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Abstract: The reduction of Ag" ions to Ag’ atoms is a highly
endergonic reaction step, only the aggregation to Ag, clusters
leads to an exergonic process. These elementary chemical
reactions play a decisive role if Ag nanoparticles (AgNPs) are
generated by electron transfer (ET) reactions to Ag* ions. We
studied the formation of AgNPs in peptides by photoinduced
ET, and in c-cytochromes by ET from their Fe*‘/hemes. Our
earlier photoinduced experiments in peptides had demon-
strated that histidine prevents AgNP formation. We have now
observed that AgNPs can be easily synthesized with less-
efficient Ag*-binding amino acids, and the rate increases in the
order lysine < asparagine < aspartate < serine. The ability of
Fe*'/hemes of c-cytochromes to reduce Ag" to AgNPs was
studied in an enzymatic experiment and with living bacteria
Geobacter sulfurreducens (Gs).

M icrobial respiration processes in bacteria are gaining
important relevance for the synthesis of metal nanoparticles
from metal salts.'! Electrons, needed for the metal-ion
reduction, are generated by respiration processes in the
inner cell membrane, and c-type cytochromes (Mac, Ppc, and
Omc) have been proposed to transport these electrons by
their Fe’*/heme cofactors to the outer cell membrane, where
subsequent electron transfer (ET) from the Fe*'/hemes
through the peptide of the c-cytochromes reduces the
attached metal ions to metal nanoparticles (Figure 1).>
This mechanism might also be an efficient way to protect
the bacteria from toxic heavy-metal ions. For example, Lloyd
et al. have demonstrated that Geobacter sulfurreducens (Gs)
can even withstand generally toxic concentrations of Ag* ions
by reducing them to Ag nanoparticles (AgNPs).! Herein we
present experiments at the molecular level that shine light on
our observations of the bacterial biomineralization processes
of silver with Gs.

Recently, some of us have observed that the formation of
AgNPs by (photoinduced) ET through peptides is not
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Figure 1. Schematic representation of the electron transfer from
NADH to extracellular metal ions (Ag* ions as an example) in
Geobacter sulfurreducens.

a simple process, as ET through Ag*/peptide 1 did not yield
AgNPs (Scheme 1).P! Although irradiation of the C-terminal
tyrosine of tetrapeptide 1 generated tyrosyl radicals and
electrons, a reduction of Ag* ions, bound to the N-terminal
histidine, did not occur. The reason for this is the endergonic
first reduction step of Ag' ions to Ag’ atoms (E°=—1.8 V),
hence only the aggregation to Ag, clusters (n>10) leads to
stable AgNPs (E’=0.8V)."! We have now studied the
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Scheme 1. Inhibited formation of Ag nanoparticles (AgNPs) by photo-
induced electron transfer (ET) in Ag™/peptide 1.
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synthesis of AgNPs by photoinduced ET to Ag" bound
peptides, as well as ET to Ag* in enzymatic reductions in vitro
and compare these to microbial reductions by Fe*'/hemes in
living Gs.

In a previous experiment, we assumed that the failure of
AgNP formation by photoinduced ET in Ag*/peptide 1 was
caused by the high Ag™ binding energy of the imidazole side
chain of histidine preventing the aggregation of Ag* ions with
Ag atoms (Scheme 1).°! As a consequence of this hypothesis,
amino acids with weaker Ag*-binding side chains, such as
aliphatic amines, amides, acids, alcohols, or alkyl groups
should allow AgNP formation by photoinduced ET. There-
fore, we exchanged the N-terminal histidine of tetrapeptide
1 by lysine, asparagine, aspartate, serine, as well as alanine, to
yield the tetrapeptides 2a—e, respectively. After addition of
AgNO; and generation of electrons by irradiation of the
C-terminal tyrosine, AgNPs were generated in all cases
(Scheme 2), however with different speed (Figure S1 in the
Supporting Information).”
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Scheme 2. AgNP formation by photoinduced ET with Ag*/peptides
2-4.

As an example, Figure 2 illustrates for 2¢ the time
dependence of the AgNP formation determined by UV/Vis
spectroscopy (plasmon resonance), the transmission electron
micrographs (TEMs), and the size distribution of the AgNPs.
Under identical conditions, the formation rate for the AgNPs
increases in the order 2a<2b<2c¢<2d<2e. This rate
acceleration of the AgNP formation from lysine via aspar-
agine and aspartate to serine and alanine corresponds to the
decrease of the calculated binding energies of Ag* ions with
these amino acids.”™ This is in accord with our assumption that
the strong Ag' binding energy of histidine prevents the
aggregation to AgNPs in peptide 1, while weaker binding
amino acids facilitate the aggregation of silver atoms to
AgNPs. Hence, with less strongly binding side chains the
synthesis of AgNPs from Ag*/peptides by ET is not inhibited.

This finding was confirmed with even larger, histidine-free
decapeptides such as 3 and 4 which also generated AgNPs by
photoinduced ET. In contrast to the tetrapeptides 2, these
AgNPs underwent rapid Ostwald aggregation, as shown by
the shift of the plasmon resonances to longer wavelengths
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Figure 2. Formation of AgNPs by photoinduced ET in Ag*/peptide 2c.
The increase of the AgNP formation with time is measured by the UV/
Vis spectra of the plasmon resonances (A). The sizes of the AgNPs are
shown by the TEMs of a representative probe (B).

during their formation (Figure 3). Clearly, the peptide coro-
nas of 3 and 4 stimulate the Ostwald ripening of the AgNPs.”!

Recently, we had also shown that peptide-bound AgCl
crystals can be easily reduced to AgNPs even in the presence
of the strongly Ag*-binding histidine (of peptide 1).”! We
explained this by the short distances between Ag”* ions in the
AgCl crystals so that the aggregation to Ag, clusters is not
hindered by histidine. Interestingly, this reaction occurred in
two steps. In a first fast reaction, large Ag@AgCl composites
were formed, which were then slowly cleaved reductively by
ET to small AgNPs (Figure 4 A). Both reaction steps were
first order demonstrating that the processes occurred intra-
molecularly in the AgCl crystals as well as in the Ag@AgCl
composites. We have now carried out experiments with AgCl
complexes of peptides 2a-e.'"") Again, in all cases AgNPs
were formed by photoinduced ET (Figure 4B). The AgNP
formation was always of first order, and occurred 5-10 times
faster than in the Cl~ free solutions using Ag" complexes of
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Figure 3. Formation of AgNPs by photoinduced ET with Ag*/peptides
3 and 4. The shift of the UV/Vis spectra demonstrates the Ostwald
ripening of these AgNPs during or after formation.
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Figure 4. Formation of AgNPs by photoinduced ET in AgCl/peptides
using peptides 1 (A) or 2c (B). (A) shows the intermediate formation
of Ag@AgCl composites (see Ref. [5]). Such composites are absent
in (B).

2a-e described above (Figure S2). Interestingly, the forma-
tion of Ag@AgCl composites could not be observed.™ This
can also be explained by the different silver-binding ability of
the amino acid side chains. The strong Ag*-binding amino
acid histidine slows down the burst of the Ag@AgCl
composites to small AgNPs, which increases the lifetime of
the Ag@AgCl composites. With weaker Ag* binding amino
acids the Ag@AgCl composites are too short-lived to be
detected during the ET reaction."!! Thus, we could observe
and characterize the intermediate Ag@AgCl composites only
because we had used histidine as Ag" binding amino acid in
our earlier experiments.”

In our experiments with peptides 1-4 the ET occurs by
light-generated electrons. On the other hand, bacteria use
Fe?*/heme cofactors of c-cytochromes as sources for electrons
that reduce Ag" ions bound at the peptide surface of the
enzyme. This ET through the peptides depends upon the
potential differences of the redox couples. As the reduction of
Ag' ions to Ag atoms is strongly endergonic (E°=—1.8 V),
areduction of Ag" to Ag atoms by the Fe*" ions of an isolated
monoheme cytochrome (E°=0.26 V) should not occur.!? We
verified this by adding a tenfold excess of AgNO; to the
monoheme horse heart c-cytochrome and confirmed that
under anaerobic conditions the Fe*'/heme cofactor was not
oxidized to the Fe**/heme within two hours (Figure $3).01%

The exergonic AgNP formation did not occur with the
monoheme c-cytochrome, as the Fe*" ions, which are needed
for the reduction of further Ag" ions to AgNPs, were not
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regenerated in the enzymatic experiment in vitro. We then
compared these results at the molecular scale with what we
observed with living bacteria. Indeed, the situation changes in
going to living bacteria, such as Geobacter sulfurreducens
(Gs) where multiheme cytochromes occur, providing a reser-
voir of electrons, and where the respiration processes in the
inner cell membrane produces a flux of electrons, which can
regenerate Fe?'/hemes quickly after their oxidation by Ag* to
Fe*'/hemes (Scheme 3 and Figure 1). To verify this mecha-

AgNO3
c-Cytochrome / Fe?*- heme ——7##—> c¢-Cytochrome / Fe%*- heme

Ag*
G. sulfurreducens | Fe** - heme > G. sulfurreducens | Fe>* - heme
e’/respiration

Scheme 3. Reaction of the enzyme c-cytochrome or the living Geo-
bacter sulfurreducens with Ag" ions.

nism, we carried out experiments with 0.7 pm Gs in 2.5 mL
aqueous solutions. The bacteria were initially in the resting
state and contained their cytochrome cofactors as Fe?"/hemes
(as verified by UV/Vis)."! Under strictly anaerobic condi-
tions 0.075 mm AgNO; was added and the oxidation states of
the iron/hemes were analyzed by their Soret and Q bands.!”!
Figure 5 A,B show that AgNOj; addition oxidized Fe*'/hemes
to Fe’'/hemes. The peak at 419 nm (Soret band for Fe*!/
hemes) showed that the experiments started with Gs, carrying
the cofactors of their c-cytochromes as Fe*'/hemes. Under
strictly anaerobic conditions a shoulder at 409 nm appeared
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Figure 5. Formation of AgNPs through extracellular electron transfer
by Gs. A) UV/Vis spectra of the Soret band obtained before (0 min)
and after contact with 75 pm AgNO; at different times. B) Q band
analysis of the percentage of Fe**/heme as function of time using the
absorbance at 554 nm. C) Representative TEM image of a Gs cell
decorated with AgNPs.'"® D) Size distribution of the AgNPs formed

in (Q).

Angew. Chem. Int. Ed. 2017, 56, 5926 —5930


http://www.angewandte.org

GDCh
~~

immediately after AgNO; addition (Figure 5). This corre-
sponds to the absorption of the Soret band for Fe*'/hemes,
demonstrating the oxidation of Fe’" to Fe’'/hemes. A
maximum value of 80% Fe*"/hemes: 20% Fe*'/hemes was
reached after about 2 min. At this point, the oxidation of Fe?t/
hemes by Ag' ions at the outer cell membrane, and the
reduction of the Fe**/hemes by the electron flow from the
respiration at the inner cell membrane occurred at the same
rate. From here on the reduction to Fe’*/hemes dominated.
Figure 5B shows the time dependence of Fe**/heme concen-
trations using the absorption change of their Q band at
553 nm (Figure S5).") After a fast decrease of the Fe’*
oxidation state (2min) the increase to the Fe’'/hemes
occurred in a reaction sequence that reminds of a redox
titration curve with its maximum change at around the 1:1
Fe*'/Fe*" ratio. The electrons needed for this reduction are
delivered by the respiration process at the inner cell
membrane (Figure 1).

The microbial formation of AgNPs, which causes the
increase of the intensity of the UV/Vis spectra in Figure SA,
is demonstrated in Figure 5 C. The medium average size of the
AgNPs is about 5-10 nm, that is, slightly smaller than those
with the model peptides (Figure 2).

Conclusion: The reduction of Ag* ions to Ag’ by ET is an
endergonic reaction. Thus, a critical requirement for success-
ful synthesis of AgNPs is the rapid, exergonic aggregation to
Ag, clusters. In ET experiments with Ag'/peptides this is
possible using amino acids, which are weaker Ag" binders
than histidine (Figure 2). Another condition favoring AgNP
formation is a steady electron flux, which can be achieved by
Geobacter sulfurreducens. Respiration at the inner cell
membrane generates electrons that are transported by Fe**/
hemes of c-cytochromes (Ppc) through the periplasm and
reduces Fe*"/hemes of the outer cell-membrane cytochromes
(Omc). Subsequent ET through the protein shell of Omc to
the attached Ag* ions or Ag," clusters then produces AgNPs
oxidizing the Omc cofactors to Fe**/hemes (Figure 1).'")
Ongoing respiration regenerates Fe*'/hemes (Figure 5B),
thus c-cytochromes of Geobacter sulfurreducens act as
biocatalysts.
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suspended in 2 % glutaraldehyde solution to fix the bacteria for
several hours. For TEM investigations, several drops of this
solution were dropcast on a carbon-coated copper TEM grid
(Alfa Asear). Microscopy was performed on a FEI Tecnai Spirit
transmission electron microscope, operated at 80 kV.
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