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Abstract—Proteins and protein-like molecules are abundant in various geochemical environments; they
form complexes with mineral surfaces and with dissolved organic matter. To evaluate the effect of proteins
on rates of dissolution of minerals, experiments on the dissolution of amorphous silica in solutions
containing various concentrations of bovine serum albumin (BSA) were performed in this study. The
dissolution experiments were carried out by a batch method using solutions of 0.1 mM NaCl with 0.00,
0.05, 0.1, 0.2, 0.5, and 1.0 mg/mL of BSA at three different pH conditions, 6, 5, and 4. The results of the
experiments demonstrated that BSA exhibited strong rate-enhancement effects on the dissolution of
amorphous silica and were dependent on BSA concentration and the solution pH. At pH 6, the dissolution
rates of amorphous silica appeared to increase successively by ~1.6, 2.2, 2.4, 2.5, and 2.9 times with
increasing BSA concentrations of 0.05, 0.1, 0.2, 0.5, and 1.0 mg/mL, respectively. The rates of dissolution
increased by greater degrees, ~3.1�5.8 and 4.9�13.0 times at pH 5 and 4, respectively. According to the
calculated charge distributions of amino acid residues of the BSA molecule, the dissolution rates of
amorphous silica were likely to be enhanced by attractive electrostatic interactions of the positively
charged side chains of lysine, arginine, and histidine residues with the negatively charged >SiO� sites on
the amorphous silica surface. The negatively charged side chains such as glutamic acid and aspartic acid
residues may inhibit the attractive interaction, depending on the degree of deprotonation.
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INTRODUCTION

The interaction of extracellular organic molecules

with mineral surfaces is an important catalytic factor

affecting the rate of mineral dissolution in natural

geochemical environments. Bacteria are ubiquitous on

the Earth’s surface in both continental and oceanic deep-

crust environments with populations typically ranging

from 105 to 109 cells/g (Barns and Nierzwicki-Bauer,

1997). The bacteria produce and excrete a variety of

low-molecular weight organic acids, polysaccharides,

amino acids, and various molecular-sized proteins

including polypeptides and enzymes into the surround-

ing environments. Among these organic molecules,

organic acids and polysaccharides are commonly present

in soil and various sediments at sufficient concentrations

to impact mineral weathering (Barker et al., 1997). The

effects of these organic molecules on mineral dissolution

have been studied extensively, and the molecules have

been reported to enhance the rate and extent of mineral

dissolution by more than one order of magnitude through

complexation of deprotonated carboxyl groups (COO�)
with positively charged sites such as Al- and Fe-sites on

the mineral surfaces, as well as with dissolved metal ions

in solution (Barker et al., 1997; Drever and Stillings,

1997; Welch et al., 1999; Ullman and Welch, 2002).

Amino acids are an essential constituent substance of the

organisms, and occur widely in natural geochemical

systems including soils, sediments, and various aquatic

environments at concentrations of the order of ~mM/g

(Dittmar et al., 2001; Dittmar and Kattner, 2003; Gupta

and Kawahata, 2003; van Hees et al. , 2005).

Experimental studies of the effects of amino acids on

mineral dissolution have confirmed that these molecules

are also capable of enhancing the mineral dissolution by

interaction of their functional groups with the specific

sites of a mineral surface, depending on the degree of

dissociation. Basic amino acids such as histidine, lysine,

and arginine enhance the dissolution rates of amorphous

silica by one order of magnitude at pH 6�4. Because

basic amino acids are predominantly in cationic species

over this pH range, attractive interaction with the

negative sites of amorphous silica surfaces is enabled

(Kawano and Obokata, 1997). On the other hand, neutral

amino acids such as cysteine, asparagine, serine,

tryptophan, alanine, threonine, histidine, lysine, and

arginine exhibit no significant effect on dissolution rates

at pH 6 due to an abundance of neutral or anionic forms,

but the dissolution rates increase significantly, ~3�5

times, at pH 4 as a result of an increase in concentration

of cationic species (Kawano et al., 2009). Proteins,

including proteinaceous materials such as polypeptide

and various enzymes, are abundant as dissolved and/or

adsorbed forms in various geochemical environments

such as soils and sediments with concentrations ranging
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from several mg/g to mg/g (Bonmati et al., 1998; Murase

et al., 2003; Weintraub and Schimel, 2005). In fresh-

water and seawater, the concentration is of the order of

~mg/L (Tanoue et al., 1996; Lu et al., 2003; Jones et al.,

2004; Elliott et al., 2006; Yamada and Tanoue, 2006). In

addition, proteins are major constituents of humic

substances in soils and sediments, constituting up to

30% of the total humic material (Lu et al., 2003).

Extracellular proteins are, therefore, presumed to

significantly affect the rate and extent of mineral

dissolution in the same manner as other organic ligands

do. No experimental study to date has confirmed the

effects of such proteins on the dissolution rate of

minerals.

In the present study, experiments on the dissolution

of amorphous silica in solutions containing BSA at pH 6,

5, and 4 were performed in order to evaluate the effects

of BSA on the dissolution rates of amorphous silica and

to elucidate the rate-enhancement mechanism of pro-

teins. BSA is a well defined protein, comprising 582

amino acid residues with a molecular size of 66 kDa

(Peters, 1996). In this high-molecular weight polypep-

tide chain, the carboxyl and amino groups of each amino

acid are linked by peptide bonds; the molecule can carry

positive or negative charges, though, because of ioniza-

tion of side chain functional groups of the specific amino

acid residues depending on the degree of dissociation.

Thus, the positive charges of BSA may contribute to its

attractive electrostatic interaction with the negatively

charged >SiO� site on the amorphous silica surface,

possibly resulting in increased dissolution rates of

amorphous silica.

EXPERIMENTAL METHODS

Materials

The amorphous silica used in this study was obtained

from Kanto Chemical Co., Inc (Tokyo). The sample was

ground in an agate mortar, and grains 5�100 mm in size

were separated by dry sieving. The powdered sample was

then cleaned ultrasonically to remove adhering ultrafine

particles, and was washed at least five times with 0.1 M

HCl and deionized distilled water. This sample was then

freeze-dried for use in the present study. The surface area

of the sample, determined by the BET method, was 294

m2/g. The BSA used in this study was guaranteed

chemical reagent grade, purchased from Nacalai Tesque

Inc (Kyoto). The BSA is a cigar-shaped ellipsoid with

dimensions of 140 Å640 Å and an axial ratio of 3.5 with

three domains in line (Durchslang and Zipper, 1997;

Matulis et al., 1999). Its molecular size is ~66 kDa

comprising 582 amino acid residues rich in aspartic acid

(41), glutamic acid (59), leucine (61), alanine (46), and

lysine (59) (Peters, 1996). The isoelectric point (pI) of

BSA is 4.7 (Dawson et al., 1986). The amino acid

sequence and tertiary structure have also been reported

(Brown, 1975; Patterson and Geller, 1977; McGillivray et

al., 1979; Hirayama et al., 1990; Peters, 1996).

Dissolution experiment and analysis

Dissolution experiments were conducted using batch

reactors consisting of Pyrex1 glass flasks containing

0.1 g of amorphous silica grains and 100 mL of 0.1 mM

NaCl solution with 0.00, 0.05, 0.1, 0.2, 0.5, and

1.0 mg/mL of BSA. Three sets of reaction systems

Table 1. Experimental conditions for dissolution of amorphous silica in systems A to C.

System Run Solution pH
(Initial)

System A
(Total Na = 0.1 mM)

A0
A1
A2
A3
A4
A5

0.1 mM NaCl + 0.00 mg/mL BSA
0.1 mM NaCl + 0.05 mg/mL BSA
0.1 mM NaCl + 0.1 mg/mL BSA
0.1 mM NaCl + 0.2 mg/mL BSA
0.1 mM NaCl + 0.5 mg/mL BSA
0.1 mM NaCl + 1.0 mg/mL BSA

6.00
6.00
5.99
6.00
6.00
5.99

System B
(Total Na = 0.1 mM)

B0
B1
B2
B3
B4
B5

0.1 mM NaCl + 0.00 mg/mL BSA
0.1 mM NaCl + 0.05 mg/mL BSA
0.1 mM NaCl + 0.1 mg/mL BSA
0.1 mM NaCl + 0.2 mg/mL BSA
0.1 mM NaCl + 0.5 mg/mL BSA
0.1 mM NaCl + 1.0 mg/mL BSA

5.01
5.02
5.01
5.02
5.00
5.00

System C
(Total Na = 0.1 mM)

C0
C1
C2
C3
C4
C5

0.1 mM NaCl + 0.00 mg/mL BSA
0.1 mM NaCl + 0.05 mg/mL BSA
0.1 mM NaCl + 0.1 mg/mL BSA
0.1 mM NaCl + 0.2 mg/mL BSA
0.1 mM NaCl + 0.5 mg/mL BSA
0.1 mM NaCl + 1.0 mg/mL BSA

3.97
3.96
3.96
3.96
3.95
3.96
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(systems A, B, and C) containing solutions with pH 6, 5,

and 4, respectively, were prepared by adding HCl

(Table 1). The flasks were sealed with an aerated

polyethylene cap to prevent bacterial contamination and

incubated at 25ºC for 10 days without shaking or stirring.

Throughout the dissolution experiments, 0.5 mL of

each solution was collected every 2 days and filtered

using 0.2 mm Minisart membranes in order to measure

the Si and BSA concentrations. The measurement was

made using the post-column pH buffer HPLC method

which is a modified procedure proposed by Li and Chen

(2000). The HPLC instrument used for this method was

an Hitachi LaChrom Elite system equipped with an

elect r ical conduct ivi ty (EC) detector and an

ion-exclusive column of TSKgel OApak-A. To separate

H4SiO4 ions, a 1.0 mM H2SO4 solution was used for the

mobile phase, with a flow rate of 1.0 mL/min.

Subsequently, 0.1% diethylaminoethanol was mixed

with the mobile phase at a flow rate of 0.75 mL/min to

increase the solution pH to ~10, thereby enabling

detection of Si ions as H3SiO4
� anions using an EC

detector. The relative error in this method is 5%. In

addition, the pH and BSA concentrations of each

solution were measured every 2 days using a glass

electrode and a UV-vis spectrophotometer (Shimadzu

UV-1650 PC) at 280 nm wavelength. The dissolution

rates of amorphous silica were calculated using Si

concentrations in the initial linear stages for 2�10 days.

RESULTS AND DISCUSSION

The dissolution experiments confirmed that the Si

concentrations of all systems increased linearly with

time, and that the solution pH remained almost constant

throughout the reactions (Figure 1). The increasing rates

of Si concentration in system A appeared to increase

with increasing BSA concentration, suggesting that BSA

exhibits a rate-enhancement effect on amorphous silica

dissolution. Although the increasing rates tended to

decrease as solution pH decreased from 6 to 4, a similar

rate-enhancement effect of BSA can also be observed in

systems B and C. The rates of dissolution of amorphous

silica in these systems plotted against the solution pH,

together with previously published data in 0.1, 1.0, and

10.0 mM NaCl solutions with no BSA are shown in

Figure 2 (Kawano and Obokata, 2007). The dissolution

rates in solutions containing no BSA are consistent with

those of amorphous silica in a 0.1 mM NaCl solution as

plotted on the dotted line (Figure 2). However, the

dissolution rates increased progressively with increasing

BSA concentrations, e.g. dissolution rates in system A

increased by up to 2.9 times with increasing BSA

concentrations compared with BSA-free controls.

Systems B and C showed much greater enhancement

effects by maximum factors of ~5.8 and 13.0, respec-

tively (Table 2). The results confirmed that BSA

exhibits significant rate-enhancement effects on amor-

phous silica dissolution at pH 6�4, and that rate-

enhancement effects increased progressively with

decreasing solution pH.

During the dissolution experiments, BSA tended to

adsorb on the surface of amorphous silica in varying

amounts, depending on the solution pH. The BSA

adsorption in systems A, B, and C demonstrated that

the maximum adsorption occurred at a pH of ~5 (system

B), which is close to the pI value of BSA (Figure 3). The

BSA adsorption in system B reached ~85, 81, 62, 37, and

26% in solutions containing 0.05�1.0 mg/mL BSA.

Table 2. Dissolution rates of amorphous silica in systems A to C.

System Run BSA
(mg/mL)

pH
(Average)

Log rate
(mol s�1 m�2)

Enhancement
rate

System A
(Total Na = 0.1 mM)

A0
A1
A2
A3
A4
A5

0.00
0.05
0.1
0.2
0.5
1.0

6.05
5.95
6.05
6.03
6.01
6.02

�11.81
�11.62
�11.48
�11.44
�11.42
�11.36

�
1.6
2.2
2.4
2.5
2.9

System B
(Total Na = 0.1 mM)

B0
B1
B2
B3
B4
B5

0.00
0.05
0.1
0.2
0.5
1.0

4.94
4.98
5.06
5.06
4.93
4.98

�12.21
�11.73
�11.55
�11.49
�11.46
�11.45

�
3.1
4.6
5.3
5.7
5.8

System C
(Total Na = 0.1 mM)

C0
C1
C2
C3
C4
C5

0.00
0.05
0.1
0.2
0.5
1.0

3.89
3.84
3.88
3.93
3.89
3.88

�12.71
�12.03
�11.82
�11.67
�11.63
�11.60

�
4.9
7.9

11.0
12.2
13.0
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Figure 1. Concentrations of Si during dissolution of amorphous silica in systems A, B, and C at 25ºC, and variation of their solution

pH. Systems A, B, and C signify experimental systems at pH 6, 5, and 4, respectively.

Figure 2. Dissolution rates of amorphous silica in systems A, B,

and C at 25ºC, plotted as a function of average solution pH. The

dotted lines indicate dissolution rates of amorphous silica in

solution containing 0.1, 1.0, and 10 mM NaCl (Kawano and

Obokata, 1997).
Figure 3. Amounts of BSA adsorption on the surface of BSA as a

function of average solution pH in systems A, B, and C at 25ºC.
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These adsorption values were 1.5�2 times greater than

those observed for systems A and C. Fundamentally, the

adsorption of proteins on the surfaces of amorphous

silica is considered to result from electrostatic interac-

tion between the negatively charged >SiO� sites on the

amorphous silica surface and the positively charged side

chains of amino acid residues such as arginine, lysine,

and histidine (Rezwan et al., 2005). Furthermore, the

amounts of proteins, including BSA, adsorbed on the

surface of oxide minerals reach their maximum value at

a pH near the pI values as observed in this study

(Fukuzaki et al., 1996; Li and Li, 2007; Demanèche et

al., 2009). Several possible mechanisms including

symmetric and asymmetric modes have been proposed

to explain these adsorption phenomena (Quiquampoix

and Ratcliffe, 1992; Lee et al., 2002). However, the

mechanism of such characteristic adsorption behavior of

proteins is still being debated, due to insufficient

experimental evidence permitting quantitative interpre-

tation of effects of various factors involving adsorption

phenomenon, such as the three-dimensional structure of

adsorbed protein and surface coverage area on the oxide

mineral surface (Quiquampoix et al., 2002).

As shown in Figure 2, dissolution rates of amorphous

silica appeared to be significantly enhanced by interac-

tion with BSA, and this effect of BSA increased

successively with decreasing solution pH. In previous

studies of dissolution of amorphous silica by interaction

with amino acids in solution with pH values 6 and 4

(Kawano et al., 2009), basic amino acids such as

histidine, lysine, and arginine were found to enhance

the dissolution rate by about one order of magnitude at

both pH conditions. However, neutral amino acids such

as cysteine, asparagine, serine, tryptophan, alanine, and

threonine showed no significant rate enhancement at

pH 6, but the dissolution rate was enhanced by a factor

of 3�5 at pH 4. In these pH conditions, the basic amino

acids are present mainly as cationic species, which are

capable of interacting electrostatically with the nega-

tively charged surface sites of amorphous silica. On the

other hand, the neutral amino acids exist mainly as

neutral forms at pH 6, whereas concentrations of

cationic species increase progressively in solution with

lower pH values. Therefore, neutral amino acids are

much more effective at increasing the rate of dissolution

of amorphous silica at pH 4 as compared to pH 6.

BSA comprises 582 amino acid residues combined in

a specific sequence by peptide bonds, with the amino

acids remaining neutral unless the side chain is charged.

The amino acids containing a chargeable side chain are

aspartic acid, glutamic acid, cysteine, tyrosine, histidine,

lysine, and arginine, in which aspartic acid, glutamic

acid, cysteine, and tyrosine can be charged negatively by

the deprotonation of COOH, HS, and OH groups,

whereas histidine, lysine, and arginine are able to carry

a positive charge by protonation of imidazaole, NH2, and

guanidino groups, respectively (Table 3). The concen-

trations of charged side chains of amino acid residues

with solution pH were calculated using ChemEQL by

Müller (1996), using the pK values of monomer amino

acids listed in Table 3. The calculated charge distribu-

tions confirmed that lysine, arginine, and histidine were

positively charged by full protonation of the side chains’

functional groups, and that the charge remained constant

over a wide range of pH values from acid to weak alkali

regions (Figure 4). In contrast, the negative charge of

glutamic acid and aspartic acid appeared to increase with

increasing solution pH from 3 to 6, and then the charge

remained constant in the higher pH range. The amino

acid residues of cysteine and tyrosine did not carry any

charge in acid to neutral regions, whereas they tended to

be charged negatively in alkali regions. At pH 6�4,

therefore, the positively charged side chains of basic

amino acid residues, lysine, arginine, and histidine, are

capable of interacting with the negatively charged

surface sites of amorphous silica. These electrostatic

interactions are likely to be an important factor in

enhancing the dissolution rates of amorphous silica at

this pH range, due to the same rate-enhancing mechan-

ism of free basic amino acids (Kawano et al., 2009).

However, the negatively charged side chains of acidic

amino acid residues such as glutamic acid and aspartic

acid may affect the attractive interaction depending on

the degree of dissociation. At pH 6, these side chains are

fully deprotonated resulting in a maximum negative

charge, which produces electrostatic repulsive forces

between BSA molecules and the amorphous silica

surface. At pH 4, however, these repulsive forces are

weaker than those at pH 6, because the degree of

deprotonation decreases successively with decreasing

pH values. Consequently, BSA can enhance the rates of

Figure 4. Concentrations of charged side chains of amino acid

residues of BSA as a function of solution pH calculated with the

geochemical programChemEQL using amino acid compositions

and their dissociation data listed in Table 3.
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dissolution of amorphous silica in solution with a pH

range of 6 to 4, and the rate-enhancement effects were

more pronounced at lower pH.

In natural environments, proteins and protein-like

molecules including peptides and enzymes are abundant

in soils and terrestrial and marine sediments, and in

various aquatic environments, at concentrations of mg/g
to mg/g (Mayer et al., 1986; Tanoue et al., 1996; Mayer

et al., 1999; Murase et al., 2003; Schulze, 2005;

Weintraub and Schimel, 2005; Elliott et al., 2006). The

proteinaceous materials are continuously secreted by

microorganisms and plants living in these environments,

and are also released by cell lysis after their death.

Although microorganisms tend to decompose these

extracellular proteins into peptide-size fragments, sig-

nificant amounts of proteinaceous materials remain due

to complexation with mineral surfaces and also with

dissolved organic matter (Pantoja and Lee, 1999). Such

proteinaceous materials exhibit a strong adsorption

property in relation to the mineral surfaces as the result

of electrostatic interaction (Ding and Henrichs, 2002),

whereas their effects on mineral dissolution have not yet

been reported and remain uncertain. The results of this

study suggest that these proteinaceous materials may

also contribute significantly to the rate enhancement of

mineral dissolution by acting as a biological catalytic

factor in natural environments.

CONCLUSIONS

Dissolution experiments of amorphous silica in BSA-

containing solutions with pH 6, 5, and 4 confirmed that

BSA can greatly enhance the rate of dissolution of

amorphous silica in a manner that is dependent on the

solution pH. At pH 6, the dissolution rate increased by

1.6 to 2.9 times in solutions ranging from 0.05 to

1.0 mg/mL BSA concentrations, respectively. The rates

of dissolution increased much more dramatically by ~4.9

to 13.0 times in the same BSA range of solutions with

pH 4. The dissolution rates of amorphous silica are

likely to be enhanced by competitive interaction of both

positively and negatively charged side chains of amino-

acid residues with the amorphous silica surface. The

positively charged side chains of basic amino acid

(lysine, arginine, and histidine) residues can interact

with the negative >SiO� site on the amorphous silica

surface, contributing to the enhancement of dissolution

rates. However, the rate-enhancement effect may be

inhibited by the repulsive interaction of the negatively

charged side chains of acidic amino acid (glutamic acid

and aspartic acid) residues depending on the degree of

deprotonation.
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