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Structure of fibrin gels studied by elastic light scattering techniques: Dependence of fractal
dimension, gel crossover length, fiber diameter, and fiber density on monomer concentration
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The concentration dependence of the structure of fibrin gels, formed following fibrinogen activation by
thrombin at a constant molar ratio, was investigated by means of elastic light scattering techniques. The
scattered intensity distributions were measured in absolute units over a wave-vectoq raihngbout three
decades{3x 10°—3x 10° cm 1). A set of gel-characterizing parameters were recovered by accurately fitting
the data with a single function recently developed byRus-erriet al, Phys. Rev. B3, 031401(2001)], based
on a simple structural model. Accordingly, the gels can be described as random networks of fibers of average
diameterd and densityp, entangled together to form densely packed and spatially correlated blobs of mass
fractal dimensiorD,, and average siz@r crossover lengdhé. As previously done fod, we show here that the
recovereds is also a good approximation of a weight average, nantely,/(d?),, and £~ (£),,. By varying
the fibrinogen concentration- between 0.034—0.81 mg/ml, gels with 298=10 xm, 100<d=<200 nm,
1.2<D,,=<1.4, and constani~ 0.4 mg/ml were obtained. The power-law dependencies that we found for
both £ andd are consistent with the model, provided that the blobs are allowed to partially overlap by a factor
7 likewise scaling withce (2= »=1). Recasting the whole dataset on a single master curve provided further
evidence of the similarity between the structures of all the gels, and confirmed the self-consistency of the
model.
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[. INTRODUCTION aggregate laterally and start to branch, eventually giving rise
to a gel[1,2,6].

Fibrin gels are the main structural scaffolds of the hemo- Fibrin gels have been intensively studied for many de-
static plug formed in vertebrate blood coagulatiph?].  cades, with important contributions coming from electron
They also play important roles in various physiological andmicroscopy and light scattering techniqusee Refs[1,2,7,
pathological situations, including cande], and they have and references thergiriThese studies have shown that fibrin
attracted much attention for their biotechnological potential@els are three-dimensional networks made of entangled fibers
(see Ref[4] and references thergirFibrin gels are grown Whose physical propertigaverage size, spatial distribution,
from the polymerization of fibrinogen, a high molecular €Xt€nt of brfar;]chlng_, erX|b|I|ty|,( andhso prdeterm;]mla the
weight centrosymmetric macromolecule (molecular weightprOpertIes of the entire network, such as its morphology, po-

—340000), rodlike in shape-50 nm long,~5 nm thick, rosity, and elasticity. By varying the physical-chemical con-

composed of two pairs each of three different chains, Cogltlons of the gelling solution, such as the pH, the presence

valently linked at theil-termini [1,2,5. Basically, the mol- of ions of different type and concentration, and the activating

. T enzyme, one can obtain gels with very different characteris-
ecule consists of a central globular domain joined by two;;.¢ (see Ref[8] and references thergirThere are two lim-

elongated connectors to two identical outer domains. Thginq classes in which fibrin gels are customarily classified:
central domain contains two pairs of knoblike bonding sites:y5,ge large-pore gels made of thick fibers, and “fine,”

A andB, while a pair of the complementary polymerization narrow-pore gels made of thin fibers.
‘holes” aandb is located in each of the outer domains. The  The aim of this paper is to extend the light scattering

A and B sites are masked by short peptides, which can bgtudy[9] that we have recently carried out on some coarse
enzymatically removed leading to the formation of a rapidlyfibrin gels formed from the polymerization of fibrinogen
polymerizing species called fibrin mononjér2]. As aresult  monomers under quasiphysiological conditions, with the re-
of the Aa interactions, half-staggered, double-strandedaction being initiated by monomer activation via the enzyme
wormlike fibrils are initially produced1,2,6,7. Then, en- thrombin. In that work[9], the scattered intensity distribu-
hanced also by the formation of tH&b bonds, the fibrils tions were measured in absolute units and were taken both
while the solution was gelling, and after the formation of a
gel with a steady-state structure. By combining the low-angle
* Author to whom correspondence should be addressed. Dipartielastic light scatterindLAELS) and the classical light scat-
mento di Scienze Chimiche, Fisiche e Matematiche, Universitdering (CLS) techniques, an overall wave-vector range of
delllnsubria a Como, via Valleggio 11, I-22100 Como, Italy; FAX: about three decades, frogr~3x10? to g~3x10° cm %,
+39-031 238-6209; E-mail address: fabio.ferri@uninsubria.it was covered. The main features of these distributions were
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the very low intensity scattered in the limit of zero angle, thetion was finally determined from the slope and the intercept
presence of a peak at log values, and the presence of a of a plot of the initial reaction velocity vs inhibitor concen-
sharp rolloff at highqg values, beyond which the intensity tration[10]. An evaluation of the thrombin activity in NIH
decays very rapidly. The data were interpreted in terms of anits was later carried out by comparing the clotting times
simple structural model, which describes the gel as an assemvth those obtained with a newer batch. Fibrinogen purifica-
bly of densely packed fractal blobs of average sizand tion by size-exclusion chromatography, samples preparation,
mass fractal dimensioD,,. Each blob is made of entangled and controls, were all carried out as previously reported
fibers characterized by an average diamdtatensityp, and  [9,11].
surface fractal dimensiob. Based on this model, a single A detailed description of the two experimental light scat-
fitting function able to reproduce the behavior of the inten-tering setups used in this study has also been already pre-
sity distribution over the whole wave-vector range was desented[9]. Here, it will suffice to say that the homemade
vised, and all the above parameters were recovered. LAELS apparatus usea 5 mW He-Ne laser light source
In this work, we investigate how the parameters characto illuminate the samples placed in thermostatted (25
terizing the gel structuré.e., d, p, & andD,,) depend onthe =*=0.1°C) 2 or 5 cm thick quartz cuvettes. The scattered light
fibrinogen concentratioc: at a fixed molar ratio with the was collected simultaneously at up to 30 scattering angles
activating enzyme. We prepared a variety of gels under theorresponding to a practical wave-vector range frgm3
same physical-chemical conditions of the gelling solution,x10? to q~3x10* cm 1, with g=4mn/\ysin(@/2), A\,
with ¢ varying over more than a decade, between 0.034—=632.8 nm being the incident wavelengthvacuoandn the
0.81 mg/ml. To account for ther dependence of the mea- refractive index of the mediurtl.3340 at 632.8 nm for TBE,
sured parameters, the model proposed in fdfwas further see Ref[7]). The CLS instrument was a commercial ALV/
developed with the introduction of one more parametgr, SLS-5000 systenfALV, Langen, FRG powered by a 4 W
which describes the linear filling ratio, or overlapping, be-argon laser(Innova 70, Coherent, FRGoperating at\
tween the blobs. The effects of polydispersity on the recov=488 nm (n=1.3392 for TBE and delivering~100-200
ered parameters were also analyzed in more detail. The ovemW on the sample, contained in 0.8 cm inner diameter
all self-consistency of the model was finally verified by usingquartz cylindrical cuvettes held at 29.1°C in a thermo-
scaling concepts and recasting all the data relative to thetatted index-matching vat. The scattered light was collected
different concentrations on a single master curve. at several angles, covering q range of ~4x10*-3
X 10° cm™ !, by a monomode fiber coupled to a photomulti-
plier, both mounted on a rotating arm. In addition, the scat-
tering cell was simultaneously rotated and translated along
the vertical axis during the measurements to average the
Human fibrinogen and thrombin were purchased fromscattered intensity over many different spatial configurations
Calbiochem, San Diego, CA, US£Cat. No. 341576, lot [9].
B10707% and Sigma-Aldrich, Milano, ItalyCat. No. I-6759,
lot 104H9314,~2000 NIH units/mg protein respectively.
Tris-hydroxymethyl-aminomethane free ba3ais) and the
hydrochloride form(Tris-HCI) and all other chemicals were 1. DATA ANALYSIS AND MODELING

of reagent-grade from MerckBracco, Milano, Italia In this section, we will first recall the main features of the

Double-distilled water was always used throughout thisSmqge| proposed recent] to describe the structure of an
study. The polymerizations were carried out in a Tris 50 mM'aged gel, and then we will implement such a model for the

NaCl 0.1 M, EDTA-Na (EDTA, ethylenediamine tetraacetic ana|ysis of the scattering data taken on gels prepared at dif-
acid) 1 mM, pH 7.4(TBE) buffer. For each concentration, ferent monomer concentrations.

the activation rate of the monomers was maintained the same ag sketched in Fig. 1, the aged gel can be imagined as a

by fixing the molar ratio between the activating enzymecjiection of spatially correlated fractal blobs of sigeand
(thrombin and fibrinogen to 1:100. Under these conditions, mass fractal dimensio,,. The parametef was also called
the_ |n|'g|al polymerization process is limited by the rate of crossover length of the gé®]. Since the blobs are densely
activation of the monomers that react and polyme(@ee  5cked, their size is comparable with their average distance
Ref. [7] and references therginThe effective enzyme con- ¢, i.€., £~ &. Each blob is made of an assemblyrogeg-

centration(i.g., the concentration of the enzyme _active)site ments or “building blocks” that can be sketched as cylindri-
was determined by the method of Dang and Di C&@l. .5 opjects with diameterd and length €. Thus, n
Accordingly, thrombin was diluted te-1 nM with a 2700 mM ~(&/¢)Pm, and the blob molecular weight is given by
NaCl, 5 mM Tris, pH 8.0 buffer solution. HirudiiCiba- '
Geigy Pharmaceuticals, Horsham, Englaradpractically ir-
reversible thrombin inhibitor, was added to the solution at PT b D 2

concentrations ranging from 0 to 1 nM. Then the chromoge- M~Np—— €7 "mémd?, @
nic substrate H-D-Phe-Pip-Arg-pN@&-2238, Chromogenix,

Milano, Italy) was added to each solution at 20 mM final

concentration, and the reaction was followed spectrophotowhere p is the segment density and, is the Avogadro
metrically atA =405 nm. The effective enzyme concentra- number.

II. EXPERIMENTAL
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The intensity distributiorR(q) scattered by such a system can be written as the product of two terms: a structure factor
S(q) that describes the spatial correlation between each blob’s center of mass, and a forni fggttinat describes the
internal structure of each blob,

1 €\ Pn 1
— _ g~ (véa)? —
R(@)=KcpM [1— e " 71] [1+(q§/w)2]Dm/2+<§) 7| 2 2
1+q2d2 E
S(q) A(q) B(q)

where the producP(q)=A(q)B(q) is the “particle” form  A(q), B(q) of which R(q) is the product, and are repre-
factor, cg the fibrinogen concentration, ari€l is the usual sented by the three solid straight lines in the figure. It should
optical constanf9,12]. The dimensionless paramete#aand  be noticed thaRR(q) is reported in absolute unitem™1).

vy represent the amplitude and the range of spatial correlatiomhus, the recovery of the paramefeifrom the fitting is a
among blobs, respectively, while; describes the surface direct consequence of this fact, becapsepears only in the
properties of the fibers and is related to their surface fractahmplitude prefactor of Eq2).

dimensions byD.=6— a5. It should be stressed that Hg) The behavior fog<qp, is determined by the parametgs
has been developed for a monodisperse system, i.e., a gelamd y. The paramete=1 implies thatR(0)=0, as ex-
which all the blobs have the same sigeand same fiber pected for a system in which the blobs are densely packed
diameterd. Some of the effects of polydispersity on the re-[9]. Similarly, the value assigned to the parameter
covered parameters have been already addressed in our peed/2,/7~0.28 derives [9] from the assumption that
vious work[9], and will be further discussed in Appendix A. ¢=¢,.

Equation(2) is the function we will use for fitting our The peak indicates the presence of a long-range order in
scattering data. In order to illustrate its main features, wehe structure of the gel, due to the spatial correlation between
report in Fig. 2 the behavior dk(q) againstq (open sym-  the blobs. The blob sizéor gel crossover lengjtt is related
bols obtained by settingg=0.1 mg/ml, p=0.4 g/cnt, ¢  to the peak position via the correspondefi@p
=20um, D,=1.3, d=150nm, €=0.4um, B=1, vy
=0.28, andas=4. The values assigned to the gel concentra- ¢~ 13722+ D)y, =22+ D) (g )1, &)
tion ¢ as well as to the parametegs & D,,, d, and ¢ P
correspond to those derived from one of our gels, while the
remaining ones B, y, and as) were chosen according to
physical considerations based on the model and will be dis-
cussed below. For a real comparison with the experimental
conditions, the actuad) intervals of the LAELS and CLS
measurements are also reported.

The figure shows that there are three different regimes,
delimited by the two wave vectorg, andq,. These three
regimes are clearly determined by the three fac®(s),

FETD=,

Gel ' Blob Segment

R(g) [em']

FIG. 1. Sketch of the gel structure based on the blob model FIG. 2. Behavior of the fitting functioR(qg) as a function of the
described in the text¢ is the blob size whileg, is the average wave vectorg. The symbols refer to synthetic data generated ac-
distance between blobs. The sketch is relative to a gel with n@ording to Eq.(2) with cg=0.1 mg/ml, p=0.4 g/lcn¥, £€=20um,
overlapping between the blobs, in whiéh-¢,. Each blob is a D,=1.3,d=150nm,¢=0.4um, B=1, y=0.28, andas=4. The
fractal assembly of segments of lendthdiameterd, and densityp, solid straight lines show the three asymptotic regimes delimited by
joined together end-to-end with only a few branching points. Thethe two wave vectors), andq,. The dotted line shows that the
segment lengtlY should not be confused with the average fiber apparent power-law decay exponent~sl.2<D,,. The LAELS
length between the branching points, but is rather likely related tand CLS intervals represent the actual wave-vector ranges probed
the persistence length of the fibég. in the measurements.
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in which the numerical factor 1.3 takes into account the dif- ayd~2.2, (6)
ference between the actual peak position and the value ob-
tained as the intercept between the two leftmost solid straighthich holds almost independen{l9] of D, and¢. We con-
lines of Fig. 2. For the specific case of Fig. 2y ( clude this part by recalling that, as we showed bef&k
=0.28,D,=1.3), we haveg,é~4.4. As mentioned above, when gels made of blobs polydisperse in size and fiber di-
Eq. (3) is valid for a monodisperse system. We will show in ameter are considered, the diametethat appears in both
Appendix A that, when a gel made of blobs polydisperse inEgs. (5) and (6) is actually a root-mean-square weight-
size and fiber diameter is considered, Bj.is still valid, but  average diameter, i.ed~ \(d?),,.
with & replaced by arx-average sizé¢),, which, even for We will now implement the model based on the blobs
very broad distributions, is a close approximation of theclose packing condition. Equatid) shows that the param-
weight-average blob sizg),,. Thus, for a polydisperse gel, eters¢ andy are strongly correlated and, therefore, it is dif-
the peak position provides information ¢#&),, . ficult to recover both of them from the fitting. As a matter of
For g,<q<gqy, the behavior ofR(q) is determined by fact, we fit the data by fixingy and lettingé vary. Thus, the
the arrangement of the segments inside the blobs. If, withivalue recovered fo£ depends on the value assignedytdn
this range, the conditiog *<q<+¢~1,d! is satisfied, we view of the analysis as a function of reported below, the
are in the fractal regime, where the mass fractal dimensiocondition y=0.28 (or equivalentlyé=&,) equal for all the
D,, characterizes the power-law decayR(q). Indeed, in gels[9], appears to be rather restrictive. Thus we found it
this region the spatial correlation among blobs are not imporeonvenient to introduce one more parametgrwhich rep-
tant [S(g)=1], the segments behave as point scatterergesents the level oflinean filling ratio or overlapping be-
[B(q)=1], and the blob form factor i®(q)=(w/qé&)Pm.  tween the blobs. The parametgrcan be defined as
Thus, Eq.(2) can be approximated to

&=néo (7)
7Dm
R(q)=KceM q_f) , (4)  meaning that, ifp=1 the blobs are closely packed and just
™ “touch” each other, if <1 they are “close” but not in

contact, and ifp>1 they overlap. This also implies that
which, by using Eq(1) for M, becomes while for =1 & can be taken as an upper bound to the mesh
size of the ge[9], when »# 1 this does not hold anymore.
We will return to this point in Sec. VII.
The parameters; and y are related to each other. By
following the same analysis carried out in Rgf] [see Egs.

Equation(5) shows that, in the fractal regime, the scattered(® and (7) of Ref. [9]] and by using Eq(7) above, it is

intensity decays as a power law with an exponent equal t§traightforward to show that

the fractal dimensiorD,, and with an amplitude that de-

pends, besides:, on the parameters, ¢, andd, but not on _ i -1 ®)

& and y. However, it should be pointed out that Ec), 4 2\/;77 ’

which is graphically represented by the central solid straight

line of Fig. 2, does not reproduce the behavior of the curve Therefore, by inserting Eq8) into Eq. (3) we have

very accurately. Indeed, the data appear to follow a power-

law decay, but with a somewhat smaller exponept-1.2,

as shown by the dotted segment reported in the figure. This is o

due to the fact that the condition that defines the right-han&learly, for =1, Egs.(3) and(9) coincide.

side of the fractal regimeg< ¢~ 1,d 1) is not fulfilled with In order to investigate how the parametgdepends on

high accuracy over the entire wave vector range where thée. We can use the blob model and the close packing condi-

LAELS data appear to be straight. We will return to this tion (with overlapping to find an explicit relation betweef

point in Appendix B, and discuss it quantitatively. Finally, it @d cs. For the sake of simplicity, we will consider here a

is worth noticing that in the particular case whep,= 1, the monod|§perse.system. Polyd|spgr3|ty effects are deferred to

dependence of E5) on ¢ disappears and the well known Appendix A. Since the average distance between the blobs is

expression for the scattering from cylindét€] (i.e., objects  £o. the volume available for each blob is&j, and, conse-

with D,,=1) is obtained. quently, the sample concentration can be written cas
For q>g,, there is a crossover to a behavior typical of ~(M/Na)/&5. By using Eqgs.(1) and (7), it is straightfor-

surface fractals in whictR(q) decays much faster, with a ward to show that scales withce according to

power-law behavior characterized by the exponent The

value as=4 corresponds to fibers with a surface completely E—co 1(3-Dpy) __3/(3-D,y)

smooth and characterized by a sharp interface with the sol- F 7

vent (Ds=2). The intercept of the two asymptotes that de-

fine the fractal and the surface regimes defines the crossoveredicting that, if the dependence €bn c¢ is the dominant

wave vectorq, and allows an estimate of the average fiberone, denser gels are made of smaller blobs and their size

diameterd. The corresponding relation is scales as- c;”(s_D"‘) . As a comparison with other studies,

+1+Dm
R(q)= 2 KCeNap€!~Pmd?q~Pm, 5

§~ 1.3(41/(2+Dm),n_(l+Dm)/(2+Dm)) 7]2/(2+Dm)(qp)7l- (9)

1/(3-Dyp)
, (10

gpfl_Dmdz
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FIG. 3. Log-log plot of the scattered intensity distributid®(g)
as a function of the wave vectgrfor five fibrin gels prepared in a
0.1 M NacCl, 0.05 M Tris, 1 mM EDTA-Ng, pH 7.4 (TBE) buffer
solution, with the molar ratio thrombin:fibrinogen fixed to 0.01. The
solid lines are the best fits of the data to E). e d ,

4
it is interesting to notice that a relation similar to E40) ixlO 3x10
was found to hold for different types of colloidal g¢lk3,14] g {cm ]
and for some polymeric silica ge[45]. In those cases the
building blocks of the blobs were “spherical” particléfor
which ¢ =d) with d equal for all the samples, regardless of
¢, and the overlapping parameter was 1.

In conclusion, we have two expressions describing th
dependence of on 7, namely, Eqs(9) and (10). Since the
dependence of the values pfq,, D,, andd on ¢ can be
found experimentally, by comparing Eq®) and (10) it is
possible to recover theg dependence ofy. This will be
carried out in Sec. V.

FIG. 4. Low-angle(LAELS) scattered intensity distributions
R(qg) as a function of the wave vectay for several fibrin gels
prepared under the same conditions as those of Fig. 3. Fibrinogen
concentration was varied between 0.034-0.81 mg/ml. In the inset,
?he same data are reported on a log-log scale, and show that all the
gels are characterized by the same power-law decay wijth
~1.2. For the sake of clarity, not all the measuRd|) have been
reported.

As noted previously9], one of the intriguing features of
the data of Fig. 3 is the very small intensity scattered at low
wave vectors. As a matter of fact, the data are consistent with
a zero-angle asymptotically vanishing scattered intensity, i.e.,
R(g=0)~0. This is fairly evident in Fig. 4, in which the

were prepared at different fibrinogen concentrations but un-AELS data corresponding to the five samples of Fig. 3,

der the same physical-chemical conditions of the gelling sol09€ther with ‘other samples prepared under the same
lution, namely, in TBE aff=25+0.1°C (see Sec. )l For physical-chemical conditions, have been reported on a lin-lin

these gels, the fibrinogen concentratignwas varied be- scale. The spannt_—:-d concentration range, increased with re-
tween 0.065-0.611 mg/ml, with the molar ratio thrombin:fi- SPect (o that of Fig. 3, was:=0.034-0.81 mg/ml. In the

brinogen fixed to 0.01. The data were collected when the gel§'Set: the same data are reported on a log-log scale, in which
were already aged, i.e., after a time long enough that theif'® Slope corresponding @,=1.2 has been drawn.
structures have attained a steady-state form, with a conse- A first quantitative analysis of the data of Fig. 4 is re-
quent stable scattered intensity distribution. All the data apPOrted in Fig. 5, panels A-C, in which various gel param-
pear to be characterized by the same shag(qj, in which eters for the aged gels are compared anq.plotted as a function
the three different regimes described in the preceding sectiof CBF' Panel A shows that the peak positiqp scales as|, -

are clearly present. The figure shows that, though heavier CF With 8=0.53+0.02. Panel B ShOVYS that the intensity
gels scatter much more light than lighter gels, all of them arécattered at the wave vectgy=10" cm* belonging to the
characterized by fairly similar structures with simitay, and ~ fractal regime, scales at a fairly high rate, namé¥gy)

as. The peak positiom, increases with concentration, and ~C¢ With ¢=1.41+0.02. Lastly, panel C shows that the
this implies that gels prepared at highgr exhibit smaller ~ sample turbidity scales as-cg with x=1.18+0.07.

crossover lengths. At the same time the wave vegjoap-
pears to move toward higher values as gels with smafer
are considered, consistently with the picture that lighter gels
are formed by thinner fibers. The solid lines are the best fits In this section we apply the fitting procedure outlined in
of the data to Eq(2). Sec. Il to analyze the data reported in Sec. IV. The data of

IV. LIGHT SCATTERING DATA

Figure 3 shows the scattered intensity distribufR{i) of
five aged gels as a function of the wave veajoiThe gels

V. FITTINGS RESULTS
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FIG. 5. Behavior of the peak positicy, (Panel A, of the in- g
tensity scattered at the wave vectpe=10* cm™* belonging to the wr i
fractal regime(Panel B, and of sample turbidity- (Panel G as a
function of the fibrinogen concentratiai . The data were derived
from the samples of Fig. 4. The straight lines are the best fits of the 10 L 4
data to power-law behaviors with respectdo, with 8, ¢, and u 0.02 0.1 1

being the corresponding exponents. ¢, [mg/ml]

Fig. 3 taken over the entire LAELSCLS g-vector range

were fitted to Eq.(2), with the recovered curves shown as LAELS data of Fig. 4(circles and the LAELS- CLS data of Fig. 3

solid lines. The fitting was Carri_ed out by Iez_iv_ipgg, D, (squaresas a function of the fibrinogen concentration Panel A,
and d as free parameters, while the remaining ones Welthass fractal dimensioD ,,; Panel B, weight-average fiber diameter

fixed to the valuesx;=4, p=1, y=0.28, andf=0.4um ¢ panel C, overlapping facto; Panel D, weight-average gel
determined according to the physical considerations reportegossover lengtk. The straight lines are the best fits of the data to

in Sec. Il power-law behaviors with respect ta, with ¢, 6, w, and{ being
As pointed out above, the recovery @fs a direct conse-  the corresponding exponents.

guence of measuring(q) in absolute units. The outputs of
our fittings carried out on the data of Fig. 3 show thas  same values as above. The results are reported in Fig. 6,
similar for all the samples and its average value(jg  panels A and B, in which the behaviors B, andd as
=0.4+0.1 g/cn?, in agreement with what wi@®] and others  functions ofci are plotted. Figure 6, panel A, shows that the
[16] have previously reported. Since this value is about 1/3ractal dimension, although confined within the narrow range
smaller than the density of the fibrinogen monom@r895 ~1.2—-1.4, exhibit a slight tendency to increase with concen-
glcnt), this confirms that inside each fiber the protofibrils aretration, suggesting that denser gels are characterized by a
not densely packed, but intertwined with water moleculessomewhat more branched structure. Although the data are
[9,16]. consistent with the power-law behavi@,,~cg, with ¢

The value found forp was used for fitting the complete =0.046+0.01, care should be taken not to overinterpret
set of LAELS data of Fig. 4. Therefore, in this case the freethem, given their large spread compared with the spanned
parameters werég, D, andd, the density was fixed to the range. In any case, their average value(B3,)=1.32
value p=0.4 g/cn?, andag, B, 7, and¢ were fixed to the +0.07. Figure 6, panel B, shows that the fiber diameters of

FIG. 6. Behavior of the gel parameters recovered by fitting the
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all the gels are also comparable to each other, but in this caganction of c: is shown in Fig. 6, panel D. Differently from
there is a clear tendency to have thicker fibers for highethe parameted, for which the scaling exponent is fairly low,
concentration gels. The diameters scaledasc,‘i with 6 & scales at a rather higher rate, namely,asct with ¢
~0.16+£0.014. For comparison, the values of the fiber diam-= —0.76:0.03. It is worth noticing that the use of the
eters obtained by fitting the full LAELSCLS data sets of concentration-dependent paramepas fundamental in order
Fig. 3 to Eq.(2) (leavingp, & D,,, andd as free parameters to obtain self-consistent results. Indeed, if we fit the data
are also reported in Fig. 6, panel B, as open squares. Comvith =1 (i.e., fixing y=0.28 for all the concentratiohs
sidering the error bars, the two methods appear to be consig« obtain that scales withce differently, with an exponent
tent with each other. It should be also pointed out that theequal to —0.56+0.07. This would imply that, since 0.56
values recovered fdD ,, andd are independent of the value ~(3—(D,,)) %, with (D,,)=1.32, and since;=1, the term
assigned to the parametgr(see Appendix B within square brackets in E¢L0) should bec: independent.
At this point, only thec: dependence of the blob sizés  This is clearly inconsistent with the dataee Fig. 6, panel
still to be found. But first, we have to find out howor B).
depends on concentration. Since we know the dependence of

D,, andd on ¢z, we can apply the method described in Sec. VI. SCALING
[Il and recover the dependence of the overlapping parameter '
7 as a function ofce. This is shown in Fig. 6, panel C, in In Sec. V it was shown that all our gels exhibit very

which the values ofy have been rescaled so that=1 for ~ similar structures. In this section we investigate how these
the concentratiom* =0.5 mg/ml at which the blobs start to similarities can be quantitatively characterized and we will
overlap. The symbot* was adopted by analogy with the verify the self-consistence of the proposed model by using
same term used by Florjl7] to indicate the overlapping scaling concepts and recasting all the data on a single master
concentration of semidilute polymer solutiofsee Sec. VI.  curve.

The straight line reported on the figure is the best fit of the If we replot the data of Fig. 4 in terms of the rescaled

data to a power-law and shows thatcales as wave vector x=qg/q, and rescaled amplitudeR(x)
=R(q)/R,, beingR,=R(q,), we obtain the master curve
n~(Cglc*)®, of Fig. 7. This figure shows that all the data tend asymptoti-
cally to zero forx<1 (better evidenced in the ingetvhile
w~—0.28+0.04, ¢c*=0.5 mg/ml. (11)  for x>1 they scale as a power-laR(x) ~x"*m with «a,

~1.2. The latter behavior implies a scaling betwegrand

The valuec* =0.5 mg/ml was set by fitting the data cor- R;. Indeed, since each curve of Fig. 7 decays asymptotically
responding to the denser gels. For these samples, the peakasR(q)~Aqg~ “m with the samex,,, but differentA, then the
more pronounced and, consequently, the recovery of the panaster curve can be writteffor x>1) as
rametery [or 7, via EqQ. (8)], is somewhat more reliable.
Indeed, if we fit the data corresponding to these gels to Eq.
(2) and, besideg, & D,,, andd, we leave alsoy as a free R(x)~
parameter, the results indicate thatvaries around 1 and
tends to increase while the concentration decreases. The
value 7=1 occurs force~0.5 mg/ml, which falls some- I which the dependence & on ¢ has been reported ex-

where in between the second and third higher concentratioflicitly. Now if Eq. (12) represents a master curve, the term
of the investigated rang@®.034—0.81 mg/ml Equation(11) inside the square brackets should be a constant implying that
predicts that, over the entire concentration range, the over- B
lapping factor varies by a factor of2, from ~0.9 atce Rp~A(ce)q, ™. (13
=0.81 mg/ml to~2.1 atce=0.034 mg/ml. This means that
the denser gels appear to be almost close packed while tigince the amplitude scales agcg)~cf (see Fig. 5, Panel
lighter gels are expected to be more overlapped. It should bg) and the peak position a§,~c€ (see Fig. 5, Panel Ait
pointed out, however, that for most of the investigated contyrns out that
centrations the recovery of the paramejefor z) was not
possible, and therefore there was no way to fully test Eq. R,~q~ (143
(11). Nevertheless, at least for the higher concentrations, the P e
recovered values were consistent with EL), which, con-
sequently, was used for estimatingat all the concentra- K=—an+ %' (14b)
tions.

We can now refit the data of Figs. 3 and 4 to EB)
exactly as done for recovering the paramersandd of By using the valuesx,,=1.2, ¢=1.41, 3=0.53, the ex-
Fig. 6, panels A and B, but with the parameiefixed to the  pected value for the exponent is~1.46, in fairly good
value obtained by using E¢8) with 7 given by Eq.(11).  agreement with the value 1.5®.11 obtained by fitting the
This allows the recovery of the paramete(the other pa- dataR, vs q, with the power-law of Eq(143. The scaling
rametersD,, andd do not change with respect to those ob-behavior betweerR, and g, is illustrated in Fig. 8 on a
tained with y=0.28, see Appendix B whose behavior as a log-log scale.

(12

A(CF)Q;% .
R—p X s
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FIG. 9. Scaling behavior of the sample turbiditys a function
1 of the intensityR(q;) scattered at the wave vectqe=10* cm™?
> belonging to the fractal regime. The data are taken from the samples
0.01 0 | of Fig. 4. The exponeny is consistent with the scaling described at
B | | ] the end of Sec. VI and suggests that for length scales smaller than

the crossover lengtl§ all the gels are characterized by the same

0.1 1 10 100 structure, but with fibers of different size.

q/q,

R(q)~KceM 292, (15)
FIG. 7. Scaling behavior of the scattered intensity distributions
for the data of Fig. 4 reported in terms of the rescaled amplitudeyvhich shows that at very low angles the intensity scales qua-
R(q)/R(qp) versus the rescaled wave vectpig, . The existence  dratically with g, i.e., R(q)~B(cg)g?, with the amplitude
of a single master curve emphasizes the remarkable similarities b%(CF) =KceM 5272_ Thus, we can use Edql14b) to deter-
tween the structure of these gels. The straight line shows the decaysine the exponeni’ which characterizes the scaling Bf

ing exponenta,,=1.2. The inset reports on a lin-lin plot the same . . ’ . _ _
data up tog/q,=>5 (as indicated by the arrow in the main panel W'th_ Ce, 1€, B(CF)_NFE : B)_’ using =0.53, k=1.46, and
setting a,,=—2, it is straightforward to show that’

) _ =pB(k—2)~—0.29. Notice that, in principle, this result
One could apply the same reasoning toxkel region of |4 have been obtained from the experimental data of Fig.
the master curve and make one more check on the seliy pyt unfortunately, in this region the noise level is very
consistency of the model. Far<1 it resultsyéq<1 and Eq.  high and the wave vector interval over which Eg5) holds
(2) can be approximated to is rather narrow. Yet, we can use this result for checking the
cr dependence of the overlapping paramejarsed in Sec.

V. Indeed, from Eq.(15) we can write thatcg ~cM £2y2
T y g and recover howy (or 7) scales withcg, being known the
“ dependencies oM and &£ on c. When this calculation is
carried out, we find that the scaling exponent fgris
—0.32£0.03, consistent with the value of 0.28+0.04
found following the procedure described in Sec. V.

Another way to show the close similarities between the
structure of gels at different concentrations is to investigate
the dependence of the gel turbidityas a function otz and
compare this behavidisee Fig. 5, Panel Qwith the corre-
sponding behavior for the intensiB(q;) scattered at a wave
k=150+0.11 vector g;=10* cm ! belonging to the fractal regimésee
1E E Fig. 5, Panel B. If we plot 7 againstR(q;), we see in Fig. 9

P . : : , that the data are nicely described by a power-law behavior

3x10 10 4x10 7~R(qs)? characterized by an exponent=0.84+0.03.
q [cm"] This means that the turbidity increases withat a slower
P rate than the scattered intensity. In our previous wWeikwe

FIG. 8. Behavior of the peak amplitud®¥(q,,) as a function of showed that, after the initial scaffold is formed, the gel
the corresponding peak positi%_ The data are taken from the gI’OWth consists mainly of a thickening of the fibers without
samples of Fig. 4. The exponert=1.50+0.11 is consistent with ~any substantial change in its structure. Thus, when the fibers
the scaling described in the text. grow so thick that they become comparable with the wave-

—
(=]
T

R(g,) [em’]

3
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length of light, the turbidityr scales withR(qs) as a power- reasoning fails when the blobs overlap apd 1. In this case

law characterized by an exponestwhich depends only on the fibers belonging to one blob interpenetrate with fibers of
Dy, namely,iy=(2+D,)/4. Now, the data of Fig. 9 exhibit other blobs and, consequently, the overall gel mesh size de-
exactly this behavior. Moreover, if we use O, its average creases, becoming smaller than the average blob size. Thus,
value(D,,)=1.32£0.07, we find that also the exponent is in we expect that the gel mesh size depends on both the blob
excellent agreement with the expected valug=0.83  size ¢ and the overlapping parameter It is, however, be-
*£0.02. Thus, except for their crossover lengthgels at  yond the purpose of this paper to tackle the problem of pro-
different concentrations appear to be characterized by thgiding an estimate of the gel mesh size from our scattering

same inner structure, but with fibers of different size. data, and we defer this complex issue to a future work.
In any case, comparing our findings with the available
VII. SUMMARY AND DISCUSSION literature data it is not an easy task, because of the different

conditions under which the gels were formed. For instance,

In this work we have studied the dependence of the strucBlombéack et al. [18] have examined by confocal laser mi-
ture of fibrin gels on the concentration of the fibrinogen croscopy, turbidity and permeability, the characteristics of
monomers. The gels were formed under quasiphysiologicaibrin gels formed at various fibrinogen concentrations, but at
conditions, and the reaction was initiated by monomer acticonstant thrombin concentraticq9.35 NIH units/m), in a
vation via the enzyme thrombin at a constant molar ratiopuffer otherwise identical to ours were not for the presence
The intensity distributions scattered from the gels were meaof 20 mM CaC}. In addition, the fibrinogen concentrations
sured in absolute units over a very wide range of scatteringhvestigated by Blomhzk et al. [18] covered a higher range
wave vectors(up to about three decadesind were inter-  in respect to our§0.5—4.0 vs 0.03—0.8 mg/ml, respectiviely
preted in terms of a simple structural model recently pro-with just a small overlap region. These rather profound dif-
posed by ug9] and futher developed here. The model de-ferences notwithstanding, it is interesting to note that the
scribes the gel as a random network of fibers of denséipd  fiber diameters deduced from their turbidity déTable 1A
average diameted entangled together to form densely of Ref.[18]) increase with increasing the fibrinogen concen-
packed and spatially correlated blobs of mass fractal dimenyation, as in our case. However, the same authors also de-
sion D, and average sizg, which overlap by a factor.  duced fiber diameters from their permeability défable 1A
Although the model was originally developed for a monodis-of Ref.[18]), and in this case no concentration dependence
perse system, we have shown that it is still valid when theyas found. It is possible that this is an effect due to the
gel is made of blobs of different size and assembled withpolydispersity of fiber diameters, which affects the two tech-
fibers of different thickness. The issue of polydispersity inniques differently, as already suggesfdd]. An increase in
the fiber diameted was addressed in Ref9], in which it fiber diameter with increasing fibrinogen concentration at
was shown that the diametdrrecovered by fitting the data constant thrombin concentration was also predicted by
with Eg. (2) is actually a root-mean-square weight-averageweisel and Nagaswani20] from computer models of fibrin
diameter, i.e.,d~{d?),. In this work, we extended this polymerization kinetics based on turbidimetry and electron
analysis and demonstrated that adde a reasonable estimate microscopy observations, although no quantitative estimates
of the weight-average blob siZ&),,, i.e., E~(&),,. were provided. Finally, Ryaet al. [21] found an opposite,

By varying the fibrinogen concentration: between weak trend by analyzing computerized three-dimensional
0.034-0.81 mg/ml we have obtained gels whose parameteraodels constructed from stereo pairs of scanning electron
scale as power laws witk: and vary over the following micrographs of fibrin gels grown, at constant thrombin con-
ranges: 108:¢£=10um, 100=d<200nm, 1.=D,<1.4, centration(1 NIH units/m), in solution conditions almost
2=n=1, and constanp~ 0.4 mg/ml. An important finding identical to ours but in absence of EDTA-Nésee Tables 1
of this work is that, in order to ensure the self-consistencyand 2 and Fig. 3A of Ref21]). Thus, as already pointed out
between the data and the model, the blobs must partiallpy Ryanet al.[21], this issue is still controversial, and it is
overlap by a factom=¢/&,, &, being the average distance unfortunate that no other data are available, to the best of our
between the blobs. Thus, provided thats allowed to vary  knowledge, on the concentration dependence of the proper-
with cg, all the gel parameters reported above scale wfith ties of fibrin gels prepared at constant molar ratio with the
according to the model. It must be pointed out that the overactivating enzyme. Clearly, more experimental data are
lapping affects relevantly the relation between the crossovemeeded to better assess this issue.
length (or average blob size¢ and the effective gel mesh Returning to our data, Table | summarizes the scaling be-
size, i.e., the average distance between the fibers in the gélavior that we found fop, d, D,,, & 7, and other gel pa-

In Ref. [9] we suggested that, sind®,, is close to unity rameters by reporting the scaling exponent, the prefactor and
(Dy~1.3), the blobs can be thought of as an assembly of ¢he range spanned by each parameter. The prefactor indicates
few semirigid fibers grown by joining together many seg-the parameter value in correspondence of the concentration
ments with only a few branching points. It follows that the c* =0.5 mg/ml, as was done in E¢L1). Synthetically, for a
average distance between the fibers inside the blob is na@eneric parameter, x(cg) =A,(ce/c*)? wherez is the ex-
much smaller than the size of the blob itself. Thussif ponent associated withandA, the corresponding prefactor.
=1, the blobs are in contact with each other, and the blolhus, expressing alsg- in mg/ml, it is possible to predict
size ¢ provides at least an upper bound of the overall averagéhe value of any of the measured parameters at any particular
distance between the fibers in the whole gel. Clearly, thiconcentratiorce.
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TABLE |. Scaling behaviors of the various parameters characterizing fibrin gels as a function of the
fibrinogen concentration: (0.034—0.81 mg/ml The prefactors have been normalized to the concentration
c¢*=0.5 mg/ml. For each parametethe value at: can be found according to(cz) = A,(ce/c*)?, wherez
is the exponent associated wittand A, the corresponding prefactor.

Parameter Exponent Exponent value Prefactor Spanned range
g cm™?) B 0.53+0.02 244437 581-3162
R(qg) (cm™) ® 1.41+0.02 3.29-0.11 0.075-6.49
r(emY ) 1.18+0.07 1.1720.03 0.0033-2.07

p (glcnt) 0.4+0.1 0.4(constank

d (nm) ) 0.16+0.014 146:2.5 91.0-151.2

Dn e 0.046-0.01 1.38:0.02 1.22-1.41

& (um) s —0.76+0.03 17.5-0.4 133-12.2

i ® —0.28+0.04 1.0@-0.05 2.1-0.9

Although it would be unwise to use the relations of Tabletion c*. Following the classical theory of Florj17], c*
| for extrapolating the value of the parameters at concentrarepresents the concentration at which the chatast to
tions much higher than the highest investigated in the presemjverlap, and is related to the chain si/®& by Rg
study, ~0.8 mg/ml, we could reasonably expect that they (c*)=*(3»~1) Here, v is the Flory exponent that de-
may hold up to the physiological range;3 mg/ml. At these  scribes the scalindR=~€n” between the chain size, the
concentrations, it would be rather difficult to perform light -j5in segment, and the numben of segments per chain. As
scattering experiments such as those reported here, due to &nown, » depends on the segment-segment and segment-

iSnr(]:re?se i'?hl turbtir?ity”and Irgubltiple Zcittetrmg .prf{)blemsl'lsolvent interactions, and can vary between IgBbular
orter pathiength Cells could beé used, but this in turn wi coils) and 1 (rigid rods, passing through the well known

?or:ng Tg('r?]g /ﬂ?ﬂzmssggitgglggﬁriﬁiztjéfzrénsrtﬁnce’values ofr=0.5 (random coil$ and v=0.6 (coils with ex-
" 9 > 4 cluded volume interactions When c¢>c*, the chains

with »~0.6 andD,~1.5. Due to the differences in solution ¢ v int ¢ and th luti | via the f i
conditions stated above, we can only attempt a comparisoﬁ rongly interact, and the soution can get via the formation
f crosslinks between the different chains. Under these con-

of the estimated diameter value with those reported by Ryaﬂ_ A . .
et al. [21] for c=3 mg/ml (see Tables 1 and 2 and Fig. 3B ditions, the characteristic length scale of the system is no

of Ref. [21]). For thisce, our thrombin concentration at a longerRg, but the average distance_ betwe_en the cros.slinks
1:100 molar ratio with fibrinogen should be-3.26  that corresponds to the gel mesh sizand is customarily
% 10~3 mg/ml, implying that~6.5 NIH units/ml would be called correlation length of the gg22]. Since each chain can
present according to the stated activity 62000 NIH  make several crosslinks, we expect t§atRr. de Gennes
units/mg of protein. A later estimate of the NIH units contentsuggested22] that the portion of the chain between two
of this batch of thrombin, carried out by us by comparing itscrosslinks could be imagined as a blob and that inside each
clotting efficiency with a newer batch, suggested thatblob the interactions would be dominated by the monomer-
roughly half of the original activity was still preseat1150 ~ monomer interaction of a single chain. Under this picture,
NIH units/mg protein, leading to a value of~3.75 NIH  although the chains overlap with each other, the blobs do not,
units/ml atcz=3 mg/ml. Thus, it is reasonable to compare and they are close packed wigrscaling withc asRr scales
our predicted data with those of “clot E” reported in Table 2 with c*. As a result, based on scaling concepts, the Flory—de
of Ryanet al. [21], which was obtained at 5 NIH units/ml. Gennes theory of gels predicts that for a gel in good solvent
Recalling that our hydrated diameters should be roughly 1.81e mesh size behaves &Re~ (c/c*) ("~ a relation
times bigger than the unhydrated diameters seen in the elethat was verified experimentally by a number of different
tron microscope[9], and that the polydispersity index of research groupesee Ref[23] and references thergin
similar samples i¢d?),,/(d?),~1.23 (see Appendix A we Thus, the picture of the Flory—de Gennes gels and our
can compute a number-average unhydrated diametei98f blob model appear to be equivalent provided that
nm. While this number is within the observed range of val-=1/D,, but only if we neglect the overlapping between our
ues (20—130 nm reported by Ryaret al. [21], it is about  blobs and setp~1. In this case the mesh size of the
twice their number average diameter (485 nm). Consid- Flory—de Gennes theory would correspond to the blobs’ av-
ering the roughness of these computations, we think that owgrage size or crossover lengfrof our gels. If we derive a
predictedd value measures up reasonably well with thevalue for » from our D, values(~1.2-1.4, we find 0.71
available electron microscope evidence. =< »=0.83, which would indicate that the blobs are made of
Finally, it is interesting to compare our findings with the polymers having intermediate properties between those of
results known from the physics of semidilute solutions ofrandom coils and rods. This is quite consistent with the pic-
polymeric linear chain$l17,22. In this case, the equivalent ture that emerged from our previous studies on the early
of the close packing condition for the blob modEl. (10)]  stages of fibrin polymerizatiofv,24] when we found that the
is expressed in terms of the so-called overlapping concentrgrotofibrils can be best described as double-stranded, half-
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staggered, wormlike chains with persistence lengths between APPENDIX A
200-600 nm. Moreover, in our recent work on the structure

of fibrin gels[9], we also showg d that, in aIterngtiye to the of polydispersity in both¢ andd affects the structural model
blob model, the data could be interpreted as deriving from ?)roposed for the gel. In particular, we show how Esand
cpllection of wormlike c_:hains polydisperse in width and Per-(10) are modified by polydispersity and, correspondingly,
sistence length. By using the Flory—de Gennes theory withynat kind of average value faf can be recovered from the
the values derived above fo;, one would find that scales  qata.

with ¢ as é~c* with —0.63<{<—0.56, which is less than  we start with Eq.(9) by recalling that the expressions
what we observed experimentally, namejy; —0.76-0.03  given in Sec. Il for the scattered intensity distributiggs.
(see Table ). One may notice that the exponertd.56 is (1) and(2)] are valid for a monodisperse system, i.e., a gel in
remarkably close to the value that one would obtain by simwhich all the blobs have the same siZeand same fiber
ply estimatingé as the reciprocal of the peak position in diameterd. The presence of polydispersity transforms &.
R(q), that is, é~q, '~cz % (see Table)l However, this  into [12]

would imply that there is no overlapping, which makes the B "

model inconsistent with the data. One may also notice that, if R(@)=K ce(M)w ST(a)(P(a)).. (AL)

we estimate a value for from the { exponent, we obtain \here(M),, is the weight-average molecular weight of the

V"“O.6, which is eXaCtly what was eXpeCted for coils with bIObS, <P(q)>z is their z-average form factor[(P(q)>Z

excluded volume interactions. We believe that this is only a=(A(0)B(q)),], and S*(q) represents the effective struc-

coincidence, inconsistent with o, values O,=1/v),  ture factor that describes the effects of spatial correlations

and we warn the reader not to be brought to the conclusiobetween the polydisperse blobs.

that the blobs of our model behave as linear coils in a good S°*f(q) can be easily found from the corresponding expres-

solvent with excluded volume interactions. The two systemsion for the monodisperse cas®,q). The latter one was

appear to be very much different: first of all, the Flory— based on the relatios3~(N/V), which describes how the

de Gennes theory deals with linear polymers obtained bylistance&, between the close packed monodisperse blobs

assembling monodisperse segmdstame lengti, same di-  scales with the number densiy/V. For a polydisperse sys-

ameterd), while our fibers appear to be characterized bytem such a relation becomdg3),~(N/V) where (---),

similar €, but are polydisperse ith. Second, our blobs appear means number-average. Now, sirge n&,, it is clear that

to be made of somewhat semiflexible branched filjge®, the paramete¢ appearing inS(q) has to be replaced with

for example, the pictures of Fig. 2 in R¢21]) whose diam- <§3>,11’3. Thus, the effective structure factor becomes

eters grow in the course of gelation and vary withas well.

Thus, part of available mass goes into fiber thickening, and is s*ff(q)=1—ge~ ("&)

not used for the rescaling df ) ) 13
In conclusion, notwithstanding the remarkable and in-@nd the asymptotic behavior at logv(y(£%);"q<1) of the

triguing similarites between our blob model and the Scattered intensity distribution is

Flory—de Gennes theory, we believe that the two descriptions

do r?ot fully fit each othyer. Probably, by reshaping ourpblob R(q)=Kcr (M) y%( €322, (A3)

mgﬁleyl [I:)r:)I:/%ri?pSer%feaind(ter?gﬁ ;glrlseigif:cgflgzrtwm;veeC\t]vilglzin which we have use@=1 as suggested by the data. Eq.

make the system more suitable for being described in th A\3) is represented graphically in Fig. 2 by the leftmost solid

. traight line passing through the data.
framework of the Flory—de Gennes theory, and provide a : .
better understanding of the overall gel structure. Clearly The expression fofP(d)), was already developed in Ref.

. tal data tak der diff t Dhvsi I[9]. Here we will report only the results relative to its ap-
more experimental data taken under different physical, ., ination in the fractal regime&(l<q<¢~2, d=1), in
chemical conditions of the gelling solution, and while the

) which the scattered intensity distribution becomes
samples are gelling, would be very helpful. We are currently

In this appendix we address the issue of how the presence

/3
)2

(A2)

working in that direction. R(q)=Kcg (M), 7Pm(£Pm), q~Pm (A4)
or equivalently, via Eq(1),
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An estimate of the peak positiar), can be carried out as 1a-Dy) - o - 1/3-Dyy)
done for Eq(3), i.e., by finding the wave vector at which the ~ (£)y~¢C¢ m 33 Dm)(zp(fl Pmd?), ,
two asymptotic behaviors fag—0 andq belonging to the (A11)
fractal regime cross to each other. Thus by equating Egs.
(A3) and (A4), it is straightforward to work out that, if we which generalizes Eq10). As done above, we can compute
define thex-average of as numerically how( ¢), compares with(&),,, (&), and(&),.
3\2/3 11(2+D ) The results are very similar to those obtained (éy, and
(& :[ (&5 (A6) show that, for bell shaped distributions with updgq/(£),
(g Pmy, ~50%, the deviations fror¢),, are less than approximately
o +5%. For more skewed distributions the situation is similar
the generalization of Eq3) becomes to that of(£),. So, we can state that also the paramégey,
_ 2/(2+ D) o~ 2/(2+ Dy, -1 which describes the condition of close packing, is reasonably
(£)x~1.3m"! iy (CI (A7) approximated by¢&),, . It should be noticed that in E¢A11)
in which we have introduced the same numerical factor ofhe average diameterappears as the number-average cross
1.3 as in Eq(3). It is worth noticing thai¢), is a combina- section(d?),, thus not directly comparable with the value
tion of a number-average and zaverage. Therefore, be- recovered from the data via EdS), which depends on
cause the blob mass is a function of bdtlandd [see Eq. (d®)u- . ) ]
(1)] (&), depends on the joint distribution which character- In conclusion, when polydispersity effects érare taken
izes the po'ydispersity of botf]andd_ However' if we make Into aCCOUnt, the value obtained f@lfl’om the peak pOSItlon
the plausible assumption thgtand d are statistically inde- and the one used for verifying the close packing condition of

pendent variables, the dependencedatisappears, an¢t),  the model, are both to be interpreted as good estimates of the
becomes only a function of the polydispersitydnand can  Weight-average blob siz&¢),,. In this way, the self-

be written as consistency of.the m.odel is preserved. _ .
When polydispersity effects athare considered, the situ-
(£3)23( £20my 12+ D) ation is more complicated because from the data we can
(Ex= o (Pmy, (A8)  recover only(d?),,, while in the close packing condition
n

appeargd?),. Thus the self-consistency is maintained only
It is now easy to comparé), with the more common if the polydispersity ird is comparable for all the gels, and if
averages andé),, (&), and(£),. A simple numerical We can suppose that .the ratid®),,/(d?), remains the same
analysis carried out witD ,,= 1.3 shows that, for bell shaped for all the concentrations. Unfortunately, to our knowledge
distributions, (¢£), depends only on the relative width there are no data available in the literature on this subject.

oal{£), and it is very well approximated bgz),, with de- The only published \{vorl_225] in Wh_ich are reported t_he ele_c-
viations of less than—4% ((£),/(£),=0.96) up to tron microscopy-derived actual histograms of the fiber diam-
onl{£)y~50%. Conversely, with respect @), and (&),  ©ter _d_|str|bu'qons of a gel grown under physical-chemical
the deviations are much higher, of the order+25% and ~conditions similar to ourdbut in the presence of 2 mM
—20%, respectively. For more skewed distribution, such a&aCh), deals with a single concentratigsee Fig. 4, panel
decaying power laws or exponentials, the matching&f, ~ (¢) of Ref. [25]]. In that case ¢=0.5 mg/ml) the polydis-
with (£), is less accurate, but still much better than with Persity in diameter was moderately broad, withy /(d)n
(&), or (£),. For example, for an exponential decéfpr ~ ~0.25 and(d<),,/{d*),~1.23. This implies an overestimate
which o, /{£),=1) the deviation is~—11%. So in conclu- Of (£)y by only a factor of~13% (for Dp,=1.3) and, there-
sion, we can state that the value(@}, obtained by means of fore, we believe that even a non-negligible dependence of
the peak position, is a reasonable estimate of the weight- the ratio(d*),,/(d), on ¢ should not alter significantly the

average blob sizé&),, of the gel. behavior of(&), predicted by the model.
We come now to discuss E¢L0). This was worked out
by equating the gel concentratiogp to the ratio between the APPENDIX B

blob massM/N, given by Eq.(1) and the blob vqumefg.

When there is polydispersity this relation becomes In this appendix we recall the method recently developed

by us[9] for the recovery of the diametel;, and propose a
variant that leads to much more accurate results.
(M/Np)n T 1 . .
Ce~ 13, A =P 73(€1 Pm dZ)nW, (A9) We demonstratefP] that, even without having access to
(&) (€ Dw the crossover wave vectay, [see Eq.(6)], one can exploit
the fact that the scattered intensity is measured in absolute
units and recoved by using the LAELS data alone. Indeed,
provided that the gel parametgssand ¢ are known[or re-

coverable by fitting the data over the entire LAELELS

in which we have again assumed tlfatndd are statistically
independent and used E@l) together with the relation
(EPmy 1{E3),= 1K &3~ Pm),,. Thus, by defining thg-average

of ¢ as wave vector range to E@2)], one can fit the straight portion
<§>y:[<§3*Dm>W]1/(SfDm>, (A10)  of the data between, and g, to Eg. (5) and extract the
values of bothD,, and d. However, this procedure is not
Eqg. (A9) can be rewritten as extremely accurate and leads to some systematic errors in the
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estimate of botfD,, andd. This is because the condition that ~+15%, while D, was underestimated by a factor of
defines the right-hand side of the fractal regimg ( — —10%, which corresponds to the exponenf~1.2 of

<¢-1,d"Y) is not fulfilled with high accuracy over the en- F19- 2.

. In this paper we propose a slightly different procedure of
tire wave vector range where the LAELS data appear to be, . . . :
straight. Thus, the contribution of the baselir€)°m ap- %ttmg the LAELS data. If, instead of the tract in which the

2 - . . data exhibit a power-law decay, all the LAELS détaclud-
pearing in the terrrA(q) of Fhe fitting function[Eq. (2)] is ing the peakare used and fitted to the entire model function
not completely negligible with respect to the power-law con-

N D ) [Eqg. (2)], much better accuracies can be achieved for both
tribution (w/q¢)“m, and the termB(q) is also less than 1. 5 "5nqq. Computer simulationgcarried out on the same

For example, if¢=0.4um, andd=150 nm, at the maxi- gynthetic data as aboyehowed that, by leaving, D, and
mum wave vector of the LAELS measurements  ( as free parameters, fixing all the others to the correct val-
X 10" cm '), the termA(q) deviates from the power-law yes, and including the data betweenlx 10P—3x 10°
behavior by a~+30% contribution, while the terrB(q) is  ¢m™?, the values oD, andd can be both estimated with
lower than 1 by approximately-—7%. Though these two accuracies better than 1%. We also checked that the accurate
deviations tend to balance each other, the first one is praecovery ofD,, andd is independent from the value assigned
dominant and produces a slight upward rounding of theo the parameter. In other words, even if the fitting is
power-law decay, leading to an underestimatiorDgf and,  carried out by fixingy to a wrong valugfor example, up to

in turn, to an overestimation af. This was tested by com- a factor~2), D,,, andd are recovered always with the same
puter simulations in which synthetic data generated accordevel of accuracy, consistently with the fact that, in the fractal
ing to Eq.(2) (with p=0.4 glcn?, €=20um, D,=1.3,d regime, the scattering amplitude does not depend on the spa-
=150 nm,¢£=0.4um, as=4, B=1, andy=0.28 were fit-  tial arrangement of the blobs, i.e., it does not dependy.on
ted in the fractal regime by means of E¢). The wave Finally, we would like to emphasize that this procedure
vector range of the selected data was chosen betwegn works because, up to wave vectors-eB8x 10* cm !, the

X 10°-3x 10* cm™ %, so as to closely match the range usedshape ofR(q) is only slightly dependent om, while its

in the experimental data of Fig. 4. By supposing to know theamplitude scales a3’ [through the ternM appearing in the
parameterg and ¢, the fitting recoveredl with an error of  prefactor of Eq(2)].
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