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Ischemic heart disease consists in the formation of an occluding thrombus which hinders blood

flow. The dissolution of the network of fibrin fibers, which constitute the thrombus scaffold, by

using thrombolitic drugs is the most common pharmacological therapy. In this paper, by using

small angle neutron scattering, we report the evidence of the presence of solvent filled cylindrical

nanocavities, trapped along fibrin fibers, of diameter R¼ 3.2 6 0.1 nm and length L¼ 22 6 2 nm.

The characterization of intra-fiber nanocavities furnishes a quantitative tool for the design of new

enzymes which, by diffusing into fibrin fibers, fasten the thrombus lysis. VC 2011 American Institute
of Physics. [doi:10.1063/1.3657464]

The fibrin gel is a three-dimensional fibrous network

where platelets and other blood constituents are trapped, giv-

ing rise to the haemostatic plug (thrombus).1–3 Pharmacolog-

ical approaches to ischemic heart disease are based on the

use of thrombolitic drugs which, by diffusing into the clot

and inside the fibrin fibers, promote clot lysis.2 In this con-

text, since fibrin fibers dissolution is strongly influenced by

solvent accessibility, the arrangement of solvents within the

polymeric structure is extremely relevant.

The thrombin catalyzed polymerization process leads to

the formation of fibrin oligomers called protofibrils that suc-

cessively associate each other and form a three-dimensional

network.3–12

With the advent of thrombolytic agents that favor the

clot lysis the knowledge of the internal architecture became

a crucial requirements in the design of appropriate drugs,

although still poorly investigated and controversial.3,13–15

In this letter, we investigated the nano-scale structure of

a fully hydrated gel, prepared in para-physiological condition

by using small angle neutron scattering (SANS).

Gels were grown from fibrinogen solutions (c¼ 30 mg/ml)

and activated with thrombin at a constant molar ratio of fibrino-

gen/thrombin¼ 100 in Tris-HCl 50 mM, EDTA-Na2 1 mM,

and a pH 7.4 buffer with 100 mM of NaCl.6,11,16,17 Samples

were then transferred in sealed Hellma quartz cuvettes with op-

tical path 1 mm (hydrated gels).

SANS measurements were performed on the PAXE

SANS beam line at Laboratoire Lèon Brillouin (LLB), Saclay,

France, with a wavevector q¼ (4p/k) sin(h/2) ranging from

0.0632 to 1.85 nm�1.18 In Fig. 1, the typical intensity profiles

of neutrons scattered by fully hydrated fibrin gels are reported

(full dots). A nice shaped curve made of an initial power law

decay, occurring at low q is followed by an evident shoulder

at q larger than 0.1 nm�1. The origin of this broad shoulder is

controversial: it can arise from both (1) an highly disordered

arrangement of protofibrils inside a single fiber and (2) the

presence of small solvent filled cavities trapped inside fibers,

as recently observed on cellulose fibers.19–21

To address this issue, we dried the sample in a dust-free

environment to reduce, as much as possible, the presence of

the solvent. Dried sample integrity has been checked by

scanning the sample surface by using atomic force micros-

copy (SP-Magic SX (Elbatech, Italy) (see inset of Fig. 2).

A continuous network of thick fibers (d¼ 497 6 93 nm)

anastomosed with each other and oriented in several

FIG. 1. Neutrons scattering intensities I(q), subtracted from the incoherent

background, from both hydrated (full dot) and dried fibrin (open circles)

gels are reported. The evident shoulder, occurring at q larger than 0.1 nm�1,

in hydrated samples disappears on dried samples. The low q region of both

intensity profiles are well fitted by the Porod law (dashed line). Equation (1),

representing the scattering contribution arising from polymers and solvent

nanocavities, perfectly fit the intensity distribution of hydrated sample (dot-

dashed line).
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different directions can be observed. The fiber diameter

(d¼ 422 6 53 nm) independently recovered from scanning

electron microscope (SUPRA 25, Zeiss, Germany) micro-

graphs in fully hydrated clots (Fig. 3(a)), compare well with

those observed on hydrated samples.

The neutron intensity profile of a dried sample is

reported in Fig. 1 (open square). The low q region, following

a small intensity rescaling, well superimpose to those

obtained from hydrated gel, a clear evidence that, in this low

q region, the solvent contribution is negligible. In the large q

region, instead, the shoulder observed in the hydrated gel

almost disappears implying that solvent clusters embedded

in the gel, acting as powerful scatterers, provide a not negli-

gible coherent scattering contribution which rapidly vanish-

ing at low q.19,20

To recover the size and the shape of the nano-clusters,

let us imagine the inner structure of fibrin gel fibers as

composed of a collection of densely packed protofibrils

with vacancies (cavities), able to trap solvents locally, dis-

tributed along the axis of the fibers. The neutron scattered

profile, therefore, should arises from two distinct structures:

fibrin fibers, which constitute the polymer network, and sol-

vent cavities trapped in the systematic vacancies (Fig.

3(b)). Neutron counts, recorded within a solid angle dX in

a single detector pixel and in a time interval t, can be

expressed as22 I(q)�Df2 P(q) S(q). S(q) is the structure

factor and describes the spatial correlation between each

scatterer’s center of mass, the form factor P(q) describes

the internal structure of each scatterer, and Df2 is the

square difference in neutron scattering length density (con-

trast).20 The scattered intensity for the two structures can

be expressed as

IðqÞ ¼ A1S1ðqÞP1ðqÞ þ A2S2ðqÞP2ðqÞ þ Binc; (1)

where A1 and A2 are constants that depend on the number

density of the scatterers and on the contrast between the scat-

terers and the surrounding media of the two contributions

(fibrin fibers and solvent cavities, respectively) and Binc is a

q-independent scattering contribution essentially due to the

incoherent cross section of hydrogen atoms.22 Notably in the

calculation of the scattered intensity, we should account for

the interactions of the waves scattered in the different

phases. However, any correlation between the density fluctu-

ations in the two phases across the phase boundaries is likely

to be of short range, and consequently for small q, this con-

tribution is small and can be neglected.23

Fibrin fibers are made of an assembly of oriented proto-

fibrils with an average diameter d (Ref. 5) (Fig. 3(b)). Since

length scales probed by neutrons are much smaller than d,

the structure factor can be neglected (i.e., S1(q)¼ 1) and the

form factor reduces to the Porod law P1(q)� q�a where the

exponent a is proportional to the surface fractal dimension

Ds¼ 6�a.17,19,20

The shape of solvent cavities, in the protofibrils archi-

tecture, is supposed to posses an elongated shape (see Ref. 5

and Fig. 3(b)), and, therefore, solvent cavities have been lik-

ened to a collection of cylinders of radius R and length L. A

collection of cylindrical objects, distributed in the space

along a preferential direction, are characterized by a specific

form (P2(q)) and structure (S2(q)) factor.18,24

The form factor for a cylinder is:24

P2ðqÞ ¼
ðp=2

0

sin h J0ðqHcos h
J1ðqRcos hÞ

qRsin h

� �2

dh; (2)

where J0(x) and J1(x) are the zero and first order Bessel func-

tions, respectively, H¼L/2 is the cylinder half-length, h is

the angle between the cylinder axis and the integral over h
averages the form factor over all the possible orientations of

the cylinder with respect to q.

The spatial distribution of these cylindrical cavities, lay-

ered inside each fiber (Fig. 3(b)) depends, at the end, both on

the regularity of fibrin fibers’ packaging and on the bending/

stretching of the surrounding polymer structure. In a first

approximation, because of the huge flexibility of fibrin

fibers, we do not expect an detectable contribution arising

FIG. 3. (Color online) Fibrin gel supermolecular structure. In panel (a), a

representative SEM micrographs (25� 25 lm) of a fully hydrated gels is

reported. A network of entangled fibrin fibers of diameter d¼ 422 6 53 nm

is clearly visible. The inner structure of each fibrin fibers of diameter is

sketched as a collection of packed protofibrils. (panel (b)). Solvent nanocav-

ities schematized as cylindrical objects of diameter R and length L are regu-

larly displaced within the fibers.

FIG. 2. (Color online) Representative AFM image (11.5� 11.5 lm) of dried

fibrin fibers. A continuous network of thick fibers (d¼ 497 6 93 nm) anasto-

mosed with each other and oriented in several different directions can be

observed. The power spectrum density (open circle), calculated from AFM

topography, allows for the calculation of the surface fractal dimension

(Ds ¼ 2.7 6 0.2).
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from the short range order of water clusters and we set

S2(q)¼ 1.

The fit of Eq. (1) to SANS data from hydrated sample is

reported in Fig. 2 (dash-dotted line). Equation (1) very impres-

sively recover experimental data in all the q-range investigated

with a¼ 3.3 6 0.2, R¼ 3.2 6 0.2 nm, and L¼ 22 6 2 nm. The

values of a obtained in case of dried sample (a¼ 3.3 6 0.2),

determined over the first low q points of the SANS intensity,

perfectly match those obtained from hydrated samples and is a

further proof of the unaltered sample integrity. The small devi-

ation in the dry sample of SANS data from the power law

decay (Fig. 1, open squares) at large q should still account for

the internal structure of fibrin fibers.

The value of a, in the case of dried sample, can also be,

independently, recovered from the power spectrum density

(PSD) calculated from AFM topography20 (Fig. 2). Indeed,

for self similar surfaces, the fractal surface dimension Ds,

which characterize the PSD decays with q ðPSD � q8�2DsÞ,
is related to a (a¼ 6-Ds).

AFM data, therefore, allow to recover, over a q range of

two decades, the value of a that, in our case (a¼ 3.3 6 0.2),

well match those obtained independently by SANS.

In throbolytic therapy, the intrinsic fibers permeability

to macromolecular drugs became a relevant issue. In fact,

the ready diffusional access from without to proteases

involved in fibrinolysis is not obvious.25 In this context, we

demonstrated the possibility of monitoring the access of sol-

vent to fibers, by analyzing SANS data without any solvent

exchange (i.e., deuterium) to enhance the scattering contrast.

The accessibility of solvents and external agents to fiber

through nano-cavities distributed along fibrin fibers gives a

quantitative foundation to all of those pharmaceuticals ther-

apy were small enzymes, able to penetrate inside cloth’s

fibers, are employed to fasten the cloth lysis.

Some of the experimental data reported in this paper

were obtained at the LABCEMI (Laboratorio Centralizzato

di Microscopia, Ottica ed Elettronica) of the Università Cat-

tolica del S. Cuore di Roma (Italy). This research was sup-

ported by the Università Cattolica del Sacro Cuore, Roma,

Italy.
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