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 3 
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 LUNAM Université du Maine, IMMM UMR-CNRS 6283, Polymères, Colloïdes et Interfaces, 

72085 Le Mans cedex 9, France 

 4 

Abstract  5 

 6 

Solutions of the globular whey protein β-lactoglobulin (β-lg) were heated at different protein 7 

concentrations leading to the formation of polydisperse fractal aggregates with different 8 

average sizes. The structure of the solutions was analyzed with light scattering as a function 9 

of the protein concentration. The osmotic compressibility and the dynamic correlation length 10 

decreased with increasing concentration and became independent of the aggregate size in 11 

dense suspensions. Results obtained for different aggregate sizes could be superimposed after 12 

normalizing the concentration with the overlap concentration. Dense suspensions of fractal 13 

protein aggregates are strongly interpenetrated and can be visualized as an ensemble of fractal 14 

‘blobs’. The viscosity of heated β-lg solutions increased extremely sharply above 80 g/L and 15 

diverged at 98 g/L, mainly due to the sharply increasing aggregate size. At fixed aggregate 16 

size, the viscosity increased initially exponentially with increasing concentration and then 17 

diverged. The increase was stronger when the aggregates were larger, but the dependence of 18 

the viscosity on the aggregate size was weaker than that of the osmotic compressibility and 19 

the dynamic correlation length. The concentration dependence of the viscosity of solutions of 20 

fractal β-lg aggregates is much stronger than that of homogeneous β-lg microgels. The 21 

behavior of fractal aggregates formed by whey protein isolate was similar.  22 

 23 

 24 

Introduction 25 

 26 

Globular proteins may be considered as dense nanoparticles that are stabilized in 27 

aqueous solutions by electrostatic repulsion. Heating aqueous protein solutions renders the 28 

rigid structure of the globular proteins mobile which may allows formation of bonds between 29 
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the proteins and can cause irreversible aggregation. Aggregation leads to the formation of a 30 

percolating network above a critical gel concentration (Cg), but at lower concentrations stable 31 

suspensions of finite size aggregates are obtained
1-2

. The size of the aggregates increases with 32 

increasing protein concentration and diverges at Cg. The local structure of the aggregates and 33 

the value of Cg depend on the type of protein, the pH and the added salt. However, for a 34 

number of different globular proteins it has been shown that the large scale structure of the 35 

aggregates is self-similar
3-9

. Self-similar aggregates are characterized by their fractal 36 

dimension (df) which relates the molar mass (M) to the radius (R): M∝R
df

. The value of df 37 

was found to increase weakly from 1.7 when electrostatic interaction are strong to 2.0 when 38 

they are weak, but it does not depend on the type of protein.  39 

Fractal protein aggregates have been studied extensively in dilute solutions, but as far 40 

as we are aware no systematic investigation has been done on the flow properties of dense 41 

suspensions of such aggregates. More in general, while dense suspensions of homogeneous 42 

spherical particles have been investigated in much detail 
10-13

, dense suspensions of fractal 43 

aggregates have received relatively little attention 
14-17

. An important difference between 44 

homogeneous particles and fractal aggregates is that the density of the former does not depend 45 

on their size, but for the latter it decreases with increasing size. Considering that the 46 

aggregates are spherical we may define their density as ρ=3M/(4πNaR
3
), with Na Avogadro’s 47 

number so that ρ∝R
df-3

. It has therefore been suggested that the viscosity of dense fractal 48 

aggregates can be understood in the same way as for homogeneous particles, by treating them 49 

as particles with a lower density. However, since fractal aggregates have an open structure, 50 

they are to certain extent interpenetrable. This is especially important for fractal globular 51 

protein aggregates, which are very polydisperse, and are strongly interpenetrated in dense 52 

suspensions. In addition, it has been shown that fractal protein aggregates have some degree 53 

of flexibility 
18

. Recently, it was demonstrated that interpenetration and flexibility of the 54 

fractal aggregates has important effects on the viscosity in dense suspensions
19

.  55 

Here we present an investigation of the structure and the viscosity as a function of 56 

concentration for aqueous suspensions of fractal globular protein aggregates with different 57 

sizes. We will compare the viscosity of fractal aggregates with that of microgels formed by 58 

the same proteins 
20

, which enables a direct assessment of the effect of the structure of protein 59 

particles. The globular protein used in this investigation was β-lactoglobulin (β-lg), which is 60 

the main component of whey. Stable suspensions of aggregates with different average sizes 61 

were formed by heating aqueous β-lg solutions at different protein concentrations at pH 7.0 62 
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until steady state was reached. It has already been reported elsewhere that at these conditions 63 

β-lg forms initially small curved strands with a hydrodynamic radius Rh≈15nm. At higher 64 

protein concentrations these strands randomly associate into self similar aggregates with 65 

df=1.7. In order to render our findings more relevant for applications we have compared the 66 

results obtained for aggregates formed by pure β-lg with those formed by a commercial whey 67 

protein isolate.  68 

  69 

Materials and methods 70 

 71 

Materials 72 

 73 

The β-lactoglobulin (Biopure, lot JE 001-8-415) used in this study was purchased from 74 

Davisco Foods International, Inc. (Le Sueur, MN, USA) and consisted of approximately equal 75 

quantities of variants A and B. Whey protein isolate (WPI) powder was purchased from 76 

Lactalis (Laval, France), which contained 95% protein on dry weight basis of which 70% β-lg 77 

and 20% α-lactalbumin. The molar masses of β-lactoglobulin and α-lactalbumin are 18 78 

kg/mol and 14 kg/mol, respectively 
21

. The powders were dissolved in Milli-Q water to which 79 

200 ppm NaN3 was added to prevent bacterial growth. The pH of the solution was adjusted to 80 

7 by adding small amounts of NaOH 0.1 M. For light scattering; dilute solutions were filtered 81 

through 0.2 µm pore size Anotop filters. The protein concentration was determined by UV 82 

absorption at 278 nm using extinction coefficient 0.96 Lg
-1

cm
-1

 and 1.05 Lg
-1

cm
-1

 for β-lg and 83 

WPI, respectively. Protein solutions were concentrated by ultrafiltration utilizing the KrosFlo 84 

Research II/i/Tangential Flow Filtration (TFF) System (Spectrum Europa B.V.)  85 

 86 

Light scattering 87 

 88 

Light scattering measurements were done using an ALV-5000 multibit, multitau, full 89 

digital correlator in combination with a laser emitting vertically polarized light at λ = 632 nm 90 

(ALV-Langen). The temperature was controlled by a thermo-stat bath to within ± 0.1 °C. The 91 

relative excess scattering intensity (Ir) was determined as the total intensity minus the solvent 92 

scattering divided by the scattering of toluene at 20°C. Ir is related to the osmotic 93 

compressibility ((dπ/dC)
-1

) and the z-average structure factor (S(q)) 
22-23

:  94 

 95 
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( ) )q(SdC/d.RT.C.KI
1

r

−π=  1 96 

 97 

with R the gas constant and T the absolute temperature and q the scattering wave vector.  98 

 99 
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  101 

where ( )dC/dn is the refractive index increment, and Rs is the Rayleigh ratio of toluene. 102 

(ns/n)
2
 corrects for the difference in scattering volume of the solution with refractive index n 103 

and toluene with refractive index ns. S(q) describes the dependence of Ir on the scattering 104 

wave vector: q=(4πn/λ).sin(θ/2), with θ the angle of observation. We used dn/dC= 0.189 105 

cm
3
/g and Rs= 1.35×10

-5
cm

-1
. In dilute solutions and in the limit of q→0, Ir/KC is equal to the 106 

weight average molar mass (Mw). At finite concentrations we measure an apparent molar 107 

mass (Ma) that is proportional to the osmotic compressibility: Ma=RT/(dπ/dC). The initial 108 

concentration dependence of Ma can be expressed in terms of a virial expansion: 109 

 110 

Ma=Mw/(1+2A2MwC+…) 3 111 

  112 

The initial q-dependence of the structure factor extrapolated to C→0 can be used to obtain the 113 

z-average radius of gyration (Rg): 114 

 115 

S(q)=(1+q
2
.Rg

2
/3)

-1 
4 116 

 117 

At higher concentrations, when interactions cannot be neglected, the initial q-dependence of 118 

structure factor can be expressed in terms of the static correlation length (ξs): 119 

 120 

S(q)=(1+q
2
.ξs

2
)
-1 

5 121 

 122 

The normalized intensity autocorrelation (g2(t)) that is measured with dynamic light 123 

scattering (DLS) is related to the normalized electric field correlation function, g1(t): 124 

g2(t)=1+g1(t)
2
 

24
. g1(t) was analyzed in terms of a distribution of relaxation times using the 125 

REPES routine 
25

:  126 

 127 
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����� = ���	
�τ� exp�– t/τ�dlogτ                                                            5 128 

 129 

In all cases monomodal distributions were observed and the correlograms could be well 130 

described using the following an analytical expression for A(logτ): 131 

 132 

( )A k p s
(log ) exp /τ τ τ τ= −





∗

 6133 

  134 

In binary solutions the relaxation of the intensity fluctuations is caused by cooperative 135 

diffusion of the solute and cooperative diffusion coefficient can be calculated from the 136 

average relaxation rate: Dc =(q
2
.τ)

-1
. The dynamic correlation length (ξd) can be calculated 137 

from Dc at q→0:  138 

 139 

�� =
��

�πηξ�
                                                                                                        7 140 

 141 

with η the viscosity, k Boltzman’s constant, and T the absolute temperature.  When 142 

interactions can be neglected, i.e. at low concentrations, ξd is equal to the z-average 143 

hydrodynamic radius. We note that the z-average values of Rh and Rg determined by light 144 

scattering give strong weight to the larger particles in the distribution and even more so for Rg 145 

than for Rh.  146 

 147 

Rheology 148 

 149 

The viscosity was measured as a function of the shear rate using a rheometer 150 

(AR2000, TA Instruments) with a cone and plate or a couette geometry. After loading the 151 

samples were pre-sheared at 100 s
-1

 during 1 min. The viscosity was determined during 152 

subsequent shear ramps with increasing and decreasing shear rates. The results obtained with 153 

increase and decreasing shear rates were found to be the same. Measurements done using the 154 

cone and plate geometry showed an upturn at low shear rates, which was due to the formation 155 

of a weak elastic surface layer of proteins. In ref. 
26

 it was shown that this effect can be much 156 

reduced by using a couette geometry. Therefore for one series of samples we have used both 157 

geometries and found that indeed the artificial increase was no longer observed. Nevertheless, 158 

the same results can be obtained with both geometries after superposition of the data at 159 
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different concentrations, see Supplementary Information. As a much larger quantity of 160 

solution is needed for the couette geometry, we have used for the other series of 161 

measurements the cone and plate geometry.  162 

 163 

Results 164 

 165 

Characterization of the aggregates. 166 

  167 

Fractal aggregates of β-lg with different sizes were prepared by heating at 80°C 168 

aqueous solutions with different protein concentrations at pH 7.0 until steady state was 169 

reached. At steady state all proteins are denatured and for C>40g/L more than 90% of the 170 

proteins form aggregates
18

. The remaining proteins are present in the form of monomers, 171 

dimers and trimers. As was mentioned in the Introduction, detailed investigations of the 172 

fractal structure of aggregates formed by heating β-lg or WPI in aqueous solution have 173 

already been reported elsewhere
3-4, 18

. Characterization of the aggregates used for the present 174 

investigation by light scattering showed that their structure was same as that reported in the 175 

literature.  176 

The weight average molar mass (Mw) of the aggregates was determined using light 177 

scattering as described in the Material and Methods section. The dependence of Mw on the 178 

concentration at which the aggregates were formed is shown in figure 1a. At low 179 

concentrations relatively monodisperse strands were formed, but for C>40g/L, random 180 

aggregation of these strands led to an increase of Mw with increasing concentration. The 181 

molar mass diverged at a critical gel concentration Cg=98g/L. The z-average radius of 182 

gyration (Rg) and the z-average hydrodynamic radius (Rh) increased with increasing Mw 183 

following a power law, which is expected for fractal aggregates, see figure 1b. The 184 

dependence of both Rh and Rg on Mw is compatible with df=1.7, but Rh is systematically 185 

smaller than Rg by a factor of about 0.7, in agreement with findings reported earlier 
18

. The 186 

principal reason for this difference is the polydispersity of the aggregates, Rg is derived from 187 

the z-average of Rg
2
 and Rh from the z-average of Rh

-1
. Therefore Rg is more sensitive to 188 

larger aggregates.    189 
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 190 

 191 

Fig. 1a Molar mass of β-lg aggregates formed in heated aqueous solutions as a function of 192 

the protein concentration.  193 

Fig. 1b Dependence of the molar mass of β-lg aggregates on the radius of gyration (circles) 194 

or the hydrodynamic radius (triangles).  195 

 196 

Structure of the aggregate solutions 197 

 198 

All solutions of fractal aggregates were optically clear and their structure was studied 199 

with light scattering over a range of concentrations. Fig. 2 shows Ir/KC for large aggregates 200 

that were formed by heating at C=96 g/L and that were subsequently progressively diluted. At 201 

high protein concentrations the structure factor was independent of q in the range covered by 202 

light scattering, implying that the correlation length of the concentrated solutions was less 203 
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than 15nm. It was shown elsewhere
27

 using small angle X-ray scattering experiments that the 204 

structure factor of concentrated aggregate solutions shows a peak implying a certain degree of 205 

order in the distribution of the proteins. The osmotic compressibility and the correlation 206 

length of the concentration fluctuations increased with decreasing concentration causing an 207 

increase of Ir/KC and a stronger q-dependence.  208 

 209 

 210 

Fig. 2 Dependence of Ir/KC on q for aggregates formed by heating at C=96 g/L and 211 

subsequently diluted to different concentrations as indicated in the figure.  212 

  213 

Fig. 3a shows the concentration dependence of the apparent molar mass (Ma = 214 

Ir/KC(q→0)) for protein aggregates with different sizes obtained by heating at different 215 

concentrations. As was mentioned above, Ma is proportional to the osmotic compressibility 216 

and is equal to Mw if interactions are negligible, i.e. at low concentrations. In all cases the 217 

osmotic compressibility decreased with increasing concentration, due to electrostatic and 218 

excluded volume interactions between the aggregates and at the highest concentrations Ma 219 

became independent of the aggregate size. The latter implies that in dense suspensions the 220 
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aggregates are strongly interpenetrated and that the osmotic compressibility is determined by 221 

interaction between the elementary units of the aggregates.  222 

 223 

 224 

 225 

Fig.3a Concentration dependence of Ma for aggregates formed by heating at different protein 226 

concentrations indicated in the figure. The same data are plotted in fig. 3b after normalizing 227 

Ma with Mw and C with C*.  The solid line in fig. 3b represents eq.8.  228 

  229 

For non-interacting hard spheres, Ma/Mw can be well described by the following 230 

equation
28

: 231 

 232 
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432

4

4441
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φ
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−
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M

M
 8 233 

 234 

where φ is the volume fraction of the particles. For solutions of polydisperse soft particles 235 

such as the protein aggregates, the initial concentration dependence of Ma/Mw can still be 236 

described by eq.8 if for φ we use an effective volume fraction: φe=C/C*, where C* is the 237 

concentration at which the effective volume fraction of the particles is unity and is related to 238 

the second virial coefficient: C*=A2/(4Mw). When expressed in units of volume the second 239 

virial coefficient is 4 times the effective volume of the particles. Fig. 3b shows that eq.8 240 

describes the results in this representation up to C/C*≈0.2. At higher protein concentrations, 241 

Ma decreased less steeply than for equivalent hard spheres, because the aggregates are 242 

polydisperse and can interpenetrate. As expected, the values of C* decreased with increasing 243 

aggregate size, see fig. 4.  244 

For spherical particles C* can also be calculated from their molar mass and their 245 

radius: 246 

 247 

C*=3Mw/(4πR
3
Na).  9 248 

 249 

For monodisperse non-interacting hard spheres the two methods give the same value, but for 250 

polydisperse or interacting particles they will be different. For the polydisperse protein 251 

aggregates studied here, the values calculated using eq. 9 are smaller if one uses Rg for the 252 

radius than if one uses Rh, see fig. 4. The values of C* obtained from the comparison of the 253 

concentration dependence of Ma with eq. 8 were intermediate between those calculated using 254 

eq. 9 with R=Rh or R=Rg. However, the molar mass dependence was weaker, which is a 255 

consequence of the increasing polydispersity with increasing Mw.      256 
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 257 

Fig. 4. Dependence of C* on the molar mass for fractal β-lg aggregates. The data obtained 258 

from fits of the initial concentration dependence of Ma to eq. 8 are indicated by squares, 259 

whereas the circles and the triangles indicate the values calculated using eq. 9 with Rh and 260 

Rg, respectively. The dashed lines indicate the power law dependence corresponding to the 261 

one shown in fig. 1b.    262 

 263 

As can be seen in fig.2, interpenetration of the aggregates caused a decrease of the 264 

correlation length with increasing concentration. At higher concentrations, the static 265 

correlation length became too small to be determined with light scattering, but the dynamic 266 

correlation length (ξd) obtained from dynamic light scattering could be determined over the 267 

whole concentration range. Examples of correlograms and the corresponding relaxation time 268 

distributions are shown in fig. S3 of the supplementary information. As was discussed in ref. 269 

18
, in dilute solutions the q-dependence of the diffusion coefficient increases with increasing 270 

aggregate size, because the fractal aggregates are semi-flexible. With increasing concentration 271 

the q-dependence of Dc decreased, because the correlation length of the concentration 272 

fluctuations decreased, see fig.S4 of the supplementary information. ξd obtained from the 273 

cooperative diffusion coefficient extrapolated to zero-q, see eq.7, decreased with increasing 274 

concentration down to values approaching the radius of monomeric β-lg that is about 2nm. 275 

Fig. 5 shows that ξd has the same power law dependence on Ma as Rh on Mw independent of 276 

the aggregate size. The structure of the interpenetrated aggregate solution can thus be 277 

visualized as an ensemble of fractal ‘blobs’ with radius ξd  and molar mass Ma, independent 278 
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of the aggregate size. The peak in the structure factor at larger q-values that was found with 279 

SAXS 
27

 implies that the ‘blobs’ are regularly distributed in salt free solutions.  280 

 281 

Fig. 5 Dependence of the apparent molar mass on the dynamic correlation length for 282 

solutions of aggregates with different sizes measured at different protein concentrations. The 283 

filled symbols represent values at infinite dilutions where Ma=Mw and ξd=Rh. The solid line 284 

has slope 1.7. The symbols are as in fig.3a.  285 

 286 

Viscosity 287 

 288 

Solutions of β-lg at different concentrations were loaded on the rheometer after 289 

heating and the viscosity (η) was determined as a function of the shear rate (γ�). For the more 290 

viscous solutions we observed shear thinning at larger shear rates, see fig.6a. We also 291 

observed an increase of the viscosity with decreasing shear rate at low shear rates. However, 292 

as was mentioned in the materials and methods section, this increase is an artifact caused by 293 

the formation of a layer of proteins at the interface. If we ignore the artificial increase at low 294 

shear rates, the results obtained at different concentrations can be superimposed by horizontal 295 

and vertical shift factors, see fig. 6b. This allowed us to obtain the limiting low shear viscosity 296 

(η0) at all concentrations.  297 
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 298 

 299 

 300 

 301 

 302 

Fig. 6a Shear rate dependence of the viscosity of heated β-lg solutions at different 303 

concentrations. Fig. 6b shows a master curve of the same data obtained by horizontal and 304 

vertical shifts with respect to the data at C=96 g/L. The artificial upturns at low shear rates 305 

were removed from the master curve. 306 

  307 
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η0 increased very sharply with increasing protein concentration for C>70g/L and 308 

diverged at the gel concentration, see fig. 7a. The sharp increase of η0 was caused by a 309 

combination of increasing protein concentration and increasing aggregate size. In order to 310 

distinguish these two effects, we measured the shear rate dependent viscosity as a function of 311 

the protein concentration keeping the aggregate size fixed. To this end, a solution of 312 

aggregates formed at C=96g/L with Rg=320 nm was progressively diluted. Master curves 313 

could be obtained by superposition of the results obtained at different dilutions, see 314 

supplementary results. The concentration dependence of η0 for the aggregates with fixed size 315 

formed at C=96g/L and subsequently diluted is compared in fig. 7a with that of aggregates 316 

with different sizes formed at different concentrations. Even though the concentration 317 

dependence of η0 for solutions with the same large aggregates was steep, it was much more 318 

progressive than that of aggregates formed at different concentrations. This clearly 319 

demonstrates that the effect of increasing the aggregate size is more important than the effect 320 

of increasing the protein concentration. Similar results were obtained with a commercial WPI 321 

sample, see fig. 7b, which is not surprising, because WPI forms similar fractal aggregates in 322 

heated aqueous solutions
4
. The WPI solutions gelled at a slightly lower protein concentration 323 

(95g/L) and therefore the steep increase of the viscosity occurred at slightly lower 324 

concentrations. In the following we focus on the results obtained with pure β-lg.  325 

 326 
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  328 

 329 

Fig.7a Zero shear rate of the viscosity for β-lg solutions that were heated at different 330 

concentrations (open symbols) or that were heated at C=96 g/L and subsequently diluted 331 

(closed symbols). Fig. 7b shows the results obtained for WPI heated at different 332 

concentrations (open symbols) or that were heated at C=93 g/L and subsequently diluted 333 

(closed symbols).  334 

  335 

 In order to investigate the effect of the average aggregate size on the concentration 336 

dependence of η0, solutions with different β-lg concentrations were heated. The viscosity of 337 

each system was subsequently measured as a function of the protein concentration by dilution. 338 

The smaller aggregates obtained by heating at C=40 g/L and C=70 g/L were first concentrated 339 

by ultrafiltration. Fig. 8a shows that in each case η0 increased exponentially up to 340 

approximately 0.03 Pa.s: η0=ηsexp(C/Cc), with ηs the solvent viscosity. The exponential 341 

increase obtained for the different aggregates superimposed when η0 was plotted as a function 342 

of C/Cc, see fig. 8b. Cc decreased weakly with increasing aggregate size from Cc=35 g/L for 343 

Mw=1.5x10
6
 g/mol to Cc=16.5 g/L for Mw=1.1x10

8
 g/mol, see inset of fig. 8b.  344 
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 345 

 346 

Fig. 8a Concentration dependence of η0 for solutions of β-lg aggregates with different molar 347 

masses indicated in the figure.  348 

Fig. 8b Master curve of the results shown in fig. 8a obtained by dividing C with Cc. The solid 349 

line represents η0=ηs.exp(C/Cc). The dependence of Cc on Mw is shown in the inset, which 350 

also includes results obtained for 2 other aggregate sizes for which the concentration 351 

dependence was not shown for clarity.     352 

 353 

 At higher protein concentrations, η0 increased more steeply until it diverged and a gel 354 

was formed. We also observed that at these higher concentrations the viscosity increased 355 

slowly with time and in some cases weak gels were formed with time. It appears that bonds 356 

formed slowly between aggregates in these dense protein aggregate suspensions causing a rise 357 
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in the viscosity or gelation. This phenomenon of so-called cold gelation is well known to 358 

occur when electrostatic repulsion is reduced by adding salt or reducing the pH 
1
. The rate of 359 

gelation increased with increasing aggregate concentration, but for all systems studied here 360 

the effects on the viscosity was negligible during the first two days. Notice, however, that the 361 

scattering intensity and ξd were stable even if gels were formed, implying that formation of 362 

the bonds occurred without a significant change in the structure of the solutions.  363 

We have compared the behavior of large fractal aggregates with that of homogeneous 364 

microgels. As was discussed in ref.
29

, microgels can be formed by heating β-lg solutions in 365 

the presence of a small amount of CaCl2. For the present investigation the microgels were 366 

formed by heating a β-lg solution at C=40 g/L in the presence of 4.5mM CaCl2. With light 367 

scattering techniques the following characteristics were obtained: Mw=1.1x10
9
 g/mol, Rh=160 368 

nm, Rg=200 nm. The structure of concentrated microgel suspensions could not be studied 369 

using light scattering, because they were highly turbid. In fig.9 the concentration dependence 370 

of η0 of microgels is compared to that of the fractal aggregates. The viscosity of the fractal 371 

aggregate solutions increased more steeply with increasing protein concentration than for the 372 

microgel solutions, which was expected because the density of the latter is higher. However, 373 

the concentration dependence of the viscosity of the microgel solutions is still much larger 374 

than that of native proteins.  375 
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 377 

Fig. 9 Dependence of the zero shear viscosity on the concentration (a) or the volume fraction 378 

(b) of solutions of fractal aggregates (open symbols) and microgels (filled symbols). For 379 

comparison the concentration dependence of the viscosity of native β-lg is shown in fig. 9a 380 

(filled squares). Note that in fig. 9b the horizontal axis is logarithmic. The solid lines in fig. 381 

9b represent exponential increases of η0 with φ. Different open symbols represent different 382 

molar masses as indicated in fig 8.The inset of fig. 9b shows the molar mass dependence of φc. 383 

 384 

Alternatively, we may compare the viscosity as a function of the effective volume 385 

fraction calculated as φe=C/C*. In fig. 9b, η0 is plotted as a function of φe with C* calculated 386 

using in eq. 9 the hydrodynamic radius. The values of C* calculated in this way are shown in 387 

fig. 4 for the fractal aggregates and for the microgels C*=110 g/L. In this representation, the 388 

viscosity of the microgel suspensions increased more steeply than for fractal aggregates with 389 

Mw=1.1x10
8
 g/mol and Mw=2.2x10

7
 g/mol, but less steeply than for the smaller aggregates. η0 390 

diverged at φc=Cc/C
*≈2 for the microgels and φc≈20, 3, 0.9 and 0.7 for the fractal aggregates 391 

with Mw= 1.1x10
8
, 2.2x10

7
, 2.5x 10

6
, and 1.5x10

6
 g/mol, respectively, see inset of fig. 9b. 392 

Except for the smallest aggregates, φc is larger than that of monodisperse hard spheres for 393 

which the viscosity diverges close to random close packing (φc=0.63).  394 

In part this can be explained by the polydispersity of the aggregates, which is large 395 

because they were formed by a random reaction limited aggregation process 
3
. As was 396 

mentioned above, the values of Rg and Rh obtained from light scattering are strongly weighted 397 

by the largest aggregates so that the calculated value of C* is too small and therefore ϕe is too 398 
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large. The overestimation of φe would have been even worse if Rg or A2 had been used to 399 

calculate C*. The polydispersity of the fractal aggregates increases with increasing average 400 

size, which means that φe is increasingly overestimated. In fact, as was mentioned in the 401 

introduction, the smallest aggregates are not fractal, but relatively monodisperse curved 402 

strands and are the building blocks of the larger fractal aggregates. The microgels are much 403 

less polydisperse than the larger fractal aggregates so that the overestimation φe is less 404 

important.  405 

A second reason for the large values of ϕe is that the protein particles are soft so that 406 

they can be compressed to some extent. Much more importantly, polydisperse fractal 407 

aggregates interpenetrate in dense suspensions and the smaller aggregates are embedded 408 

within the larger ones. This effect is more important for larger fractal aggregates. As a 409 

consequence, the increase of the viscosity at a given concentration by using fractal aggregates 410 

instead of microgels or by using larger instead of smaller fractal aggregates is much less 411 

important than might have been anticipated from the difference in C* calculated from Mw and 412 

Rh or Rg.  413 

 414 

Discussion 415 

 416 

We have compared the behavior of dense suspensions of two types of protein 417 

aggregates. In pure water relatively monodisperse protein strands were formed for C<50g/L, 418 

which were the elementary units of the larger fractal aggregates formed at higher 419 

concentrations. Aggregation of the strands was reaction controlled and led to increasing 420 

polydispersity with increasing aggregate size. Solutions of the fractal aggregates were 421 

transparent, because smaller aggregates were embedded in the larger aggregates in a 422 

hierarchical manner. In addition, electrostatic repulsion between the proteins induced a weak 423 

local order. Interpenetration of the fractal aggregates explains why the structure of dense 424 

suspensions was independent of the aggregate size. The osmotic compressibility and the 425 

correlation length of dense suspensions were determined by the interactions between the 426 

elementary units of the fractal aggregates, i.e. small protein strands.  427 

Spherical microgels of globular proteins were formed by addition of a small amount of 428 

CaCl2 before heating. They probably consist of densely cross-linked network of small strands 429 

20, 30
. The molar mass of microgels is much larger than that of fractal aggregates of the same 430 

size and therefore they scatter much more light. In addition, they are much less polydisperse 431 
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and smaller microgels cannot penetrate larger ones. As a consequence, microgel suspensions 432 

were turbid at higher concentrations and the structure of dense suspensions could not be 433 

evaluated by light scattering techniques.  434 

The viscosity of colloidal particles as a function of their concentration has been 435 

extensively studied in the past and the effects of their architecture and the interaction between 436 

the particles have been reviewed 
10-13, 31

. The viscosity diverges at a critical volume fraction 437 

and the dependence on φ has often been described by the Krieger-Dougherty equation 
32

 or 438 

the Quemada model 
33

: η0=ηs.(1-φ/φc)
-2

. For monodisperse hard spheres φc is the 439 

concentration of close-packing, but in order to account for the effects of polydispersity, 440 

interaction or softness of the colloids φc has often been considered as an adjustable parameter. 441 

The same equation has been used to describe the concentration dependence for rigid clusters 442 

of randomly aggregated colloids 
14-17

. The critical volume fraction of the colloids was found 443 

to decrease with increasing size of the fractal aggregates, because the density of the fractal 444 

aggregates decreased.   445 

Here we find that the concentration dependence of the viscosity of the protein 446 

aggregates is much better described by an exponential increase except close to φc. An 447 

exponential increase of the viscosity was also reported for dendrimers 
34

, polymeric micelles 448 

35
 and randomly aggregated star polymers

19
. The latter study is particularly relevant here, 449 

because it is the only investigation of the viscosity of interpenetrated randomly aggregated 450 

particles with flexible bonds. Similarly to the fractal protein aggregates, the osmotic 451 

compressibility of fractal aggregates of star polymers could be described by eq.8 up to ϕ≈0.4 452 

and decreased more slowly at higher concentrations. Also for this system, the osmotic 453 

compressibility at high concentrations was found to be independent of the size of the 454 

aggregates and was determined by the interaction between the elementary units of the 455 

aggregates, i.e. the star polymers. The behavior of flexible fractal aggregates is very different 456 

from that of the rigid clusters, mainly because they can interpenetrate, but also because they 457 

are soft. This means that the viscosity of such systems cannot be interpreted in terms of the 458 

cumulated volume fraction of the aggregates.   459 

If size of the aggregates is increased at a fixed concentration, the effect on the 460 

viscosity will be different for fractal aggregates and microgels. For fractal aggregates the 461 

viscosity will increase with increasing aggregate size, because the density of the aggregates 462 

decreases. However, if larger microgels are formed at a fixed concentration the viscosity 463 
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remains the same, assuming that the polydispersity and softness of the microgels does not 464 

depend on their size, because the volume fraction remains the same. If the size of the 465 

aggregates increases with increasing concentration as was the case for the fractal aggregates 466 

formed at different concentrations, the viscosity increases very steeply due to the combined 467 

effects of increasing size and increasing concentration. Comparison of the two situations for 468 

globular protein aggregates showed that former effect was most important.  469 

  470 

Conclusion 471 

 472 

Fractal aggregates are formed by heating globular proteins in aqueous solutions at pH 473 

7.  The average aggregate size increases if the concentration at which the proteins are heated 474 

is increased and diverges at the critical gel concentration. For a given aggregate size the 475 

viscosity increases exponentially with the protein concentration. The increase is steeper if the 476 

aggregates are larger, because the density of the aggregates decreases with increasing size. 477 

However, the effect of the aggregate size is smaller than expected from the decrease of the 478 

density, because the aggregates are very polydisperse and smaller aggregates are embedded 479 

within the larger ones. The viscosity of protein solutions after heating at different 480 

concentrations rises very sharply over a small concentration range close to the critical gel 481 

concentration, because the average size of the aggregates rises sharply. The osmotic 482 

compressibility and the correlation length of the concentration fluctuations decrease with 483 

increasing concentration and are independent of the aggregate size at high concentrations, 484 

where they are determined by the interaction between the elementary units of the aggregates. 485 

The behaviour of aggregates formed by WPI is close to that for β-lg aggregates.   486 

 The behavior of microgels formed by heating globular proteins in the presence of a 487 

small amount of CaCl2 is different from that of fractal aggregates, because they are denser and 488 

cannot interpenetrate. Therefore the increase of the viscosity of microgel solutions with 489 

increasing protein concentration is weaker and does not depend on the size of the microgels.  490 

 491 
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