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Biosorption and bioreduction of diamine silver
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Abstract: Corynebacterium strain SH09 separated from a silver mine was used for biosorption and
bioreduction of diamine silver complex. The biosorption of the diamine silver complex was better than
that of silver ions and the maximum of the former was about 350 (mg Ag) (g dried biomass)~!. After dried
cells of SH09 were resuspended in the aqueous solution of diamine silver complex in the dark at 60 °C for
more than 72 h, transmission electron microscopy (TEM) observations showed that a large quantity of
black particles whose diameter ranged from 10 to 15 nm were formed on the cell wall. The particles were
identified as being silver nanoparticles by X-ray diffraction (XRD) and UV-vis spectroscopy. Under the
same conditions, no bioreduction of silver nitrate was found. According to IR spectra, some functional
groups, such as the amide of the proteins, were involved in the processes of biosorption and bioreduction.
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1 INTRODUCTION

Biosorption has been shown to be an effective way
for the removal and recovery of environmental heavy
metals. Studies have shown that the process of
biosorption is not simply the adsorption of metal
ions onto the microbial biomass and, in some cases,
may be accompanied by the reduction of metal ions.
Therefore, biosorption coupled to bioreduction is
increasingly being recognized as an interesting aspect
of the interaction between metal ions and microbes.
Many studies have confirmed that enzymatic catalysis
and non-enzymatic reduction are two important
mechanisms involved in bioreduction. It has been
shown that many microorganisms are able to conserve
energy through bioreduction of metals, which mostly
happens under anaerobic conditions; and in different
microorganisms, various enzymes are believed to
take an active part in the bioreduction process of
transporting electrons from certain electron donors
to metal electron acceptors,! whilst some studies
proved that dried cells of some microorganisms
can also reduce some metals such as Au’".? In
these cases, no involvement of biological enzymes
was observed. Some studies of this non-enzymatic
reduction mechanism suggested that some organic
functional groups of microbial cell walls could be
responsible for the bioreduction process under certain
conditions.? Studies on the biosorption of Ag" by
some microoganisms have been reported,*> and the

process of biosorptive accumulation has been well
studied.® Correspondingly, bioreduction of Ag' has
also been investigated. Bioreduction of aqueous Ag*
ions by the fungus Vertcillium AAT-TS-4 or Fusarium
oxysporum was demonstrated to be a novel method of
the synthesis of silver nanoparticles.”® Pseudomonas
stutzeri AG259 was found to accumulate silver
particles at the cell poles and some periplasmic silver-
binding enzyme might be involved in this process.’
Dried biomass of some microorganisms, such as
Lactobacillus A09, also had the ability to reduce Ag*t
ions through the interaction between Ag" and some
groups on the microbial cell walls.!? This research is
driven both by the need to understand the mechanisms
of non-enzymatic bioreduction, which is coupled with
biosorption, and also by the possibility of making use of
such activity for future biotechnological applications.
These include the bioremediation of Ag-contaminated
water and silver recovery combined with the formation
of novel biocatalysts.

As the reduction of diamine silver complex
occurs readily under certain conditions, we studied
biosorption and bioreduction of diamine silver
complex by a microbe, Corynebacterium strain SHO09.
The formation of silver nanoparticles on the cell wall
after bioreduction was further confirmed by means
of X-ray diffraction (XRD), transmission electron
microscopy (TEM) and UV-vis spectroscopy.
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2 MATERIALS AND METHODS

2.1 Bacterial strain

Corynebacterium strain SH09 was isolated from the soil
around the sewage outfall of Shanghang silver mine,
Fujian, China.

2.2 Culture and collection techniques

Inoculum 1 x 10~3dm? was transferred into 50 x
1073 dm® medium containing final concentrations of
1% (w/v) soya peptone and 0.5% (w/v) beef extract in
Erlenmeyer flasks. Cells were grown at 30 °C for 24h
and then harvested by centrifugation (3000r min~!,
10 min at room temperature). The cell pellet was
resuspended and centrifuged three times in deionized
water.

2.3 Determination of biosorption capacity
Diamine silver complex ([Ag(NH3),]™") solution was
prepared by adding ammonia solution (NHj3; - H,O,
25% w/w, AR)into aqueous solution of silver nitrate
(AgNOs;, AR) until the precipitate of AgOH was trans-
formed into soluble [Ag(N'H3),] ™. Nitric acid (HNO3,
65%, AR) and ammonia solution were used to adjust
the pH values of silver nitrate and diamine silver com-
plex solutions, respectively. The Ag concentrations
of absorbate (silver nitrate or diamine silver complex
concentrations in aqueous solutions) were adjusted by
controlling the initial additions of silver nitrate into
deionized water.

Dried biomass of SH09 cell was resuspended
in aqueous solutions of silver nitrate or diamine
silver complex at different pH values to obtain a
concentration of 5g of dried biomass per dm’, and
then shaken at a rotation rate of 150 r min ™! in the dark
at 30°C. The equilibration time of biosorption was
determined by measuring Ag (Ag" or [Ag(NH3),]T)
solution concentration at intervals, fixing initial
[Ag(NH3),]* concentration at 2000 mgdm>. After
biosorption reached equilibrium, the bacterial cells
were separated from suspension by centrifugation
(8000 r min~!, 10 min at room temperature), and then
assayed for group changes by Fourier transmission
infrared spectroscopy (FTIR) (Nicolet Avatar 660;
Nicolet, USA). The concentration of Ag in the
supernatant was measured by Atomic absorption
spectrophotometers (Pgeneral, China). The specific
uptake of Ag was then calculated as follows:

O (mgg™") = V(G — C)/My

where 1 was the volume of sample solution (dm?), C;
and C; were the initial and residual Ag concentration
(mgdm™?) in solution, respectively, and M was the
dried biomass (g).

2.4 Determination of bioreduction

Dried biomass was resuspended at a concentra-
tion of 5gdm™ in an aqueous solution containing
10000mgdm > Ag™ or [Ag(NH;3),]t and kept in
the dark for different periods of time. Samples of
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suspension were taken and assayed for the deter-
mination of formation of Ag by UNICAM UV-300
spectrophotometers (Thermo Spectronic) at intervals.
After bioreduction, the suspension was centrifuged
(8000 min~!, 20 min at room temperature) and the
cells were collected for the determination of the for-
mation of Ag, observations of cells and group changes
by an X’Pert Pro X-ray Diffractometer (PANalytical
BV, The Netherlands), an H-600 Electron Micro-
scope (Hitachi, Japan), a TECNAI F30 FEG TEM
(field emission gun, transmission electron microscopy)
(Philips, The Netherlands) and FTIR Nicolet Avatar
660 (Nicolet, USA).

3 RESULTS AND DISCUSSION

3.1 Effect of contact time on biosorption

As shown in Fig 1, after 300 min, the specific uptake
of [Ag(NH3),]* was close to its maximum. Thus, 6 h
was long enough for the completion of biosorption
of [Ag(NH3),]". Figure 2 shows that the specific
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Figure 1. Effect of contact time on the specific uptake of
[Ag(NH3),]* at pH 8 (dried biomass concentration 5gdm™3, initial Ag
concentration 2000 mg dm~2, temperature 30°C at 150r min~").
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Figure 2. Effect of contact time on the specific uptake of Ag* at
different pH values (dried biomass concentration 5gdm™~2, initial Ag
concentration 2000 mg dm~3, temperature 30°C at 150r min‘1).
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uptake of Agt at pH 2 and 5 did not vary a lot
after 5min, indicating that biosorption of Agt was
much quicker than that of [Ag(NH3),]". This might
be because [Ag(NH3),]t was much larger than Ag™
and its binding to active biosorption sites could be
more difficult due to the effect of steric hindrance;
thus biosorption of [Ag(NH3),]* needed a longer
time to reach equilibrium.

3.2 Biosorption of Ag™ and [Ag(NH3).]*

Figure 3 shows the effect of Ag concentration on
biosorption of Ag' and [Ag(NH3),]" at different pH
values. The specific uptake of Ag™ and [Ag(NH3),]*
at different pH values increased with the initial con-
centration. In the initial Ag concentration range from
250 to 1000 mgdm >, the specific uptakes of Ag" and
[Ag(NH3),]" were almost the same. In the range from
1000 to 6000mgdm >, the specific uptake of Ag™
at pH 2 was the largest. As the initial Ag concentra-
tion exceeded 6000 mgdm >, the specific uptake of
[Ag(NH3),]" at pH 8 was much larger than those
of Ag". The maximum of the former was above
350mgg!.

Throughout the concentration range examined, the
biosorption of Agt solution at pH 2 was better
than at pH 5, which contrasted with the results of
Pethkar and Paknikar.!! This could be explained as
follows: some cell wall constituents of SHO9 might
be hydrolyzed to a greater degree at the lower pH
value, which hindered cell aggregation and partially
degraded the bacterial cell wall. More active sites were
thus exposed for biosorption. Compared with Ag™,
[Ag(NH3),]" was subject to greater steric hindrance
in the process of biosorption. However, the specific
uptake of [Ag(NH3),]" was higher than that of Ag™.
As both of the moieties are positively charged, ion
exchange and adsorption could not make such a
difference. Therefore, the reasons for the high uptake
of [Ag(NH3),]* might include: (1) effect of competing
H"™ was reduced in basic surroundings; (2)more
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Figure 3. Effect of Ag concentration on biosorption by
Corynebacterium SHO9 (dried biomass concentration 5gdm™=2,
temperature 30 °C, contact time 6h at 150r min~").
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negatively-charged groups were formed in basic
solution, which adsorbed more [Ag(NH3),]" through
electrostatic interaction; (3) [Ag(NH3),]" had a high
affinity to the functional groups of the cell wall.

3.2 Bioreduction of [Ag(NH3).]*

3.2.1 Effect of bioreduction time

UV-vis absorption spectra have been proved to
be wuseful in indicating the formation of silver
particles. The absorption peak at about 400nm is
the characteristic surface plasmon absorption peak of
silver nanoparticles and the position of the absorption
peak depends on the particles size and shape.!?13

Temperature greatly influenced bioreduction, as
shown by the earlier appearance of the charac-
teristic Ag(0) band at higher temperature. In the
temperature range of our study (20-60°C), 60°C
was the most favorable for bioreduction. Figure 4
presents the absorption spectra of silver nanoparti-
cles formed through the process of the bioreduction of
[Ag(NH3),]* by SH09 at 60 °C.

After 36h, an obvious characteristic plasmon
absorption maximum at 430nm became evident,
indicating the formation of silver nanoparticles. The
intensity of the absorption peak increased with
time and reflected increased formation of silver
particles. After 96h, the characteristic absorption
peak was centered at 440 nm, shifting towards longer
wavelengths for about 10nm, which suggested the
increasing size of silver particles. Previous study has
shown that the size of silver nanoparticles prepared by
chemical reduction increased with time, which is in
good agreement with our result.!* No characteristic
plasmon absorption peak was found in the same
time range in the case of Ag'. This result is
similar to the finding of Esumi ez a/'> that in acid
solution, no reduction of Ag*t ions took place in the
presence of sugar-persubstituted poly(amidoamine)
dendrimers, which may be due to the lack of favorable
thermodynamic conditions for the reduction of Ag™.
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Figure 4. Absorption spectra of silver nanoparticles after
bioreduction by Corynebacterium strain SH09 at 60 °C. The initial
concentration of [Ag(NH3)2]" and dried biomass were

10000 mg dm~3and5 g dm~3, respectively.
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Figure 5. Transmission electron micrographs of nanoparticles after
bioreduction of [Ag(NH3)2]* at 60 °C. The initial Ag and dried biomass
concentrations were 10000 mgdm~ and 5gdm™~2, respectively.
Contact time was 72 h.
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3.2.2 Observation of silver nanoparticles

Transmission electron micrographs shown in Fig 5(a)
display the cell of SHO09 after 72h of bioreduction
at 60°C. A great quantity of black particles on
the cell wall can be observed, whose diameters are
below 100 nm. Higher-magnification images of these
particles (Fig 5(b)) further indicate that they are in
fact composed of many smaller separate particles.
Fig 5(c) shows their diameter ranges from 10 to
15 nm. The particles, on the cell wall were identified
as containing a great deal of Ag using energy dispersive
x-ray spectrometry (Fig 6) and confirmed as elemental
Ag(0) using XRD (Fig 7). The calculation of the
crystal size from the XRD data showed that the average
diameter of Ag(0) crystals accumulated on the cell wall
was about 9.9 nm, close to the results obtained from
TEM. No characteristic peak of elemental Ag(0) was
found in the XRD pattern under the same conditions
when Ag" was used. Likewise, the control sample,
containing only [Ag(NH3),]™ without the addition of
SHO09 biomass, did not cause the appearance of these
peaks in the XRD pattern.
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Figure 6. Energy-dispersive X-ray spectrum of nanoparticles on the
cell wall. The different X-ray emission peaks are labeled.
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Figure 7. X-ray diffraction pattern of silver nanoparticles on the cell
wall (smoothed). Labeled peaks correspond to the characteristic
diffraction peaks of elemental Ag(0).
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The formation of silver nanoparticles on the cell
walls of Corynebacterium strain SHO9 may be explained
as follows. As suggested by previous studies, the
biosorption and bioreduction of silver ions could
occur on the cell wall;” 1% it is possible to hypothesize
that [Ag(NH3),]" was first trapped on the cell wall
through biosorption. Thereafter, some groups on the
cell wall reduced [Ag(NH3),]" and bound the formed
Ag(0) nuclei onto the cell wall, which further grew
into Ag(0) clusters or crystals. The aggregation effect
between these crystals might be reduced due to their
strong interaction with the groups of the cell wall.
Consequently, instead of individual crystals increasing
in size, these crystals only formed bigger aggregates
composed of separate Ag(0) crystals.

3.2.3  Group changes on cell wall via biosorption and
bioreduction

FTIR absorption spectra of biomass of Corynebac-
terium strain SHO9 before and after biosorption and
bioreduction (Fig 8) can yield information regarding
the chemical change of the functional groups involved
in biosorption and bioreduction. As Corynebac-
terium SHO9 is Gram-positive, the D-Glu-containing
tetrapeptide in peptidoglycan is prevalent in the cell
wall. Thereafter, the absorbance band at 1658 cm™!
in Curve (a) was associated with the carbonyl stretch
vibration in the amide linkages of peptide chains. The
band at 1541 cm™! was identified as another amide
band, which arose due to the combination of N-H
bending mode and C—N stretch vibration mode. The
ionized carboxyl of some amino acid residues, such as
D-Glu residues, caused the appearance of two bands:
the first band at around 1650cm™! was attributed
to symmetrical stretch vibration of COO™ and over-
lapped with the band of carbonyl stretch vibration in
amide linkages; the second band at 1392cm™! was
attributed to asymmetrical stretch vibration of COO™.
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Figure 8. FTIR absorption spectra of Corynebacterium strain SHO9

biomass before biosorption (a), after biosorption (b) and after
bioreduction (c).
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After biosorption, the three bands shifted to
1651 cm™!, 1537cm™! and 1385 cm™!, respectively,
which indicated that amide, specifically C=0 and
C-N, and ionized carboxyl were involved in the
process of biosorption.

After bioreduction, the band at 1657 cm™! shifted
to 1645cm™!, the intensity of band at 1541 cm™!
decreased, and the band at 1392cm™! moved to
1384cm™!, showing that both amide and ionized
carbonyl had been combined with [Ag(NH3),]" or
Ag(0) through bioreduction. The increase in the inten-
sity of the band at 1384cm™! in Curve(c) suggested
that some reducing groups such as aldehyde and
ketone of the cell wall might be oxidized to car-
boxyl and then combined with [Ag(NHj3),]T or
Ag(0) through bioreduction, intensifying the band at
1384cm™!.

4 CONCLUSION

Corynebacterium strain SH09 had strong biosorption
ability for [Ag(NH3),]" and the maximum specific
uptake could be above 350 (mg Ag) (g dried
biomass)~!. Under certain conditions, SH09 could
also reduce [Ag(NH3),]" to elemental Ag(0). The
ionized carboxyl of amino acid residues and the amide
of peptide chains were the main groups trapping
[Ag(NH3),]* onto the cell wall and some reducing
groups, such as aldehyde and ketone, were involved
in subsequent bioreduction. Since the combination
with the functional groups of the cell wall of SH09
might reduce the aggregation effect of the formed
Ag(0) crystals, the average size of silver particles was
kept around 10—15 nm, which suggested the potential
use of this study in the industrial synthesis of silver
nanoparticles.
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