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Abstract Biosorption has been shown to be an eco-

friendly approach to remove heavy metal ions. In this

study, the photosynthetic bacteria Rhodobacter capsulatus

was screened and found to have strong ability to adsorb

Au(III). The maximum specific uptake of living cells was

over 92.43 mg HAuCl4/g dry weight of cell in the loga-

rithmic phase. Biosorpion ability would be enhanced by an

acidic environment. As the main cations, during biosorp-

tion the quantity of Mg2+ exchanged was more than Na+.

Biosorbed Au(III) could be reduced by carotenoid and

enzymes embedded and/or excreted by R. capsulatus,

which might be the mechanism of photosynthtic bacteria

metal tolerance.
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Introduction

Heavy metal pollution is one of great environmental con-

cerns because the heavy metals are nondegradable and

persistent in water and soil [13]. There is no single

chemical approach that can decrease, if not eliminate, all

heavy metals, which makes the cost high. Also, the

chemical ones are accompanied by new environmental

problems. Therefore, a cost-effective and eco-friendly

bioremediation strategy for heavy metal decontamination

of waters and soil has been long sought. Biosorption is a

process that utilizes living or nonliving biomass to

sequester heavy metals, which has been shown to be an

effective approach [1].

Photosynthetic bacteria (PSB), the typical aquatic

organisms inhabiting anaerobic environments, have been

applied in the field of environmental protection, such as the

treatment of sewage and wastewaters [12, 14] and the

bioremediation of the environment polluted with organic

matters [16]. However, application of PSB in biosorption

of heavy metal ion is rare.

Photosynthetic bacteria can produce reducing power to

fix nitrogen and reduce the proton to H2. Most of the

reports on the application of PSB in metal concern metal

reduction [3, 9, 10, 15, 18]. However, few researches had

been done on Au biosorption and reduction.

In this article, experiments were conducted to investi-

gate the ability of Au(III) biosorption by Rhodobacter

capsulatus under different conditions. In addition, biore-

duction of Au(III) was exhibited extracellularly and the

possible mechanism was elucidated.

Materials and Methods

Strains and Culture Conditions

The PSB R.capsulatus, a purple nonsulfur bacteria, were

isolated and cultured by our laboratory and were used in

subsequent experiments. The bacteria were grown in purple

nonsulfur bacteria-enriched medium: 1.0 g NH4Cl, 0.5 g

Na2HPO4, 0.2 g MgCl2, 2 g NaCl, 2 g yeast extract, 6 m L

of 80% sodium lactate, dissolved in 1 L of distilled water;

the pH was adjusted to 7.2 with NaOH before autoclaving.
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The bacteria were cultured anaerobically at 30�C under

continuous illumination with incandescent lamps at a light

intensity of about 2000 lux. Before the Au(III) biosorption

experiment, the cell concentration was adjusted to 38 mg

dry weight of cell per 10 mL cell suspension. Cells of two

different growth phases (logarithmic and stationary phases)

were collect to compare their Au(III) biosorption capabil-

ities. All other conditions were kept the same.

Au(III) Biosorption Experiments

Effect of HAuCl4 Concentration on Biosorption

Every 10 mL of cell suspension was introduced into 40 mL

of HAuCl4 solution. Experiments were carried out with a

50-mL cell–HAuCl4 solution at different initial concen-

trations ranging from 40 to 240 mg/L in 250-mL flasks.

The flasks were incubated for 10 min in a rotary shaker at

150 rpm and 30�C. Then the mixture was centrifuged at

10,000 rpm for 10 min.

Effect of pH on Biosorption

A series of experiments was conducted at different pHs.

The pH of 40-mL HAuCl4 solutions at 50 mg/L concen-

tration was first adjusted to a specific value, from 1.0 to 9.0,

and then a 10-mL cell suspension was introduced, followed

by 10 min incubation.

Kinetic Experiments

In order to determine the kinetics of Au(III) removal from

the solution, experiments were conducted at an initial

concentration of 40 mg/L. A series of flasks was taken from

the rotary shaker at predefined time intervals (2, 4, 10, 30,

60 min) to analyze the ion concentration. Each experiment

was repeated three times.

Specific Metal Uptake

The specific Au(III) uptake q (mg/g dry weight of cell) was

calculated using the q ¼ ðC0 � CÞ � v=m, where C0 is the

initial Au(III) ion concentration (mg/L), C is the residual

Au(III) ion concentration (mg/L), m is the dry weight of the

cell (g), and v is the volume of the reaction mixture (L).

Analytical Techniques

Soluble Au, Mg, and Na ion concentrations were measured

using an inductively coupled plasma spectrometer (ICP)

(Thermo, USA). The cells with different incubating times

were analyzed by transmission electron microscopy (JEOL,

JEM-200EX) and scanning electron microscopy (Sirion;

FEI, USA). The X-ray Energy Disperse Spectroscopy

(EDAX, USA) analysis was used to identify the change of

the main metal ions in the cell. The cell density was

measured by an ultraviolet-visible spectrophotometer.

Results and Discussion

The Growth Curve of Photosynthetic Bacteria

In order to compare the ability of Au(III) biosorption of

different growth phases, based on Fig. 1, cells in the log-

arithmic phase and stationary phase were collected.

Effect of Initial Au(III) Concentration on Biosorption

The initial HAuCl4 concentration had an impact on the

biosorption ability of PSB, as shown in Fig. 2. The specific

Au(III) uptake of R. capsulatus was facilitated by the

higher concentration of HAuCl4 both in the logarithmic

phase and stationary phase, but the earlier experiment on

inhibitory concentrations showed that when the concen-

tration of Au(III) was >80 ppm, the growth of R.

capsulatus would be inhibited completely. Thus, the

maximum specific uptake of the living cell was >92.43 mg

HAuCl4/g dry weight of the cell (in the logarithmic phase).

Although the specific uptake would continue to increase

with a Au(III) concentration >80 ppm, and even reach 267

mg HAuCl4/g dry weight of cell, the structure of the cell
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Fig. 1 The growth curve of R. capsulatus
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had been destroyed by the high concentration of Au(III).

All cell inclusion discharged could enhance the biosorption

ability of cell, which was not discussed in this article.

Effect of Incubation Time on Biosorption

The strong ability of biosorbing Au(III) was found for PSB

in both the logarithmic phase and stationary phase (shown

in Fig. 3). Fast biosorption was observed for the first 30

min. At 2 min, biosorption of about 57% Au(III) had been

removed from the solution. Also, 97.25% Au(III) had been

biosorbed by PSB at 30 min. Longer contact times allowed

a more thorough biosorption of Au(III). Nearly 100%

Au(III) removal was observed for both phases when a 60-

min incubation time was applied. However, slight differ-

ences of the biosorption abilities was found for the

logarithmic phase and stationary phase.

As shown in Figs. 2 and 3, the ability of Au(III) bio-

sorption of the logarithmic phase was stronger than the

stationary phase.

Effect of pH on Biosorption

The cell wall consists of a variety of polysaccharides and

proteins and, hence, offers a number of active sites capable

of binding metal ions [7]. The potential metal-binding

groups are carboxylate, amine, imidazole, phosphate,

sulfhydryl, sulfate, and hydroxyl [2]. Nitrogen and oxygen

of peptide bonds are also available for coordination

bonding with metal ions. Such bond formation could be

accompanied by the displacement of protons and is

dependent in part on the extent of protonation, which is

determined by the pH [4, 5, 11, 17].

The results indicated that the ability of Au(III) bio-

sorption decreased sharply when the proton concentration

in solution was lowered (shown in Fig. 4). The reason

might be that AuCl4
� has a lower solubility and is thus

adsorbable at a lower pH; on the other hand, the lower pH

results in high concentrations of protons, which neutralizes

the negative charge on R. capsulatus, which makes binding

groups carry more positive charges at a low pH and

strengthens the AuCl4
- ion adsorption by means of electro-

static attractions and ion exchange.

Exchange of Mg and Na Ions During Biosorption

The reactive groups of the cell wall function as an ion

exchanger, which desorb cations to biosorb heavy metal
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ions. The chloroaurate ion is not stable in solution [19], so

the ion exchange might happen between the Au(III) dis-

sociated from the chloroaurate ion biosorbed on the cell

wall and previous ions of the cell wall [6]. Because the

cations in the enriched medium were prevalently Mg and

Na ions, analysis of these two ions were performed in

particular to determine the varieties of them during the

Au(III) biosorption. When the Au(III) concentration in

solution decreased, the concentration of Mg and Na ions

increased correspondingly. As shown in Fig. 5, after 2 min

of contact, about 57% Au(III) had been removed and the

concentration of Mg and Na ions increased sharply to about

the 43% and 40% of the maximum desorbing concentra-

tion, respectively.

As shown in Fig. 6, with the increase of the initial

HAuCl4 concentration, the quantity of Mg and Na ions

desorbed also increased. Interestingly, at the initial HAuCl4
concentration of 80 mg/L, the quantity of exchanged Na

ions reached its maximum, which corresponded to the

inhibitory experiment, but the Mg ions desorbed continued

to increase, especially in the stationary phase. These phe-

nomena might result from the cell disruption caused by the

high concentration of Au(III), which will be studied further

in later research. In general, the quantity of Mg ions

exchanged during biosorption was more than for Na ions.

Bioreduction of Au(III)

Rhodobacter capsulatus, a purple nonsulfur bacteria, can

use light energy and/or chemical (organic and inorganic)

energy to grow. Photophosphorylation and aerobic respi-

ration can be used as alternative approaches to produce the

reducing power. Carotenoid, which functions in the plasma

membrane of PSB as a protecting substance to eliminate

the oxygen-free radicals (OFRs) has a low potential.

When the AuCl4
� concentration was higher than 80 mg/

L, the color of the bacteria changed from red to green as

soon as AuCl4
� was added. A reasonable explanation might

be that when the AuCl4
� ion concentration was higher than

80 mg/L, the quantity of AuCl4
� exceeded the maximum

allowance of biosorption of the cell wall; therefore, the

superfluous AuCl4
� ion crossed the cell wall quickly and

was biosorbed by the plasma membrane. When these bio-

sorbed metal ions harm the plasma membrane, carotenoid

could prevent this from happening and protect the bacteria.

When the trivalent Au was reduced, the color of the bac-

teria appeared as green, which was exhibited by

bacteriochlorophyll and originally covered by the color of
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the carotenoid. The process of the carotenoid-reducing

heavy metal ion on its plasma membrane could be deemed

the self-protection of PSB.

To demonstrate its reducing ability, carotenoid was

extracted from PSB by acetone and dissolved in petroleum

ether. After a vigorous shake, the colors of the carotenoid

and AuCl4
� solution disappeared and purple emerged,

indicating the formation of gold nanoparticles.

After about 5 h incubation, the color of the solution

turned from pale yellow to purple, and Au(III) was reduced

extracellularly, as shown in Fig. 7A. Transmission electron

microscopy showed the outline of R. capsulatus, on which

there were many gold nanoparticles (shown in Fig. 8).

Figure 7B shows the solution incubated after 24 h. After a

long enough contact time, Au(III) could be reduced by

NADP-dependent enzymes excreted extracellularly or

protein of the electron transfer chain embedded in plasma.

This could be the potential extracellular mechanism of

metal tolerance [8].

X-ray EDS analyses showed the atoms’ quantity ratio of

Na, Mg, and Au at different times. The ratio of the original

is shown in Fig. 9A. The one after 2 min is shown in

Fig. 9B. Figure 9C shows the ratio after 5 h. The

Fig. 7 The 5-h solution (A) and the 24-h solution (B)

Fig. 8 The bacterial outline with gold nanoparticles on its surface

after 5 h incubation

Fig. 9 A The atom quantity ratio of the original. B The atom

quantity ratio at 2 min. C The atom quantity ratio at 5 h.
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comparison of the atom ratio of Au, Mg, and Na at dif-

ferent times (as shown in Fig. 9 and Table 1) resulted in

the AuCl4
� ion being biosorbed first by various reactive

groups available on the cell surface; then some of the

Au(III) could be reduced by the carotenoid or the enzyme

embedded and/or excreted by bacteria.

Effect of Au(III) on R. capsulatus’s Form

To study the effect of AuCl4
� on the form of R. capsulatus,

scanning electron micrographs were taken with 40 mg/L of

the initial HAuCl4 concentration. The original form of PSB

was ovate (Fig. 10A). After 2 min contact with Au(III), the

cell transformed distinctively (Fig. 10B). After 5 h, the

distortion of cells had some amelioration (Fig. 10C). These

phenomena supported the idea that Au(III) reduction could

be the mechanism of photosynthetic bacteria metal toler-

ance. After the reduction of Au(III), the quantity of biosorbed

Au(III) might decrease to a harmless level to bacteria.

Conclusion

The living R. capsulatus has strong biosorption ability for

the AuCl4
� ion. For 38 mg dry weight of bacteria at 80 mg/

L Au(III) concentration, in 10 min 88% of the AuCl4
� ions

had been biosorbed. The maximum specific uptake of liv-

ing cells was over 92.43 mg HAuCl4/g dry weight of the

cell. The Au(III) biosorption of the logarithmic phase was

better than the stationary phase. The lower pH value

facilitated Au(III) biosorption of photosynthetic bacteria.

Between the main exchanging cations, Mg2+ and Na+, the

quantity of Mg2+ exchanged during biosorption was more

than for Na+, based on which further research was con-

ducted to focus on the influence of pretreatment and thus

modification of the cell wall by cations on Au(III) bio-

sorption of R. capsulatus. Biosorbed Au(III) would be

reduced by a carotenoid and enzymes embedded and/or

excreted by R. capsulatus, which could be the mechanism

of photosynthetic bacteria metal tolerance. The ability of

biosorption and bioreduction shown by photosynthetic

bacteria could be useful in heavy metal removal and

helpful in describing the phenomena caused by the valence

change of metal ion.
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