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Abstract Protein cold-gelation has recently received

particular attention for its relevance in bio and food tech-

nology. In this work, we report a study on bovine serum

albumin cold-gelation induced by copper or zinc ions.

Metal-induced cold-gelation of proteins requires two steps:

during the first one, the heat treatment causes protein

partial unfolding and aggregation; then, after cooling the

solution to room temperature, gels are formed upon the

addition of metal ions. The thermally induced behaviour

has been mainly investigated through different techniques:

Fourier transform infrared (FTIR) spectroscopy, circular

dichroism, dynamic light scattering (DLS) and rheology.

Data have shown that the aggregation process is mainly

due to protein conformational changes—a-helices into b-

aggregates—forming small aggregated structures with a

mean diameter of about 20 nm a few minutes after heating.

After metal ion addition, the viscoelastic properties of the

gels have been investigated by rheological measurements.

The behaviour of the elastic and viscous moduli as a

function of time is discussed in terms of ion concentration

and type. Our results show that: (1) the elastic behaviour

depends on ion concentration and (2) at a given ion con-

centration, gels obtained in the presence of zinc exhibit an

elastic value larger than that observed in the Cu2? case.

Data suggest that cold-gelation is the result of different

mechanisms: the ion-mediated protein–protein interaction

and the bridging effect due to the presence of divalent ions

in solution.
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Introduction

Gelation of globular proteins is a very interesting subject

because of its physical and industrial implications (Mul-

vihill and Kinsella 1987; Ziegler and Foegeding 1990;

Bryant and McClements 1998; Allain et al. 1999; Le Bon

et al. 1999; Lefevre and Subirade 1999; Gosal and Ross-

Murphy 2000; Gosal et al. 2004a, b). It is well known that,

under appropriate conditions, native proteins can undergo

conformational changes leading to aggregation and, above

a critical protein concentration, to gelation (Dobson 2004;

Doi 1993).

Many parameters affect directly or indirectly the gela-

tion rate and the final ‘‘gel strength’’, such as amino acid

sequence, protein concentration, pH and ionic strength

(Gosal and Ross-Murphy 2000). Recently, research interest

has been moving towards cold-gelation of proteins. In fact,

this alternative way to obtain gels from proteins allows

immediate applications in food technology, in biotechnol-

ogy and, in particular, in tissue engineering because gel

formation does not need high temperatures, incompatible

with the cell life.

It is generally accepted that the physical and chemical

properties of cold-gels depend on the temperature of the

heat treatment, the ratio between the concentration of the

element inducing cold-gelation and the native protein

concentration, and the pH of the solution. In particular, the
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temperature of the heat treatment has a significant influence

on the rate of gelation and on the morphological aspect of

the final gel, while the protein concentration mainly affects

the mechanical properties of gels formed (Bryant and

McClements 1998).

While it is accepted that a critical protein concentration

exists, below which no percolative network is formed,

there are different opinions on the existence of a critical

temperature. However, it has been observed that the rate of

the gelation process decreases while reducing the treatment

temperature (Tobitani and Ross-Murphy 1997; Le Bon

et al. 1999).

The interactions and the structure of cold gels have been

studied after addition of salts to heat-treated solution of

proteins (Hongsprabhas and Barbut 1997a, b, c; Hongsp-

rabhas et al. 1999; Bryant and McClements 2000;

Marangoni et al. 2000; Alting et al. 2000, 2003a, b, 2004;

Remondetto et al. 2002; Remondetto and Subirade 2003).

Remondetto et al. (2002) and Remondetto and Subirade

2003 have studied cold-set gels induced by addition of

divalent iron ions in solutions of heated b-Lactoglobulin

(bLg). Their results have shown that the macroscopic

properties of bLg gels, obtained after Fe2? addition, were

similar to those obtained in presence of Ca2?, Mg2? and Na?

(Barbut and Foegeding 1993; Bryant and McClements 1998;

Hongsprabhas and Barbut 1997c), suggesting that the elec-

trostatic interactions play a dominant role; moreover, they

have also observed that the gel structure, fine stranded or

particulate, depends on pH conditions and protein/iron ratio.

Studies on the heat-induced gelation of bovine serum

albumin (BSA) at different pH (Boye et al. 1996; Veerman

et al. 2003) have shown that the gelation process is affected

by some salts. In particular, the texture and the rheological

properties of the gels depend on the amount of salts in

solution. Some authors have demonstrated that the addition

of NaCl in the BSA solution at neutral pH increased the gel

strength by decreasing the electrostatic repulsion between

proteins and that the simultaneous presence of both sodium

and calcium ions further strengthened the BSA gel (Donato

et al. 2005). Haque and Aryana (2002) have investigated

the effects of very low concentrations of CuSO4, FeSO4,

ZnSO4 and MgSO4, on the structure of BSA gels by

transmission and scanning electron microscopies. The

comparison with pure BSA gel has shown that the addition

of CuSO4 markedly changed the microstructure of BSA

gels: significantly larger water entrapping void spaces were

seen and the gel matrix is comprised larger aggregates. The

same authors observed that, in presence of Zn2?, aggre-

gates are more compact and appear less clustered and fused

together than in presence of Cu2?.

The present work has the purpose of elucidating the

mechanism involved in the gelation of BSA proteins at

room temperature in presence of different concentrations of

copper (Cu2?) and zinc (Zn2?), for the first time. In the

native state, BSA is characterized by three domains, each

one formed by six helices, and its secondary structure is

essentially a-helical (Gelamo and Tabak 2000; Gelamo

et al. 2002). Its isoelectric point is around 5 while at

pH = 7 BSA has about 10 effective negative charges per

protein molecule (Fogh-Andersen et al. 1993; Carter and

Ho 1994; Böhme and Scheler 2007). At room tempera-

ture, tertiary structure is well defined and stabilized. As

temperature increases, some molecular regions become

accessible to new intermolecular interactions, producing

pH dependent soluble aggregates through disulphide and

non-covalent bonds (Wang 1999; Honda et al. 2000; Mil-

itello et al. 2004). Moreover, it has been reported that, in

the whole BSA aggregation process, an important role is

also played by the liquid–liquid demixing (LLD) due to the

thermodynamic instability of the solution (San Biagio et al.

1999). In particular, BSA aggregation appears to be the

result of no less than three interconnected mechanisms:

critically diverging concentration fluctuations associated

with LLD, conformational changes and protein cross-

linking (San Biagio et al. 1996, 1999). However, the

hierarchy of these mechanisms is strictly dependent on the

experimental conditions (Militello et al. 2003).

In the first part of the present work, we describe the

effect of heat treatment on the protein, below the dena-

turation temperature, by dynamic light scattering (DLS)

and infrared spectroscopy measurements. This treatment

leads to the formation of small aggregates, which are the

constituting units of the larger aggregates present in the gel

state. Finally, after cooling the sample and addition of

different concentrations of Cu2? or Zn2?, we characterize

the mechanical properties of the final gels by rheological

measurements. We focus on the effects of Cu2? and Zn2?

since they may have important medical applications being

involved in aetiology and therapy of some illness, such as

Menkes and Wilson diseases.

Materials and methods

Sample preparation

Bovine serum albumin was purchased from Sigma-Aldrich.

Powdered protein was dissolved in a 20-mM MES solution

(4-Morpholineethanesulfonic acid), prepared in H2O or

D2O (99.9%, Aldrich) and titred with KOH or KOD to

obtain pH or pD = 7 (where pD = pH ? 0.4). The final

concentration of protein was 1 mM (66 mg/ml). The pro-

tein solutions were centrifuged (380g for 8 min) and

filtered with Sartorius filters having a pore diameter of

0.20 lm. The freshly prepared samples in D2O were divi-

ded in two aliquots for IR and scattering measurements,
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respectively, in order to characterize the heating phase at

58�C of native protein solution. D2O solutions were used to

avoid the IR spectral overlaps between Amide I band and

the strong water absorption band in the region around

1,650 cm-1. The freshly prepared samples in H2O were

incubated at 58�C for 2 h under weak stirring.

CuCl2 or ZnCl2 (99.999%, Sigma-Aldrich) prepared at

different concentrations in Super Q Millipore water were

added as one tenth of the final solution volume to previ-

ously heated BSA solutions after cooling them to room

temperature, in order to obtain a final concentration of 1, 5,

8,10, 15, 20 and 30 mM.

IR measurements

IR spectra were measured with a Bruker Vertex 70 spec-

trophotometer, equipped with a MIR global light source

(i.e. U-shaped silicon carbide piece). The spectral resolu-

tion is 2 cm-1; each spectrum is obtained averaging over

100 scans. All samples were placed between two CaF2

windows, with a 0.05 mm Teflon spacer. Each absorption

spectrum was corrected for the contribution of the empty

beam line and for the residual water vapour spectrum. The

error on the wavenumber estimation was ±0.5 cm-1 with

absorbance accuracy within 1%. In order to identify the

time evolution of each spectral component under the broad

amides band, difference spectra were obtained by sub-

tracting from the spectrum at a generic time ti the spectrum

at t0 (where t0 was taken 7 min after the beginning of the

experiment to reach the thermal equilibrium). Data here

reported were made at least in triplicate.

The spectral zones investigated are the Amide I and

Amide II regions. Amide II band (1,400–1,580 cm-1) is

predominantly associated with the N–H in-plane bending

(Bakker et al. 2005) and shifts towards lower wavenumbers

when a H–D exchange occurs (Amide II0 band); it reveals

the replacement of the hydrogens located in the core of the

native protein when a heat-induced partial opening of the

protein takes place. Amide I band (1,580–1,720 cm-1) is

an infrared absorption band attributed to an out of phase

combination of C=O and C–N stretching of amide groups,

giving information on the secondary structure and supra-

molecular arrangement of BSA molecules. In the presence

of D2O, the band shifts towards 1,650 cm-1 (Amide I0

band) (Dong et al. 1990). Generally, it has a composite

profile consisting of several spectral components related to

the different types of secondary structures (Byler and Susi

1986; Dong et al. 1990; Cai and Singh 1999; Pelton and

Mec Lean 2000), as summarized in Table 1. The time

evolution of the main spectral components of the band

during thermal treatment is a probe of protein structural

changes in terms of a-helix, random coil and b-sheet

content, and it gives information on the intermolecular

aggregation (b-aggregates) through the appearance of two

shoulders at about 1,620 and 1,680 cm-1 (Fang and Dal-

gleish 1997; Qi et al. 1997; Fink 1998; Allain et al. 1999;

Lefevre and Subirade 1999; Militello et al. 2003; Re-

mondetto and Subirade 2003). In particular, the bands due

to intermolecular aggregation are at about 1,614 and

1,685 cm-1 and are assigned to vibrations of strongly

bound intermolecular b-strands and anti-parallel b-sheets,

respectively (Allain et al. 1999; Remondetto and Subirade

2003; Navarra et al. 2007). Since the spectral region

between 1,630 and 1,650 cm-1 is attributed to a-helices,

disordered random coils and intramolecular b-sheets (Re-

mondetto and Subirade 2003; Navarra et al. 2007), its

decreasing, together with the increase of the intensity at

about 1,620 cm-1, is a signature of the conversion from a-

helices and intramolecular b-structures into b-aggregates.

DLS measurements

Dynamic light scattering measurements were done using a

Zetasizer Nano-S90 (Malvern Instruments) equipped with a

He–Ne laser source tuned at 633 nm. Data were collected

at 90�. The sample compartment was completely self

enclosed and the sample temperature was automatically

controlled within 0.1�C. To compare the results with those

obtained by IR spectroscopy, intensity scattering data were

collected after a thermal equilibration time of 7 min. If

necessary, temperature scanning has been done at a rate of

0.2�C/min.

As is well known, DLS gives information on the size of

particles in solution. In fact, the intensity autocorrelation

function can be written as (Berne and Pecora 1976):

g2 tð Þ ¼ 1þ g1 tð Þj j2 ð1Þ

where g1(t) is the field autocorrelation function. For a

monodisperse solution of non-interacting small particles:

g1 tð Þ ¼ Ae�DK2t ð2Þ

where k ¼ 4pn
sinh

2

k is the scattering vector with n, refraction

index of solution; k, wavelength of the incident light and h,

Table 1 Spectral position of the Amide I0 band contributions related

to the several secondary structures

Structure type Spectral position (cm-1)

b-sheet 1625–1640

1670–1680

a-helix 1651–1657

b-aggregates 1610–1623

1675–1695

b-turn 1670–1690

Random coil 1640–1650
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the scattering angle (90� in our case). D is the diffusion

translational coefficient. For spherical particles, the

diameter d can be obtained from:

d ¼ KT

3pgD
ð3Þ

where K is the Boltzmann’s constant, T the temperature

and g the solvent viscosity.

Autocorrelation data were preliminarily analyzed using

the cumulants method to obtain the mean size (Z-average

diameter) of the particles present in solution. More detailed

information on the size distribution of the species in solu-

tion was obtained by using CONTIN (Provencher 1982).

Circular dichroism (CD) measurements

Circular dichroism measurements were performed on a

Jasco J-815 instruments. Measurements were done on BSA

native and BSA after 2 h of incubation at T = 58�C at the

temperature of 20�C. Before CD measurements, the initial

BSA concentration (1 mM) was diluted in MES buffer to

obtain a final protein concentration of 0.01%. Data have

been corrected for the buffer and expressed as mean resi-

due ellipticities, defined as [h] = 100 9 [hread/(l 9 c)]

where hread is the observed ellipticity in (�), c is the protein

concentration in residue mole per litre and l is the cell

optical path in cm.

Rheological measurements

Rheological measurements were performed on a stress

controlled AR 1000 rheometer (TA Instruments, USA)

using a titanium-cone/plate geometry (angle 0.0174 rad,

radius 20 mm, gap 26 lm).

Viscoelastic spectra were done on the native protein

solution and at the end of the incubation time in the fre-

quency range 0.1–200 rad/s, at a strain of 1 9 10-3.

Kinetic measurements were obtained from cycles of

viscoelastic spectra, with a pause of 1 h, performed in the

frequency range 0.1–200 rad/s, at a strain of 1 9 10-3, well

within the linear viscoelastic region. The protein suspension,

with the added salt, was gently stirred and placed on the

rheometer plate, set at the temperature of 20�C. The thin

sample–air interface was coated with silicone oil to avoid

water evaporation. All measurements were done in triplicate.

Results and discussion

Heating step characterization

The heating step of cold-gelation carried out on BSA

solution has been mainly characterized by DLS and Fourier

transform infrared (FTIR) absorption measurements to

follow the growth of the particles in solution and the time

evolution of changes of secondary and tertiary structures

during protein incubation at 58�C for 2 h. CD measure-

ments have been done to observe the protein structural

changes occurring after the heating time.

Figure 1a shows the time evolution of the normalized

total scattered intensity of native BSA. As can be noted,

within about 20 min BSA molecules undergo an aggrega-

tion process inducing the formation of small aggregates

with a mean Z-averaged diameter of about 20 nm, whose

time evolution is shown in Fig. 1b. Analysis of data, as

illustrated in Sect. DLC measurement, has allowed us to

obtain the distribution of the diameter values with respect

to the particle number in solution and to the scattered

intensity at different times.

The size distributions by number (a) and by intensity (b)

at initial (t0), intermediate (tm) and final experimental (tf)

times are plotted in Fig. 2. As shown in Fig. 2a, through

the distribution of the diameter sizes with respect to the

particle numbers in solution, we note that after 2 h of

incubation at 58�C small aggregates are mainly present,

whose dimensions do not change up to 8 h (data not
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Fig. 1 Time evolution of the normalized scattered intensity (a) and

of the average diameter (b) of BSA (1 mM) at pH = 7 and T = 58�C
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shown). Furthermore, the observation of the diameter dis-

tribution based on the intensity (Fig. 2b) shows that at

intermediate and final times two species, characterized by a

diameter size of about 20 and 400 nm, are present in

solution. Despite its dimension, the larger species is present

in a very low concentration as evidenced by comparison of

Figs. 2a, b. Finally, at t0 a species with a large diameter

size (several hundred nanometres) is also observed, prob-

ably consisting of very few metastable clusters with a short

lifetime (Pan et al. 2007). Their formation occurs a few

minutes after sample preparation and their intensity

remarkably decreases with incubation time at 58�C

(Fig. 2b).

Changes of the tertiary and secondary structures of

protein in solution have been explored in the IR range. We

have first focused our interest on the study of the Amide II

band to investigate the time evolution of the tertiary

structure; indeed, it reveals the replacement of the hydro-

gens located in the core of the native protein when a heat-

induced partial opening of the protein takes place (see

Sect. IR measurements). The IR difference absorption

spectra of BSA solutions, at different incubation times, are

shown in Fig. 3 in the Amide II and II0 regions. As can be

observed, the signal due to Amide II decreases while that

of Amide II0 increases as a function of time, indicating the

occurrence of partial unfolding of the proteins (Kavanagh

et al. 2000). In the inset, the time evolutions of both Amide

II (*1,540 cm-1) and Amide II0 (*1,450 cm-1) are

highlighted; as can be noted, the signals reach a plateau in

about 20 min. Comparison of data in Figs. 1 and 3 suggests

that, under these experimental conditions, the aggregation

of BSA proceeds side by side with a partial unfolding of

the protein.

Changes of the BSA secondary structure have been

followed through the investigation of the Amide I region.

Figure 4a shows the absorption spectra at 58�C of BSA at

the initial and final times of the kinetics, suggesting that

structural changes have occurred after 2 h of protein

incubation. In particular, the absorption intensity at about

1,615 cm-1 is increased while the spectral component at

about 1,650 cm-1 is decreased, indicating that an aggre-

gation process has occurred via conversion of a-helices

into intermolecular b-sheets. The difference absorption

spectra of the Amide I0 band for BSA protein solution in

the IR region between 1,580 and 1,720 cm-1 at different

incubation times (time increases in the arrows direction)

are shown in Fig. 4b. The changes in the difference spectra

clearly show the time evolution of each component of

Amide I0 and they identify modifications in the secondary

structure of BSA. Data show that the components at 1,615

and 1,685 cm-1 increase as a function of time, suggesting

that aggregation occurs, as confirmed by light scattering

measurements, through formation of small aggregates. We

underline that the spectral component assigned to b-

aggregated sheets has its maximum at 1,615 cm-1, sug-

gesting the existence of stronger H-bonds (Allain et al.

1999; Remondetto and Subirade 2003; Navarra et al.

2007).

Indeed, mechanical spectra (Fig. 5a) carried out at room

temperature immediately after the incubation period have

shown that the protein solution presents a weak solid-like
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character with an elastic modulus, G0, slightly larger than

the viscous one, G00, in the frequency range 0.1–200 rad/s

confirming that after the thermal treatment, the globular

protein solution is already structured but it remains a weak

gel (less than 10 Pa) up to 24 h (data not shown). We have

also measured the viscoelastic response of the native pro-

tein solution before the thermal incubation (not shown).

The obtained spectrum showed the typical behaviour

expected for a protein solution with G00[ G0.
Changes in the native secondary structure of the BSA

have also been probed by CD measurements performed at

the beginning and at the end of the incubation time

(Fig. 5b) in the far UV region (190–250 nm). The observed

change confirms a decrease of the ratio of a-helix/b-sheet

component (Woody 1996).

The evolution of the band component at 1,615 cm-1 and

the scattered light intensity measured as a function of the

incubation time (Fig. 6a) illustrate that changes at the level

of secondary structure are related and simultaneous events

to the growth of aggregates.

The results reported here, obtained in order to charac-

terize the small aggregate origin under these experimental

conditions, are in agreement with those obtained on BSA

diluted in phosphate buffer (Militello et al. 2004), sug-

gesting that the different solvent composition does not

affect the aggregation process. Indeed, the present results

show that at pD values far from the pI of the protein (*5),

i.e. when the protein has a net charge, aggregation proceeds

in an ordered way; the process is characterized by a partial

unfolding simultaneous with the formation of b-aggregates

of small dimensions, about 20 nm, originated by a-helix

conversions into b-aggregated structures.

Before the addition of the metal ions FTIR and DLS

measurements have been done in order to test if changes

induced by the heating treatment were stable. Data (not

shown) have confirmed that secondary and tertiary con-

formational changes and aggregate dimension remain

unchanged after cooling of the solution.
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Gel characterization

The metal effects on the structural properties of the gels

have been investigated by rheological measurements. In

Fig. 7a and b, we report the elastic moduli obtained as a

function of time for BSA samples at a frequency of 1 rad/s

after addition of different concentrations of Cu2? and

Zn2?, respectively. Except for the sample at the lowest

metal concentration (1 mM Cu2? or Zn2?), all samples

exhibit a marked solid-like character a few minutes after

metal addition as evidenced by the large initial G0 values.

Figure 8 reports the G0 values obtained from kinetic mea-

surements at t = 800 min from the beginning for both

Cu2? and Zn2?. Under these experimental conditions, a

critical metal concentration has been identified. In fact, two

different regimes are present at increasing metal concen-

tration. Below 10 mM, the elastic modulus increases with

rising metal concentration. On the contrary, above 10 mM

we observe a decrease of the elastic parameter with

increasing metal concentration.

In agreement with other authors (Doi 1993; Remondetto

and Subirade 2003), these results can be explained

assuming that the supramolecular arrangement changes as

a function of the metal concentration: at pH values far from

pI and at low ionic strength, the ions present in solution are

not sufficient to shield the electrostatic charge present on

the protein surface. In this case an ordered assembly

occurs, whose growth takes place in a ‘‘preferential’’ linear

direction. Under such condition, the network is formed by

filamentous and fine structures. Gels obtained in this last

case are transparent because of the small dimensions of the

aggregates present in solution, and they exhibit a large

elastic value (Tobitani and Ross-Murphy 1997). On the

contrary, the addition of large ion amounts is capable of

shielding the charge present on the surface of proteins,
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Fig. 7 Evolution of the storage modulus (G0) in function of time for

BSA 1 mM, pH = 7 at the frequency of 1 rad/s. All samples were

kept 2 h at 58�C and then cooled at room temperature. Samples added

of 1 mM (d), 5 mM (j), 8 mM (m), 10 mM (.), 15 mM (r),

20 mM ( ) and 30 mM (s) CuCl2 (a) or ZnCl2 (same symbols) (b)
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reducing the energy barrier preventing their approaching.

When formed under these conditions, gels are made up by

random and spherical aggregates connected in the so called

‘‘particulate gels’’. The network is coarse, opaque and

brittle and characterized by a low elasticity (Tobitani and

Ross-Murphy 1997). At intermediate metal/protein ratio,

both filamentous and random structures are simultaneously

present in the sample (Dickinson 1992; Doi 1993).

Under the present experimental conditions (1 mM BSA

and pH 7.0), the critical metal concentration value,10 mM,

remains unchanged in the presence of copper or zinc, sug-

gesting that the cold-gelation process is governed by a

charge effect. Further, these results are in agreement with

data concerning investigations carried out on different pro-

tein cold-gels induced by different salts. Remondetto et al.

(2002) and Remondetto and Subirade (2003) have investi-

gated 6% (w/v) iron induced cold-gels of bLg having the

same pI value as BSA. They found a decrease of the elastic

modulus by changing the ion concentration from 10 mM to

40 mM. Furthermore, Marangoni et al. (2000), exploring the

structure of Whey Protein Isolate (WPI) cold-gels induced

by CaCl2, have identified the maximum of elastic modulus

as a function of salt concentration at 30 mM.

Further, Fig. 8 shows that, at a given metal concentra-

tion, the presence of Zn2? enhances the elastic character of

the network as indicated by the larger G0 value. Data here

presented are in agreement with results obtained by Haque

and Aryana (2002) for the thermal gelation of BSA. In fact,

they found that the addition of 5 mM ZnSO4 to BSA

solutions causes the formation of a more compact and

clustered gel than that obtained in presence of CuSO4. This

behaviour could be explained assuming that metal ions

play another important and direct role in the cold-gelation

of proteins because of their ability to act as bridges

between the negative charged groups present on two

neighbouring protein molecules (Ball et al. 1998; Bryant

and McClements 1998; Remondetto and Subirade 2003)

and supposing that more sites are available on the protein

surface for Zn2? bridges rather than for Cu2?. This could

make the occurrence of links between different BSA

molecules more frequent, accounting for the higher G0

values observed in Zn2? cases.

Conclusions

In the present work, the whole cold-gelation process of

BSA in the presence of different concentrations of copper

and zinc ions has been characterized. The first step of the

experimental approach is focused on the characterization of

the size and structure of particles present in solution via

FTIR, DLS, CD and rheological measurements. These

techniques have allowed us to obtain information on the

secondary and tertiary structural changes occurring during

the heating treatment and on the mean dimension of the

protein assemblies. After 2 h of incubation at 58�C, we

have observed the presence of small aggregates of about

20 nm in size, originating from the conversion of native

a-helices into b-aggregates. The heated BSA solution

showed a weak ‘‘solid-like’’ character, in agreement with

the expected protein behaviour outlined by San Biagio

et al. 1996 in the phase diagram of BSA solution. In the

second step, we have investigated the viscoelastic proper-

ties of gels formed immediately after the addition of

different amounts of the two metal ions, copper or zinc, in

solution. It is the first time that BSA cold-gels have been

induced by these metal ions. All samples exhibited a very

high elastic character a few minutes after the metal addi-

tion. The elastic and viscous moduli strongly depend on

metal concentration and two regimes can be distinguished

below and above 10 mM. This behaviour supports the

hypothesis that two effects play an important role in the

network formation: the shielding action exerted by ions

against the charges present on the protein surface and

the ‘‘bridging’’ effect due to the ability of the ion in

coordinating several oligomeric structures. Further, the

hypothesis that on the protein surface more sites are

available for Zn2? rather than for Cu2? bridges can explain

the higher G0 value obtained in the presence of Zinc.

Results here presented suggest that, by an appropriate

choice of copper or zinc concentrations, it is feasible to

obtain BSA cold-gels with the desired texture for indus-

trial, food and pharmaceutical applications.
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