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ABSTRACT The phenomenon of enhanced nucleation and crystallization of proteins on porous silicon (PS) is theoretically
studied andexplained. ThePS layer is treated as a fractal structure, and anewmechanismof local supersaturation associatedwith
the fractality is proposed. It is shown that the number of adsorbed molecules on a fragment with a fractal surface significantly
exceeds that on onewith flat surfaces. For a fractal PS surface, a local concentration of molecules that is sufficient for nucleation is
possible inside and in the close vicinity of the pores, even when the average conditions in the bulk of the solution correspond to
metastability. The wide distribution of fractal pore size is favorable for the crystallization of a wide range of macromolecules using
the same sample. In addition, the PS technology is very flexible, allowing tailoring the pore size and concentration as well as the
fractal properties to specific proteins by changing the fabrication conditions.

INTRODUCTION

Protein crystallization is the main bottleneck in the determi-

nation of the three-dimensional (3D) structure of proteins

(1). Hence, there is an urgent requirement for new metho-

dology to aid protein crystal growth. A unique experimental

approach involving the use of porous silicon (PS) as a crys-

tallization promoter for protein molecules has been intro-

duced (2). Several types of proteins have been crystallized on

PS substrates at metastable conditions, regardless of their

charge and size (2). An example of protein crystallized on the

PS is shown in Fig. 1.

PS is a nanostructured material obtained from standard

polished silicon wafer by electrochemical etching. PS con-

sists of nanoscale-sized crystalline silicon wires and dots

surrounded by voids. The structure of the PS layer can be

seen in Fig. 2, which shows a scanning electron microscope

(SEM) image of a PS cross section. Fig. 3 shows SEM and

atomic force microscope (AFM) images of the PS external

surface. It is found that apart from biological molecules, PS

stimulates precipitation and crystallization of inorganic ma-

terials such as mineral species (3), silicon dioxide (4), and

sol-gel derived ceramic films (5).

It is known that PS is a fractal object. This follows from

the results of various experiments and computer modeling

(see, for example, (6–12)). The fractality means that the

object is formed by parts that are ‘similar’ in some sense to

the whole (13).The most important property of fractals is

scale invariance, or scaling. Scaling means that any prop-

erties of the object are scaled in accordance with a definite

rule: if one rescales the spatial dimension of the system L by

a factor k, the property w (volume, resistance, mass, and so

on) are rescaled by a factor ka, i.e., w(kL) ¼ kaw(L) and a is

not an integer, a 6¼ 1,2,3. . .. The solution of this functional

equation is w(L) ¼ ALa where A is a constant and its

dimensionality is [A] ¼ [w]/(length)a. Scaling exponents a
are different for different properties. If the values of a are

independent of the dilation direction i (i¼ x, y, or z), we have
an isotropic, or self-similar, fractal. If the values of a depend

on the dilation direction, the object possesses an anisotropic

dilation symmetry; it is a self-affine fractal (13). In any case,

a real-life fractal (as opposed to the mathematical object) has

upper and lower cutoff lengths. The lower cutoff l represents
the size of an elementary unit of the fractal structure. The

upper cutoff Lc represents the size of a scaling region. For

self-affine fractals, the value of Lc depends on the dilation

direction i, Lc ¼ Lci. The upper cutoff of self-similarity Lc,
called correlation length, appears to be due to the existence

of finite correlation scales for any real fractal object. It is

possible to say that any fractal structure is constituted from

blocks with linear size Lci and the number of these blocks is

Li/Lci along each direction (here Li is the linear size of the

structure in the i-direction).
The fractal properties differ for various regions of PS since

it has an intermediate structure between bulk self-similar

fractals like silica gels and samples with rough self-affine

fractal surface and monolithic bulk, such as appear as a result

of deposition or erosion processes (14). The pore interior

surface is formed by external surfaces of nanocrystallites con-

stituting the porous layer. This surface is a self-similar fractal

(6–8,12), i.e., it is scale-invariant along any direction up to

the correlation length Lc,pore. This scale is of the order of the
pore diameter (6–8) or the size of nanocrystallites constitut-

ing the porous layer (12). This statement can be related to
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any individual pore, i.e., there are many different values of

Lc,pore in accordance with the pore size distribution function.

In contrast with the pore interior surface, the external

surface of the PS sample is a self-affine fractal (9,10), i.e., it

has different scale-invariant properties along different di-

rections (14). The external surface of the PS sample has one

preferred direction perpendicular to the wafer surface. So, the

self-affine fractal surface has two upper correlation lengths:

the longitudinal Lcl in the (x,y) plane and the perpendicular

Lcp in the z direction. Lcp characterizes the scale of the

surface roughness. The surface can be described by the func-

tion h(x,y), which gives its height at position (x,y) from a

referent flat surface. The surface width w(L) of a section of

the surface having a size L3 L in the referent plane is defined

by the root mean square of the height fluctuation by w(L) ¼
(Æh2æ � Æhæ2)1/2. The averaging Æ. . .æ means integration over

this section: Æhæ ¼ L�2
R
h(x,y)dxdy.

The morphology of the surface is defined by the definite

scaling rule: if L9 ¼ kL then w(L9) ¼ kaw(L) if L9 and L ,
Lcl. The solution of this functional equation is well known:

wðLÞ ¼ l
L

l

� �a

f

 
L

Lcl

!
; f ðxÞ ¼ Const for x � 1;

f ðxÞ ¼ x
�a

for x � 1:

(1)

Here, the roughness exponent a is limited by the condition

0 , a , 1.

The longitude correlation length Lcl appears as a result of
definite correlations during electrochemical etching of

monocrystalline Si wafer and depends on etching conditions.

Lcl is roughly 100 nm and can be expanded by an increase in

etching time (9,10). The surface width w(L) may be regarded

as a measure of the correlation scale in the direction per-

pendicular to the referent surface (14). According to the defi-

nition of the self-affine surface, this scale depends on the size

of the averaging section. Its maximal value is the correlation

length Lcp in the direction perpendicular to the referent plane:
wðL/NÞ[ Lcp: Thus, according to Eq. 1,

Lcp ¼ LclðLcl=lÞa�1
; (2)

FIGURE 2 A cross section of p-type PS showing the structure of the

material (tree-like); the silicon is white and the dark areas are pores in the

layer.

FIGURE 3 Images of the external surface of PS taken by SEM (a) and
AFM (b).

FIGURE 1 Single crysta1 of c-phycocyanin attached onto a PS fragment.

Area shown is 0.53 0.5 mm. The crystallization method and conditions are

described elsewhere (2).
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and Lcp� Lcl because the roughness exponent 0, a, 1 and

the minimal scale of self-similarity l � Lcl. For PS, Lcp is of
the order of the mean pore size Æ Lc,poreæ because the

surface roughness is due to the pores etched on a fragment

L 3 L.
Using the above definitions, we will show that due to the

fractal properties, local high supersaturation conditions can

be created near the PS surface in the metastable solution.

Supersaturation is a necessary, but not sufficient, condition

for spontaneous nucleation: a free energy barrier of entropic

origin must be overcome for a critical nucleus to form. An

obvious way to promote nucleation is by inducing a local

supersaturation spike, thus lowering the barrier at ideally one

place in the medium, which will be the point where the

critical nucleus forms. Naturally, the spatial size of this local

spike should not be less than the size of the critical nucleus.

A substrate that would locally increase the concentration of

the molecules to be crystallized, with respect to the bulk,

may therefore be an effective promoter of heterogeneous

nucleation. The substrate does not need to be a postcritical

nucleus (i.e., a seed crystal) itself, nor to be able to simul-

taneously constrain the minimal number of molecules that

are necessary for criticality. A limited constraint, leading to a

small increase in the probability of critical nucleus formation

at the substrate, may be sufficient to induce crystallization if

the system is not too far from labile conditions.

A high local supersaturation is possible near any surface

if attractive forces are large enough. These conditions are

realized in the cases of capillary condensation of neutral

particles (15,16) and adsorption of charged particles on an

oppositely charged surface (17). The attractive force between

opposite charges of a molecule and a surface can produce a

sufficiently large difference in surface free energy to produce

sufficient local supersaturation of the charged particles, re-

sulting in heterogeneous nucleation (17). Charged surfaces,

including functionalized self-assembled monolayers (18),

doped silicon microfluidic devices (19), poly-L-lysin cov-

ered glass surfaces (20), and charged beads like Sephadex

and various zeolites, which combine charge with an ordinary

regular porous structure (21), have all been tested as nucle-

ation promoters. Most of these have been particularly suc-

cessful with lysozyme, an easily crystallizable, fairly compact

protein with a high surface charge density when at crystal-

lization conditions. Success with a wider range of proteins has

not been forthcoming and therefore such surfaces and beads

have not gained widespread use.

Hydrophobic surfaces have also been shown to promote

nucleation in some cases, possibly due to preferential bind-

ing of the few hydrophobic residues on the protein surface

with the nucleant surface (22). This, however, is not true in

general: hydrophobic surfaces are commonly used as inert

substrates for protein crystallization by homogeneous

nucleation.

A nucleation promoter can also be one that provides a

template for epitaxial crystal growth. This is the obvious

mechanism of one of the most common methods of

improving macromolecular crystals, namely, seeding meta-

stable solutions with a previously obtained small crystal of

the sample (homologous seeding). Heteroepitaxial growth

on minerals has also been attempted for protein crystalliza-

tion (23). The presence of a heteroepitaxial growth mech-

anism has been demonstrated, but no single mineral has been

found that can be used for a variety of different proteins.

Hence, this arduous route has been largely abandoned by

the macromolecular crystallographic community, for the

moment at least.

In sum, it has been argued that a series of interactions may

drive sufficient local supersaturation to lead to heteroge-

neous nucleation. These range from attraction between net

opposite charges to short-range specific and nonspecific

interactions (24), dispersion forces (17), hydrophobicity, etc.

For the most obvious case of attraction between net op-

posite charges, the signs of net molecular charge and surface

charge are crucial for crystallization (17,19). However, the

results of Chayen et al. (2) are independent of charge sign

since the proteins under investigation had different net

charge signs, yet crystallized on the same PS samples. The

precise origin of the attraction potential is thus likely to vary

between proteins, and it is not the purpose of this work to

discuss it further.

We consider here the case where there is a definite at-

traction potential between proteins and silicon surface re-

sulting in protein accumulation on the surface layer at a

concentration higher than in the solution bulk (positive

adsorption (25)) but still not sufficient for heterogeneous

nucleation on a flat surface. We have focused on the fractal

properties of PS surfaces, which—provided that some kind

of sufficiently attractive potential is present—make it a more

effective and wide-ranging nucleant than (functionalized)

flat surfaces or surfaces with an ordinary regular porous

structure.

RESULTS AND DISCUSSION

The mechanism suggested here is based on the specifics of

any self-similar and self-affine fractal surfaces. For our pur-

pose, it is convenient to characterize the fractal surface by the

box-counting method (13). In the framework of this method,

the fractality of the surface means that the number of par-

ticles NR(L) of size R required for monolayer coverage of a

square fragment with edge length L increases with L faster

than (L/R)2:

NRðLÞ ¼ L

R

� �D

f
L

Lc

� �
with f ðxÞ ¼ Const for x � 1 and

f ðxÞ ¼ x
�ðD�2Þ

for x � 1: (3)

L here refers to the shortest distance between two adjacent

corners of the fragment, not to the length of the cross

sectional fractal curve; D . 2 is the fractal dimension of the
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surface. In the case of self-affine surface, D ¼ 3 � a. The
correlation length Lc ¼ Lc,pore and l, R, min(L, Lc,pore) for
a self-similar pore surface. In the case of a self-affine surface,

Lc ¼ Lcl and l , R , w(L) , min(L, Lcp, Lcl).
Equation 3 accounts for the well-known effect that NR(L)/

L2 for particles deposited on fractal surfaces with the same

fractal dimension D has different values due to different up-

per limits Lc of the fractal regime (26)—the greater the correla-

tion scale Lc, the higher that quantity:

NRðLÞ
L
2 ¼ 1

R
2

L

R

� �D�2

f

 
L

Lc

!
: (4)

Note that the quantity NR(L)/L
2 is an intensive thermody-

namic variable (i.e., one independent of the size of averaging

region L) for representative volume only (L � Lc). We call

this quantity projected effective density, nef. It corresponds
to the density of the projection onto a flat surface (of area

L 3 L) of a set of particles lying on the corrugated surface.

As is clear from Eq. 4, nef is much higher than that on a

regular surface: since D. 2 and Lc � R, it results that nef �
1/R2, where R�2 would be the surface density on a flat

surface for a complete monolayer.

We are exploiting this effect for the case of molecular ion

adsorption from solution. We certainly do not have a com-

plete monolayer due to mutual repulsion of the ions, and the

mean distance between adsorbed ions can be greater than

their size. Nevertheless, an effect analogous to that described

by Eq. 3 is possible. Let the density of adsorbed molecules

on a flat surface be ns and the mean distance n
�1=2
s between

absorbed particles be less than Lc: (n
�1=2
s � Lc). The value

of ns depends on the concentration of particles in the meta-

stable solution, interaction between the particles, and inter-

action of the particles with the surface. Certainly, we suppose

that positive adsorption takes place (25), i.e., the mean dis-

tance n
�1=2
s between absorbed particles is less than the mean

distance between solute particles in the solution volume. So,

n
�1=2
s is a natural spatial scale for our model, and all distances

will be measured in these units.

We can then speak of monolayer covering of the surface

by ‘‘particles’’ of size n
�1=2
s . Thus, the effective projected den-

sity nef of these particles lying on the fractal surface is much

higher than their density ns on a regular surface:

nef ¼ nsðns L
2

cÞðD�2Þ=2 � ns; (5)

when nsL
2
c � 1. The effect is absent if the molecule

concentration in solution is not high enough and the mean

distance n
�1=2
s between absorbed particles on the flat surface is

much more than Lc (n
�1=2
s � Lc). Since the correlation scale

Lc is defined by the PS preparation conditions, it is possible

to select the value of Lc for any concentration of metastable

solution for the local density nef to be above metastability.

From simple geometric considerations, a higher nef implies
a shorter average interparticle distance in physical (3D)

space for the same average interparticle distance along the

surface (i.e., on a two-dimensional metric attached to the

surface). This can be intuitively pictured as follows: imagine

a corrugated surface with particles rigidly fixed to it at given

distances. This surface is now stretched out until completely

flat, but no more. If the particles have remained fixed with

respect to the surface, they will find themselves at greater

distances from each other in 3D space than when the surface

was corrugated. So, even if the actual surface density of the

molecules on the fractal surface remains the same as on a flat

surface, a higher nef means that the molecules are still brought

much closer together than they would be if they were lying on

the flat surface. Thus, in the vicinity of the fractal surface

fragment, the effective surface density of protein molecules

will be greater than in the vicinity of the flat surface.

Since we are interested in heterogeneous nucleation, let us

show that the real local volume concentration nv,loc in the

vicinity of the fractal surface is greater than in the vicinity of

a flat surface. Moreover, this concentration should be no less

than a critical concentration for spontaneous nucleation at

given pressure P and temperature T, ncr(P, T). Naturally, the
thickness z of this near-surface layer is no less than the size

of the critical nucleus rcr, z $ rcr at the same time or z # Lcp
because we would like to use scaling relation Eq. 3. Here Lcp
is the correlation length in the direction perpendicular to the

referent plane of the self-affine surface if we are considering

supersaturation in the vicinity of this surface and Lcp ¼
Lc,pore if we are considering supersaturation inside the pore.

So, the relation of scales for the layer is

l,R, n
�1=2

s , z# Lcp: (6)

Let us estimate the volume of this boundary layer Vb(z)
and the number N(z) of particles that can be placed inside

this layer.

According to the fractal surface definition (13) and Eq. 3

we can calculate Vb(z) as a complete volume of (L/z)D boxes,

each of volume equal to z3:

VbðzÞ ¼ z
3ðL=zÞD;z

3�D
: (7)

We would now like to arrange the particles inside this

volume. Since z is the distance in physical (3D) space, there

will be z=n
�1=2
s layers of particles. The number of particles in

each layer is defined by the surface fractality and is equal to

ðL=n�1=2
s ÞD. So, the total number of particles is

NðzÞ ¼ ðz=n�1=2

s ÞðL=n�1=2

s ÞD;z
1ðn�1=2

s Þ�ð11DÞ
: (8)

The local volume density will therefore be

nv;locðzÞ ¼ NðzÞ=VbðzÞ ¼ n
3=2

s ðz=n�1=2

s ÞD�2 . n
3=2

s

¼ nv;flðsince z. n
�1=2

s and D. 2Þ: (9)

Here we suppose that the distance between particles in the

direction normal to the flat surface coincides with distance

n
�1=2
s along the surface, i.e., the volume density near the flat
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surface nv;fl ¼ n
3=2
s . In a more realistic case, the distance

between particles in the direction normal to the surface may

be more than n
�1=2
s since adsorption force (for example, van

der Waals dispersion force) decreases with z. However, this
is not important for our estimates since we use the same con-

ditions for the flat surface, too.

So, although the boundary layer volume increases as z3�D

(3 � D , 1 since D . 2), the number of particles inside the

layer increases as z1 (Eqs. 7 and 8). This is the reason for the
increase of local volume density. Recall that this is the effect

of being in the vicinity of a fractal surface, since it is neces-

sary that the condition in Eq. 6 be fulfilled. These conditions

are rather rigid since in reality, fractal behavior is typically

based on a scaling range that spans 0.5–2 decades (27).

Strictly speaking, LD should be replaced by the Hausdorff

D-measuremD(S) for the fractal surface (13). Then the bound-
ary layer volume Vb(z) is expressed as

VbðzÞ ¼ B z
3�D

: (10)

Here prefactor B is proportional to the Hausdorff D-mea-

sure mD(S) for a fractal (self-affine or self-similar) surface S
(28):

B ¼ p
ð3�DÞ=2½ð4� DÞGðð5� DÞ=2Þ��1

m
DðSÞ;

p
ð3�DÞ=2½ð4� DÞGðð5� DÞ=2Þ��1 � 1: (11)

The number of particles N(z) inside the volume Vb(z) is
equal to the product of the number of layers with thick-

ness n
�1=2
s and the number of particles inside one layer,

Ns ¼ mDðSÞnD=2s :

NðzÞ ¼ ðz=n�1=2

s ÞmDðSÞ nD=2

s : (12)

So, the local particle density nv(z) ¼ N(z)/Vb(z) inside a

boundary layer of thickness z near fractal surface with fractal
dimension D depends on D and z only and is independent of

the Hausdorff D-measure

nv;locðzÞ ¼ 1

n
�3=2

s

z

n
�1=2

s

 !D�2

¼ nv;flðnsz
2ÞðD�2Þ=2 . nv;fl: (13)

We can see that the results of Eqs. 9 and 13 are identical. It

is more convenient to operate with a fragment of the surface

with lateral size L. It is known that the Hausdorff D-measure

mD(S)# LD. Since the effective density nV(z) is independent
of mD(S) we prefer the simplest form for N(z) and Vb(z):
NðzÞ ¼ ðz=n�1=2

s ÞLDn�D=2
s ;VbðzÞ ¼ z3ðL=zÞD.

Thus, any fractal substrate yields a sufficient local con-

centration for nucleation if the following conditions are

fulfilled:

nv;locðLcpÞ ¼ nv;flðn1=2

s LcpÞðD�2Þ . ncrðP; TÞ and

R, n
�1=2

s , Lcp;D. 2: (14)

Here ncr (P, T) is a critical concentration for spontaneous

nucleation at given pressure P and temperature T. The

conditions in Eq. 14 let us make an optimal choice of

crystallization and substrate-related parameters for hetero-

geneous nucleation of any protein. Indeed, ns is a function

of solution metastability and silicon-protein interaction,

whereas fractal dimension D and correlation length Lc are
controlled by fabrication conditions. It was shown that the

fractal dimension D, reflecting surface morphology of in-

dividual pore and the whole structure of porous network, is

strongly porosity dependent (12). For example, its value can

be changed from 2.1 to 2.4 for porosity range 40–70%,

indicating an increase of nanocrystallite roughness and,

consequently, the specific surface area with porosity (12). In

turn, the correlation length Lc was shown to be a function of

anodization time (9,10). The pore size which serves as a

correlation length for an individual fractal pore can be varied

from nanometer to micrometer scale. Practically, the pore

size as well as the porosity can be changed by varying the

anodization current density, HF solution concentration as

well as doping type and level of the starting silicon substrate

(29,30). So, we can select favorable fabrication parameters

to tailor fractal dimension D and correlation length Lc for a
given protein to satisfy nucleation conditions. Assuming that

useful pores for our purposes range in size from the diameter

of a protein molecule to that of a critical nucleus, we would

like to have a pore size distribution that ranges over a few

protein diameters.

It remains however to be judged whether a very wide,

‘‘nontailored’’ and therefore more ‘‘universal’’ pore size dis-

tribution is to be preferred over a more protein-adapted

‘tailored’ surface. A broad distribution of fractal pore sizes in

PS sample may indeed be a crucial advantage, in providing

for each of various proteins the pore size most suited to its

molecular diameter and to the shape of the initial aggregates

that it forms. On the same PS surface, different pores provide

different supersaturation conditions for a given protein

molecule because of the variation of the fractal parameters.

Hence, the same PS can serve as a nucleant for various pro-

tein molecules. To reach conclusions on this matter, more

crystallization experience with this and possibly other similar

materials will doubtless be required.

CONCLUSIONS

PS appears to be an effective nucleant for protein crystal-

lization, due to its fractal properties. The fractal structure

of PS provides the local supersaturation spike needed for

the heterogeneous nucleation of molecules from metastable

solutions.

Local supersaturation ‘‘spikes’’ are not in themselves

sufficient to guarantee successful crystal growth, especially

where macromolecular crystals are concerned. For crystal

nucleation, rather than the triggering of phase separation or

precipitation/amorphous aggregation, the protein solution

has to be metastable with respect to a crystalline phase. In

other words, the protein solution must be close to conditions

Protein Nucleation on Fractal Substrate 3861
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where the protein would crystallize spontaneously in the

absence of a nucleant. Practically, this means that the specific

interactions between protein molecules (the ones that lead to

3D crystal formation) must be of comparable magnitude to

the protein-nucleant attraction. If protein-protein interactions

are too weak at the given conditions, then deposition of mole-

cules on the nucleant surface will at best be achieved. If the

interactions are not specific and conducive to ordered pack-

ing, then only amorphous aggregation can result.

These caveats should not detract from the importance of

heterogeneous nucleation, which has two advantages. First,

nucleation and growth at metastable conditions is highly

advantageous because the effects of spontaneous nucleation

are prevented. The slower growth and the lack of excess and

secondary nucleation often provide for growth of larger,

better diffracting crystals (17). Second, the probability of a

‘hit’ in the usual trial-and-error initial crystallization screen-

ing of a protein is increased, since metastable conditions

will also yield crystals in the presence of the heterogeneous

nucleant whereas they would remain clear in the absence of

nucleant.

Our model shows that a sufficient local concentration of

molecules for nucleation is possible inside and in the close

vicinity of the pores, even when the average conditions in the

bulk of the solution correspond to metastability. Whatever

the mechanism of molecule adsorption, with correct choice

of crystallization and of surface-related parameters, hetero-

geneous nucleation may occur due to the local supersatura-

tion at the fractal surface. The PS substrate can serve as a

rather universal nucleant for various protein molecules due to

the wide distribution of fractal pore sizes. In addition, the PS

technology is very flexible, allowing tailoring the pore size

and concentration as well as the fractal properties to specific

proteins by changing the fabrication conditions. It should be

noted that heterogeneous nucleation of protein crystals never

succeeded on oxidized PS, which had lost its fractal prop-

erties (11). This fact is probably an additional demonstration

of the role of fractality in the promotion of heterogeneous

nucleation.

According to our theory, this nucleation-promoting prop-

erty of PS is more general and is not limited to amphoteric

macromolecules only. Indeed, it was also observed in the

case of enhanced crystallization and bonding of ceramics and

oxides to PS surfaces (4,5). On the other hand, our consi-

deration of the phenomenon of local supersaturation caused

by fractality does not rely upon specific parameters of PS and

may be applied to any fractal surface.
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