Their
physical meanings are completely different: Eq.�12� directly
links the amplitude of fluctuations to the shear elastic modu-
lus, whereas Eq.�16� involves an increasing fraction of fro-
zen particles as the gel becomes stronger.

Within the ‘‘particle population splitting model’’ the ap-
parent diffusion coefficient isDapp��/�(2�y)q2�. This im-
plies that at short time the dynamics is expected to be slowed
down as the fluctuations become frozen. In the experiments
reported here we have observed quite the opposite situation
�see Fig. 6� and this suggests that experiments on gelatin
solutions are not hindered by nonergodicity. Actually, this
problem of ergodicity has to be considered with respect to
the size of the scattering volumeV compared to the one of
heterogeneities in the sample. Typically,V is higher than
106 �m3. Such a volume can be considered as ‘‘macro-
scopic’’ with respect to the size of heterogeneity in gelatin
gels. Therefore the distinction between ensemble-averaged
and time-averaged scattered intensity is meaningless. Even
though it could not be considered as ‘‘macroscopic,’’ prob-
lems would start as soon as theq dependence of the autocor-
relation function is considered, because the scattering vol-
ume depends on the scattering angle.

VI. CONCLUSION

In this paper we have reported a quasielastic light scatter-
ing study of the dynamics of latex probe particles in a solu-
tion of gelatin undergoing gelation. We have shown that the
long-time and short-time behaviors of the dynamical struc-
ture factor can be related to the macroscopic viscosity and to
the elastic energy of the gelatin matrix, respectively. Before
the gel point, the long-time tail of the dynamical structure
factor shifts to even more long times as the macroscopic
viscosity diverges. This result leads to the exponent for the
dependence of the viscosity on the relative distance to the
threshold:s�0.85�0.1. Above the gel point, the amplitude
of fluctuations decreases drastically. We interpreted this be-
havior as being due to the emergence of a shear elastic
modulus. Thus, the exponent for the dependence of the shear
elastic modulus on the relative distance to the threshold was
determined:t�1.9�0.1. To our knowledge, it is the first
time that these two critical exponents for transport properties
of gelling systems are obtained via quasielastic light scatter-
ing measurements. The values so determined are in very
good agreement with those already obtained from rheologi-
cal measurements on physical gels�11�. Moreover, our re-
sults are in good agreement with the earlier theoretical pre-
dictions based on the percolation model and on the electrical
analogy�11� �s�0.75 andt�1.9�. Very recently, more so-
phisticated theoretical approaches, allowing to study the dif-
ferent components of the stiffness tensor for percolating
polymer networks, have been led to an exponentt�1.95,
again in very good agreement with our result�29�.
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Enzyme catalyzed proteolysis of gelatin gels has been studied. The dependence of the gel degra-
dation velocity on enzyme concentration suggests a mechanism controlled by a slow and anomalous
diffusion of enzymes in the gel. This point was confirmed by measurement of diffusion motion of
enzymes in the gel by 2-photon fluorescence correlation spectroscopy. This result gives new insight
on biological processes such as the action of metalloproteinases in the extracellular matrix involved
in cellular invasion.

INTRODUCTION

In vivo proteins are often organized in a gel state,
i.e. an elastic solid of macromolecules swollen by a large
amount of solvent. On one side, protein gelation is in-
volved in many biological processes such as blood coag-
ulation or wound healing [1]. Conversely, the transition
from a gel and solid state to a soluble and liquid state,
is also of major importance mainly for the extracellular
matrix (ECM) behavior. The ECM is a gel of various
functional and structural macromolecules (mainly colla-
gen which is a high molecular weight protein) with acute
roles in physiology. ECM constitutes a physical barrier
isolating organs and is an essential regulator of cell be-
haviors [2, 3]. In tumor dissemination, invasive cells must
disorganize and solubilize the ECM gel [4]. This degra-
dation involves up to 15 different proteolytic enzymes,
especially metalloproteinases (MMP) the expression of
which has been correlated with tumor invasiveness [5–7].
These proteinases differ by their specificities and reac-
tion mechanisms; moreover, the ECM composition and
organization are tissue-dependent. In spite of these pe-
culiarities, in all cases cell invasion implies a similar pro-
cess that requires the enzyme catalyzed degradation of
the ECM gel. Beyond the precise biochemical processes
involved at a molecular level, the understanding of the
physical mechanisms involved in such degradation is cru-
cial. From this point of view, the use of simplified model
systems is an unavoidable stage within the present state
of the art.

∗Submitted for publication in Science

The extracellular matrix degradation in relation with
cell invasion has been widely modelized and considered
from a theoretical point of view [8, 9], but only very few
studies have been devoted to enzyme kinetics in the cor-
responding heterogeneous and insoluble media [10, 11].
Experimentally, kinetics of enzyme catalyzed degrada-
tion of ECM gels has been reported only recently [12],
but the corresponding physical mechanism of degrada-
tion remained still puzzling.

In this paper, we report an experimental study which
makes a decisive step towards the understanding of
this mechanism. Thermolysin catalyzed degradation of
gelatin gels has been considered as a model system.
Gelatin is denaturated collagen, the main ECM con-
stituent. The gel network crosslinking is due to par-
tial renaturation and triple helix formation [13]. Ther-
molysin is a Zn-metalloproteinase from Bacillus thermo-
proteolyticus which is an analogue of MMP and displays
the same basis mechanism [14, 15], but without the need
of other enzymes for activation and with a better sta-
bility. Enzyme concentrations in this study are in the
range of 1nM, that is the order of magnitude of MMP
concentration in ECM during cell invasion [10].

The experimental study here reported consists in two
points: 1) enzyme concentration dependence of the gel
degradation rate; 2) two-photon fluorescence correlation
spectroscopy study of the thermally induced motion of
the enzyme in the gel. We will see how these data sug-
gest a degradation mechanism controlled by an anoma-
lous diffusion of the enzyme in the gel.
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MATERIAL AND METHODS

Sample preparation: Gelatin of type B from bovin skin
was purchased from Sigma (G9382). Gelatin solution
was prepared in 50 mM Tris-HCl buffer at pH=7.4 at
40◦C. The solution was filtered on 0.45µm Millipore fil-
ters. Gel points determinations were performed by quasi-
elastic light scattering (Q.E.L.S.) on diluted large latex
probe particles (450 nm diameter) [16]. For these experi-
ments, polystyrene latex particles at a final volume frac-
tion φ = 1.8 10−6 were added to the gelatin solution at a
final concentration of 1% w/w. Thermolysin (Protease X
Bacillus Rokko, EC 3.4.24.27) was purchased from Sigma
(Lot. 16H0855). Aliquots of 0.12 mg/ml stock solution in
pH=7.4, 50 mM Tris-HCl buffer were used for Q.E.L.S.
experiments and kept at T=-20◦C. Thermolysin solution
was added to the gelatin solution at 40◦C (gelatin in a
liquid state), stirred and cooled at 4◦C for 1 hour in or-
der to accelerate the gelation process. The gel was then
warmed at 14◦C in the experimental device for measure-
ments.

Thermolysin labelling: Fluorescein isothiocyanate
(FITC, isomer I) was purchased from Sigma. FITC re-
acts with primary amines of proteins to form a dye pro-
tein conjugate. FITC-thermolysin conjugate was pre-
pared according to Molecular Probes protocol. The
excess of FITC was removed from protein solution
by gelfiltration on prepacked Sephadex G-25 column
from Pharmacia. Final thermolysin concentration was
calculated from absorbance measurements at 280 nm
(A280) and 494 nm (A494) of the purified conjugate:
[thermolysin](M) = [A280 − (A494 · 0.30)]/ε, where ε =
6.61 · 104 cm−1M−1 is the molar extinction coefficient
of thermolysin at 280 nm and 0.30 is a correction fac-
tor accounting for the absorption of FITC at 280 nm.
The degree of labelling L (number of FITC per protein
molecule) was calculated following: L = A494/(6.8 · 104 ·
[thermolysin]), where 6.8 ·104 cm−1M−1 is the molar ex-
tinction coefficient of FITC at 494 nm and pH=8. In our
experiment L = 2.7.

Thermolysin stability: 100 nM thermolysin were stored
at 10◦C in gelatin solutions at 0.5% and 0.1%. Samples
of these preparations were tested for proteolytic activity
on a peptidic substrate, FA-Gly-Leu, (final concentration
1.6 mM) in a Tris 50 mM Maleate buffer pH=7.0 contain-
ing 10 mM CaCl2. The reaction was followed spectropho-
tometrically at 345 nm (ε345 = 660M−1cm−1).

2-photon fluorescence correlation spectroscopy: Rou-
tinely [17], two photon fluorescence excitation mode was
performed with a Coherent Titanium:sapphire model 900
Mira laser head, modelocked and tunable from 710 to 920
nm. The Mira laser head was pumped by a 5 W solid
state Coherent laser model Verdi providing a single fre-
quency output: 532 nm.The excitation beam replaced
the light source of an Axiovert 135 inverted microscope

from Zeiss, equipped with an immersion objective 63x,
NA 1.4. A dichroic beam splitter separated the epifluo-
rescent and excitation beams. Fluorescence was detected
by an Hamamatsu model R7205-01 photomutiplier op-
erating at 975 V.The fluorescence intensity autocorrela-
tion function was calculated by a digital correlator model
Flex2K-12x2 from Correlator.com.

RESULTS AND DISCUSSION

Gel degradation kinetics

Here we report data on the degradation of a protein gel
under the action of proteinase. The gel is an aqueous so-
lution of gelatin at a weight fraction of 1% that becomes
solid (gel) at low temperature (see Material and Method).
Under the action of proteinase some peptide bonds be-
longing to gelatin chain connecting two crosslinks of the
gel network are hydrolyzed and the gel becomes liquid
as a given fraction of such bonds are broken. In that
sense, the gel undergoes a reverse sol-gel transition [18],
however in this paper we are not concerned by the study
of the critical behavior of the transition but only on the
reverse-gel time.

This time was determined using an experimental
method already reported [16]. It consists on Q.E.L.S.
measurements on diluted large latex probe particles
(450 nm diameter): in the gel state due to the shear elas-
tic modulus, fluctuations of light scattered intensity are
frozen and the amplitude of these fluctuations increases
as the shear elastic modulus vanishes due to the action of
proteinase. At the gel point in the liquid state, tgel, one
recovers the amplitude of fluctuation measured in water.

Results so obtained are reported in Fig.1. for different
enzyme concentrations between 0.6 nM and 4 nm. The
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FIG. 1: Variation of the gel proteolysis time, tgel, on enzyme
concentration, [E]. The straight line has a slope in Log-Log
equals to -1.95±0.15.
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gel degradation kinetics is very slow at these proteinase
concentrations: the gel time reaches 10 days at the lowest
concentration. In view of these long times, the Q.E.L.S.
method used for the determination of tgel shows a num-
ber of advantages compared to usual rheological mea-
surements: samples are in sealed measurement cells al-
lowing temperature regulation and preventing contami-
nation and solvent evaporation. As measurements are
performed for very long time, the stability of the enzyme
is questionable. Thermolysin is known to be a particu-
larly stable enzyme [19]. However, in order to check this
point specially in presence of gelatin , i.e. a substrate for
the enzyme, thermolysin activity was measured at differ-
ent time on two solutions at different gelatin concentra-
tions. Results are reported in Table 1. It appears that
the presence of gelatin reinforces the enzyme stability:
at gelatin concentration of 0.5% the enzyme activity is
constant within experimental accuracy. In addition, this
result shows that at these low enzyme concentrations a
decreasing proteinase activity of thermolysin due to au-
tolysis is negligeable. As a consequence, results plotted
in Fig.1 has to be considered with respect to theoreti-
cal expectation for the enzyme catalyzed gel degradation
mechanism.

TABLE I: Thermolysin proteolysis activity (µM·min−1).

t (h) 0 41 118

Gelatin 0.1%, [E]= 100 nM 10.4 10.4 5.7

Gelatin 0.5%, [E]= 100 nM 4.8 5.0 5.1

The enzyme kinetics of the gel degradation can first
be considered in the framework of the classical Michelis-
Menten formalism. The velocity, V , of the enzyme-
catalyzed reaction is V = [S]

Km+[S]Vmax, where [S] is
the substrate concentration, Km the Michaelis constant
and Vmax the maximum velocity for saturated enzymes
proportional to the enzyme concentration: Vmax ∝ [E].
Gelatin is characterized by the repetition of Gly-X-Y se-
quences [20] (where X and Y are variable aminoacids).
Considering the specificity of thermolysin [21] and the
average composition of skin gelatins [22], only 18% of
total peptidic bonds can be recognized by the enzyme.
For gelatin molecular mass of 105 g/mol corresponding
to 1000 peptide bonds in average, the number of such
recognition sites potentially breakable is thus of the or-
der of 180 per gelatin chain. The gel is a network of
crosslinks connected by gelatin chains. It has previously
been shown [16] that at the concentration here studied,
gelatin chains are at the overlap concentration. This
means there is on the average one chain per crosslink
for a fully connected gel. Actually, this number is always
less than unity and is found to be always less than 0.5

at the gelation threshold, both for percolation simula-
tions [23] and mean-field approach [24]. From the point
of view of the reverse sol-gel transition efficiency, the hy-
drolysis of one peptide bond of this crosslinking chain is
enough, however a lot of reaction sites remain on this
broken chain as a substrate for the enzyme. Conse-
quently, at the transition threshold between the gel and
the liquid state, the substrate consumption never exceeds
0.5/180 ≈ 3 · 10−3 of the initial value [S]0. The sub-
strate consumption is thus negligible up to the gel point.
The consequence is that the velocity, V , of the enzyme-
catalyzed reaction can be considered as constant up to
the time tgel. In other words tgel is proportional to 1/V .
Now the importance of the result reported in Fig.1 clearly
appears. An ordinary Michaelis-Menten mechanism for
the enzyme reaction would lead to V ∝ [E], whereas here
V ∝ [E]2 is rather observed. Actually, experimental re-
sults for enzyme catalyzed gel degradation have already
been reported [12]. In a range of enzyme concentration
between 0.1 and 1µM, i.e. three orders of magnitude
higher than the one in Fig.1, the authors report a linear
dependence on [E]. However the data on Fig.1 clearly
suggest a stronger dependence on [E] for [E] → 0. In
order to explain the [E]2 dependence of V here reported
and in view of the very low enzyme concentration range
of our study, a diffusion limited mechanism has to be
considered.

In standard gelation models [18], crosslinks are ex-
pected to occur (or to break in our case of a reverse
gelation) randomly with an equal probability anywhere
in sample volume. In other words it is assumed that
there is no correlation between one crosslink formation
(or breaking) and another. For an enzyme catalyzed
degradation of a gel, due to enzyme diffusion (with dif-
fusion coefficient D), correlation will disappear after the
time, τH = d2/D, needed for an enzyme concentration
fluctuation to relax over the mean distance, d, between
two enzymes. For reaction characteristic time shorter
than τH , correlations cannot be ignored: one given en-
zyme creates a liquid pathway in the gel. In that sense,
at low enzyme concentration, the gel degradation mecha-
nism is diffusion rather than reaction limited. Note that
this case is different from immobilized enzymes [25] for
which the distance enzyme-substrate is responsible for a
diffusion limited mechanism and anomalous kinetics.

What do we expect for a diffusion limited degradation
of a gel? Above the time τH , the gel can be viewed as an
homogeneous set of “blobs”of volume d3. Inside one of
these blobs, everything happens as if one given enzyme
reflects at the blob surface. Actually, the self diffusion
of one enzyme is not limited to the distance d, but in
average as an enzyme goes out a blob, another goes in.
Consequently the gel point of the overall volume is stat-
ically the same as the one of a blob. Let us denote nb

the number of peptide bonds broken at time t and p the
ratio nb/([S]d3). For one enzyme randomly walking and



4

creating a liquid pathway in the blob, nb ∝ Dt/a2, where
a is the mean distance between two potentially breakable
recognition sites ([S] = 1/a3). Noting that by definition
[E] = 1/d3, one gets: p ∝ [S]−1/3Dt[E]. Assuming that
the critical p value is a constant independent of the vol-
ume, at the gel point one gets:

tgel ∝ [S]1/3

D × [E]
(1)

For a simple diffusion process due to brownian motion,
D being constant, we do not expect an anomalous de-
pendence on enzyme concentration compared to a reac-
tion limited mechanism (Michaelis-Menten). However in
our case, the enzymes do not diffuse in a simple liquid
but in a complex system which may strongly interact
with them. A possible consequence of these interactions
should be an anomalous subdiffusion process with a mean
square displacement varying with time as

〈
r2

〉 ∝ tβ , with
β ≤ 1 (β = 1 corresponding to simple diffusion). The
term “subdiffusion”refers to a decreasing apparent diff-
suion coefficient decreasing with time (or length scale) as
D = d

〈
r2

〉
/dt ∝ tβ−1. Such behavior is quite usual in

soft matter physics and a possible underlying mechanism
will be discussed in the following. Using Eq.1 leads to:

tgel ∝ [E]−1/β (2)

which accounts for our result (see Fig. 1) for β = 1/2.

Enzyme diffusion measurements by 2-photon
fluorescence correlation spectroscopy

In order to get direct evidence for anomalous diffu-
sion of enzymes in the gel, fluorescence correlation spec-
troscopy (F.C.S.) measurements were performed. In our
knowledge, this is the only technique for such measure-
ments. On one hand enzymes are too small to allow
Q.E.L.S. measurements, specially because the gel has a
major contribution to the scattered light intensity. Work-
ing on labeled enzymes is a major advantage of fluores-
cence techniques. On the other hand, the technique of
fluorescence recovery after photo bleaching (F.R.A.P.)
works in a higher concentration range of fluorescent
molecules. F.C.S. consists in computing the correlation
function of the fluorescence intensity, I, of a small vol-
ume observed with a confocal or 2-photon microscope
[26]. In the absence of chemical fluctuations, F.C.S. is
directly sensitive to concentration fluctuations of fluo-
rescent markers due to their translational motion. In
practice, the measured signal is a convolution of corre-
lation function of concentration fluctuations with the il-
luminated volume profile, leading to complex relaxation
function.

In Fig.2, the normalized correlation function of fluo-
rescence intensity is plotted for labeled 20 nm diameter

latex particles in pure water and in the gel here stud-
ied. In the case of water, one expects a relaxation curve
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FIG. 2: Normalized fluorescence correlation function vs. time
for 20 nm diameter latex beads in water (circles) and gel (dia-
monds). The lines correspond to best fits using Eq.3 with
α = 0.81 ± 0.02 (fit residuals on the top of the graph).
For measurement in water τ = (3.10 ± 0.05) ms whereas
τ = (23.0 ± 0.5) ms in gelatin. In both cases, latex parti-
cles undergo a simple liquid viscosity and move by a diffusion
mechanism.

only due to a simple diffusion process. In the whole time
range, the correlation function is nicely fitted using a two
parameters phenomenological expression of the form:

g(t) =
〈∆I(0) · ∆I(τ)〉

〈I2〉 =
1

1 +
(

t
τ

)α (3)

Note that this equation differs slightly from the exact ex-
pression obtained for gaussian profile of the illuminated
volume [26] but is easier to handle. As for latex parti-
cles in the gel, the same relaxation profile is found but
with a longer relaxation time. In particular, the ampli-
tude of fluctuation is of the same order of magnitude in
both cases (in Fig.2 the correlation function has been
normalized in order to get rid of the dependence on total
concentration). This result shows that 20 nm diameter
beads are free to move in the gel and only experience a
higher viscosity than in water. Actually, for this gel the
correlation length of gelatin concentration fluctuations
has been measured equal to (43± 4) nm [16]. This is the
lowest value expected for the mesh size of a fully con-
nected gelatin network at this concentration. As these
latex particles are free to move in the gel, in the absence
of specific interactions one expects a fortiori the same
for thermolysin molecules which are ten times smaller.

In Fig.3, F.C.S. measurements are plotted for ther-
molysin in water, in 50% glycerol solution and in gelatin
gel. If one accounts for a viscosity, η, twelve time higher
than water, measurements in 50% glycerol superimpose
to the those in water. In addition, data can be fit us-
ing Eq.3 with an imposed value of α = 0.81 (determined
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FIG. 3: Fluorescence correlation function for thermolysin in
water (circles), in glycerol solution (diamonds) and in gelatin
(triangles) at the beginning of the degradation process. Flu-
orescence correlation function is multiplied by the average
fluorescence intensity, I0, in order to account for small varia-
tions of enzyme concentration. For full diamond symbols, i.e.
glycerol solution, the time is multiplied by the ratio of the
viscosity of water to the viscosity of the solution, ηwater/η,
in order to account for trivial viscosity effect. The full line
corresponds to the best fit of these data using the same curve
profile as for latex particles (Fig.2, Eq.3 with α = 0.81) with
an additional parameter for the amplitude (a = 0.057 ± 0.01,
τ = 0.22 ± 0.01).

on latex particles data because of a better statistics).
Measurements in water and gylcerol solution are thus
consistent with a simple diffusion motion governed by
Stokes-Einstein equation: D = kT/(6πηRH), where kT
the thermal energy and RH the hydrodynamic radius of
enzyme. As opposed to these results, measurements per-
formed in gelatin display a quite different shape for the
relaxation function which decreases as a power law over
five orders of magnitude in time. Tranlational motion of
enzymes in the gel is clearly slowed down and anomalous
compared to the behaviour in water. In order to fur-
ther advance the data interpretation, let us assume that
the correlation function is only a function of the reduced
mean square displacement,

〈
(r/R)2

〉
, of enzyme, with

R a length characteristic of the apparatus. Eq.3 can be
rewritten as g(t) = 1

1+〈(r/R)2〉α . Taking advantage of the

simple form for g(t), one easily gets:

〈[ r

R

]2
〉

=
(

1
g(t)

− 1
)1/α

(4)

which leads to the time dependent mean square dis-
placement from measurements. Results are plotted in
Fig.4. Compared to the diffusion in water (solid line in
Fig.4), in the gel diffusion is slowed down above 3ms
and the mean square displacement shows an anomalous
time dependence: over three decades in time one observes
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FIG. 4: Reduced mean square displacement of thermolysin in
the gel deduced from Eq.4 and data reported in Fig.3. The
full line corresponds to the expected simple diffusion in water〈
(r/R)2

〉
= t/0.22. The dotted line corresponds to the power

law
〈
(r/R)2

〉
= (3.2 ± 0.1) × t0.40±0.01.

〈
(r/R)2

〉
= (3.2 ± 0.1) × t0.40±0.01 (solid line in Fig.4).

Apart from the exponent value that slightly differs, this
is consistent with the results on gel degradation kinet-
ics and their interpretation. From Eq.2 and paragraph
above, one rather expects

〈
r2

〉 ∝ t1/2.
What should be the origin of such subdiffusive dy-

namics of enzymes in the gel? As mentioned above,
the mesh size of gelatin network at this concentration
is so large compared to the size of enzymes that they
are not embedded in the gel network. This is confirmed
by measurements on latex particles: despite a larger size
they are free to move in the gel. In the absence of ad-
sorption on gelatin, the enzymes are thus expected to
freely diffuse in the gel. Now, enzyme stability that is
enhanced in presence of gelatin (see Table 1) gives evi-
dence for such adsorption. In our opinion this is prob-
ably the main cause of the observed anomalous diffu-
sion. It has been shown [27] that a mechanism of “hop-
ping and trapping”for particles self-diffusion leads to such
power law behavior. Let us consider an enzyme ad-
sorbed on a gelatin chain as being in a potential well
of depth ∆E. The enzyme residence time can be writ-
ten as τ = τ0e

∆E/kT . An exponential distribution of the
energy barriers such as P (∆E) = 1

E0
e−∆E/E0 , leads to a

power distribution of residence times: P (τ) ∝ τ−(1+β),
with β = kT/E0. The average τ value is time dependent
〈τ〉 =

∫ t

0
τP (τ)dτ ∝ t1−β . If the diffusion characteristic

time of the enzyme between one adsorption site to an-
other is short compared to 〈τ〉, the diffusion process is
a random walk of steps lasting 〈τ〉: 〈

r2
〉 ∝ t/ 〈τ〉 ∝ tβ .

Let us denote τm a long time cutoff of the residence time
distribution, the above anomalous diffusion disappears at
time longer than τm and

〈
r2

〉
t>τm

∝ t. This point can
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explain the discrepancy between the β values deduced
from Fig.1 and Fig.4.

CONCLUSION

The kinetics of enzyme catalyzed degradation of
gelatin gel suggests both a diffusion limited mechanism
(one given enzyme creates a liquid pathway in the gel)
and an anomalous subdiffusive motion of the enzymes
in the gel. This last point was clearly underscored by
2-photon fluorescence correlation spectroscopy measure-
ments. In view of the small size of enzymes compared to
the mesh size of the network this anomalous diffsusion
is ascribed to adsorption of enzymes on gelatin chains
rather than gel structure and heterogeneities as it was
already observed by computer simulations [28].

From the theoretical point of view of the critical be-
havior of the reverse sol-gel transition, our results pre-
sumably imply a different universality class from perco-
lation, which usually accounts for most of the gelation
processes [18]. Actually, another universality class has
been already reported in case of strong correlations in
the gel connectivity [29]. Further experiments in this di-
rection are needed to elucidate this point.

Our result makes us wonder whether this anomalous
diffusion of the enzyme in the gel depends on the enzy-
matic activity or not. Further experiments using inacti-
vated enzyme would answer to this question.

The results here reported have to be taken into consid-
eration in the framework of the extracellular matrix re-
modeling observed in metastasis dissemination. Tumor
invasion implies the surexpression of proteinases [5, 7]
which degrade the ECM. The unusual anomalous diffu-
sion controlled mechanism of the gel degradation leads to
a strong dependence of the apparent proteinase activity
on enzyme concentration (the gel degradation velocity
varies as [E]2). In other words, a small variation of pro-
teinase concentration has a stronger effect than expected.
In vivo this would imply an amplification of the effects
of proteinase surexpression.
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