
Dynamic Article LinksC<Soft Matter

Cite this: Soft Matter, 2012, 8, 6582

www.rsc.org/softmatter PAPER

D
ow

nl
oa

de
d 

by
 R

SC
 I

nt
er

na
l o

n 
31

 J
ul

y 
20

12
Pu

bl
is

he
d 

on
 1

8 
M

ay
 2

01
2 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2S

M
25

48
9A

View Online / Journal Homepage / Table of Contents for this issue
Assessing structure and dynamics of fibrinogen films on silicon nanofibers:
towards hemocompatibility devices

Natalia Hassan,b Valeria Verdinelli,a Juan M. Rusob and Paula V. Messina*a

Received 1st March 2012, Accepted 16th April 2012

DOI: 10.1039/c2sm25489a
An enhanced knowledge of the interaction of proteins with the surfaces of implantable materials,

particularly regarding fibrinogen (Fb), is fundamental for understanding cellular events and the overall

host response. Thinking of future use of Si-nanofibers as three-dimensional (3D) scaffolds for

construction of implantable artificial devices, the correlation among the material surface characteristics

and the amount, structure and distribution of adsorbed Fb molecules are analyzed. The Fb adsorption

process occurs in a stepwise fashion with an initial rapid adsorption, an intermediate reorganization

and finally a second slower adsorption regime over a longer period of time. There is a partial desorption

of the protein after the first adsorption process, which demonstrates that this step is reversible until 2�
104 s. Nevertheless the whole process is irreversible, with a high distortion of the original material

morphology. The limiting value for the adsorbed Fb surface concentration is about 270 � 20 mg dm�2;

more than three times the adsorption capacity of non fibrillar, 2D or 3D, scaffolds. The fibrous

structure and the similitude in size between the substrate (d ¼ 30–50 nm) and the Fb molecules (47–50

nm) are proposed to be the key to the enhanced adsorption process and the acquired final topography

of the material.
1. Introduction

The principle for the design of functional tissue engineering

products requires the appropriate scaffolding to mimic the

structure and biological functions of the native extracellular

matrix (ECM) as much as possible. Hence, scientists have turned

to nanotechnology, and specifically to nano-fibers,1–3 as the

solution toward the development of wound repair/care products.

The nano-fibrous architecture selectively enhances protein

adsorption and also allows more than 1.7 times of osteoblastic

cell attachment.4,5 At present, only a few processing techniques

can successfully produce fibers, and the subsequent scaffolds, on

the nanoscale.3 In a previous work,6 we successfully used

a microemulsion system as a nano-reactor for the obtention of

Si-nanofibers.

The creation of a proper implantable material requires

a fundamental knowledge of the bio-response mechanism from

the body and its ultimate effects at the interface of the material

surface. Then, to understand the body response to implanted

materials, it is insightful to first study the interaction of proteins

with solid surfaces. Material–protein association mediates the

cell-nanostructured surface communications7–9 and can result in
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physiological and pathological changes, including macrophage

uptake, blood coagulation, protein aggregation, and comple-

ment activation.10–15

Here, we evaluated the interaction of previously synthesized

Si-nanofibers6 with the third most abundant protein plasma in

blood (fibrinogen, Fb) in order to check the hemocompatibility

of the material, looking towards the future use of such nano-

fibers in three-dimensional scaffolds for the construction of

implantable artificial devices. Although in its infancy, the field of

silica materials and carbon doped with biological molecules has

already exhibited its diversity and potential applications in

a selection of modern material science frontiers including bio-

catalysis, biosensing, drug release, and separation of biological

molecules.16 However, the available studies of the toxicity of

silica nano-materials are relatively few, especially compared to

the vast number of studies of titanium dioxide or carbon nano-

tubes. Specifically, the health effects of silica nanoparticles have

been evaluated in terms of exposure via the respiratory tract,

after acute or sub-acute exposure; other exposure routes remain

unchecked (e.g. blood, skin or gastrointestinal tract).17 There

have been fewer studies related to nano-fibers.

Fibrinogen is one of the most relevant proteins that is adsor-

bed onto biomaterial surfaces because it takes part in blood

coagulation and facilitates adhesion and aggregation of platelets,

which are very important properties in the processes of both

haemostasis and thrombosis.18 The adsorption of Fb onto inor-

ganic surfaces has been investigated for many years by a variety

of methods. The most common methods are spectroscopic19–23
This journal is ª The Royal Society of Chemistry 2012
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Fig. 1 Profiles of Fb adsorption onto Si-nanofibers at different initial

protein solution concentrations, C0.
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and microscopic24–27 techniques that directly provide structural

information. Unfortunately, even with the progress of experi-

mental techniques allowing the study of surface phenomena, the

adsorption process of this protein is not fully understood. At the

same time, most of the adsorption studies done are imprecise;

relatively little attention has been placed on the fact that the first

layer of biomolecules adsorbed onto the surface undergoes

various types of conformational changes and, sometimes, can

lead to deviations from the ideal behavior, and thus provide

misleading interpretation.28

Clearly, such a scenario would require further investigation.

So, the aim of this article is the quantitative characterization of

the effect that nanoscale surface features of Si-nanofibers

(chemistry, morphology, and topography) have on the adsorbed

Fb films (amount, structure and distribution). To achieve this

goal, a rigorous inspection of adsorption–desorption processes

has been performed. Particular attention is paid to the adsorp-

tion kinetic process; the parameters that determine the different

Fb adsorption dynamic regimes and the effect of different Fb

concentrations on pore and intraparticle diffusion rates are

evaluated in detail. The study is completed by the inspection of

material topography by microscopic methods. The obtained

results provide novel information inside the complex Fb

adsorption processes, and can address the new challenges evoked

by the design of new scaffolds, exhibiting improved biocompat-

ibility and defining the appropriate conditions for the safe use of

these materials.
2. Results and discussion

Both in the practical applications and in the theoretical studies of

protein adsorption processes, it is important to differentiate

between the equilibrium isotherms and the kinetics of the

adsorption process.29
2.1 Non-equilibrium state system: adsorption kinetics

The rate at which macromolecules adsorb at a sub-saturated

interface depends intricately on the interactions between

incoming molecules and those previously adsorbed (the structure

of the interfacial layer). Therefore, the rate of adsorption can

itself be a sensitive probe of the interfacial structure.30

2.1.1 Adsorption regimes. Fig. 1 shows the adsorbed density

(G/mg dm�2) versus time evolution, computed from adsorption

experiments in which different initial concentrations (C0/mM) of

fibrinogen phosphate buffer solution (PBS) are in contact with

the adsorbing surface. The Fb adsorption process is complex, as

clearly shown in the adsorption profiles. It appears to occur in

a stepwise fashion with an initial rapid adsorption followed by an

intermediate reorganization step and finally a second slower

adsorption step over a longer period. There is a partial desorp-

tion of the protein past the first adsorption process, so the

process seems to be quite reversible31 up to 2 � 104 s. Never-

theless the whole process (9 � 104 s) is irreversible. It can be seen

that the diverse protein regimes, in which macromolecules

interact differently with the material surface, depend on the

initial Fb concentration. ForC0¼ 0.12 mM, three regimes can be

identified: a first adsorption region (0–14 400 s) followed by
This journal is ª The Royal Society of Chemistry 2012
desorption until t ¼ 23 100 s, and finally a region where protein

surface concentration is constant (G ¼ 39.3 mg dm�2). During the

desorption process, about 13.3 mg dm�2 of Fb is squeezed from

the solid–solution interface. A little increment of the initial

protein concentration (C0 ¼ 0.21 mM) causes a great change in

the Fb adsorption behavior: two consecutive adsorption steps

and a final period where the protein surface concentration is

almost constant (G z 86.4 mg dm�2) can be identified, while no

desorption regimes appeared. For C0 ¼ 0.33 mM, once more

three regimes can be observed: (0–12 000 s) protein adsorption

until surface saturation (G ¼ 134.8 mg dm�2); (12 000–30 000 s)

constant surface concentration; and a final step (30 000–90 000 s)

where a new adsorption process takes place until a maximum

protein concentration is reached, G ¼ 157.5 mg dm�2. The second

layer of protein is presumably adsorbed onto the first layer (not

necessarily a compact one) after an induction period where the

first protein layer suffers a kind of conformational change,

exposing new favorable adsorption sites. For C0 ¼ 0.43 mM and

0.53 mM, two consecutive adsorption processes can be detected.

Finally, for C0 > 0.53 mM, protein desorption is again appreci-

ated; the evolution of events can be summarized as follows: a first

initial adsorption step (0–8400 s) followed by desorption (8400–

24 900 s) to end with a new adsorption process (24 900–90 000 s).

Many kinetics models were developed in order to find intrinsic

kinetic adsorption constants. Traditionally, the kinetics of

adsorption is described following the expressions originally given

by Lagergren,32 which are special cases for the Langmuir rate

equation. The Langmuir equation is based on some quite

reasonable assumptions.33These are: a uniform surface where the

sites of adsorption are energetically equivalent, a single layer of

adsorbed material, and a constant temperature. For the system

being studied, two of these three conditions are not met.

However, some literature findings show some studies of protein

adsorption on solid surfaces evaluated by the Langmuir equa-

tion.34 In consideration of the existence of these studies, the

Langmuir equation was tested and, as we expected, the theo-

retical data do not fit the experimental ones. So, we assumed that

it is not correct to apply the kinetic equations of Lagergren

because they are derived from the Langmuir equation. Never-

theless, we have also tested the Lagergren equations, without

satisfactory results. In light of the obtained results, the Fb kinetic
Soft Matter, 2012, 8, 6582–6592 | 6583
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curves on Si-nanofibers were adjusted using Avrami’s exponen-

tial function:

GðtÞ ¼ Geq

�
1� exp�½kavt�n� (1)

where kav is Avrami’s kinetic rate constant and n is the reaction

order. This equation allows us to consider in a simple manner

many events that are present in the kinetic adsorption of

proteins: possible changes in the adsorption rates as a function of

the initial supernatant solution concentration and/or the

adsorption time, as well as the determination of fractionary

kinetic orders.35,36

To quantitatively compare the applicability of the applied

kinetic model, the normalized standard deviation (DG(%)) was

also calculated.

DGð%Þ ¼ 100�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPh�
GðtÞexp � GðtÞcal

�.
GðtÞexp

i2
a� 1

vuut
(2)

where G(t)calc is the adsorption capacity calculated values from

the Avrami’s model and a is the number of experimental points

on the kinetic curve.

It was not possible to make a single adjustment of this equa-

tion to all experimental data. So, we suspect that more than one

adsorption process can exist, which coincides with many reports

on the adsorption of proteins.37 We applied the equation to

different sections of the adsorption profiles (every 2500 s) at

different initial protein solution concentrations. We found that

the same kinetic parameters describe (in the majority of cases)

two adsorption steps. The obtained kinetic parameters are

summarized in Table 1, DG(%) z 0.05, confirming the applica-

bility of the selected kinetic model. The order (n) and the Avrami

kinetic rate constant (kav) are dependent on the initial concen-

tration. This fact agrees with the existence of different processes

controlling the adsorption rate. In such cases, in which two

adsorption processes are detected, a careful comparison of

adsorption kinetic constants shows that the rate of adsorption

during the first step greatly exceeds that observed during the

second step, while low values of kinetic order are detected. This is

evidence of a significant structural rearrangement taking place

during the Fb adsorption. The Avrami kinetic models do not

provide us with information about the different interaction

mechanisms involved during the kinetic regimes.38 Therefore, we

need to resort to more complex models that allow us to under-

stand in much more detail the protein interaction with

Si-nanofibers.

We analyze the three regimes of the adsorption process sepa-

rately by applying different mechanistic models.

2.1.2 Regime I: initial adsorption step. It is generally known

that a typical liquid–solid adsorption process involves film

diffusion, intraparticle diffusion, and mass action. For physical

adsorptions, the mass action is a very rapid process and can be

negligible for a kinetic study. Thus, the kinetic process of

adsorption is always controlled by liquid film or intraparticle

diffusion.39 Moreover, when a macromolecular solution is placed

in contact with an adsorbing substrate under static conditions,

the thickness of the boundary layer surrounding the particle

should be significant, and the boundary layer resistance or film
6584 | Soft Matter, 2012, 8, 6582–6592 This journal is ª The Royal Society of Chemistry 2012
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diffusion should be the major driven rate-controlling factor for

the initial adsorption.40

As we did with the Avrami kinetic adsorption equation,

different models were applied to each 2500 s of the adsorption

profiles. We have tested several diffusion models such as: the

‘‘linear driving force’’ rate law,40 which is usually applied to

describe mass transfer though a liquid film; the film diffusion

mass transfer rate equation presented by Boyd et al.;41 the

homogeneous solid diffusion model;42 the Weber–Morris

model;43 the Dumwald–Wagner model44 and the double-expo-

nential function model proposed by Wilczak and Keinath.45 We

found that only the Boyd film diffusion and the Weber–Morris

intraparticle diffusion models partially adjust to our experi-

mental data with R2 ¼ 0.998.

The film diffusion mass transfer rate equation presented by

Boyd et al.41 is:
Fig. 2 (a) Film and (b) intraparticle diffusion plots for Fb adsorption

onto Si-nanofibers during the first adsorption step.

Fig. 3 Fibrinogen adsorption regimes. Inset: representation of fi

This journal is ª The Royal Society of Chemistry 2012
ln

�
1� GðtÞ

Geq

�
¼ �R0t; R0 D0

e

r0Dr0k0 (3)

where R0 is the liquid film diffusion constant, D0
e is the effective

liquid film diffusion coefficient, r0 is the radius of adsorbent

beads, Dr0 is the thickness of the liquid film and k0 is the equi-

librium constant of adsorption. A plot of ln(1 � G(t)/Geq) vs. t

should be a straight line with a slope of�R0 if the film diffusion is

the rate limiting step. Weber and Morris found that in many

adsorption processes, solute uptake varies almost proportionally

with t1/2 rather than with the contact time t.43

G(t) ¼ kintt
1/2 (4)

where kint is the intraparticle diffusion rate. According to eqn (4),

a plot of G(t) vs. t1/2 should be a straight line with a slope of kint
when the intraparticle diffusion is the rate-limiting step.

Fig. 2a and 2b show the film and intraparticle diffusion plots

for Fb adsorption onto Si-nanofibers. Both representations give

consecutive straight lines with R2 z 0.998; film diffusion can be

appreciated from 250–2500 s and intraparticle diffusion from

2500 to 10 000 s.

Previously, we said that diffusion models partially adjust to the

experimental data because the graphs do not pass through the

origin, which means that the intraparticle and/or film diffusion

mechanisms are not the only rate controlling steps. Other

processes may also occur at the same time, all of which may be

operating together. Taking into account the inhomogeneous

nature of the protein adsorption process, we consider the possi-

bility of any kind of chemical interaction between adsorbed and

pre-adsorbed molecules. So, the reaction models were tested. We

previously discarded the pseudo-first-order and pseudo-second-

order rate equations proposed by Lagergren.32 We tested other

second order equation models46 and Elovich’s equation,47

obtaining good results only with the latter. The Elovich equation

is satisfied in chemical adsorption processes and is suitable for

systems with heterogeneous adsorbing surfaces:
lm diffusion mass transfer rate equation for the initial 150 s.

Soft Matter, 2012, 8, 6582–6592 | 6585
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Fig. 4 Dependence of the (a) diffusion film coefficient, R, and (b) intra-

particle constant, kint, on the initial solution protein concentration, C0.
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dGðtÞ
dt

¼ ae�aGðtÞ (5)

where a is the desorption constant and a the initial adsorption

rate. With the assumption that aa t [ 147 and integrating with

boundary conditions G(t)¼ 0 at t¼ 0 and G(t)¼ G(t) at t¼ t, the

Elovich rate equation becomes:46

G(t) ¼ aln(aa) + aln(t) (6)

Fig. 3 shows the variation of G vs. ln(t). It can be seen that such

a representation gives a straight line from 150–10 000 s. This is

indicative that the Elovich equation is satisfied just with diffusion

models. Nevertheless, the reaction model is far away linearly

from 0 to 150 s. We again tested the diffusion models in this

initial time range and confirmed that film diffusion is applicable,

with a straight line that occasionally passes through the origin at

lowC0, (inset Fig. 3). As a result, we reason that over the first 150

s, the rate of adsorption is controlled mainly by a film diffusion

mechanism. After 150 s of adsorption, reaction mechanisms are

also present. The general explanation for this form of kinetic law

involves variation of the reaction energetics with the extent of

surface coverage. Another plausible explanation could be that

active sites are heterogeneous in nature, and therefore exhibit

different activation energies. This is in accordance with the

existence of a pre-adsorbed layer of protein that exposes new

attractive sites for the favorable adsorption of approaching

protein molecules. Film diffusion rate control still continues up

to 2500s, where intraparticle diffusion control is appreciated

(Fig. 2). From 2500s to the end of the first adsorption regime,

both the intraparticle diffusion and reaction rate control operate

simultaneously (Fig. 3). The obtained parameters of the diffusion

methods and Elovich equations are shown in Table 2. From

inspection of Table 2 it can be seen that the rate control mech-

anism is also highly dependent on the initial concentration of the

protein solution (C0). To a deep analysis of such an effect, the

variation of diffusion film and intraparticle constants vs. C0 is

shown in Fig. 4. The film diffusion constant augments up to

a maximum value of 0.45 mM, where a clear increment of

intraparticle diffusion appears. At this concentration, an incre-

ment of the initial reaction adsorption rate (a) also exists

(Table 2), so we conclude that the effect of adsorbed protein

layers begins predominantly at 0.45 mM.
Table 2 The parameter characterizing regime I, initial adsorption step

Diffusion models

Film diffusion Intraparticle diffu

C0/mM Geq/mg dm�2 �R/s�1 �I R2 kint/s
�1/2

0.12 52.6 � 1.4 0.25 � 0.01 (3.34 � 0.04)�10�4 0.9888 0.201 � 0
0.21 88.4 � 2.2 0.69 � 0.02 (2.19 � 0.04) � 10�4 0.9976 0.472 � 0
0.33 135.8 � 3.1 0.86 � 0.01 (2.65 � 0.05) � 10�4 0.9757 0.598 � 0
0.43 171.9 � 4.1 0.95 � 0.02 (2.78 � 0.08) � 10�4 0.9555 0.607 � 0
0.53 204.0 � 2.3 0.76 � 0.02 (2.74 � 0.09) � 10�4 0.9364 0.859 � 0
0.57 203.4 � 9.2 0.64 � 0.02 (4.14 � 0.10) � 10�4 0.9698 1.085 � 0
0.63 220.4 � 8.4 0.65 � 0.02 (3.46 � 0.09) � 10�4 0.9600 2.642 � 0
0.73 218.5 � 7.5 1.46 � 0.02 (3.01 � 0.11) � 10�4 0.9261 2.434 � 0
0.77 224.2 � 9.2 0.43 � 0.01 (3.49 � 0.06) � 10�4 0.9840 2.389 � 0

6586 | Soft Matter, 2012, 8, 6582–6592
2.1.3 Regime II: interfacial reorganization. After the first

rapid adsorption step (0–10 500s), there is a period of interfacial

reorganization which depends on the initial Fb concentration in

the bulk solution, as was previously mentioned. In some specific

conditions (C0¼ 0.12; 0.57; 0.63; 0.73 and 0.77 mM), proteins are

squeezed from the interface. Exchange processes of both

biopolymers and synthetic polymers adsorbed on surfaces with

macromolecules from solution have long been demonstrated;48

this phenomenon is called an exchange reaction. On the basis of

Pefferkorn et al.’s49 experiments, it has been proposed that the

exchange reaction rate is related to a rate-limiting step due to the

diffusion of macromolecules from bulk through a repulsive

barrier formed by a pre-adsorbed species. So, this process could

be modeled by a kinetic law depending on both the adsorbed and

the bulk molecules.

d½G*ðtÞ � G*ðNÞ�
dt

¼ �kdðC0Þ½G*ðtÞ � G*ðNÞ�b (7)

where G*(t) and G*(N) represent the amount of labeled Fb

molecules remaining at the sorbent surface at times t and N,

respectively, and kd is the rate constant for desorption. This

constant is a function of the concentration of Fb molecules in the

solution that is placed in contact with the surface (C0). The

determination of the parameter b and the dependence of kd onC0

should furnish useful information about the rate limiting step of

the Fb release process.
Reaction models

sion Elovich equation

I R2 a/mg dm�2 a/dm2 mg�1 R2

.004 23.0 � 0.8 0.9855 11.06 � 0.09 (8.77 � 0.04)�10�4 0.9950

.005 39.9 � 0.4 0.9980 17.47 � 0.28 (7.90 � 0.06) � 10�4 0.9966

.009 76.9 � 0.4 0.9895 15.03 � 0.11 (3.60 � 0.05) � 10�2 0.9960

.007 109.4 � 0.4 0.9935 17.21 � 0.10 (8.40 � 0.04) � 10�2 0.9970

.018 117.2 � 0.9 0.9858 26.16 � 0.16 (6.90 � 0.04) � 10�3 0.9970

.013 108.3 � 0.7 0.9949 26.43 � 0.25 (7.50 � 0.06) � 10�3 0.9940

.043 56.5 � 1.4 0.9899 33.39 � 0.23 (2.50 � 0.03) � 10�3 0.9970

.005 53.5 � 0.3 0.9895 33.26 � 0.04 (4.85 � 0.14) � 10�1 0.9990

.022 48.6.0 � 0.9 0.9960 37.97 � 0.43 (8.06 � 0.05) � 10�4 0.9910

This journal is ª The Royal Society of Chemistry 2012
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Fig. 5 Fb desorption from Si-nanofibers during the reorganization step.

Solid lines are calculated with the (a) first and (b) zero order kinetic

equations.

D
ow

nl
oa

de
d 

by
 R

SC
 I

nt
er

na
l o

n 
31

 J
ul

y 
20

12
Pu

bl
is

he
d 

on
 1

8 
M

ay
 2

01
2 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2S

M
25

48
9A

View Online
If we assume that the exchange reaction is a first order kinetic

process (b ¼ 1), as was proposed by Pefferkorn et al.,49 and with

the boundary conditions G*(t)¼ G*(0) at t¼ 0 and G*(t)¼ G*(t)

at t ¼ t, eqn (7) becomes:

G*(t) ¼ [G*(0) � G*(N)]e�k1dt + G*(N) (8)

if b ¼ 2

1

G*ðtÞ � G*ðNÞ ¼ k2
dtþ

1

G*ð0Þ � G*ðNÞ (9)

From eqn (8), DG*(t)¼ G*(0)� G*(t), the amount that has left

the surface at time t can be expressed by

DG*(t) ¼ [G*(0) � G*(N)](1 � e�k1dt) (10)

For the initial protein solution concentrations C0 ¼ 0.12; 0.57

and 0.63 mM, the desorption step was described well by eqn (8)

(Fig. 5a), implying a first order kinetic rate control as proposed

by Pefferkorn et al.49 The validity of eqn (9) was also tested by

plotting the left-hand side of eqn (9) versus time. The obtained

curve (not shown) was far from the expected linear dependence.

Upon increasing C0 (0.73 and 0.77 mM), the process behaves in

a non-exponential way and the characteristic time scale of the

exchange process follows a power law independent of the pre-

adsorbed molecules (Fig. 5b).

d½G*ðtÞ � G*ðNÞ�
dt

¼ �kdðC0Þ (11)
Table 3 The parameter characterizing regime II, reorganization step

C0/mM k1
d /s

�1 k0
d /mg dm2 s�1

0.12 (2.00 � 0.12) � 10�4

0.57 (2.30 � 0.34) � 10�4

0.63 (1.87 � 0.23) � 10�4

0.73 (8.45 � 0.71) � 10�4

0.77 (6.06 � 0.84) � 10�4

This journal is ª The Royal Society of Chemistry 2012
Integration of eqn (11) with the same boundary conditions

applied to eqn (7) gives:

G*(t) ¼ �k0
dt + DG*

N + G*(N), (12)

The desorption constants (k1
d; k

0
d), G*(N) and DG*

N ¼ G*(0) �
G*(N), are summarized in Table 3. Desorption is significantly

increased at high C0 (high kd and lower DG*
N values).

Upon reorganization, hydrophobic surface interactions from

the outer layer and possibly from the inner core of the protein

may occur. The protein will be distorted as the structure deforms

to maximize any such interactions and expose new favorable

adsorption sites for the new macromolecules that approach the

surface. This is the threshold of the third and final step.

2.1.4 Regime III: final adsorption step. This step is clearly

different from the first adsorption (regime I) because of the

presence of pre-adsorbed species which are rearranged or

removed from the surface. Once the solid–solution interface has

been filled to an amount of proteins, where the adsorption step is

the limiting rate, the rate of adsorption may be described as

proposed by Van Tassel and co-workers:30

�
dG

dt

�ððnþ1ÞaÞ
¼ k0

acb

h
A

ðnþ1Þ
0 þ A

ðnþ1Þ
1

�
G� GðndÞ�i� kd

�
G� GðndÞ�

(13)

where k0a is the adsorption rate constant, cb is the concentration

of adsorbed molecules from solution, and kd is the desorption

rate constant. The appropriate expansion variable for the (n + 1)

th adsorption step is G � G(nd), where G(nd) is the adsorbed density

following the nth desorption step and Ai
(n) are ith order

coefficients.

To characterize this adsorption process, we computed the

apparent adsorption rate constants (k
0
a) and other parameters

from eqn (13). Such parameters are a property of the adsor-

bate–adsorbent system, and are generally expected to depend

on solvent composition (including pH and ionic strength),

temperature and pressure. Their values are easily determined

from the linear region of the adsorbed density time derivative

(dG/dt) vs. G representation, Fig. 6. The fitted Avrami curves

were used to represent the obtained data in the form of (dG/dt)

versus either time or the adsorbed density. In particular, this

latter representation facilitates development of, and compar-

ison to, clear delineation of transport- and reaction-limited

regimes.30 No appreciable differences can be seen for the

computed kinetic parameters summarized in Table 4, indi-

cating the independence of second adsorption step behavior

with C0.
G* (N)/mg dm�2 DG*N /mg dm�2 R2

36.13 � 0.84 146.21 � 1.23 0.9987
159.11 � 4.14 100.21 � 0.93 0.9998
209.33 � 3.04 88.32 � 3.23 0.9999
201.23 � 2.05 32.76 � 2.11 0.9940
200.34 � 2.03 31.99 � 1.14 0.9920

Soft Matter, 2012, 8, 6582–6592 | 6587
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Fig. 6 Illustrative data (C0 ¼ 0.77 mM) of the adsorption rate, dG/dt,

versus adsorbed density, G, during the final adsorption step. The dashed

line is a best fit to points in the linear surface-limited regime and used to

obtain the parameters summarized in Table 4 using eqn (14), as described

in the text.

Fig. 7 Black circles: equilibrium adsorption capacity and concentration

data. Black line: Sips isotherm adjustments.
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2.2 Equilibrium state system: adsorption isotherms

Equilibrium data (at the end of the adsorption process, where no

changes in adsorbed protein concentration were detected) were

fitted to the Langmuir and Freundlich equations33,36 with

unsatisfactory results. The reason may be found in the hetero-

geneous nature of this macromolecule adsorption. This surface

heterogeneity of the adsorbed protein molecule may arise due

either to the energetic heterogeneity of the surface sites, to the

heterogeneity of the molecule in the solution, or to a combination

of the above reasons.

Rudzinski et al.50 proposed that protein adsorption at equi-

librium can be analysed by the Stieltjes transform,51 based on

Sips models, eqn (14).

Geq ¼ bsGsC
1=n
e

1þ bsC
1=n
e

(14)

where Geq, Ce, Gs, bs and 1/n are the equilibrium adsorption

capacity, equilibrium solution concentration, Sips maximum

adsorption capacity, equilibrium constant (related to adsorption

capacity) and the surface heterogeneity, respectively. The

obtained isotherm is shown in Fig. 7. A good agreement (R2 z
0.998) is achieved between the theoretical and experimental data.

The limiting value for the surface concentration of adsorbed Fb

on the Si-nanofibers at the investigated concentrations is about
Table 4 The parameter characterizing regime III, final adsorption step

C0/mM k0a/dm s�1 A0
n + 1 A1

n + 1/d

0.33 (4.00 � 0.32) � 10�4 �0.009 � 0.004 (7.50 �
0.43 (1.00 � 0.12) � 10�4 0.006 � 0.001 (7.80 �
0.53 (9.00 � 0.65) � 10�5 0.003 � 0.001 (7.40 �
0.57 (9.00 � 0.72) � 10�4 �0.007 � 0.004 (7.30 �
0.63 (9.00 � 0.23) � 10�4 0.003 � 0.003 (7.06 �
0.73 (8.00 � 0.76) � 10�4 �0.006 � 0.002 (6.66 �
0.77 (8.00 � 0.13) � 10�4 0.008 � 0.003 (6.67 �

6588 | Soft Matter, 2012, 8, 6582–6592
(270� 20) mg dm�2, which is highly superior to the data found for

the adsorption of such proteins on non-fibrillar, 2D or 3D,

substrates (76 mg dm�2 on Au; 39 mg dm�2 on Si3N4; 40–45 mg

dm�2 on SiO2 substrates;28 60 mg dm�2 on hexadecyltri-

chlorosilane;52 80 mg dm�2 on nanostructured titania53). Esti-

mations of the surface concentration of the fibrinogen ad-layer,

assuming an ellipsoidal shape of molecules of 45 nm � 6 nm and

lateral dimension results in G being approximately 22 mg dm�2

and exceeding 150 mg dm�2 for side-on and end-on orientations,

respectively.28

The great adsorption of Fb is supposedly related to the fibrous

structure, and not to the material chemistry or the surface

topography (porosity). While these last two characteristics are

very important for an adsorption process, they do not seem to be

the predominant effect because the Si-fibrils do not have porosity

or high surface area values. In addition, the Fb adsorption onto

siliceous materials has been exceedingly studied and it is known

that the interface wettability has a critical influence on the

process. At pH 7.4 this protein is adsorbed better onto hydro-

phobic surfaces.18,54 On the contrary, in our cases, the tested Si-

nanofibers possess a high concentration of hydroxyl groups on

their surfaces,6 through which they can bind to solution water

molecules, showing a high hydrophilicity.

The studied fibrillar material is 30–50 nm in diameter (Fig. 8a)

and more than 20 mm in length. Such dimensions are of the order

of the structural ECM fibers (50–500 nm diameter)3 and also

similar to a Fb molecule (47 nm diameter)18 in size. The
m2 mg�1 Gnd /mg dm2 kd /s
�1 R2

0.12) � 103 186.18 � 3.67 120.06 � 2.31 0.9992
0.16) � 103 197.00 � 8.34 116.03 � 1.12 0.9993
0.21) � 103 227.07 � 6.12 227.07 � 2.18 0.9983
0.15) � 103 223.37 � 1.34 126.31 � 1.31 0.9390
0.18) � 103 225.55 � 3.41 131.30 � 2.01 0.9987
0.21) � 103 239.46 � 2.12 140.30 � 0.90 0.9999
0.12) � 103 244.29 � 3.91 140.00 � 0.91 0.9988

This journal is ª The Royal Society of Chemistry 2012
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Fig. 8 Size analyses of SEM images for Si-nanofibers (a) before and (b) after equilibrium Fb adsorption.
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similitude in size may be the key to the enhancement of the

adsorption process. Similar results were obtained by Woo et al.;4

they found that scaffolds with nano-fibrous pore walls adsorbed

four times more serum protein than scaffolds with solid pore

walls. To evaluate the protein effect on Si-nanofibers, we

inspected the material morphology before and after Fb adsorp-

tion by scanning electron microscopy.
2.3 Protein adsorption effect on the nanometre-scale material

morphology

We analyzed and compared the adsorbent structures after Fb

adsorption. It has been noticed that the original SiO2 fibrillar

structure (Fig. 9a) was wrecked. In some cases new fibrillar
Fig. 9 SEM microphotographs of (a) Si-nanofibers before Fb adsorp-

tion; (b, c, d) fibre structure and (e, f) bicontinuous materials obtained

after equilibrium Fb adsorption.

This journal is ª The Royal Society of Chemistry 2012
structures of higher dimensions (d z 1mm, Fig. 8b) are observed

(Fig. 9b, 9c and 9d) and in others bicontinuous structures

appeared (Fig. 9e and 9f). Manifestly, fibrinogen acts as an

agglutinative of the Si-nanofibrils. The interfacial ordering of

protein residues seems to be the hallmark of a weak and labile

electrostatic attraction between the substrate and the adsorbed

macromolecule. Fb is net negatively charged at pH 7.4 (isoelec-

tric point, IP ¼ 5.555), with the highest density of negatively

charged residues on the E and D-domains; the aC-domains

which are rich in Arg and Lys residues are positively charged.56

Additionally, the hydropathic index for Fb indicates that the E

and D-domains are substantially more hydrophobic than the aC-

domains.56 During adsorption, the aC-domains that tend to be

non-covalently tethered to the E-domains57 disconnect on the

way to interact with the hydrophilic and negatively charged Si-

nanofibers (see Scheme 1). Literature information indicates that

fibrinogen adsorption on 2D solid surfaces occurs basically in

two different orientations: ‘‘side-on’’ (laying on the surface) and

‘‘end-on’’ (standing on the surface).58,59 In both cases, the avail-

ability of aC-domains for interaction with the neighboring

adsorbed Fb molecules promotes lateral associations and the

formation of an extensive network assembly between Si-nano-

fibers, similar to those that exist during the conversion of

fibrinogen into polymeric fibrin.57 The stochastic adsorption of

the protein molecule leads to the formation of two different

structures, as can be seen in Fig. 9. The adsorption through

a side-end molecular orientation (Scheme 1, A) favors both

lateral and equilateral interactions, generating large fibers and

bicontinuous structures respectively, while the side-on adsorp-

tion (Scheme 1, B) promotes only equilateral interaction and

therefore bicontinous structures.
3. Experimental

3.1 Material and methods

Sodium bis(2-ethylhexyl) sulfosuccinate (Aerosol OT, 99%

Sigma), cyclohexane (Merck, d ¼ 0.776 g cm�3) and tetraethyl

orthosilicate (TEOS, Aldrich 98%) were used without further

purification. The Si-nanofibers were synthesized by a micro-

emulsion templated route, following a previously described

procedure.6 For microemulsion preparation, only triply-distilled

water was used.
Soft Matter, 2012, 8, 6582–6592 | 6589
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Scheme 1 Schematic representation of Fb–material interaction.
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Fibrinogen fraction I, type IV from bovine plasma (F8630)

was obtained from Sigma (CAS Number: 9001-32-5). The proper

amount of Fb was dissolved in phosphate buffered saline (PBS,

Na2HPO4/NaH2PO4) to approach physiological conditions,

pH ¼ 7.4 for 60 min. Phosphate was preferred to tris(hydrox-

ymethyl)aminomethane buffer because the co-adsorption of the

small organic molecule and its interference with the experiments

had been confirmed. The Fb solution (1 mM) was prepared,

stored at�20 �C and diluted as required. Before the beginning of

an experiment, Fb solutions were stored at room temperature for

a maximum of 1 h.
3.2 Adsorption experiments

The adsorption experiments (in darkness to avoid photo-

degradation) were carried out in situ in an UV-vis-NIR scanning

spectrophotometer (Varian Cary 100 Bio) provided with

a temperature controller (UV09005M013), using a 1 cm path

length rectangular quartz cell. For this, 20 mg of adsorbent was

in contact with 3 mL of Fb buffer solutions of different

concentrations at 37 �C. The supernatant concentration before

and after adsorption was analyzed at l ¼ 280 nm following the

emission of the tryptophan (Trp) group. A scan over a narrow

range of wavelengths yielded a measurement every ca. 0.4 min,

with a precision of 0.02 nm. A mass balance was applied to

calculate the protein adsorbed onto Si-nanofibers. The adsorbed

density, G (mg dm�2) was calculated using the equation:

G ¼ ðC0 � CÞV
m

S (15)

where C0 is the protein initial concentration, C the residual

concentration at time t, V the solution volume, m the adsorbent

mass and S the material BET surface area (0.93 g m�2, measured

at 77. 6 K with a Micromeritics Model Accelerated Surface Area
6590 | Soft Matter, 2012, 8, 6582–6592
and Porosimetry System (ASAP) 2020 instrument. Each sample

was degassed at 373 K for 720 min at a pressure of 10�4 Pa).

The curves were highly reproducible: each experiment was

done three times; the standard deviation on G was estimated60 to

be 0.01 mg dm�2.

3.3 Scanning electron microscopy

Field emission scanning electron microscopy (FE-SEM) was

performed using a FE-SEM ULTRA PLUS. This instrument

operates in high vacuum, enabling work to high resolution levels

(0.8 nm at 30 kV) and low voltage in samples without staining

(0.02V–30kV, continuously adjusted in steps of 10 volts).

Magnification range 12–1 000 000�; sizes of openings: 7.5 mm,

10 mm, 20 mm, 30 mm, 60 mm and 120 mm.

4. Conclusions

By exhaustive analysis of the fibrinogen adsorption process

under dynamic and static conditions, we can construct a clear

picture of how the Si-nanofiber surface features critically influ-

ence the amount, structure and distribution of the protein

molecules attached to the material surface. As is evident from the

inspection of the adsorption profiles, the Fb adsorption process

on the Si-nanofibers is complex and occurs in a stepwise fashion,

with an initial rapid adsorption controlled exclusively by diffu-

sion mechanisms. The presence of pre-adsorbed proteins at the

interface, after the first 150 s of adsorption, involves the variation

of the surface energy with the extent of surface coverage and

manifestation of the reaction mechanisms. After the initial

adsorption step, there is an intermediate reorganization followed

by a second slower adsorption regime over a longer time period.

The first adsorption and the reorganization steps highly depend

on the initial concentration of the Fb solution (C0), and are

reversible processes. The effect of the adsorbed protein layers
This journal is ª The Royal Society of Chemistry 2012
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begins predominantly at C0 ¼ 0.45 mM where there is a clear

increase in the initial reaction adsorption rate. During the reor-

ganization step, protein desorption was appreciated at high and

very low C0. At low solution concentration, desorption follows

a first order kinetic mechanism, while at high concentration the

process is independent of pre-adsorbed protein molecules.

The whole Fb adsorption process is irreversible, with a high

distortion of the original material morphology. The limiting

value for the adsorbed Fb surface concentration is about (270 �
20) mg dm�2. From inspection of the material morphology before

and after Fb adsorption by scanning electron microscopy, it was

seen that after protein interaction the original fibrous structure

was wrecked, giving rise to fibers of higher dimensions or

bicontinuous structures. The fibrous structure and the similitude

in size between the fibrous substrate (d ¼ 30–50 nm) and the Fb

molecules (47–50 nm), is proposed to be the key to the enhanced

adsorption process. After adsorption, the aC-domains are

presumably available for interaction with the domains of the

neighboring adsorbed Fb molecules, thereby promoting lateral

and equilateral associations and the formation of an extensive

network similar to those that exist in nature between fibrin units.

These studies have the potential to give out the basis for new

material designs in which hemocompatibility is the key factor.
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